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Abstract
Background. Intervertebral disc degeneration (IDD) is characterized by increased proteolytic degradation 
of the extracellular matrix (ECM), leading to a loss of collagen II and proteoglycan in the nucleus pulposus (NP). 
Although MMP3 has been reported to play a central role in disc degeneration, it is still unknown whether 
gene therapy targeting MMP3 can inhibit IDD.

Objectives. To investigate whether lentivirus-mediated MMP3 knockdown is capable of attenuating IDD. 
More importantly, we also explored whether combined gene therapy that simultaneously antagonizes 
MMP3 and overexpresses Sox9 can synergistically inhibit IDD and induce augmented matrix reconstitution 
in the degenerative NP.

Material and methods. We performed direct injection of lentiviral vectors LV-MMP3-shRNA and/or LV-
Sox9 into rabbit lumbar discs. The animals were scanned using magnetic resonance imaging (MRI) at 8, 
12 and 24 weeks after the operation. We also evaluated the gene expression and synthesis of NP matrix 
components, including collagen II, aggrecan and proteoglycan.

Results. The MRI scans showed remarkable needle-puncture-induced progressive IDD in animals injected 
with PBS or 10 7̂ viral particles (VP) of the control virus. In contrast, injection of 10 7̂ VP of LV-MMP3-shRNA 
or LV-Sox9 substantially inhibited IDD. MMP3 knockdown or Sox9 overexpression stimulated collagen II and 
aggrecan expression, as well as proteoglycan synthesis. Notably, the injection of a cocktail of LV-MMP3-shRNA 
and LV-Sox9 (5 × 10^6 VP each) greatly delayed the development of IDD and induced the highest levels 
of collagen II and proteoglycan production, indicating a synergistic effect in ECM induction.

Conclusions. Our results suggest that gene therapy targeting MMP3 is an efficient way to delay IDD. 
Combined gene therapy possesses a stronger capacity to induce matrix components in degenerative NP 
tissue than single-gene delivery.

Key words: gene therapy, disc degeneration, SOX9, MMP3
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Introduction

Intervertebral disc degeneration (IDD) is a major cause 
of most musculoskeletal disorders of the spine that re-
sults in lower back pain, morbidity and physical disability.1 
 Although the precise etiology and pathophysiology of disc 
degeneration has not been fully elucidated, IDD is generally 
believed to be a consequence of increased proteolytic deg-
radation of extracellular matrix (ECM) macromolecules. 
During the disc degenerative process, the nucleus pulposus 
(NP) loses water and large amounts of aggregating pro-
teoglycans and type II collagen (COL2A1), which leads 
to ECM breakdown and structural failure.2

A variety of studies have focused on the mechanisms 
underlying ECM degradation in IDD pathogenesis. An in-
creasing amount of evidence has shown that matrix metal-
loproteinases (MMPs) play important roles in the degrada-
tion of matrix components during the disc degenerative 
process. Several MMP family members, such as MMP1, 
MMP2, MMP3, MMP7, MMP8, MMP9, MMP12, and 
MMP26, have been reported to be increasingly expressed 
in  degenerated disc tissues, suggesting an  association 
between MMP and IDD.3–6 Notably, Bachmeier et  al. 
reported that among all MMPs tested (MMP1, MMP2, 
MMP3, MMP7, MMP8, MMP9, and MMP13), the expres-
sion of MMP3 was consistently and substantially upregu-
lated in degenerated disc samples, and this process was 
accompanied with increased enzymatic activity of MMP3,7 
implying that MMP3 plays a central role in disc degenera-
tion. Besides elevated matrix-degrading MMPs, the loss 
of matrix-producing Sox9 also plays a role in ECM deg-
radation in IDD. Being a key transcription factor in chon-
drogenic differentiation, Sox9 can directly stimulate gene 
expression of collagen type II and aggrecan,8 the major core 
protein in proteoglycan. Sive et al. detected a strong signal 
of Sox9 in normal NP tissues using in situ hybridization, 
which was accompanied by high-level expression of col-
lagen II and aggrecan.9 However, the expression of Sox9 
decreases with aging and disc degeneration.10 These stud-
ies suggest that MMP-induced excessive ECM degrada-
tion or loss of Sox9-reduced ECM synthesis is critically 
implicated in the pathogenesis of IDD. Hence, molecular 
therapy which targets MMP or restores Sox9 can be used 
to reconstitute matrix components in a degenerative NP.

Although spine disorders resulting from disc degen-
eration can be treated with surgery, including discectomy 
or spinal fusion, they are not curative and are associated 
with various complications. Non-surgical treatments 
– such as drugs, massage or physical therapy – however, 
can only relieve the clinical symptoms; they cannot delay 
or reverse the disc degenerative process. As a result, gene 
therapy has received considerable interest, as this approach 
can transfer the genes of therapeutic proteins to the disc 
cells, enabling them to manufacture the proteins endog-
enously, on a continuous or regular basis,  allowing for 
long-term regulation of matrix synthesis with the potential 

to prevent or delay IDD.11 Nishida et al. conducted an initial 
study showing that direct injection of adenoviral TGFβ1 
vectors into the rabbit lumbar discs led to a 100% increase 
in proteoglycan synthesis compared with intact control 
tissues.12 Since then, gene therapy using several growth fac-
tors, including BMP2, GDF5, IGF1, and interleukin (IL)-1 
receptor antagonist (IL-1Ra) for disc degeneration has been 
tested both in vitro and in vivo, as previously reported.11,13 

Co-transduction of adeno-associated virus (AAV)-based 
Sox9 and OP1 vectors was reported to exhibit a stronger 
effect in the induction of proteoglycan and collagen II than 
AAV-Sox9 or AAV-OP1 alone.14

So far, gene therapy which targets an individual MMP 
molecule (particularly MMP3) against disc degeneration 
has not yet been reported. In our study, we performed direct 
injection of lentiviral vectors expressing MMP3-shRNA 
into NP tissues of lumbar discs in rabbits and evaluated 
the  reconstitution of  matrix components, specifically 
collagen type II and proteoglycan. We also investigated 
whether a cocktail of both MMP3-shRNA and Sox9 lenti-
viruses could trigger a synergistic effect to further augment 
matrix synthesis.

Material and methods

Lentiviral vectors

The lentiviral vectors harboring MMP3-shRNA (LV-
MMP3-shRNA), Sox9 (LV-Sox9), or empty vectors were 
provided by  Biowit Technologies (Shenzhen, China). 
All lentivirus vectors were stored at −80°C and diluted 
with phosphate-buffered saline (PBS) to a concentration 
of 5 × 105 viral particles (vp)/μL right before use.

Animal study

This is an experimental study in a rabbit model. The pro-
tocol for the animal study was reviewed and approved 
by the Animal Care Committee of Qingdao University, 
China. A total of 25 New Zealand white rabbits were used 
in this study, with an average age of 4 months and an av-
erage body weight of 2.5 kg. Before surgery, the animals 
underwent magnetic resonance imaging (MRI) to exclude 
congenital spine deformity and disc disease.

For direct gene transfer, the animals were anesthetized 
with an intramuscular injection of 1.5% pentobarbital so-
dium at a dosage of 2 mL/kg. Following anesthesia, each 
animal was placed in a lateral position with all 4 limbs fixed. 
A vertical incision of about 3 cm was made from the iliac 
crest to the lower edge of the 12th rib via a right extraperito-
neal approach. The peritoneum was bluntly dissected to ex-
pose the transverse processes from L3 to L7. A 24-gauge 
needle was used to pierce into the center of the exposed 
L3/4, L4/5, L5/6, and L6/7 lumbar discs (~5 mm) parallel 
to the upper and lower endplates. Then, a volume of 20 μL 
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containing PBS or 107 vp of lentivirus was injected directly 
into the NP tissue. All 25 rabbits were randomly divided into 
5 groups and injected with a total volume of 20 μL of PBS 
or lentivirus, as follows: group I – PBS; group II – 107 vp 
of empty virus (control); group III – 107 vp of LV-MMP3-
shRNA; group IV – 107 vp of Lento-Sox9; and group V 
(cocktail) – 5 × 106 vp of LV-MMP3-shRNA + 5 × 106 vp 
of LV-Sox9. After injection, the opening was closed with 
sutures (Fig. 1). The rabbits were administered penicillin 
(800,000 units) intramuscularly before and after the opera-
tion. No incidences of infection or death were reported.

MRI assessment

The  animals were examined with MRI at  8, 12 and 
24  weeks after the operation. A  Siemens Avanto 3.0T 
medical superconductive MRI scanner (Siemens AG, 
Munich, Germany) was used to scan the sagittal lumbar 
spine of the animals with a cervical coil. The parameters 

of the scanner were as follows: T2-weighted sequence rep-
etition time – 2,000–6,000 ms; echo time – 80–120 ms; 
bandwidth – 25 Hz; microwave – 16; matrix – 384 × 224 px; 
nex – 4; field of vision – 16 × 16 cm; thickness – 3 mm; 
and spacing – 0.2 mm. A degenerative disc mainly emitted 
a low signal, that is, the T2-weighted signal intensity de-
creased and the disc became thinner. Based on the changes 
in the T2-weighted signal, the improved Thompson clas-
sification method was used as the standard. The MRI data 
was blindly assessed by 2 independent senior radiologists.

Quantitative real-time polymerase 
chain reaction

At 24 weeks post-operation, the animals were sacri-
ficed and the NP tissues were harvested. Total RNA was 
isolated using TRIzol reagent (Amresco, Solon, USA) 
and was reverse-transcribed to  cDNA using qScript 
cDNA SuperMix (Quanta Biosciences, Woodbridge, 

Fig. 1. In vivo gene delivery. Lentiviral vectors are directly injected into the rabbit lumbar discs (L3/4, L4/5, L5/6, and L6/7) through a surgical approach
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USA). Quantitative real-time polymerase chain reaction 
(qRT-PCR) was conducted with SYBR green master mix. 
The primers for rabbit genes were listed as follows: CO-
L2A1, forward 5’-GGATAGA CCCCAACCAAGGC-3’, 
reverse 5’-GCTGCTCCACCAGTTCTTCT-3’; MMP3, 
forward 5’-AGCCAATGGAAATGAAAACTCTTC-3’, 
reverse 5’-CCAGTGGATAGGCTGAGCAAA-3’; Sox9, 
5’-GGTGCTCAAGGGCTACGACT-3’, reverse 5’-GGGTG-
GTCTTTCTTGTGCT G-3’; Actin, forward 5’-CTG-
GAACGGTGAAGGTGACA-3’, reverse 5’-CGGCCA-
CATTGC AGAACT-3’. The PCR products were analyzed 
with an ABI PRISM 7900HT Sequence Detection System 
(Applied Biosystems, Foster City, USA). The cycling condi-
tions were 50°C for 2 min and 95°C for 10 min, followed 
by 40 repetitions of 95°C for 15 s and 60°C for 1 min. One 
dissociation stage (95°C for 15 s, 60°C for 15 s and 95°C for 
15 s) was added to produce the melting curve at the end 
of the cycling condition. Relative mRNA concentrations 
of the target genes were determined with ABI software 
(RQ Manager v. 1.2; Thermo Fisher Scientific, Waltham, 
USA), which normalizes the target gene threshold cycle 
to that of endogenous GAPDH transcripts (ΔΔCt), using 
the formula 2−ΔΔCt to determine fold change.

Western blot

For western blot, cell lysates were isolated from NP tis-
sues with RIPA lysis buffer (10 mM of Tris, pH 7.4, 100 mM 
of NaCl, 1 mM of EDTA, 1 mM of EGTA, 1 mM of NaF, 
20 mM of Na4P2O7, 2 mM of Na3VO4, 1% Triton X-100, 
10% glycerol, 0.1% sodium dodecylsulphate (SDS), and 
0.5% deoxycholate). Protein concentrations were esti-
mated using Bradford protein assay (Bio-Rad, Hercules, 
USA). An equal amount of protein (40 µg) was resolved 
using 10% SDS-PAGE and transferred to polyvinylidene 
difluoride (PVDF) membrane (Thermo Fisher Scientific). 
Non-specific binding sites were blocked with 5% nonfat 
dry milk (Roche, Basel, Switzerland) in Tris-buffered sa-
line containing 0.1% Tween (TBST). The membrane was 
incubated with primary antibody against rabbit COL2A1 
or aggrecan (Abcam, Cambridge, UK) in TBST at 4°C over-
night on a shaker, and was then incubated with horserad-
ish peroxidase (HRP)-conjugated secondary anti bodies for 
1 h at room temperature. The immunoblots were visualized 
using Western ECL Blotting Substrates (Bio-Rad). The pro-
tein bands were analyzed for densitometry using ImageJ 
software (National Institutes of Health, Bethesda, USA).

Proteoglycan assay

The amount of proteoglycan in the NP tissues was exam-
ined through determining soluble sulfated glycosamino-
glycans (sGAG) using a Proteoglycan Detection Kit (Ams-
bio, Cambridge, USA) according to the manufacturer’s 
protocol. Briefly, NP tissue was minced, homogenized and 
incubated with 1 mL of 20 mM sodium phosphate buffer 

(pH 6.8) containing 1 mM of EDTA, 2 mM of dithiothreitol 
and 300 µg of papain at 60°C for 4 h until the tissue was 
soluble. Iodoacetic acid was added to a final concentration 
of 10 mM and was mixed well with 1 mL 50 mM Tris/HCl 
(pH 8.0). Both the samples and the sGAG standards were 
mixed with DMB dye. Absorbance was read in a microplate 
reader at an optical density (OD) of 520 nm.

Statistical analyses

The data was reported as means ± standard deviation 
(SD) (or means ± standard error of the mean (SEM); see 
figure legends) of at least 3 independent trials, and was 
analyzed with a two-tailed Student’s t-test for 2 groups, 
or one-way analysis of variance (ANOVA) for multiple 
groups using GraphPad Prism software (GraphPad Soft-
ware Inc, San Diego, USA). The variance is similar between 
the groups in the same trial. A p-value <0.05 was consid-
ered statistically significant.

Results

MRI reveals delayed disc degeneration 
by LV-MMP3-shRNA or LV-Sox9 vectors

Previous studies have reported that puncturing with 
a needle can induce progressive disc degeneration in rab-
bits.15–17 In our study, we performed direct injection of PBS, 
empty lentivirus, and lentivirus expressing MMP3-shRNA 
and/or Sox9 into rabbit lumbar discs, to explore whether 
gene therapy-mediated MMP3 knockdown or Sox9 overex-
pression could delay the development of IDD. The preoper-
ative T2-weighted MRI scans revealed strong and uniform 
signals for each lumbar disc (Fig. 2A). However, at 8 weeks 
post-injection, the T2-weighted signal intensity decreased 
in the discs injected with PBS or empty virus, indicating 
an early degenerative process. Interestingly, discs injected 
with LV-MMP3-shRNA, LV-Sox9 or combined LV-MMP3-
shRNA+LV-Sox9 vectors still appeared normal (Fig. 2B). 
At 12 weeks after the operation, MRI scans still displayed 
an intact structure in the PBS- or empty-virus-treated 
discs, although a more pronounced reduction of signal in-
tensity was identified, indicating a progressively advanced 
NP degeneration. The MMP3-shRNA- or Sox9-lentivirus-
injected discs also displayed a decrease in signal intensity, 
though to a much lesser extent. However, the cocktail in-
jection of MMP3-shRNA and Sox9 lentivirus led to an only 
slightly reduced MRI signal (Fig. 2C). At 24 weeks after 
surgery, PBS or empty-virus-injected lumbar discs exhib-
ited a strikingly less intense MRI signal with a loss of disc 
integrity, indicating severe disc degeneration. In contrast, 
the MMP3-shRNA- or Sox9-lentivirus-injected discs re-
mained intact, even though the T2-weighted MRI scan 
showed reduced signal intensity. Notably, the discs injected 
with a cocktail of MMP3-shRNA and Sox9 lentiviruses not 
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only appeared intact, but also displayed only a moderate 
decrease in MRI signal intensity (Fig. 2D,E; Table 1).

Based on the comparison of MRI signal intensity among 
different groups, lentivirus-mediated MMP3 knockdown 
or Sox9 overexpression efficiently delayed the progres-
sion of  needle-puncture-induced disc degeneration. 
 Importantly, injection of combined LV-MMP3-shRNA and 
LV-Sox9 vectors significantly exerted a greater capacity 
than MMP3-shRNA (p = 0.026) or Sox9 (p = 0.017) single 
transgene to delay the development of IDD, indicating 
a synergistic effect of cocktail gene delivery.

Lentiviral MMP3-shRNA or Sox9 gene 
transfer mediates long-term transgene 
expression

The animals were sacrificed at 24 weeks after the oper-
ation. The NP tissues were harvested from their lumbar 
discs for RNA and protein assays. We  first evaluated 
transgene expression using qRT-PCR analysis and found 
that, compared to the control group, the in vivo transfer 
of LV-MMP3-shRNA vectors resulted in a 65% decrease 

in MMP3 level. Interestingly, the injection of both lenti-
viruses decreased MMP3 mRNA to a level comparable 
to that of LV-MMP3-shRNA alone (Fig. 3A). On the  other 
hand, LV-Sox9 viral vectors led to  a  3.8-fold increase 
in Sox9 mRNA in comparison with the controls. Simi-
larly, the cocktail of lentiviruses induced a 3.5-fold increase 
of Sox9 mRNA (Fig. 3B). These results not only suggest 
that lentiviral vectors can mediate long-term in vivo gene 
expression, but they also imply that combined transduc-
tion of 2 transgenes can stimulate higher gene expression 
than single-gene delivery.

Lentiviral MMP3-shRNA or Sox9 gene 
transfer increases collagen II expression

Given that the loss of collagen II and proteoglycan are 
the predominant pathological changes in IDD, we first 
examined whether in  vivo gene delivery of  lentivirus 
vectors could restore the expression of collagen II in NP 
tissues during a needle-puncture-induced degenerative 
process. Using qRT-PCR analysis, we found that inject-
ing LV-MMP3-shRNA and LV-Sox9 induced a 1.82- and 

Fig. 2. MRI analysis. Lumbar discs are scanned using T2-weighted MRI at different time points: (A) before the operation (pre-OP), (B) 8 weeks after operation, 
(C) 12 weeks after the operation, and (D) 24 weeks after the operation. (E) MRI signal intensity at 24 weeks after the operation. Red boxes surround L3/4, 
L4/5, L5/6, and L6/7 intervertebral discs. Note that lentiviral delivery of MMP3-shRNA or Sox9 greatly delays needle-puncture-induced disc degeneration 
when compared to PBS or empty virus treatment, whereas combined gene delivery induces a synergistic effect in the attenuation of IDD
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1.62-fold increase in Col2α1 mRNA, respectively, com-
pared to the controls. Notably, the combined injection 
(LV-MMP3-shRNA+LV-Sox9) induced the highest level 
of COL2A1 mRNA among all 5 groups, which led to a 2.3-
fold increase when compared with the controls, and a 1.26- 
or 1.41-fold increase compared to the LV-MMP3-shRNA- 
or LV-Sox9-treated group, respectively (Fig. 4A).

Using western blot analysis, we found that the transduc-
tion of LV-MMP3-shRNA or LV-Sox9 dramatically upregu-
lated collagen II at the protein level: 3.11- and 3.33-fold 
compared to the controls. Similarly, injecting a MMP3-
shRNA and Sox9 lentivirus cocktail led to the highest 
induction of COL2A1 among all groups tested, which 
was a 3.88-fold increase in comparison with the controls 
(Fig. 4B). These results suggest that direct in vivo gene 
therapy using lentiviral MMP3-shRNA or Sox9 vectors 

promotes the expression of collagen II in degenerative 
NP tissues. Our findings also reveal that cocktail delivery 
of MMP3-shRNA and Sox9 lentiviruses can initiate a syn-
ergistic effect to augment collagen II expression.

Lentiviral MMP3-shRNA or Sox9 gene 
transfer increases proteoglycan synthesis

We  then evaluated the  production of  proteoglycan, 
the primary ECM matrix in NP tissues, by assessing the ex-
pression of aggrecan (the major core protein in proteo-
glycan), as well as the synthesis of sGAG. Western blot 
analysis showed that lentivirus-mediated MMP3 knock-
down increased aggrecan expression 2.3-fold compared 
to the controls. LV-Sox9, however, only slightly (but sig-
nificantly – p = 0.043) stimulated aggrecan expression. 

Table 1. MRI signal intensity (modified Thompson classification)

Group Pre-OP 8 weeks 12 weeks 24 weeks*

PBS 1.000 ±0.051 0.677 ±.097 0.367 ±0.081 0.235 ±0.037

Control 1.000 ±0.103 0.652 ±0.083 0.383 ±0.043 0.227 ±0.046

MMP3-shRNA 1.000 ±0.072 0.836 ±0.059 0.625 ±0.077 0.486 ±0.059

Sox9 1.000 ±0.067 0.845 ±0.064 0.655 ±0.062 0.498 ±0.044

MMP3-shRNA+Sox9 1.000 ±0.086 0.903 ±0.069 0.796 ±0.085 0.706 ±0.038

* Analysis between different groups as follows. 

Groups Fold change p-value

MMP3-shRNA+Sox9 vs Sox9 1.42 <0.05

MMP3-shRNA+Sox9 vs MMP3-shRNA 1.45 <0.05

MMP3-shRNA+Sox9 vs control 3.11 <0.05

MMP3-shRNA+Sox9 vs PBS 3.00 <0.01

Sox9 vs MMP3-shRNA 1.02 >0.05

Sox9 vs controls 2.19 <0.05

Sox9 vs PBS 2.12 <0.05

MMP3-shRNA vs controls 2.14 <0.05

MMP3-shRNA vs PBS 2.07 <0.05

Controls vs PBS 0.09 >0.05

Fig. 3. Lentiviral gene delivery mediates long-term transgene expression. A. qRT-PCR analysis for MMP3 mRNA in NP tissue. B. qRT-PCR analysis for Sox9 
mRNA in NP tissue. Data is presented as means ±SEM. Note that cocktail gene delivery induces MMP3 or Sox9 mRNA to a comparable extent as the delivery 
of MMP3-shRNA or Sox9 lentivirus alone

** p < 0.01.
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In contrast, the  injection of both lentiviruses resulted 
in the highest expression of aggrecan, which was a 3.08-
fold increase in comparison with the controls (Fig. 5A).

Besides the  upregulation of  aggrecan by  lentivirus, 
we found that the knockdown of MMP3 or overexpression 
of Sox9 resulted in a 2.1- and 2.65-fold higher synthesis 
of sGAG, respectively, compared to the controls. Strikingly, 
injecting both LV-MMP3-shRNA and LV-Sox9 vectors led 
to the strongest induction of sGAG: a 4.2-fold increase 
(Fig. 5B). These results suggest that lentivirus-mediated 
MMP3 knockdown or Sox9 overexpression increases pro-
teoglycan production, and more importantly, indicates that 
the injection of a MMP3-shRNA/Sox9 lentivirus cock-
tail triggers a synergistic effect to enhance proteoglycan 
synthesis.

Discussion

As the major cause of lower back pain, IDD is charac-
terized by excessive degradation of the ECM, particularly 
the type II collagen and aggrecan in NP tissues.18 Since 

the matrix in NP mediates lumbar discs’ resistance to com-
pressive stresses,10 the reconstitution of matrix compo-
nents using gene therapy is of great importance in the delay 
or attenuation of IDD. The family of MMPs is thought 
to constitute the major catabolic enzymes in the interver-
tebral disc.8 Increased MMP expression and/or activity 
have been implicated in the pathogenesis of IDD. Although 
gene therapy using viral or non-viral vectors to overexpress 
growth factors or cytokines has received considerable in-
terest, a therapy that directly antagonizes MMP to prevent 
disc degeneration has not been studied, and this warrants 
investigation.

In  our study, we  established a  needle-puncture-in-
duced IDD model in rabbits, as reported previously.15–17 
The MRI scans revealed that the lumbar discs injected 
with PBS or empty lentivirus underwent degenerative pro-
cess as early as after 8 weeks, and the disc degeneration 
became extremely pronounced 24 weeks after injection. 
However, injecting lentivirus carrying MMP3-shRNA 
greatly delayed the progression of IDD on MRI, suggest-
ing that the inhibition of MMP3 is effective in preventing 
disc degeneration. Biochemical assays further suggested 

Fig. 5. MMP3 knockdown or Sox9 overexpression stimulates proteoglycan production. A. Western blot analysis for aggrecan (i) and densitometry of protein 
bands normalized with GAPDH using ImageJ (ii). B. Proteoglycan assay in NP tissue. The p-values on top of the bars denote the comparison between each 
lentiviral transgene group and an empty lentivirus group. For (A), data is presented as means ±SD. For (B), data is presented as means ±SEM

* p < 0.05; ** p < 0.01; *** p < 0.001.

Fig. 4. MMP3 knockdown or Sox9 overexpression induces collagen II expression. A. qPCR analysis for COL2A1 mRNA. B. Western blot analysis for COL2A1 
(i) and densitometry of protein bands normalized with GAPDH using ImageJ (ii). The p-values on top of the bars denote the comparison between each 
lentiviral transgene group and an empty lentivirus group. For (A), data is presented as means ±SEM. For (B), data is presented as mean ±SD

* p < 0.05; ** p < 0.01.
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that lentivirus-mediated MMP3 knockdown increased 
the expression of collagen II at both the mRNA and protein 
levels. This finding is interesting because MMP3 mainly 
degrades collagen II and other types of collagen (e.g., III, 
IV, IX, and X), but it cannot degrade collagen I,19 which 
is  the predominant type of collagen fibers in  the  later 
stages of disc degeneration. As a result, the knockdown 
of MMP3 using gene therapy not only avoids degradation 
of collagen II in the NP, but it does so without affecting 
the degradation of collagen I by other MMPs. Additionally, 
lentiviral delivery of MMP3-shRNA increased the pro-
duction of proteoglycan, as evidenced by the upregulated 
expression of aggrecan and the synthesis of sGAG. These 
findings suggest that gene therapy targeting MMP3 rep-
resents an efficient approach against IDD.

As  a  master regulator for chondrogenic differentia-
tion, Sox9 directly drives collagen II and aggrecan gene 
expression.8 A loss of Sox9 is closely associated with disc 
degeneration.10 In our study, direct in vivo gene delivery 
of the Sox9 lentivirus attenuated the progression of lumbar 
disc degeneration, as indicated by MRI scans. Overexpres-
sion of Sox9 also increased the production of collagen II 
and proteoglycan, suggesting that lentiviral Sox9 gene 
delivery can be used to alleviate IDD through its recon-
stitution of major matrix components. In support of our 
findings, Paul et al. previously reported that adenoviral 
vectors carrying the Sox9 gene are able to increase the pro-
duction of type II collagen in degenerated human disc 
cells.20 Unfor tunately, adenoviral vectors can only medi-
ate transient gene expression, and their in vivo applica-
tion is limited due to the virus-induced immune response. 
As such, lentiviral vectors carrying Sox9, which mediate 
long-term transgene expression without severe immuno-
genic activity, offer greater advantages over adenoviruses.

Notably, our study demonstrated that a cocktail deliv-
ery of MMP3-shRNA and Sox9 lentiviruses dramatically 
blocked lumbar disc degeneration in rabbits. Even 24 weeks 
after combined injection, a time point when extremely 
severe disc degeneration was observed in the animals in-
jected with PBS or an empty virus, MRI scans still identi-
fied intact disc tissues, with the highest signal intensity 
among all lentivirus-treated groups. Interestingly, Moon 
et al. reported that combination therapy of TGFβ1, IGF1 
and BMP2 adenoviral vectors is better than single-gene 
therapy because multiple gene transduction enables en-
hanced biological responses, such as proteoglycan synthe-
sis.21 Likewise, in our study, the combined gene transfer 
of  lentiviral MMP3-shRNA and Sox9 vectors displayed 
greater capacity than the injection of LV-MMP3-shRNA 
or LV-Sox9 alone in the induction of collagen II expres-
sion and proteoglycan production, suggesting that com-
bined gene delivery triggers a synergistic effect in ECM 
synthesis. The mechanism underlying this synergy seems 
likely to be mediated through the simultaneous inhibition 
of matrix degradation (via MMP3 knockdown) and en-
hancement of matrix induction (via Sox9 overexpression), 

thereby leading to maximized matrix production. Notably, 
we observed that delivery of the 2 lentiviruses reduced 
MMP3 – or increased Sox9 – mRNA to a level compa-
rable to that of LV-MMP3-shRNA or LV-Sox9 gene delivery 
alone. We assume that there may be an interaction between 
the 2 transgenes to further impact their expression, result-
ing in augmented Sox9 or greatly reduced MMP3 expres-
sion. Our assumption is partially supported by a recent 
study, in which Sox9 was able to inhibit the enzymatic 
activities of MMP2 and MMP13 through its binding with 
the MMP gene promoter.22

In general, our results demonstrate that lentivirus-medi-
ated in vivo gene therapy targeting MMP3 or overexpress-
ing Sox9 is efficient in delaying lumbar disc degeneration 
by restoring 2 major NP matrix components, collagen II 
and proteoglycan. Our results also suggest that gene ther-
apy delivering MMP3-shRNA and Sox9 lentiviruses offers 
a promising approach for maximizing matrix reconstitu-
tion with a minimal dose of lentivirus mixture.
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Abstract
Background. Ischemia/reperfusion (I/R) refers to situations where blood is perfused into ischemic or hypoxic 
tissues, potentially resulting in an inflammatory response and oxidative injury.

Objectives. This study was conducted to explore the pathogenesis of I/R injury.

Material and methods. GSE82146 was extracted from the Gene Expression Omnibus, consisting of 15 
complete global brain ischemia (CGBI) reperfusion hippocampus samples and 12 non-ischemic control 
(NIC) hippocampus samples. The differentially expressed genes (DEGs) between the CGBI and NIC samples 
were selected using LIMMA package, and were then analyzed with weighted gene co-expression network 
analysis (WGCNA). Using DAVID software, the DEGs in significant modules were run through enrichment 
analysis. The DEGs in significant modules were merged, and then a protein–protein interaction (PPI) network 
was built for them using Cytoscape software. After miRNAs and transcription factors (TFs) were predicted 
for the DEGs using the WebGestalt tool, a TF-miRNA-target regulatory network was built using Cytoscape 
software. Furthermore, quantitative real-time polymerase chain reaction (qRT-PCR) analysis was conducted 
to detect the levels of key genes.

Results. There were 390 DEGs in the CGBI samples. Based on WGCNA, brown and turquoise modules were 
screened as CGBI-associated modules. In the PPI network, key nodes HSP90AA1 and HSPA5 were able to in-
teract with each other. In the regulatory network, MYC, HSF1 and miR-22 had higher degree values. Moreover, 
HSPA5 was targeted by MYC in the regulatory network. In addition, upregulated HSPB1 and HMOX1, as well 
as downregulated NR4A2, were confirmed with qRT-PCR analysis.

Conclusions. HSPB1, HMOX1 and NR4A2 were the key genes correlated with I/R injury. Additionally, 
HSP90AA1, HSPA5, MYC, HSF1, and miR-22 might be related to the pathogenesis of I/R injury.

Key words: ischemia/reperfusion, differentially expressed genes, regulatory network, protein–protein 
interaction network, weighted gene co-expression network analysis

Original papers

Weighted gene co-expression network analysis  
to investigate the key genes implicated in global 
brain ischemia/reperfusion injury in rats

Dingying Ma1,A,C, Jun Qiao2,A,B, Qiang Qu3,B,F, Fei He4,A,D, Wenhua Chen3,4,D–F, Bo Yu4,C,D,F

1 Department of Rehabilitation Medicine, Ningbo No. 9 Hospital, China
2 Department of Rehabilitation, Shanghai Second Rehabilitation Hospital, China
3 Department of Rehabilitation, School of International Medical Technology, Shanghai Sanda University, China
4 Department of Rehabilitation Medicine, Shanghai General Hospital, Shanghai Jiaotong University, China

A – research concept and design; B – collection and/or assembly of data; C – data analysis and interpretation; 
D – writing the article; E – critical revision of the article; F – final approval of the article

Advances in Clinical and Experimental Medicine, ISSN 1899–5276 (print), ISSN 2451–2680 (online) Adv Clin Exp Med. 2020;29(6):649–659



D. Ma et al. Mechanisms of I/R injury650

Introduction

Ischemia/reperfusion (I/R) refers to a situation where 
blood is  perfused into tissues experiencing ischemia 
or hypoxia.1 Although I/R promotes the repair of damage 
and the recovery of functioning in most cases, it can also 
lead to an inflammatory response and oxidative injury 
by inducing oxidative stress.2 Ischemia/reperfusion is usu-
ally related to microvascular injury, and the imbalance 
of reactive oxygen species (ROS) and nitric oxide (NO) 
produced by activated endothelial cells is responsible for 
the subsequent inflammatory response.3,4 The develop-
ment of I/R injury is influenced by ischemia time, aerobic 
degree, collateral circulation, and reperfusion conditions. 
The I/R injury has a powerful influence on the ischemic 
cascade of the brain, involving brain trauma and stroke.5 
Hence, the molecular mechanisms of I/R injury need to be 
investigated to better alleviate its adverse effects in clini-
cal practice.

By inhibiting nuclear factor-κB (NF-κB), ginkgolide B 
(GB) possesses anti-apoptotic and anti-inflammatory ef-
fects and has demonstrated neuroprotective roles in mice 
with ischemia-induced brain injury.6,7 The  inhibition 
of P2X7 receptors (P2X7Rs) protects rats from cerebral 
I/R injury by decreasing inflammatory response and may 
serve as a novel therapeutic approach for transient global 
cerebral I/R injury. By increasing B-cell leukemia-2 (Bcl-2) 
expression and reducing Bcl-2-associated X protein (Bax) 
expression, propofol functions as a neuroprotective agent 
in I/R rats.8 Oxymatrine can protect the brain of stroke 
rats from focal I/R injury, and the activation of the nuclear 
factor erythroid 2-related factor 2 (Nrf2)/hemeoxygenase-1 
(HO-1) pathway may promote the neuroprotective effects 
of oxymatrine in the focal brain I/R rat model.9 MiR-124 
mediates the expression of Ku autoantigen 70 (Ku70) and 
helps to reduce the neuronal death and brain dysfunction 
caused by I/R. MiR-134 downregulation relieves cerebral 
ischemic injury through regulating the enhancing cyclic 
AMP (cAMP) response element-binding protein (CREB) 
and downstream genes, which provides a potential thera-
peutic target for the injury.10 Nevertheless, the genes and 
miRNAs affecting brain I/R injury have not been thor-
oughly explored.

In 2016, Wang et al. performed differential expression 
analysis on I/R in hippocampus CA1 and CA3, and found 
that CA3 is better at handling ischemic stress. However, 
the pathogenesis of I/R injury was not comprehensively 
researched by them.11 To further identify the key genes and 
miRNAs involved in I/R injury, within this study, a series 
of bioinformatics analyses was carried out (such as dif-
ferential expression analysis, weighted gene co-expression 
network analysis (WGCNA), enrichment analysis, and 
network analysis) on the expression profile data uploaded 
by Wang et al.11 In addition, quantitative real-time poly-
merase chain reaction (qRT-PCR) analysis was conducted 
to confirm the key genes.

Material and methods

Data source

The microarray dataset GSE82146 (species: Rattus nor-
vegicus) from the Gene Expression Omnibus database (GEO, 
http://www.ncbi.nih.gov/geo) was extracted, which was deter-
mined on the platform of GPL17117 ( RaGene-2_0-st) Affyme-
trix Rat Gene 2.0 ST Array (transcript (gene) version). There 
were 15 complete global brain ischemia (CGBI) reperfusion 
hippocampus samples and 12 non-ischemic control (NIC) 
hippocampus samples in GSE82146. In Long Evans rats (male, 
275–300 g), CGBI was induced with the two-vessel bilateral 
carotid artery occlusion and hypovolemic hypotension mod-
el,12 as previously described.13–15 Our research was approved 
by the ethics committee of Ningbo No. 9 Hospital, China.

Differential expression analysis

The original data in CEL format was downloaded and 
preprocessed (including format conversion, filling in 
of the missing data, background correction (MicroArray 
Suite method), and data standardization (quartile method)) 
using the R oligo package (v. 1.36.1; http://www.biocon-
ductor.org/packages/release/bioc/html/oligo.html).16 Next, 
the corresponding genes of the probes were annotated 
based on the annotation platform. For genes with multiple 
expression values (mapped to multiple probes), the average 
value was calculated as the unique expression value.

Using the R LIMMA package (v. 3.10.3; http://www.bio-
conductor.org/packages/2.9/bioc/html/limma.html),17 dif-
ferential expression analysis between the CGBI and NIC 
samples was carried out. The differentially expressed genes 
(DEGs) were selected using the  thresholds of adjusted 
p-value <0.05 and of logfold change (FC) >0.5.

WGCNA to identify disease-associated 
modules and genes

The WGCNA is a typical algorithm in system biology for 
constructing a gene co-expression network which can be 
used to identify modules of the relevant genes.18 To screen 
the CGBI-associated modules and genes, the expression 
values of the DEGs in each group were determined with 
WGCNA.18 The detailed processes of network building 
and module identification included consistency analysis 
between the datasets, the definition of gene co-expression-
correlated matrix (the correlation coefficient between gene 
m and gene n was Smn = |cor(m,n)|), the definition of the adja-
cent function (the adjacent function was amn = power(Smn,β)), 
the determination of the parameters for the adjacent func-
tion (the weighting coefficient β ≥ 0.8), the measurement 
of the degree of dissimilarity between the nodes, the identi-
fication of gene modules (the number of genes in the mod-
ule ≥30), and the determination of the correlation between 
network module and disease state.
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Enrichment analysis

Using DAVID software (v. 6.8; https://david-d.ncifcrf.
gov/),19 Gene Ontology (GO)20 and Kyoto Encyclopedia 
of  Genes and Genomes (KEGG),21 enrichment analy-
ses were conducted for the  DEGs in  significant mod-
ules. The thresholds for selecting significant terms were 
p-values <0.05 and counts of involved genes ≥2.

Protein–protein interaction (PPI)  
network analysis

After the DEGs in significant modules were merged, 
they were input into the STRING database (v. 10.0; http://
www.string-db.org/)22 to predict the PPIs among them. 
The species was rat and the parameter PPI score was set 
at 0.4. The PPI results were downloaded in TSV format and 
Cytoscape (v. 3.2.0; http://www.cytoscape.org/)23 was used 
to construct the PPI network.

Transcription factor-miRNA-target 
regulatory network analysis

Using the  WebGestalt tool (http://www.webgestalt.
org/),24 miRNAs and transcription factors (TFs) were 
predicted for the DEGs involved in the PPI network us-
ing Overrepresentation Enrichment Analysis (ORA). 
The species was rat and the reference background was 
the Affymetrix Rat Gene v. 2.0 ST platform. According 
to significance levels, the top 10 results of miRNA-target 
and TF-target were obtained and integrated. Then, a TF-
miRNA-target regulatory network was built using Cyto-
scape software.23

qRT-PCR analysis

The total RNA of 7 brain I/R tissues and 7 control tissues 
were isolated using a Trizol total RNA extraction kit (In-
vitrogen, Shanghai, China) following the manufacturer’s 
instructions. The purity and integrity of RNA were evalu-
ated separately by spectrophotometer (Merinton, Beijing, 
China) and 2% agarose gel electrophoresis. The primer 
sequences of key genes were designed for qRT-PCR ex-
periments (Table 1), and were then produced by Sangon 
Biotech Co., Ltd. (Shanghai, China). The qRT-PCR experi-
ments were carried out using SYBR Green master mix kit 
(Applied Biosystems, Foster City, USA). The 20-µL PCR 
amplification system consisted of 10 µL of SYBR Premix Ex 
Taq (×2), 8 µL of cDNA template (keeping a consistent level 
after being diluted with ddH2O), 1 µL of forward primer 
(10 µM), and 1 µL of reverse primer (10 µM). The reaction 
conditions were 40 cycles of 50°C for 3 min, 95°C for 3 min, 
95°C for 10 s, and 60°C for 30 s. Afterwards, a melt curve 
was created. All experiments were repeated 3 times, and 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
utilized as the reference gene.

Statistical analysis

The  expression levels of  the  key genes were ana-
lyzed using the 2−ΔΔCt method.25 All data are presented 
as mean ± standard error of the mean (SEM). SPSS v. 22.0 
software (SPSS Inc., Chicago, USA) was used to perform 
statistical analysis, with p < 0.05 serving as the threshold 
of statistical significance.

Results

Differential expression analysis

There were 390 DEGs in the CGBI samples compared 
with the NIC samples, including 330 upregulated genes 
(such as heat shock protein B1 (HSPB1) and heme oxy-
genase (decycling) 1 (HMOX1)), and 60 downregulated 
genes (such as nuclear receptor subfamily 4 group A mem-
ber 2 (NR4A2)). The clustering heatmap suggested that 
the samples could be obviously differentiated by the DEGs 
(Fig. 1).

WGCNA analysis and enrichment analysis

In order to meet the prerequisite of scale-free network 
distribution, the adjacency matrix weighting parameter 
“power” was explored. As a result, a “power” value of 19 
was selected when the square of correlation coefficient 
first reached 0.8 (Fig. 2).

A co-expression network was constructed based on this 
“power” value. Firstly, the dissimilarity coefficients among 
the DEGs were calculated. Using the dissimilarity ma-
trix, hierarchical clustering was performed to  obtain 
a system clustering tree of the DEGs (Fig. 3A). According 
to the standards of a hybrid dynamic shear tree, the lowest 
gene number of each network module was set at 30. After 
network modules were identified using the dynamic shear 
method, the feature vector “eigengenes” was calculated 
for each module. Subsequently, the modules underwent 
clustering analysis, and the modules with close cluster-
ing relationships were merged into a new module. Finally, 

Table 1. The primer sequences designed for qRT-PCR experiments

Primer names Primer sequences (5’-3’)

GAPDH-rF AGACAGCCGCATCTTCTTGT

GAPDH-rR CTTGCCGTGGGTAGAGTCAT

HSPB1-rF GATCACTGGCAAGCACGAAG

HSPB1-rR CCTGGAGGGAGCGTGTATTT

HMOX1-rF CGTGCTCGCATGAACACTCT

HMOX1-rR GGCCTCTGGCGAAGAAACTC

NR4A2-rF CTGTCAGCATTACGGTGTTCG

NR4A2-rR ATCCTGTGGGCTCTTCGGTT
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the DEGs were divided into 5 network modules (Fig. 3B), 
and the grey module was a set of the DEGs that could not 
be gathered into other modules.

To identify CGBI-associated modules, the feature vector 
of each module and CGBI was conducted with correlation 
analysis. The absolute values of correlation coefficients for 

Fig. 1. Clustering heatmap for DEGs. Green and purple color in the sample strip separately represent the non-ischemic control (NIC) hippocampus samples 
and the complete global brain ischemia (CGBI) reperfusion hippocampus samples. The horizontal and vertical axes represent the clusters of samples and 
the clusters of genes, respectively
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Fig. 3. The system clustering tree for the dissimilarity matrix (A), and the network modules before (dynamic tree cut) and after (merged dynamic) merging (B)

Fig. 2. The scale independence (A) and mean connectivity (B) for selecting the adjacency matrix weighting parameter “power”. The higher the square 
of correlation coefficient, the closer the network is to scale-free network distribution. The blue line represents the standard line when the square 
of the correlation coefficient reaches 0.8

1.0

0.5

0.0

–0.5

–1.0

200

150

100

50

0

5 10

soft threshold (power)

15 20

scale independence BA

5 10

soft threshold (power)
m

ea
n 

co
nn

ec
tiv

ity

mean connectivity

sc
al

e-
fr

ee
 to

po
lo

gy
 m

od
el

 �
t, 

si
gn

ed
 R

^2

15 20

cluster dendrogram

dynamic tree cut

B

A

merged dynamic

1.00

0.95

0.90

0.85

0.80

0.75

0.70

0.65

he
ig

ht



D. Ma et al. Mechanisms of I/R injury654

the modules were sorted, and it was found that the val-
ues for brown and turquoise modules were higher than 
0.8 (Table 2). Meanwhile, the absolute values of gene sig-
nificance for the modules were also calculated in order 
to screen CGBI-associated modules (Fig. 4). In addition, 
the heatmaps for the genes in the brown and turquoise 
modules are shown separately in Fig. 5A and 5B.

Functional and pathway  
enrichment analysis

The DEGs in the brown and turquoise modules were con-
ducted with enrichment analysis. The DEGs in the brown 
module were mainly implicated in the positive regula-
tion of  gene expression (GO; p-value  =  9.61E-09) and 
protein processing in the endoplasmic reticulum (KEGG; 
p-value  =  2.86E-07). Also, the  DEGs in  the  turquoise 
module were mainly involved in  protein folding (GO; 
p-value = 3.33E-07) and aminoacyl-tRNA biosynthesis 
(KEGG; p-value = 4.58E-07) (Table 3).

PPI network analysis

The DEGs in the brown and turquoise modules were 
merged, and a total of 259 DEGs were obtained (includ-
ing 115 upregulated genes in the brown module, 115 up-
regulated genes in the turquoise module, 18 downregu-
lated genes in the brown module, and 11 downregulated 
genes in the turquoise module). Next, the PPI network was 
built; it had 164 nodes and 620 edges (Fig. 6A). According 
to the degree values of the network nodes, heat shock protein 
90 alpha family class A member 1 (HSP90AA1; degree = 47) 
and heat shock protein 5 (HSPA5; degree = 25) were key 
nodes. Additionally, HSP90AA1 and HSPA5 interacted 
in the PPI network.

TF-miRNA-target regulatory  
network analysis

A total of 228 TF-miRNA-target regulatory relationships 
were obtained, involving 6 TFs, 10 miRNAs, and 99 targets 
(including 46 upregulated genes in the brown module, 45 
upregulated genes in the turquoise module, 5 downregu-
lated genes in the brown module, and 3 downregulated 
genes in the turquoise module). The TF-miRNA-target 
regulatory network is shown in Fig. 6B. In the regulatory 
network, the myelocytomatosis oncogene (MYC; TF, de-
gree = 38), heat shock transcription factor 1 (HSF1; TF, 
degree = 25), and miR-22 (degree = 12) had higher degree 
values. Importantly, MYC could target HSPA5 in the regu-
latory network.

qRT-PCR analysis

The levels of HSPB1, HMOX1 and NR4A2 in the brain 
I/R tissues and the control tissues were detected using 
qRT-PCR experiments. HSPB1 (p < 0.001; Fig. 7A) and 
HMOX1 (p < 0.001; Fig. 7B) were significantly upregulated 
in the brain I/R tissues compared with the control tissues, 
while NR4A2 (p < 0.001; Fig. 7C) was significantly down-
regulated. These findings were consistent with the results 
of differential expression analysis.

Discussion

In this study, 390 DEGs (including upregulated HSPB1 
and HMOX1, as well as downregulated NR4A2) were iden-
tified in the CGBI samples. Through WGCNA analysis, 
the brown and turquoise modules were screened as CGBI-
associated modules. After the DEGs in the brown and 
turquoise modules were merged, a PPI network was built 
for them. In the PPI network, HSP90AA1 and HSPA5 were 
the key nodes. Moreover, MYC, HSF1 and miR-22 had 
higher degree values in the TF-miRNA-target regulatory 
network. Additionally, the qRT-PCR experiments con-
firmed upregulated HSPB1 and HMOX1 and downregu-
lated NR4A2.

Oxidative stress can induce the  phosphorylation 
of HSPB1 and HSPB5, which play neuroprotective roles 

Table 2. The results of correlation analysis of each module and complete 
global brain ischemia

Module Correlation coefficient p-value

Brown 0.92 1.74E-11

Turquoise 0.83 1.06E-07

Blue 0.73 1.64E-05

Green 0.72 2.57E-05

Grey −0.75 5.85E-06

Fig. 4. The correlation graph of each module and complete global brain 
ischemia (CGBI). Horizontal axis and vertical axis separately represent 
module and gene significance
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Table 3. The Gene Ontology (GO) terms (A) and pathways (B) enriched for DEGs in the brown and turquoise modules

(A)

Module GO_ID Biological process Count p-value Genes

Brown

GO:0010628
positive regulation of gene 

expression
16 9.61E-09

CCL3, RET, CAV1, SOX11, VIM, PARK2, HSPA1B, IL33, ATF4, ATF3, 
VEGFA, BCL11A, NFE2L2, MSN, FGF2, PPP1R15A

GO:0030968
endoplasmic reticulum unfolded 

protein response
8 1.29E-08 HERPUD1, ATF3, STC2, YOD1, NFE2L2, PPP1R15A, EDEM1, DDIT3

GO:0034976
response to endoplasmic reticulum 

stress
9 4.18E-08

ATF4, HERPUD1, STC2, TRIB3, HSPA5, PARK2, NFE2L2, PPP1R15A, 
DDIT3

GO:0006986 response to unfolded protein 5 1.62E-05 HERPUD1, CHAC1, PARK2, HSPA1B, DDIT3

GO:0007568 aging 11 2.69E-05
C1QB, GSTA3, CRYAB, VIM, VEGFA, HSPB1, NFE2L2, PPP1R15A, 

FGF2, DDIT3, TIMP1

GO:0045944
positive regulation of transcription 
from RNA polymerase II promoter

19 5.74E-05
CCL3, CAMTA2, SOX11, PTBP1, ARID5A, NR4A2, TEAD1, PARK2, IL33, 

DDIT3, ATF4, ATF3, VEGFA, BCL11A, NFE2L2, USP16, NEUROD6, 
FGF2, FOSL1

GO:0043536
positive regulation of blood vessel 

endothelial cell migration
4 2.11E-04 VEGFA, HSPB1, NFE2L2, FGF2

GO:0060548 negative regulation of cell death 6 2.20E-04 SOX11, PARK2, HSPA1B, NFE2L2, PPP1R15A, FGF2

GO:0035690 cellular response to drug 6 3.46E-04 MT2A, VEGFA, HSPA5, RNF149, NFE2L2, PPP1R15A

GO:0010629
negative regulation of gene 

expression
8 3.59E-04 CCL3, CDKN1A, STC2, CRYAB, SOX11, VEGFA, BCL11A, PARK2

Turquoise

GO:0006457 protein folding 9 3.33E-07
ST13, TMX1, CCT5, HSP90AA1, CCT4, AARS, DNAJA1, DNAJB4, 

HSPA9

GO:0051085
 chaperone-mediated protein 

folding requiring cofactor
3 2.60E-03 HSPH1, CCT4, HSPD1

GO:0009409 response to cold 4 3.63E-03 HSP90AA1, HSPA2, RBM3, HSPD1

GO:1902895
positive regulation of pri-miRNA 

transcription from RNA polymerase 
II promoter

3 5.58E-03 JUN, STAT3, GNL3

GO:0006366
transcription from RNA polymerase 

II promoter
8 9.52E-03 ARRB2, DBP, JUN, TARDBP, CEBPZ, DDX21, STAT3, GTF2H1

GO:0009408 response to heat 4 1.12E-02 HSP90AA1, HSPA2, DNAJA1, HSPD1

GO:0043066
negative regulation of apoptotic 

process
9 1.18E-02 CTH, JUN, NAA15, DNAJA1, MDM2, JAK2, HSPD1, NQO1, STAT3

GO:1902728
positive regulation of growth factor 
dependent skeletal muscle satellite 

cell proliferation
2 1.18E-02 JAK2, STAT3

GO:1903748
negative regulation 

of establishment of protein 
localization to mitochondrion

2 1.18E-02 HSPH1, DNAJA1

GO:0045944
positive regulation of transcription 
from RNA polymerase II promoter

13 1.81E-02
CCNL1, STAT3, PRPF6, GTF2H1, HSPH1, DBP, TARDBP, JUN, GTF2F1, 

ETS2, CEBPZ, KDM3A, JAK2

 
(B)

Module Pathway_ID Pathway name Count p-value Genes

Brown

rno04141
protein processing in endoplasmic 

reticulum
12 2.86E-07

ATF4, HERPUD1, CRYAB, HSPA5, PARK2, DNAJB1, YOD1, HSPA1B, 
NFE2L2, PPP1R15A, EDEM1, DDIT3

rno04010 MAPK signaling pathway 11 1.08E-04
DUSP5, ATF4, DUSP2, MAP2K3, GADD45G, HSPB1, HSPA1B, FLNC, 

GADD45B, FGF2, DDIT3

rno05205 proteoglycans in cancer 6 3.61E-02 CAV1, CDKN1A, VEGFA, MSN, FLNC, FGF2

Turquoise

rno00970 aminoacyl-tRNA biosynthesis 8 4.58E-07 TARS, YARS, CARS, NARS, RARS, AARS, LARS, EPRS

rno03040 spliceosome 7 3.67E-04 SRSF3, SF3B1, HSPA2, CWC15, PRPF6, PRPF40A, RBM17

rno03008 ribosome biogenesis in eukaryotes 5 3.36E-03 NOP58, WDR43, RIOK2, GNL3, NMD3

rno04915 estrogen signaling pathway 4 3.01E-02 HSP90AA1, HSPA2, FKBP5, JUN
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in hippocampal neurons. Kupffer cells, which are the main 
expression sites of hepatic HMOX1, have anti-inflamma-
tory effects and can resist the oxidative injury induced 
by I/R.26 NURR1 (also named NR4A2) contributes to in-
testinal regeneration following I/R injury by suppressing 
p21 expression, which may provide new approaches for 
the therapy of intestinal I/R injury.27 These findings sup-
port the thesis that HSPB1, HMOX1 and NR4A2 are related 
to the development and progression of I/R injury.

The mRNA expression of HSP90AA1 is reduced follow-
ing I/R and may be promoted by miR-1 inhibition during 
myocardial I/R.28,29 A high protein expression of HSPA5 
can exert neuroprotective effects and stop neural ischemic 
injury by attenuating endoplasmic reticulum (ER) stress-
induced apoptosis.30 By negatively mediating ubiquitin 
carboxyl-terminal hydrolase isozyme L1 (UCHL1) and 
HSPA5 protein levels, miR-181b downregulation protects 
mice from ischemic injury and provides a therapeutic strat-
egy for ischemic stroke.31 HSP90AA1 and HSPA5 inter-
acted in the PPI network, suggesting that HSP90AA1 and 
HSPA5 might play roles in I/R injury through interaction 
with each other.

The MYC expression is upregulated after acute I/R injury 
and may promote the low expression of the anti-apoptotic 
N-myc downstream-regulated gene 2 (NDRG2), which may 
be associated with myocardial apoptosis in I/R rats.32,33 
By weakening NF-κB activation and reducing MYC expres-
sion, copper/zinc-superoxide dismutase (SOD1) overex-
pression helps to decrease ischemic damage.34 Granulocyte 
colony-stimulating factor (G-CSF) increases HSF1 expres-
sion by promoting phosphorylation and the interaction 
of the signal transducer and activator of transcription-3 
(STAT3) with HSF1, which possesses cardio-protective 
 effects in I/R mice.35 HSF1 prevents the death of cardiomy-
ocytes following I/R partly by activating Akt and inactivat-
ing caspase 3 and Jun N-terminal kinase.36 These reports 
declared that MYC and HSF1 might also be implicated 
in the mechanisms of I/R injury. MYC could target HSPA5 
in the regulatory network, indicating a role of MYC in I/R 
injury through mediation of HSPA5.

The miR-22 plays a neuroprotective role by reducing 
inflammation and apoptosis, indicating that miR-22 can 
be applied in the treatment of cerebral I/R injury.37 It can 
suppress the apoptosis of cardiomyocytes by targeting 

CREB binding protein (CBP); therefore, miR-22 may serve 
as a novel target for preventing myocardial I/R injury.38,39 
The miR-22 inhibition helps to keep cardiac mitochon-
drial function, and thus has therapeutic potential for 
acute myocardial I/R injury.40 miR-22 decreases caveolin 
3 (Cav3) expression and repairs endothelial nitric oxide 
synthase (eNOS) activity and NO production, inhibiting 
cardiac injury after I/R.41 Therefore, miR-22 might be as-
sociated with the pathogenesis of I/R injury by regulating 
the DEGs.

Conclusions

In conclusion, 390 DEGs were identified between CGBI 
and NIC samples. Also, HSPB1, HMOX1 and NR4A2 
were the key genes associated with I/R injury. Moreover, 
HSP90AA1, HSPA5, MYC, HSF1, and miR-22 might be im-
plicated in the pathogenesis of I/R injury. However, the ex-
perimental study was insufficient and our results must still 
be further confirmed in subsequent studies.
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Abstract
Background. New glucagon-like peptide-1 (GLP-1) analogues developed in recent years have a long half-
life and offer further prospects for clinical application. At present, the neuroprotection of GLP-1 analogues 
in Alzheimer’s disease (AD) has just begun to be explored.

Objectives. To investigate how glucagon-like peptide-1 (liraglutide) plays a protective role in AD by regulat-
ing tau activation and BACE1 expression.

Material and methods. Human neuroblastoma cell line SH-SY5Y cells were cultured in vitro and pretreated 
with different concentrations of liraglutide, and then treated with different concentrations of okadaic acid (OA) 
in order to observe the apoptosis of the SH-SY5Y cells. After liraglutide treatment, the apoptosis of neurons 
in AD rats was detected using flow cytometry, and tau activation and β-site APP cleaving enzyme 1 (BACE1) 
expression were detected using western blot.

Results. Different concentrations of OA were able to induce apoptosis of SH-SY5Y cells in a dose-dependent 
manner. Different concentrations of liraglutide were used to pretreat SH-SY5Y cells, which were able to protect 
the SH-SY5Y cells from apoptosis induced by OA. Okadaic acid significantly increased tau activation and BACE1 
expression in the SH-SY5Y cells, which was blocked with liraglutide pretreatment. The results of a water maze 
experiment showed that liraglutide had significant protective effects on memory and cognitive ability in AD 
rats induced with OA, inhibited apoptosis of neural cells in AD rats, and inhibited tau activation and BACE1 
expression of neural cells in AD rats induced with OA.

Conclusions. Liraglutide has a protective effect on AD in vivo and in vitro, which may be mediated by pre-
venting neuronal apoptosis and inhibiting the activation of tau and the expression of BACE1.

Key words: Alzheimer’s disease, cognition, memory, nerve, glucagon-like peptide-1
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Introduction

Alzheimer’s disease (AD) is a primary degenerative dis-
ease of the central nervous system which seriously affects 
quality of life. At present, there is no effective treatment 
method.1–3 It is becoming more and more urgent to find 
an effective treatment for AD. In recent years, glucagon-
like peptide-1 (GLP-1) has been found to have neurotrophic 
and protective effects.4,5 The GLP-1 receptor activation can 
be used to treat type 2 diabetes mellitus.6 Because AD and 
type 2 diabetes mellitus share a common pathogenesis, 
the use of GLP-1 receptor activation in the treatment of AD 
has attracted the attention of scholars around the world.7 
However, GLP-1 has a very short half-life in vivo, so it can-
not be used as a drug to treat related diseases. However, 
the new GLP-1 analogues developed in recent years have 
a long half-life and offer more prospects for clinical appli-
cation. At present, the neuroprotection of GLP-1 analogues 
on AD has just begun to be explored. There are few reports 
on the mechanism of GLP-1 analogues on AD protection.

Neuronal apoptosis is thought to be one of the major 
causes of neuronal loss in AD. Neurocyte apoptosis was 
first reported by Su et al. in 1994. It was found that there 
were fragments of DNA in the brain neurons of AD patients. 
Thus, the concept of neurocyte apoptosis was introduced 
into the neuropathology of AD.8 Tau proteins are micro-
tubule-associated proteins with small molecular weight. 
The tau protein in the brain of AD patients is highly phos-
phorylated,9 and the phosphorylation of tau is regulated 
by protein kinase and protein phosphatase, the most impor-
tant of which are protein phosphatase PP2A and protein ki-
nase GSK-3β.10,11 Protein kinase and protein phosphatase are 
in a dynamic balance in normal individuals, but the activity 
of PP2A in the brain of AD patients is significantly lower 
than that of normal adults. Tau in neurons is over-phos-
phorylated and can aggregate into a double helix and further 
forming neurofibrillary tangles.12 β-site amyloid precursor 
protein (APP) cleaving enzyme 1 (BACE1) is a transmem-
brane aspartate protease that can cleave β-site APP to pro-
duce neurotoxic amyloid-β (Aβ).13 The deposition of Aβ 
in the brain is closely related to the development of AD.14,15

In this study, we explored the therapeutic effect of liraglu-
tide on AD in vitro and in vivo by constructing an AD model, 
and we explored whether liraglutide played a role by regu-
lating the process closely related to AD. This study found 
that liraglutide had a protective effect on AD, which may be 
through the prevention of neuronal apoptosis, as well as inhi-
bition of tau activation and BACE1 expression in nerve cells.

Material and methods

Reagents

SH-SY5Y cells were purchased from the  Institute 
of Basic Medical Sciences, Chinese Academy of Medical 

Sciences (Beijing, China). An annexin V/7AAD apopto-
sis staining kit was purchased from Biolegend company 
(San Diego, USA). Okadaic acid (OA) was purchased from 
Sigma-Aldrich (St. Louis, USA). Supersignal West Femto/
Pico HRP sensitive chemiluminescent substrate was pur-
chased from Simmerfeld Technology Co., Ltd. (Beijing, 
China). Mouse anti-human pS396 tau antibody, mouse an-
ti-human pS199/202 tau antibody and mouse anti-human 
BACE1 antibody were purchased from CST (New York, 
USA). C57BL/6 female rats were purchased from Beijing 
Weitonglihua Laboratory Animal Technology Co., Ltd. 
(Beijing, China; certificate No. CELAIC).

SH-SY5Y cell culture

The cells were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) (Thermo Fisher Scientific, Waltham, 
USA) containing 10% fetal bovine serum (FBS; Hyclone, 
Logan, USA). The medium was replaced every 2–3 days. 
The cells were pretreated with 0.1 μM, 1 μM and 10 μM 
liraglutide for 72 h, and then they were treated with 0 nM, 
10 nM and 20 nM of OA for 48 h.

Flow cytometry

The cells were collected at 1,000 g for 5 min and washed 
once with 1% phosphate-buffered saline (PBS). The cells 
were suspended with 100 μL of binding buffer, and 5 μL 
of annexin V dye and 5 μL of 7-AAD dye were added. Af-
ter incubating at room temperature for 15 min, the cells 
detected using flow cytometry.

Western blot

The total protein of the cells was homogenized in cold 
radioimmunoprecipitation assay (RIPA) buffer (Beyo-
time, Shanghai, China). The total protein was centrifuged 
at 13,000 × g for 20 min at 4°C. The supernatants were 
collected, and protein concentration was measured using 
a modified bicinchoninic acid (BCA) protein concentration 
assay kit (Beyotime) in accordance with the manufacturer’s 
protocol. The extracted protein was separated using 8% 
SDS-PAGE (Bio-Rad, Hercules, USA) and 5% concentrated 
gel (Bio-Rad) and transferred to nitrocellulose membrane 
(Simmerfelder Technology). The membrane was blocked 
with 5% bovine serum albumin (BSA) for 2 h and incu-
bated with primary antibodies, including anti-pS396 tau, 
anti-pS199/202 tau and anti-BACE1, at  4°C overnight. 
On the 2nd day, the membrane was washed with 0.1% tris-
buffered saline-Tween (TBST) 3 times, 5 min each time. 
Then, the membrane was incubated with the correspond-
ing horseradish peroxidase (HRP)-conjugated secondary 
antibodies at room temperature for 1 h. After being washed 
3 times with 0.1% TBST, the signals were visualized using 
Supersignal West Femto HRP. Actin was used as an in-
ternal control.
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Establishment of AD rat model

The rats were randomly divided into a sham operation 
control group, a test group (OA group) and a liraglutide 
treatment group, with 10 rats in each group. The  rats 
in  the  control group did not undergo any treatment. 
The rats in test and liraglutide treatment groups were in-
jected with 0.5 µL of OA dissolved in 10% dimethyl sulf-
oxide (DMSO) into the hippocampus. The concentration 
was 0.8 mmol/L, and the injection was slowly performed 
at 0.1 µL/min. The needle was kept in place for 10 min, 
and then pulled out slowly. On the 16th day after OA in-
jection, the rats in the treatment group were subcutane-
ously injected with 300 µg/kg of liraglutide, and the rats 
in the control and test groups were injected with the same 
amount of saline solution for 30 days.

Y-maze and Morris water maze

The  Y-maze consists of  3 equal-length arms 
(50 × 18 × 35 cm) with an angle of 120° between each arm. 
Each arm has a movable partition in the center. The in-
ner arm and bottom of the maze are painted black. Vi-
sual cues are placed on the walls of the 3 arms. After each 
test, the arm of the labyrinth was sprayed with alcohol 
to eliminate olfactory stimulation. When the spontane-
ous round examination was tested, the rats were placed 
at the end of one arm and allowed to explore for 8 min 
freely. The video camera system recorded the behavioral 
changes of the animals for 8 min. The following parameters 
were  recorded: 1) the total number of entries – the num-
ber of times that the animals entered the maze arm (with 
the 4 feet of a rat entering the arm counting as 1 time); 
2) alternations – successively entering all 3 arms once; and 
3) the number of maximum alternations – the total arm 
number was 2. The percentage of the auto cycles is the total 
number of cycles/*100%.

The Morris water navigation test was performed ac-
cording to the following procedure. The rats headed to-
ward the wall of the pond, and randomly took 1 of the 4 
starting positions – east, west, south, or north –  into 
the water. The time the rats took to find an underwater 
platform(s) was recorded. In preceded training, if  this 
time exceeded 60  s, the  rats were guided to  the  plat-
form. Then, they were allowed to stay on the platform 
for 10 s. The rats were removed and dried. When neces-
sary, they were placed under an 150 W incandescent lamp 
for 5 min and then put back into the cage. Each rat was 
trained 4 times a day, the interval between 2 training ses-
sions was 15–20 min, and the training lasted for 5 days. 
3. On the 2nd day after the final training, the platform was 
removed and the 60 s training was initiated. The rats were 
placed into the water from the opposite side of the original 
platform quadrant. The time spent in the target quad-
rant (the  quadrant where the  platform was originally 
placed) was recorded, as well as the number of entries 

into the quadrant as a spatial memory index. After the 2nd 
day of training, 4 days of counterpoint training began. 
The platform was placed in the quadrant of the original 
platform, and the method was the same as the acquired 
training. The rats were trained 4 times a day. The time 
and distance of swimming and the swimming speed were 
recorded each time.

Statistical analysis

SPSS v. 16.0 software (IBM Corp., Armonk, USA) was 
used to analyze the data, and the measurement data was 
described as means ± standard deviation (SD). A t-test 
was used to  compare the  measurement data between 
the 2 groups. Comparisons of experimental groups were 
evaluated with one-way analysis of variance (ANOVA) 
followed by Bonferroni analysis. A p-value ≤0.05 was con-
sidered statistically significant.

Results

The protective effect of liraglutide  
on OA-induced apoptosis in SH-SY5Y cells

The apoptotic rates of the SH-SY5Y cells treated with 
different concentrations of OA (0 mM, 10 nM and 20 nM) 
were 1.31 ±1.22, 13.4 ±2.78 and 21.47 ±4.21, respec tively 
(p  <  0.05; Fig.  1). According to  these results, 10  nM 
of OA is able to significantly induce apoptosis, so this 
concentration was used to induce apoptosis in SH-SY5Y 
cells in subsequent experiments. In addition, apopto-
sis of SH-SY5Y cells was detected after treatment with 
different concentrations of  liraglutide (0.1 µM, 1 µM 
and 10 μM). The apoptosis rates of SH-SY5Y cells were 
12.93  ±3.12, 7.34  ±2.98 and 5.84  ±1.91, respectively 
(p < 0.05; Fig. 1). Because the protective effects of 1 µM 
and 10 M of  liraglutide on  the apoptosis of SH-SY5Y 
cells were not statistically significantly different, 1 µM 
was selected as  the  intervention dose in  subsequent 
experiments.

The effect of liraglutide pretreatment 
on OA-mediated activation of tau 
and BACE1 in SH-SY5Y cells

As shown in Fig. 2A, the activation of tau phosphoryla-
tion in the SH-SY5Y cells was significantly upregulated 
by OA treatment, while the activation of tau phosphory-
lation induced by OA was significantly decreased by pre-
treatment with liraglutide (p < 0.01). The expression level 
of BACE1 in the SH-SY5Y cells treated with OA was sig-
nificantly upregulated by tau phosphorylation (p < 0.01; 
Fig. 2B). However, after pretreatment with liraglutide, 
the increased expression level of BACE1 induced by OA 
was significantly lower (p < 0.01; Fig. 2B).
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The learning and memory function of rats 
before and after treatment with liraglutide

In order to detect the protective effect of  liraglutide 
on OA-induced memory impairment, a Y-maze was used 
to test the ability of rats to recognize and remember a new 

environment. As shown in Fig. 3A, OA significantly af-
fected the spontaneous behavior of rats compared with 
the control group, and this damage was significantly re-
stored after treatment with liraglutide (p < 0.01; Fig. 3A). 
However, there were no protective effects of  liraglutide 
on  OA-induced spatial recognition (p  >  0.01; Fig.  3B). 

Fig. 1. Apoptosis of SH-SY5Y cells induced by OA and/or liraglutide was detected with apoptosis staining. A. The results of apoptosis staining induced 
with OA. B. The results of apoptosis staining induced with OA and liraglutide. C. The apoptosis rate of SH-SY5Y cells induced with OA. D. The apoptosis rate 
of SH-SY5Y cells induced with OA and liraglutide. Data are expressed as means ±SD (n = 3)

*p < 0.05 vs the OA 0 nM group or the OA 10 nM+GLP-1 0.1 mM group.
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Fig. 3. Water maze test detection 
of learning and memory function 
in rats before and after treatment. 
A. Spontaneous Alternating Response 
Ability. B. Spatial Recognition Ability. 
C. Average Avoidance Latency 
of Hidden Platform. D. Swimming 
Speed. E. Residence Time in Target 
Quadrant. F. Platform Crossing 
Number. Data is expressed 
as means ±SD

**p < 0.01 vs the control group; 
##p < 0.01 vs the test group 
(OA group).

Fig. 2. The effects of liraglutide pretreatment on OA-mediated activation of tau and BACE1 in SH-SY5Y cells. A. Tau phosphorylation level. B. BACE1 
expression level. Band intensities are normalized to actin-β intensity and are expressed as relative values. Data are expressed as means ±SD (n = 3)

**p < 0.01 vs the control group; ##p < 0.01 vs the OA 10 nM group.
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A Morris water maze was used to detect the protective 
effect of liraglutide on OA-induced cognitive impairment. 
As shown in Fig. 3C, the average escape latency of the hid-
den platforms in the OA group was significantly higher, 
while it was significantly lowered when the treatment with 
liraglutide was employed (p < 0.01). However, there was no 
significant difference in swimming speed between the OA 
and the OA+liraglutide groups (p > 0.01; Fig. 3D). As shown 
in Fig. 3E and 3F, liraglutide shortened the residence time 
and decreased the number of platform crossings in the tar-
get quadrant of rats induced by OA (p < 0.01). These results 
suggest that liraglutide has a significant protective effect 
on learning and memory impairment of AD rats induced 
with OA.

Effect of liraglutide on neuronal apoptosis 
in AD rats

As  shown in  Fig.  4, the  level of  neuronal apopto-
sis in the test group was significantly higher than that 
of the control group (1.84 ±1.41 vs 16.36 ±2.14; p < 0.01). 
In addition, the level of neuronal apoptosis in the liraglu-
tide treatment group was markedly lower when compared 
to the test group (7.53 ±2.18 vs 16.36 ±2.14; p < 0.01). These 

results indicate that liraglutide treatment can significantly 
reduce the level of neuronal apoptosis induced using OA 
in AD model rats.

Effect of liraglutide on tau activation and 
BACE1 expression in neurons of AD rats

As shown in Fig. 5A, the activation of tau phosphoryla-
tion induced by OA in the neurons of AD in a rat model was 
significantly higher, and when treated by liraglutide it was 
significantly inhibited (p < 0.01). The change in BACE1 
expression level was consistent with the activation of tau 
phosphorylation. The expression level of the BACE1 pro-
tein in the neurons of OA-induced AD rats was signifi-
cantly higher, while this increase in BACE1 expression 
induced by OA was significantly inhibited after pretreat-
ment with liraglutide (p < 0.01; Fig 5B).

Discussion

Alzheimer’s disease, which accounts for 60–70% of de-
mentia cases, is characterized by progressive loss of memo-
ry and cognitive abilities, as well as behavioral changes that 

Fig. 4. The effects of liraglutide pretreatment on neuronal apoptosis in rats with AD. Data are expressed as means ±SD

**p < 0.01 vs the control group; ##p < 0.01 vs the test group (OA group).
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ultimately lead to disability and dependence.16,17 At pres-
ent, the treatment of AD can only alleviate the symptoms 
of patients, but cannot fundamentally changes the patho-
genesis of AD. Therefore, it  is very important to study 
the mechanism of AD. We carried out a preliminary study 
on the mechanism of liraglutide in the treatment of AD. 
The results showed that apoptosis of nerve cells was associ-
ated with AD, which was mainly manifested in increased 
levels of apoptosis of the nerve cells in a rat model of AD 
in comparison with the control group. In vitro experi-
ments showed that OA, which is able to induce apoptosis 
of SH-SY5Y cells, can also induce apoptosis in AD rats 
in a dose-dependent manner. At the same time, the ex-
perimental results confirmed that the occurrence of AD 
will be accompanied by an increase in tau phosphoryla-
tion activation levels and BACE1 protein expression levels. 
Furthermore, liraglutide had a certain therapeutic effect 
on AD. In  the water navigation task, the memory and 
cognitive function of rats treated with liraglutide were 
improved to a certain extent; this effect may come about 
through the prevention of neuronal apoptosis, the inhibi-
tion of the activation of tau and the expression of BACE1.

Okadaic acid, a protein phosphatase-2A (PP2A) inhibitor, 
has the effect of inducing tau protein hyperphosphorylation 
activation and inducing neuronal apoptosis.18,19 In vivo, 
OA stimulates the deposition of amyloid-β (Aβ) and subse-
quently leads to neurodegeneration, synaptic loss and mem-
ory impairment, all of which are similar to those of AD.20 
Okadaic acid has been shown to induce AD in rats. One 
of the key roles of OA in an AD model is that OA can induce 
tau protein hyperphosphorylation.21 This study confirmed 
that OA can induce tau protein hyperphosphorylation 

in SH-SY5Y cells in vitro, and in vivo experiments also con-
firmed that the phosphorylation and activation level of tau 
protein in rat neural cells was significantly higher in AD 
rats. We concluded that the phosphorylation activation 
of tau is closely related to the occurrence and development 
of AD. These results are consistent with the results of a pre-
vious study.22 We continued to observe the role of tau ac-
tivation in the treatment of AD with liraglutide. It was 
found that liraglutide pretreatment significantly decreased 
the level of tau phosphorylation activation in SH-SY5Y cells 
induced by OA. As shown by in vivo experiments, liraglu-
tide treatment can also inhibit the activation of tau phos-
phorylation, indicating that there was a certain correlation 
between the inhibition of tau activation and the therapeutic 
effect of liraglutide.

BACE1 was first discovered by Vassar in 1999 and has 
been proven to play an important role in the pathogenesis 
of AD.23 It can produce neurotoxic Aβ by splitting the β-site 
APP. The deposition of Aβ in the brain is closely related 
to the development of AD.14,15 Therefore, it can theoreti-
cally inhibit the production of Aβ by inhibiting BACE1 
to treat AD. In recent years, there have been many clinical 
studies on the use of BACE1 inhibitors in AD. Some of these 
studies have failed, while others are still observing effi-
cacy.24 In addition to blocking the expression of BACE1 di-
rectly, other drugs can also inhibit the expression of BACE1 
and have a certain therapeutic effect on AD. The results 
in vitro showed that liraglutide pretreatment could block 
the increase of BACE1 expression induced by OA. In vivo 
experiments have demonstrated that the level of BACE1 ex-
pression in the nerve cells of AD rats was lower in the treat-
ment group. It  is  preliminarily suggested that another 

Fig. 5. The effects of liraglutide pretreatment on tau activation and BACE1 expression in the neural cells of rats with AD. A. Tau phosphorylation activation 
level. B. BACE1 protein expression level. Band intensities were normalized to actin-β intensity and are expressed as relative values. Data is expressed 
as means ±SD (n = 3)

**p < 0.01 vs the control group; ##p < 0.01 vs the test group (OA group).
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mechanism of liraglutide in treating AD may be through 
inhibiting the expression of BACE1 protein.

Both in vivo and in vitro studies have demonstrated that 
liraglutide has a protective effect on AD, possibly by pre-
venting neuronal apoptosis and inhibiting tau activation 
and BACE1 expression. The results provide a scientific ba-
sis for future research on AD therapy and its mechanism.
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Abstract
Background. Toxoplasma gondii (T. gondii) is a ubiquitous protozoan parasite which causes a serious disease 
called toxoplasmosis. The high prevalence of T. gondii infection has attracted a great deal of interest in its 
diagnosis and treatment. The use of pure antigens shows high sensitivity and specificity, but challenges such 
as cross-reactivity remain diagnostic difficulties.

Objectives. The aim of this study was to use 3 surface antigens (SAGs) of T. gondii to design gene-encoding 
a multi-epitope and immunogenic protein as a serodiagnostic marker.

Material and methods. The multi-epitope antigen was expressed using Escherichia coli BL21 (DE3) cells 
and purified using affinity chromatography. To evaluate acute toxoplasmosis, 95 human sera with anti-T. gondii 
IgG, 25 human sera without anti-T. gondii IgG and 6 serum samples with nosocomial infections were collected 
and submitted to an enzyme-linked immunosorbent assay (ELISA) analysis. The potential of purified protein 
as a diagnostic marker of T. gondii infection was also investigated using ELISA analysis.

Results. The western blot analysis for both protein expression and purification confirmed that the protein was 
expressed and purified successfully. The results of validation showed a sensitivity of 72.6% and a specificity 
of 90.3% for recombinant ELISA.

Conclusions. Although this protein showed potential for detecting T. gondii, the sensitivity and specificity 
were lower than in tests that use the whole body of the parasite.

Key words: diagnosis, Toxoplasma gondii, multi-epitope antigen, surface antigens
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Introduction

Toxoplasma gondii, a ubiquitous protozoan parasite, 
is one of the most successful pathogens that can infect 
almost all warm-blooded animals, including humans. 
The primary infection is mostly asymptomatic in humans, 
but it can cause severe damage, especially in pregnant 
women and immunocompromised hosts with T-cell de-
fects. For example, transmission from an infected mother 
to a fetus may lead to spontaneous abortion or stillbirth.1 
Recently, it has been found that T. gondii infection can 
correlate with neuropsychiatric disorders, including de-
pression and suicidal behavior.2

Toxoplasma gondii infection in humans occurs in 3 stag-
es, including tachyzoite, bradyzoite and oocyst environ-
mental stages. People can be infected through ingestion 
of oocytes. Tissue cysts containing bradyzoites appear 
in all warm-blooded animals, including humans. Rap-
idly replicating tachyzoites, which are responsible for 
acute toxoplasmosis, divide inside specialized vacuoles 
of the host cells.3 The complicated virulence is dependent 
on factors involved in the interaction between the parasite 
and the host in cell invasion and intracellular development, 
as well as factors involved in the host immune response. 
Resident surface proteins are among the virulence factors 
affecting the gliding, attachment and invasion of the para-
site. In initial studies on T. gondii, P30 (surface antigen 
SAG1), which causes strong antibody responses, was iden-
tified as a glycosylphosphatidylinositol (GPI)-anchored 
surface protein.4 Later investigations led to the detection 
of more surface antigens in T. gondii. These antigens have 
different roles in  pathogenesis, including attachment 
and invasion of  the  parasite to  the  host cells and im-
mune modu lation. Surface antigens 2, 3, 4, 5, and SAG1-
related sequences (SRS) are other proteins on the surface 
of T. gondii tachyzoites and bradyzoites.5

Molecular factors involved in infection diseases are gen-
erally used as serodiagnostic markers. At the same time, 
serological tests that measure antibodies raised against 
infection are the primary methods for diagnosing T. gondii 
infection. These tests usually measure immunoglobulin M 
(IgM, as an indication of recent infection) or immuno-
globulin G (IgG) (as a demonstration of the immune status 
against a particular pathogen) antibody titers using labora-
tory methods. A panel of serological tests has been used 
to demonstrate specific antibodies against T. gondii.6 Al-
though conventional antibody screening against T. gondii 
(and also many other pathogens) is an optimal strategy 
to prevent and decrease mainly congenital type toxoplas-
mosis, the low accuracy of the crude native antigens makes 
them unsuitable for use in diagnostic methods. Further-
more, there are difficulties in standardizing diagnostic 
kits that employ native antigens. Therefore, assuming 
it may be fruitful to replace these antigens with alternative 
proteins and peptides, investigations have been inclined 
significantly towards alternative and standard methods 

with the help of suitable reagents with high diagnostic 
sensitivity.  Recently, peptide-based antigens and poly-epi-
tope antigens have been considered by some researchers 
as increasing the sensitivity and specificity of diagnostic 
tests for some pathogens.7 In this method, only a highly 
immunogenic region of an antigen in the form of a pep-
tide or a poly-epitope protein is employed to diagnose 
the presence or absence of specific anti bodies in human 
serum.

In the present study, we constructed a synthetic gene en-
coding epitopes and highly immunogenic regions of 3 sur-
face genes of T. gondii, namely SAG1 (P30), SAG2 (P22) and 
SAG3 (P43), for the production of a poly-epitope protein 
as a novel reagent to detect infection caused by T. gondii.

Material and methods

Sequence retrieval, in silico analysis 
and design of a poly-epitope protein

Nucleotide sequences for 3 surface antigens (SAG1, SAG2 
and SAG3) of the extremely virulent RH strain of T. gondii 
were obtained from the National Center for Biotechnology 
Information (NCBI; Bethesda, USA) Nucleotide Database. 
After translation into amino acid sequences, all 3 proteins 
were aligned with proteins from different virulent strains 
using the Clustal algorithm. The secondary and tertiary 
structures of  the proteins were considered for further 
evaluation. Amino acid distribution was analyzed using 
the  LRRfinder server (http://www.lrrfinder.com), and 
the transmembrane topology of the proteins was studied 
with methods available on the TMHMM server (http://
www.cbs.dtu.dk/services/TMHMM-2.0/) for investigat-
ing the  location of  immunogenic regions. The  IEDB,8 
 ABCpred,9 Bcepred,10 and Bepipred11 web servers were 
used to predict B-cell epitopes; the epitopes were selected 
mainly on the basis of the Kolaskar and Tongaonkar antige-
nicity method.12 Finally, 3 immunogenic regions were cho-
sen from the surface antigens and then connected to each 
other with linker peptides. A 405-nucleotide sequence con-
taining epitopes was synthesized into the multiple cloning 
sites (MCS) of the pQE30 expression vector.

Expression and purification  
of the poly-epitope protein

The  recombinant pQE30 vector was analyzed us-
ing polymerase chain reaction (PCR) for confirmation 
of the synthesized sequence. After the transformation 
of the recombinant vector into Escherichia coli BL21 (DE3) 
cells, protein expression was induced by placing 1 mM 
of the  final isopropyl-D-thiogalactopyranoside (IPTG) 
concentration in a Luria broth (LB) medium. Aliquots 
of the medium were removed 2 h and 3 h after the induc-
tion of protein expression. The cells were lysed in lysis 
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buffer (50 mM Tris-HCl, 10% glycerol, 0.1% Triton X-100, 
and 1 mM phenylmethylsulfonyl fluoride (PMSF)). To ver-
ify and assess the protein expression, western blot analysis 
was carried out on protein extracts. First, 2X SDS-loading 
buffer (100 mM Tris-HCl pH 6.8, 20% glycerol, 4% SDS, 
0.005% bromophenol blue, and 200 mM DTT) was added 
to the proteins, and then the samples were heated at 85°C 
for 5 min. The proteins of the cell extracts were sepa-
rated on a 12% polyacrylamide gel and run in 1X Tris-
Glycine SDS buffer (TGS). The proteins were transferred 
to a nitrocellulose membrane sheet and blocked with 3% 
skimmed milk powder in phosphate buffer saline (PBS) 
for 1 h. The membrane layer was washed 3 times in PBS 
with 0.1% Tween (PBST). Anti-polyhistidine-alkaline 
phosphatase (ALP) antibody in a 1:10,000 dilution was 
then used to incubate the membrane layer with 40 rpm 
shaking for 2 h. The washing step was repeated and finally 
bromo-color-indolyl-phosphate (BCIP) and nitro blue tet-
razolium (NBT) were applied to detect the target protein 
on the membrane sheet.

After confirmation of protein expression, the aliquots 
taken 3 h after induction were used for the protein puri-
fication process. Using the pQE30 vector, a His6 tag was 
conjugated to the target protein. In this process, the lysis 
of the cells was carried out in equilibrium buffer (2 M urea, 
20 mM Tris-HCl, 500 NaCl, 50 mM imidazole, 0.5% Triton 
X-100, and PMSF, pH 8) and the samples were sonicated 
on ice for 1 h. The lysate was centrifuged at 5,000 rpm for 
20 min, and the supernatant was poured into an Ni(II)-
based immobilized metal ion affinity chromatography 
column. The column was shaken for 1 h and then washed 
3 times with washing buffer (0.4 M urea, 20 mM Tris-HCl, 
500 NaCl, 50 mM imidazole, 0.5% Triton X-100, and PMSF, 
pH 8) and finally eluted with elution buffer (0.4 M urea, 
20 mM Tris-HCl, 500 NaCl, and 500 mM imidazole, pH 8). 
The purification process was confirmed with western blot 
analysis and dot-blot analysis. The western blot was car-
ried out as described above for the confirmation of protein 
expression, but instead of using the anti-polyhistidine ALP 
antibody, we used the anti-polyhistidine antibody conju-
gated to horseradish peroxidase (HRP) and its chromo-
genic substrate, 3,3′-diaminobenzidine (DAB), along with 
hydrogen peroxide (H2O2). For dot-blot, a drop of liquid 
from the purification process and a drop of flow-through 
were placed directly on a nitrocellulose membrane sheet; 
the  membrane was then blocked with skimmed milk, 
washed, incubated with anti-polyhistidine HRP antibody 
and detected with DAB, as in the process described for 
western blot analysis.

Serum samples and indirect IgG ELISA

The potential of purified protein as a diagnostic marker 
of T. gondii infection was investigated using enzyme-linked 
immunosorbent assay (ELISA) analysis. To evaluate acute 
toxoplasmosis, 95 human sera with anti-T. gondii IgG and 

25 human sera without anti-T. gondii IgG were collected 
from Nilou Medical Laboratory in Tehran, Iran, as well 
as 6 serum samples with nosocomial infections (infections 
other than toxoplasmosis). All of the serum samples were 
first analyzed using a commercial IgG ELISA kit (Euro-
immun AG, Lübeck, Germany). To set up the assay, dif-
ferent concentrations of purified protein in 1 × PBS were 
prepared and used to coat a polystyrene 96-well microti-
ter plate, which was incubated overnight at room tem-
perature. Afterward, the plate was washed 3 times with 
PBST (1 × PBS and 0.05% Tween 20) and then blocked with 
300 μL of 1% bovine serum albumin (BSA) in 1 × PBS for 
1.5 h. The plate was washed 3 times and 100 μL of a series 
of 2 anti-T. gondii IgG-positive and 2 anti-T. gondii IgG-
negative serum samples that had already been prepared 
using 1 × PBS were added to each well. The plate was left 
at room temperature for 2.5 h. The plate was again washed 
3 times; 100 μL of HRP-conjugated rabbit anti-human IgG 
(1:10,000 dilution in 1 × PBS) was added to each well; and 
the plate was left at room temperature for 1 h. After re-
washing the plate, 100 μL of 3,3’,5,5’-tetramethylbenzi-
dine (TMB) substrate was added, and after 15 min at room 
temperature, the reaction was stopped with 50 μL of 2N 
H2SO4. The optical density (OD) of each well was measured 
with an ELISA reader at wavelength 450 nm with a refer-
ence wavelength of 630 nm. The assay was repeated for all 
of the serum samples at a 1:200 dilution and with 1 μg/mL 
of purified protein. The mean ± standard deviation (SD) 
of all 25 anti-Toxoplasma IgG-negative serum samples was 
considered the cut-off value.

Statistical analysis

The sensitivity and specificity were calculated using 
the  VassarStats website (http://vassarstats.net/) with 
the following formulae: sensitivity = TP/(TP+FN) × 100 
and specificity = TN/(TN+FP) × 100 (TP – true positive, 
FN – false negative, TN – true negative, FP – false posi-
tive). The sensitivity and specificity were calculated with 
receiver operating characteristic (ROC) curve using Prism 
graphing and statistics software (GraphPad Software, San 
Diego, USA).

Results

Design of the poly-epitope protein

The alignment of amino acid sequences of 3 surface an-
tigens obtained from the RH strain showed high similarity 
with other pathogenic strains of T. gondii. The selection 
of immunological regions was based on the distribution 
of amino acids and transmembrane topology. The analysis 
of the predictions obtained from the TMHMM server 
showed that all 3 proteins were embedded on the cell 
surface and therefore available to the  immune system 
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(Fig. 1). The epitopes with high scores were selected, and 
the region with the most epitopes from each protein was 
identified. For SAG1, the amino acids 198–226 were se-
lected, for SAG2 the amino acids 116–164 were selected 
and for SAG3 the amino acids 234–276 were selected; 
subsequently, a poly-epitope protein was designed (Fig. 2). 

Fig. 4. Western blot analysis of expressed (left) and purified (right) 
proteins. Left: lane 1 – protein molecular size marker; lanes 2 and 3 
– lysate of induced cells 2 h and 3 h after induction; lane 4 – lysate of cells 
without the vector as a control. Right: lane 1 – lysate of induced cells after 
purification; lane 2 – protein molecular size marker; lane 3 – lysate of cells 
without the vector as a control

Fig. 3. PCR results of the multi-epitope gene 
fragment: lanes 1 and 2 – PCR product; 
lane 3 – DNA ladder

Fig. 2. Predicted 
tertiary structure 
of the multi-
epitope protein 
by the Phyre2 
protein fold 
recognition server

Fig. 1. Prediction of transmembrane topology of the p22, p30 and 
p43 proteins
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The size of the multi-epitope gene (405 bp) was confirmed 
with PCR (Fig. 3). The calculation of molecular weight 
showed a protein with a molecular weight of about 12 kDa.

Analysis of the purified protein

The western blot analysis of protein expression revealed 
that protein is expressed at both 2 h and 3 h after induc-
tion. The expressed protein was purified using affinity 
chromatography, after which western blot and dot-blot 
analysis confirmed that the protein was purified success-
fully but not completely (Fig. 4).

IgG ELISA analysis

The cut-off value was 1.65. From 95 serum samples with 
anti-T. gondii IgG, 69 cases were positive by poly-epitope 
protein. Two cases from the negative serum samples and 
1 case from the nosocomial infections were also positive 
(Fig. 5). The comparison of the results of the commer-
cial and recombinant ELISA assays indicated a sensitivity 
of 72.6% and a specificity of 90.3% for the recombinant 
ELISA (Table 1). Moreover, the result of the ROC curve 
analysis using GraphPad Prism software showed the area 
under the curve as 0.93 (0.88 to 0.97) with a 95% confidence 
interval (95% CI) (Fig. 6).

Table 1. Sensitivity and specificity of multi-epitope IgG ELISA for diagnosis of toxoplasmosis

Sensitivity [%] Specificity [%] Positive predictive value [%] Negative predictive value [%] Agreement [%]

72.6 90.3 95.8 51.8 76.9

Agreement: (TP+TN)/(TP+TN+FP+FN) ×100.

Fig. 5. Results of IgG ELISA 

A – negative samples; 
B – positive samples.
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Discussion

The current study evaluated the potential of a poly-
epitope protein comprising 3 immunological regions ob-
tained from surface antigens of T. gondii as a diagnostic 
tool. The selection of epitopes was based on various fac-
tors, mainly regions with high immunogenicity. For ex-
ample, the nature of a given polarity of amino acids and 
also the number of hydrophilic residues in the protein and 
thus the solubility of the protein have a remarkable effect 
on the immunogenicity of antigens. Moreover, the cellu-
lar location of antigens and their accessibility to the im-
mune system may be an important factor in designing 
diagnostic proteins. The in silico analysis exhibited that all 
3 surface antigens in this study possess more hydrophilic 
amino acids. They also have significant elements acces-
sible to the immune system.13 Studies have also shown that 
these proteins can be considered in controlling strategies 
against toxoplasmosis, including diagnosis and vaccine 
design.14 Most of the diagnostic studies have been based 
on whole antigens.

Native antigens have shown promising results in de-
tecting pathogenic microorganisms, including T. gondii, 
but their use entails problems like high price, low sen-
sitivity and low specificity. This may be due to differ-
ent reasons, such as cross-reactivity. A new alternative 
method is the use of a multi-epitope-based antigen with 
the help of in silico prediction tools in which only highly 
immunogenic regions or only regions which do not show 
cross-reactivity with other microorganism antigens are 
selected. This study showed that although a multi-epit-
ope protein comprising epitopes from SAG1, SAG2 and 
SAG3 can detect some of the individuals suffering from 
toxoplasmosis, we need further investigation to improve 
the  diagnosis of  this infection by  modified epitopes, 
by selecting other epitopes and even by involving other 
antigens of T. gondii. The current multi-epitope protein 
showed that such proteins could be a potential candi-
date for use in diagnostic work; however, more studies 

as well as other methods are needed to increase the sen-
sitivity and specificity of multi-epitope antigens to use 
as target tools in diagnostic kits. Hajissa et al. produced 
a synthetic protein consisting of epitopes obtained from 
3 T. gondii antigens for use as a diagnostic marker and vac-
cine candidate.7 In their study, 9 epitopes from 3 antigens 
(SAG1, GRA2 and GRA7) were used for the construction 
of a multi-epitope protein. GRAs are dense granule anti-
gens in T. gondii which cause high induction of antibody 
response in humans. The ability of this designed protein 
to detect anti-Toxoplasma antibodies was analyzed with 
western blot and ELISA, which have shown that the pro-
tein can detect acute T. gondii infection with high sensi-
tivity and specificity.

The most important thing in designing these proteins 
is choosing appropriate antigens with high immunoge-
nicity, and then selecting epitopes with the highest score 
 using web servers with high predictive potential. There-
fore, in silico analysis and software-based prediction tech-
niques are vital steps toward a promising multi-epitope 
protein for use in diagnostic kits. Studies have shown 
that for T. gondii, surface antigens are ideal candidates 
for diagnosis as well as for vaccine design; each of these 
antigens alone has been studied as a potential diagnos-
tic marker. Khanaliha et al. evaluated 3 surface antigens 
(SAGs 1, 2 and 3) separately for their diagnostic useful-
ness and efficacy. Recombinant SAG1, SAG2 and SAG3 
produced in E. coli showed suitable antigens to detect anti-
Toxoplasma IgG with 93.6%, 95.4% and 100% sensitivity, 
and specificity of 92.9%, 89.4% and 91.2%, respectively.14 
The relatively low values in our study could indicate that 
better designing and further investigation in the selection 
of epitopes is required.

The differences between the current study and those 
mentioned above could be due to various reasons. Protein 
conformation and protein folding are influenced by the re-
action conditions, such as pH and temperature during 
experiments in artificially differentiated conditions as op-
posed to the natural synthesis of the protein. Therefore, 

Fig. 6. Results of ROC analysis in the assessment of diagnostic marker utility. A – optical density values of 2 anti-T. gondii IgG-positive and 2 anti-T. gondii  
IgG-negative serum samples; B – ROC curve; graphical plot of sensitivity vs specificity
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a test that uses the whole body of the parasite has greater 
sensitivity and specificity than the tests using selected epit-
opes in this study, and may achieve better results by adding 
other antigen-determinant epitopes.
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Abstract
Background. MicroRNAs (miRNAa) regulate gene expression by repressing the translation or directing 
the degradation of mRNA in the cytoplasm. However, recent studies have shown that miRNAs act to regulate 
transcription at target gene promoters.

Objectives. To investigate whether miR-548k regulates CD2AP002 expression at the transcriptional level.

Material and methods. The CD2AP002 promoter region was cloned and its promoter activity was examined 
in HEK293 cells using luciferase assay. The CD2AP002 promoter region was characterized bioinformatically. 
The HEK293 cells were treated with a miR-548k mimic or inhibitor and the luciferase activity of the CD2AP002 
promoter and the mRNA expression of CD2AP002 were assayed. A chromatin immunoprecipitation assay 
was performed with antibody against RNA polymerase II at the CD2AP002 promoter region in HEK293 cells.

Results. The CD2AP002 promoter region contained 2 putative miR-548k binding sites, and mutational 
analysis revealed that both of those sites contributed to transcriptional activity. The miR-548k mimics increased 
CD2AP002 promoter activity and mRNA expression. In contrast, the miR-548k inhibitor significantly reduced 
CD2AP002 promoter activity and mRNA expression. Finally, the chromatin immunoprecipitation assay showed 
that the enrichment of RNA polymerase II at the CD2AP002 promoter region was enhanced in the HEK293 
cells treated with the miR-548k mimic.

Conclusions. This is the first study to demonstrate that miR-548k upregulates CD2AP002 expression 
by targeting its promoter.

Key words: transcriptional regulation, gene promoters, CD2-associated protein, microRNA-548k, spliced 
variant
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Introduction

Primary focal segmental glomerulosclerosis (FSGS) is a de-
structive type of nephrotic syndrome and the main cause 
of primary nephropathy.1 Several gene mutations have been 
found in patients with primary FSGS, including the CD2-as-
sociated protein (CD2AP). The human CD2AP is an 80-kDa 
protein that was originally cloned as a protein involved 
in T cell activation.2 In T cells, CD2AP binds the adhesion 
molecule CD2 and modulates the cytoskeletal polarity. 
CD2AP knockout mice exhibit high proteinuria at a young 
age followed by glomerulosclerosis, and they die from renal 
failure. The histological characteristics of the kidney lesions 
of CD2AP-deficient mice are similar to human FSGS.3

Alternative pre-messenger RNA (pre-mRNA) splicing 
plays an important role in the disease and its develop-
ment. At least 74% of human multi-exon genes are alter-
natively spliced.4 Alternative splicing is a general mecha-
nism for regulating gene expression and is associated with 
numerous diseases, such as thalassemia syndromes and 
dementia.5,6 CD2AP includes 5 spliced variants which may 
regulate the wild-type CD2AP. However, the mechanism 
underlying the regulation of the spliced variant of CD2AP 
remains unknown.

MicroRNAs (miRNAs) are a class of small non-coding 
RNAs that regulate gene expression by repressing transla-
tion or directing sequence-specific degradation of comple-
mentary mRNA in the cytoplasm.7 However, recent stud-
ies have shown that miRNAs act to regulate the stability 
of nuclear transcripts, silencing or activating transcription 
at the target gene promoters.8–12 miR-548 is a large and 
poorly conserved primate-specific miRNA gene family. 
There are 69 human miR-548 genes, located in almost all 
human chromosomes; this widespread distribution pat-
tern indicates an evolutionary origin from transposable 
elements.13 However, the role of miR-548k remains elusive. 
In this study, we aimed to investigate whether miR-548k 
may regulate CD2AP002 expression at the transcriptional 
level. Because CD2AP function is implicated in renal dis-
eases such as FSGS, we selected the human embryonic 
kidney cell line HEK293 as the experimental model and 
employed different approaches to characterize the regula-
tion of CD2AP002 transcription by miR-548K.

Material and methods

Cell culture and transfection

Human embryonic kidney HEK293 cells were purchased 
from the American Type Culture Collection (Manassas, 
USA), and maintained in  Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% heat-inacti-
vated fetal bovine serum (FBS), 100 U/mL of penicillin 
and 100 µg/mL of streptomycin in a humidified atmo-
sphere of 5% CO2 at 37°C. Transfections were carried out 

in HEK293 cells using Lipofectamine 3000 (Invitrogen, 
Carlsbad, USA) according to the manufacturer’s protocol.

Plasmids

A 2,827 bp of  the  5’-flanking region of  the  human 
CD2AP002 gene was cloned using human genomic 
DNA extracted from the HEK293 cells as the template 
and primers synthesized by  Invitrogen (the  sequences 
were CGGGGTACCGAGATAACAAAAACAGATACC-
GAAG and GGAAGATCTTCTTTACCATTAAGTTC-
GCCCCTC, respectively, with the Kpn I and Bgl II restric-
tion sites in bold and underlined). The polymerase chain 
reaction (PCR) was carried out using high-fidelity DNA 
polymerase. The PCR protocol was 30 cycles at 98°C for 
10 s, 60°C for 15 s and 68°C for 3 min. The PCR prod-
uct was digested with Kpn I and Bgl II and ligated into 
a pGL3-basic vector to generate pGL3-CD2AP002 (named 
pGL3-2827). The clones were verified with sequencing. 
pGL3-2827 was scanned for sites complementary to known 
human miRNAs, using online RegRNA software (http://
regrna.mbc.nctu.edu.tw/html/prediction.html).

A deletion mutant of the plasmid containing the 5’-flank-
ing region of CD2AP002 was generated with PCR using 
pGL3-2827 as  the  template and primers synthesized 
by  Invitrogen (the  sequences were CGGGGTACCTC-
TAAGTCCTGAAAACTTGGCACG and GGAA-
GATCTTCTTTACCATTAAGTTCGCCCCTC, respec-
tively, with Kpn I and Bgl II restriction sites in bold and 
underlined). The plasmid was named pGL3-2200.

Site-directed mutagenesis of  the  putative miR-548k 
binding sites in the promoter region of CD2AP002 was 
performed with a  Fast Mutagenesis System (Invitro-
gen). The sequence containing the 1st miR-548k binding 
site was mutated from TACGGTATTGACTATAAG-
TATTTTA to  the  miR-548k mutation TACGGTATT-
GACTATAAATATTTTA, and the  sequence contain-
ing the  2nd miR-548k binding site was mutated from 
TTGTTCTTTTTTAAGTACTTT to  the mutation TT-
GTTCTTTTTTAAGTAGTTT (mutations shown in bold). 
The mutations were confirmed with sequencing.

Double-stranded miRNA and inhibitor

The miR-548k mimic, the miR-548k inhibitor, the mis-
matched derivatives miR-548k–5MM, and the correspond-
ing nonspecific control dsRNA (negative control) were 
synthesized with RiboBio (Guangzhou, China).

Luciferase assay

HEK293 cells were cultured for 24 h and then trans-
fected with reporters and controls. The luciferase assay was 
performed 24 h after transfection using the dual-luciferase 
reporter gene assay kit (Promega; Madison, USA) accord-
ing to the manufacturer’s instructions.
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Real-time PCR

Total RNA, including miRNA, was extracted using 
Trizol reagent (Invitrogen). A total of 1 µg of RNA was 
reverse-transcribed into cDNA with a PrimeScript RT 
Master Mix Perfect kit (Takara, Dalian, China). Real-
time PCR (RT-PCR) was performed using SYBRR Premix 
Ex TaqTM (Takara, Dalian, China) and an ABI PRISM 
7700 sequence detection system (PE Applied Biosys-
tems, Wellesley, USA). The  primers were synthesized 
by Invitrogen with sequences as  follows: CD2AP002-F  
CTCCAAAGCCTGAACTGATAGC, CD2AP002-R 
AAATGAACTACTCCCTCCCAGA and GAPDH-F TG-
GTATCGTGGAAGGACTCATGAC, and GAPDH-R TGC-
CAGTGAGCTTCC CGTTCAGC. The reaction conditions 
were 95°C for 10 min (1 cycle), followed by 40 cycles of 95°C 
for 15 s, 60°C for 15 s and 70°C for 1 min. GAPDH was used 
as the internal reference.

To detect the level of miR-548k, the miRNA was con-
verted into cDNA with reverse transcription using a Taq-
Man MicroRNA reverse transcription kit (Applied Bio-
systems). To quantify miR-548k expression, RT-PCR was 
performed with the use of a TaqMan miRNA assay kit for 
hsa-miR-548k (Applied Biosystems). The primers were 
synthesized by Invitrogen with the following sequences: 
miR-548k Forward TCGGCGGAAAAGTACTTGCG-
GAT, Reverse ATCCAGTGCAGGGTCCGAGG and U6 
Forward GGTCGGGCAGGAAAGAGGGC, Reverse 
GCTAATCTTCTCTGTATCGTTCC. The  PCR pro-
tocol was 95°C for 5  min (1 cycle), followed by  40 cy-
cles of 90°C for 15 s, 60°C for 15 s and 72°C for 1 min.  
U6 served as an endogenous control to normalize miR-548k 
expression. The relative expression levels were calculated 
using the equation: Folds = 2−ΔΔCt. Each sample was ana-
lyzed 3 times.

Chromatin immunoprecipitation assay

The  HEK293 cells were transfected with miR-548k 
mimics or negative control miRNA with a scramble se-
quence (miR-NC). The cells were cross-linked with 1% 
formaldehyde for 10  min at  room temperature before 
being stopped with glycine. Using a Magna/EZ-Magna 
chromatin immunoprecipitation assay (ChIP) Kit (Up-
state Biotechnology, Lake Placid, USA), the  cells were 
washed with cold PBS and harvested in lysis buffer sup-
plemented with Protease Inhibitor Cocktail II (Upstate 
Biotechnology). Sonication of  cross-linked chromatin 
was performed to obtain 200–1,000-bp chromatin frag-
ments. Immunoprecipitation was performed using 5 µg 
each of Anti-Acetyl Histone H3 ( Upstate 06-599B; Upstate 
Biotechnology), Anti-IgG ( Upstate PP64B; Upstate Bio-
technology) and 10 µg of Anti-RNA polymerase II (Santa 
Cruz sc-899X; Santa Cruz Biotechnology, Santa Cruz, 
USA) overnight at 4°C with rotation. In order to recover 
the antibody/antigen/DNA complexes, 20 µL of Protein 

A beads (Upstate Biotechnology) were added, and the mix-
ture was washed 4 times. The eluted samples were treated 
with Proteinase K (Upstate Biotechnology) and incubated 
for 2 h at 62°C and 10 min at 95°C to reverse the cross-
links. DNA purification was performed using spin col-
umns (Upstate Biotechnology). The purified DNA was 
amplified by promoter specific primers as follows: ChIP-F1  
ATGTATCTCCTTGTAGTTGAATCTG and ChIP-R1 
ACTTATTTAGCCTCTATCTTGTGTA (targeting the 1st 
putative miR-548k binding sites on CD2AP002 promoter); 
ChIP-F2 GCACGTAATAAGTGCTCAG and ChIP-R2 
AATAGAATGAGGTGGAAGA (targeting the 2nd puta-
tive miR-548k binding sites on the CD2AP002 promoter). 
The input of each sample was used as an internal control. 
The PCR products were visualized with gel electrophoresis 
on 2% agarose gel, and confirmed with sequencing.

Statistical analysis

The data is presented as means ± standard deviation 
(SD) of 3 or more independent results. Statistical signifi-
cance was assessed using a two-tailed, unpaired Student’s 
t-test. A p-value <0.05 was selected as the level denoting 
significant differences.

Results

miR-548k upregulates CD2AP002 
expression by binding to its promoter 
in HEK293 cells

Scanning analysis of the CD2AP002 promoter showed 
that 2 sequences located at  positions -2537 and -2041 
relative to the transcription start site were highly com-
plementary to miR-548k (Fig. 1A–C). To confirm that 
miR-548k upregulates CD2AP002 expression, we over-
expressed miR-548k in HEK293 cells (Fig. 1D). Luciferase 
assay showed that the CD2AP002 promoter (pGL3-2827), 
which had 2 putative miR-548k binding sites, exhibited 
significantly higher luciferase activity in  the  HEK293 
cells with an  overexpression of  miR-548K compared 
to the control cells (Fig. 1E). Furthermore, RT-PCR showed 
that CD2AP002 mRNA level was significantly higher 
in the HEK293 cells with an overexpression of miR-548K 
compared to the control cells (Fig. 1F).

To determine whether the induction of CD2AP002 pro-
moter activity was specific to the sequence of miR-548k, 
we  performed deletion mutation and point mutation 
of  2 putative miR-548k binding sites. The  luciferase 
assay revealed that both basic and miR-548k-stimu-
lated luciferase activities were significantly reduced 
in miR-548k site-directed deletion mutation and two-
point mutations in the CD2AP002 promoter compared 
to the wild-type promoter (Fig. 2A). Furthermore, we syn-
thesized a miR-548k mutant to create a mismatch with 
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Fig. 1. miR-548k enhances gene expression by targeting the CD2AP002 promoter. A – schematic representation of the CD2AP002 promoter with 2 putative 
miR-548k target sites. B – sequences of miR-548k target sites located at nucleotides -2537 and -2041 relative to the transcription start site. C – sequence and 
structure of miR-548k. D – relative expression of miR-548k was determined with RT-PCR and normalized to U6. E – dual-luciferase reporter assay. F – relative 
expression of CD2AP002 was determined with real-time PCR and normalized to GAPDH. All data is presented as mean ±SD from 3 independent trials

Fig. 2. Mutational analysis of human CD2AP002 promoter. A – left: schematic representation of the reporter constructs. The numbering is relative 
to the transcription start site; the binding sites for miR-548k are indicated with circles; point mutations are shown in bold. Right: luciferase activity 
of the reporter constructs in HEK293 cells transfected with 150 nM of miR-548k mimic or miR-NC (negative control). B – left: mutation of 4 of the last base 
pairs in miR-548k resulted in miR-548k–5MM. The mutated bases are shown in bold. Right: luciferase activity of the reporter constructs in HEK293 cells 
transfected with 150 nM of miR-548k-5MM or miR-NC (negative control). All data is presented as mean ±SD from 3 independent trials
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the target sites; the luciferase assay showed that this mu-
tant miR-548k–5MM could not induce CD2AP002 pro-
moter activity (Fig. 2B). Taken together, these findings 
indicate that miR-548k upregulates CD2AP002 expression 
by binding to 2 putative recognition sites in the promoter 
region of CD2AP002 in HEK293 cells.

miR-548k inhibitor downregulates 
CD2AP002 expression in HEK293 cells

To test whether the miR-548k inhibitor downregulated 
CD2AP002 expression, we transfected the HEK293 cells 
with a miR-548k inhibitor, which was designed specifically 
to bind to and sequester a mature miR-548k sequence, 
and its miR-NC as the control. Luciferase assay demon-
strated that the miR-548k inhibitor reduced basic lucifer-
ase activity driven by the CD2AP002 promoter (Fig. 3A). 
Moreover, RT-PCR showed that the miR-548k inhibitor 
reduced the expression of CD2AP002 mRNA in HEK293 
cells (Fig. 3B).

Enrichment of miR-548k  
at the CD2AP002 promoter

To confirm that miR-548k binds to the CD2AP002 pro-
moter directly, we performed a ChIP assay. RNA poly-
merase II (pol II) holoenzyme is known to be recruited 

to the promoters of protein-coding genes in living cells. 
Thus, we used an antibody specific to pol II for ChIP and 
mapped 2 regions corresponding to the transcription start 
sites of CD2AP002. The PCR and sequencing results re-
vealed that miR-548k was associated with the CD2AP002 
promoter at  an  endogenous level in  HEK293 cells. 
In the cells transfected with the miR-548k mimic, we found 
increased recruitment of miR-548k at CD2AP002 tran-
scription start sites (Fig. 4). These results suggest that 
miR-548k is recruited to the CD2AP002 promoter to ac-
tivate the transcription of CD2AP002.

Discussion

Alternative splicing is a key mechanism for expand-
ing transcript and protein diversity of mammalian genes. 
CD2AP is a multi-domain scaffolding protein that has 
a critical role in renal function. Our previous studies have 
shown that the CD2AP promoter in human renal tubular 
cells could be regulated by CREB, Sp1 and E2F1.14 However, 
little is known about the regulation of alternative splicing 
of CD2AP. In this study, we focused on a splicing variant 
CD2AP002 and characterized its promoter in HEK293 
cells.

Recent studies have indicated the role of non-coding 
RNAs in diseases.15 For instance, transgenic expression 
of miR-193a in mice rapidly induced FSGS with extensive 
podocyte foot process effacement.16 The concentrations 
of serum miR-30a-5p, miR-151-3p, miR-150, miR-191, and 
miR-19b were significantly higher in nephritic syndrome 
(NS) children than in controls.17 In addition, the expres-
sion of miR-141, miR-205 and miR-192 was correlated 
with disease severity and progression in patients with IgA 
nephropathy.18

Interestingly, miRNA-induced transcriptional regula-
tion has been reported in mammalian systems. miR-373 
could upregulate E-cadherin and CSDC2, both of which 
contained complementary sequences to miR-373 in their 
promoters.19 miR-320 could recruit AGO1 and other fac-
tors to silence POLR3D expression.20 Moreover, Younger 
et al. found that miRNAs could inhibit the expression 

Fig. 4. Enrichment of pol II at CD2AP002 promoter by miR-548k. HEK293 cells 
were transfected with miR-NC (negative control) or the miR-548k mimic. 
At 24 h post-transfection, the cells were harvested and subjected to ChIP 
assay using a pol II-specific antibody or normal rabbit IgG (negative control) 
to immunoprecipitate transcriptionally active regions of DNA. Purified DNA 
was analyzed with RT-PCR using primers targeting 2 putative miR-548k 
binding sites on the CD2AP002 promoter. DNA pulled down in the absence 
of antibody (No Ab) served to identify background amplification. The input 
DNA was amplified as a loading control. Representative results from 3 
independent trials with similar results are shown

Fig. 3. miR-548k inhibitor represses 
the expression of CD2AP002. 
A – HEK293 cells were transfected 
with 200 nM of miR-548k inhibitor 
or miR-NC (negative control) 
and reporter constructs. Dual-
luciferase reporter assay was 
performed 24 h later. B – relative 
expression of CD2AP002 was 
determined with RT-PCR and 
normalized to GAPDH in HEK293 
cells transfected with 200 nM 
of miR-548k inhibitor or miR-NC 
(negative control). All data is 
presented as mean ±SD from 
3 independent trials
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of progesterone receptor (PR) by targeting its promoter.21 
Recently, our group reported that miR-939 downregulated 
CD2AP expression by targeting its promoter in HEK-293T 
cells.22 However, in this study, we found that miR-548k 
could activate CD2AP002  expression at the transcriptional 
level and we identified 2 putative binding sites for miR-548k 
in the promoter region of CD2AP002. The sequence speci-
ficity was confirmed using deletion and point mutation 
assay. A ChIP assay further demonstrated that miR-548k 
activated transcription by direct binding to the promoter 
of CD2AP002.

However, the detailed mechanism by which miRNAs 
modulate transcriptional regulation by  targeting pro-
moters remains unclear. In the cytoplasm, the function 
of miRNAs is well known to direct an Argonaute-con-
taining complex to target and repress or degrade mRNAs. 
More recently, a regulatory role for miRNAs and Argo-
naute has been reported in the nucleus, where miRNAs 
guide  Argonaute to target gene promoters and directly 
regulate transcription. We assume that miR-548k could 
recruit  Argonaute to a CD2AP002 promoter, overlapping 
the binding sites of  some transcription factors, which 
therefore come into contact with transcription factors and 
RNA polymerase II in a positive manner. Further studies 
are required to test this possibility.

Conclusions

Our findings demonstrate for the first time that miR-548k 
upregulates CD2AP002 expression by targeting specific 
sites in its promoter region. Our study may provide new 
insight into the role of miRNAs in gene expression regula-
tion and disease progression.
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Abstract
Background. Hepatic fibrosis is a health concern worldwide, and it is of great importance to develop effec-
tive therapeutic targets. The small heterodimer partner (SHP) is a regulator of lipid and bile acid metabolism 
in the liver.

Objectives. The objective of this study was to investigate the contribution of SHP to hepatic fibrosis and 
the underlying mechanism.

Material and methods. An in vivo rat model of hepatic fibrosis was created through treatment with carbon 
tetrachloride. We used arginine-glycine-aspartic acid-poly (ethylene glycol)-polyethyleneimine (RGD-PEG-
PEI) for the specific transfer of SHP into hepatic stellate cells (HSC). The level of gene expression was detected 
using quantitative real-time polymerase chain reaction (qRT-PCR). The LX2 cell line was selected for the in vitro 
assay. Artificial activation of LX2 in vitro was conducted through treatment with platelet-derived growth 
factor-BB (PDGF-BB), and autophagy was activated using rapamycin. Gain and loss of function assays were 
performed using a SHP-expressing plasmid or siRNA-SHP. Both qRT-PCR and western blotting were utilized 
to detect the level of gene expression.

Results. RGD-PEG-PEI-mediated the specific transduction of SHP into HSC in the liver and effectively 
increased the expression of SHP in the rat liver. After treatment with RGD-PEG-PEI-SHP, downregulation 
of liver fibrosis-associated genes was observed. The results of the in vitro assay indicated that SHP attenuated 
the stimulating effect of PDGF-BB on the activation of LX2 cells. Overexpression of SHP leads to significant 
downregulation of HSC activation-associated molecular factors, including α-smooth muscle actin, tissue 
inhibitor of metalloproteinase-1, and type I collagen. Conversely, increased expression of these molecules 
could be observed following knockdown of SHP. Furthermore, SHP affected fibrosis by inhibiting autophagy 
activated through treatment with rapamycin in LX2 cells. Overexpression of SHP may prevent liver fibrogenesis 
through inhibition of autophagy in HSC.

Conclusions. The SHP may prevent liver fibrogenesis through inhibition of autophagy in HSC. A SHP-targeting 
therapy-based anti-fibrosis strategy possesses potential for application to the treatment of liver fibrosis.
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Introduction

Liver cirrhosis is a severe chronic disease, mainly caused 
by chronic hepatitis B virus and hepatitis C virus infec-
tions, alcohol abuse, and non-alcoholic steatohepatitis.1 
It affects 1–2% of the population worldwide. Currently, 
there are no effective clinical therapies for liver cirrhosis, 
except for the management of the primary cause or liver 
transplantation.2

Hepatic fibrosis is the pre-pathological stage of cirrhosis, 
which may last for nearly 10 years prior to progressing 
into cirrhosis. Nevertheless, it is a reversible process and 
can be attenuated or reversed through the use of effec-
tive therapies.3 Hepatocytes possess marked regenerative 
capability, and the replication of hepatocytes can easily 
replace the necrotic hepatocytes. However, chronic and 
sustained damage may impair the regenerative capabil-
ity of hepatocytes, activating hepatic stellate cells (HSC) 
to induce liver fibrogenesis through secretion of α-smooth 
muscle actin (α-SMA), tissue inhibitors of metallopro-
teinase 1 (TIMP1) and type I collagen. Activation of HSC 
is a pivotal step in the development of hepatic fibrosis.4 
Recent studies have suggested the reversibility of hepatic 
fibrosis,5 and several HSC-targeting therapies have been 
proposed as attractive strategies for the treatment of liver 
fibrosis, such as inhibition of HSC activation, promotion 
of HSC phenotypic conversion, promotion of HSC apop-
tosis, and induction of HSC senescence.6 It was reported 
that the Yes-associated protein and hedgehog inhibitors 
can suppress myofibroblastic activity by reducing aerobic 
glycolysis in HSC.7 Yang et al. confirmed the protective role 
of heme oxygenase-1 in inhibiting fibrosis by enhancing 
nuclear transcription factor kappa B signaling pathway-
mediated apoptosis of HSC.8 Senescence of activated HSC 
may be achieved through the upregulation of p53 and p21 
by interleukin 10 (IL-10).9 Collectively, this evidence indi-
cated that suppression of HSC activation may be a feasible 
therapeutic target against hepatic fibrosis.

Autophagy, a process of degradation of “old” or “broken” 
organelles, is utilized by cells to maintain homeostasis and 
survival during stress.10 Loss of HSC lipid droplet (LDs), 
a typical feature of the activation of liver stellate cells, was 
observed during the process of HSC activation; it  is ac-
companied by an increased level of autophagy.11 Selective 
reduction of autophagy activity (e.g., treatment with au-
tophagy inhibitor 3-methyladenine or inhibition of the au-
tophagy-related gene autophagy related-5 (Atg5)) can lead 
to a significant increase in the number and size of LDs 
in HSC, causing LDs to accumulate and impairs HSC ac-
tivation.12,13 These results suggest that autophagy may act 
as energy supplier for the activation of HSC by breaking 
down and reutilizing LDs.14 Thoen et al. also confirmed 
the essential contribution of autophagy to liver cirrhosis 
by inducing the activation of HSC.15

As a unique member of the nuclear receptor (NR) super-
family, small heterodimer partner (SHP) does not contain 

a conserved DNA binding domain. However, its dimeriza-
tion and ligand-binding domain confers critical ability for 
directly binding to multiple NRs and exert its function 
as a transcriptional inhibitor of gene expression.16 Several 
mechanisms may be utilized by SHP to repress the tran-
scription of NR target genes. Interaction between SHP 
and the activation function-2 domain of NRs, mediated 
by functional LXXXLL-related motifs, can lead to direct 
competition with coactivator binding.17 It was also re-
ported that the SHP-RNs complex of the DNA promoter 
region may be dissociated, as a result of the interaction 
between SHP and NRs.18 In addition, SHP may exert a di-
rect inhibitory effect on transcription by recruiting a con-
ventional corepressor to its C terminus, which contains 
a strong transcriptional repression domain. The SHP gene 
is expressed in a variety of tissues, with the liver being 
the most SHP-rich organ.19 Aberrant expression of SHP 
is associated with numerous diseases, such as obesity and 
diabetes,20 lipodystrophy syndromes,21 and cancer.22 How-
ever, the relationships between SHP, autophagy and liver 
fibrosis remain to be elucidated.

Binding to the type VI collagen receptor on the HSC sur-
face confers circular polypeptide C*GRGDSPC* the ability 
to specifically target HSC.23 Our research team previously 
synthesized the novel cyclic peptide C*GAGASPK* with 
a more stable spatial conformation. This peptide contains 
an arginine-glycine-aspartic acid (RGD) sequence and can 
bind to activated HSC.24 Polyethyleneimine (PEI) can be 
ingested by cells through phagocytosis, endocytosis and 
pinocytosis, and combined with DNA molecules through 
electrostatic interaction. Modification of the transfection 
complex using poly(ethylene glycol) (PEG) can transform 
it into a sterically stable nanoparticle, shielding change 
to reduce the interaction with plasma components.25 For 
the elucidation of the regulatory effect of SHP on liver 
fibrosis in vivo, we utilized RGD-PEG-PEI as a polymer 
carrier to transport a plasmid overexpressing the SHP gene 
into HSC in the liver of rats. An in vitro assay was also 
utilized to confirm the regulatory effects of SHP on the ac-
tivation of HSC, and further analyze the mechanism in-
volved in this process.

Material and methods

Chemicals and antibodies

Rabbit anti-SHP (1/200 dilution; Novus, St. Charles, 
USA) was used for immunohistochemistry. The following 
anti bodies were used for western immunoblotting: β-actin 
and α-SMA (A5316 and A5228, respectively) (Sigma- 
Aldrich, St. Louis, USA), type I collagen, P62, Atg12, and 
LC3-I/II (Cell Signaling Technology Inc, Danvers, USA). 
Poly vinylidene difluoride membranes, 4–15% Tris hydro-
chloride gels (BioRad, Richmond, USA), enhanced chemi-
luminescence reagents (Denville Scientific Inc, Metuchen, 
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USA), and a protease inhibitor cocktail (Shengyi, Shanghai, 
China) were used. Human recombinant platelet-derived 
growth factor-BB (PDGF-BB) and rapamycin (Beyotime 
Biotechnology, Shanghai, China) were used to study the ef-
fect of activation and autophagy in LX2 cells. For quan-
titative real-time polymerase chain reaction (qRT-PCR), 
the RNAeasy Kit (Qiagen, Valencia, USA) and High Com-
plementary DNA (cDNA) Reverse Transcription kit (Ap-
plied Biosystems, Foster City, USA) were utilized.

Animals

All experimental protocols were approved by the Com-
mittee of Ethics of Animal Experiments at Zhongshan 
Hospital, Shanghai, China (approval No. 20188223). Male, 
specific pathogen-free Norway rats (age: 6 weeks) were 
provided by the Experimental Animal Center of Shanghai 
Medical College of Fudan University (China). The ani-
mals were housed in groups at 20 ±5°C (55% ±5% humid-
ity) with free access to standard chow and water. A to-
tal number of 20 rats were used in  this study (animal 
No.  20180006013073). The  study protocol potentially 
caused slight suffering to the animals; however, animals 
that lost  >30% of  the  initial body weight were eutha-
nized after being deeply anesthetized with pentobarbital 
at a dose of 40 mg/kg.

Animal models

Liver fibrosis was induced in rats through the admin-
istration of carbon tetrachloride (CCl4).26 RGD-PEG-PEI-
SHP was synthesized as previously described.27 Animals 
were randomly divided into the following 3 groups: sham 
(n = 6), CCl4 (n = 7) and CCl4+RGD-PEG-PEI-SHP (n = 7). 
Animals in the control group were treated with 0.9% saline 
twice weekly for 8 weeks. In the CCl4 group, rats received 
intraperitoneally CCl4 (700 μL/kg of body weight) dissolved 
in olive oil twice weekly for 2 weeks. In the RGD-PEG-
PEI-SHP group, the rats received intraperitoneally CCl4 

(700 μL/kg of body weight) dissolved in olive oil twice 
weekly for 2 weeks. After 1 week, rats received RGD-PEG-
PEI-SHP (concentration: 50 μg/mL; dosage: 0.5 mL/100 g) 
at weeks 4 and 6. All animals were sacrificed at week 8. 
The content of liver hydroxyproline and serum hyaluronic 
acid was measured through routine clinical biochemistry. 
Additionally, samples obtained from each liver were stored 
in a −80°C refrigerator for qRT-PCR analysis.

Isolation of total mRNA and assessment 
of gene expression through qRT-PCR

The TRIzol reagent (Takara Biochemicals, Kyoto, Japan) 
was utilized to extract total mRNA from cells or rat tissue 
according to the instruction provided by the manufacturer. 
Following the removal of genomic DNA from the extracted 
RNA, the PrimeScript Reverse Transcription Reagent Kit 

with gDNA Eraser (Takara Biochemicals) was used to re-
verse-transcribe the extracted RNA into single-stranded 
cDNA. Quantitative RT-PCR was performed to measure 
the levels of cDNA using the ABI PRISM 7500 PCR Se-
quence Detection System (Applied Biosystems)  according 
to  the  instructions provided by  the   manufacturer 
of the Prime Script RT-PCR Kit (Takara Biochemicals). 
After denaturation for 30 s at 95°C, the samples were sub-
jected to 40 cycles of treatment, consisting of 5 s at 94°C 
and 32 s at 60°C. A melting curve was generated to test 
the specificity of primers. Glyceraldehyde-3-phosphate 
dehydrogenase (GADPH) was used as an internal refer-
ence. The primers used are listed in Table 1.

Western blotting

Tissue was dissolved in 1 mL of radioimmunoprecipita-
tion assay (RIPA) buffer (Beyotime Biotechnology), and 
the total amount of protein was quantified using the Brad-
ford Protein Assay (Beyotime Biotechnology). Protein 
homo genates were boiled for 15 min at 100°C. For western 
blotting, proteins (50 µg) were loaded on sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
gels, and transferred onto polyvinylidene fluoride (PVDF) 

Table 1. The primer sequences of qRT-PCR

Gene Primer sequence (5’-3’)

α-SMA
Forward: CTCTGGACGCACAACTGGCATC
Reverse: CACGCTCAGCAGTAGTAACGAAGG

SHP
Forward: GTGCCCAGCATACTCAAGAAG
Reverse: TGGGGTCTGTCTGGCAGTT

ATG3
Forward: ACATGGCAATGGGCTACAGG
Reverse: CTGTTTGCACCGCTTATAGCA

ATG9
Forward: AGCGTGAGCTGACAGAGTGAC
Reverse: AGCGTGAGCTGACAGAGTT

ATG12
Forward: CTGCTGGCGACACCAAGAAA
Reverse: CGTGTTCGCTCTACTGCCC

ATG14
Forward: TTCAGAGGCATAATCGCAAACT
Reverse: CCAGACGCTCATAATGACTTCTT

PDGF-β
Forward: CTCGATCCGCTCCTTTGATGA
Reverse: CGTTGGTGCGGTCTATGAG

Col1A1
Forward: GTGCGATGACGTGATCTGTGA
Reverse: CGGTGGTTTCTTGGTCGGT

TIMP1
Forward: ACCACCTTATACCAGCGTTATGA
Reverse: GGTGTAGACGAACCGGATGTC

MMP2
Forward: CCCACTGCGGTTTTCTCGAAT
Reverse: CAAAGGGGTATCCATCGCCAT

Fibronectin
Forward: TGGAACTTCTACCAGTGCGAC
Reverse: TGT CTT CCC ATC ATC GTA ACA C

TGF-β1
Forward: AGCTGCGCTTGCAGAGATTA
Reverse: AGCCCTGTATTCCGTCTCCT

MMP2
Forward: ACAAGTGGTCCGCGTAAAGT
Reverse: GTAAACAAGGCTTCATGGGGG

β-actin
Forward: CACTGTCGAGTCGCGTCC
Reverse: TCATCCATGGCGAACTGGTG

qRT-PCR – quantitative real-time polymerase chain reaction.
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membranes at 100 V for 70 min. Membranes were blocked 
with 5% bovine serum albumin (BSA) solution for 1 h prior 
to incubation with SHP (1:2,000; Santa Cruz Biotechnol-
ogy, Santa Cruz, USA), α-SMA (1:1,000; Santa Cruz Bio-
technology) and β-actin (1:1,000; Santa Cruz Biotechnol-
ogy) antibodies overnight at 4°C. Membranes were washed 
using Tris-buffered saline with Tween 20 (TBST 20) and 
probed with appropriate secondary antibodies (labeled 
with alkaline phosphatase) for 1 h. The ImageJ software 
(National Institutes of Health, Bethesda, USA) was used 
to determine the intensity of protein bands.

siRNA-mediated downregulation of SHP

LX2 cells, an  immortalized human HSC line,28 were 
cultured at 37°C in an atmosphere of 5% CO2 in Dulbecco’s  
Essential Medium (Gibco BRL Life Technologies, Waltham, 
USA) containing 10% fetal bovine serum (FBS), antibiotics 
(penicillin/streptomycin) and 2 mM L-glutamine. SHP 
knockdown was performed according to  the approved 
guidelines. LX2 cells were transfected with targeted 
or control siRNA; the sense sequence for siRNA-SHP was 
5-UAGAAAGCAAGCCAGGAAGAUGACC-3 (Jima Com-
pany, Shanghai China). After trypsinization, LX2 cells 
were seeded into six-well plates at a density of 2 × 105 per 
well and cultured overnight. Cells were transfected with 
Lipofectamine 3000 Transfection Reagent (L3000; Invi-
trogen, Waltham, USA) for 48 h according to the proto-
col provided by the manufacturer. Transfected cells were 
cultured for at least 24 h and 48 h for RNA and western 
blotting analysis, respectively.

Overexpression of SHP in LX2 cells

The overexpression plasmid of SHP (NM-021969, rtTA3 
and ORF-200bp) was constructed by GeneChem Co. Ltd 
(Shanghai, China). LX2 cells were seeded into six-well 
plates. After 24–48  h  of  incubation, the  transfection 
mixture was removed and replaced with fresh medium. 
The SHP cDNA was obtained through PCR amplification, 
subcloned into a vector, and transfected with a SHP-ex-
pressing plasmid or negative control using Lipofectamine 
3000 (Invitrogen), according to the instructions provided 
by the manufacturer.

Activation and autophagy in LX2 cells

LX2 HSC were seeded into six-well plates (3 × 105 cells per 
plate) in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% FBS. After 24 h, the cells were starved 
in serum-free medium for 12 h, followed by incubation with 
PDGF-BB (20 ng/mL) for 48 h. Rapamycin, a macrolide an-
tibiotic, is widely used for inducing autophagy in a vari-
ety of cell types. In this study, we used rapamycin (0.5 ng 
in 0.5 µL 0.1% dimethyl sulfoxide; Alexis Biochemicals, San 
Diego, USA) to activate autophagy in LX2 HSC. Briefly, 

LX2 cells were initially starved in serum-free medium for 
12 h, and subsequently incubated with rapamycin for 24 h. 
The expression of related genes was analyzed through west-
ern blotting and qRT-PCR.

Statistical analysis

All animal data represent at least 6 independent replicates 
and is  expressed as mean ± standard deviation (SD). Data 
for LX2 cells represent the average of 3–6 replicates and 
is expressed as mean ±SD. Analysis of variance (ANOVA) 
or Student’s t-test were used for statistical comparisons. 
Statistical tests were performed using the INSTAT sta-
tistical software (GraphPad Software, San Diego, USA). 
In all cases, p < 0.05 denoted statistical significance.

Results

RGD-PEG-PEI-SHP complex prevents 
the development of liver fibrosis 
in the CCl4-treated model

The  RGD-PEG-PEI carrier specifically transported 
the plasmid overexpressing SHP into HSC in the liver. 
Treatment with CCl4 was an established model for liver fi-
brosis, characterized by inflammation and necrosis.29 Liver 
immunohistochemistry and western blotting showed that 
the expression of SHP in the RGD-PEG-PEI-SHP group 
was significantly increased than that observed in the sham 
group. In comparison with the sham group and RGD-PEG-
PEI-SHP group, the CCl4 group showed significantly high-
er levels of hydroxyproline in the liver and hyaluronic acid 
in the serum (Fig. 1A and B). The western blotting of liver 
showed that the expression of SHP in the RGD-PEG-PEI-
SHP group was significantly increased than that observed 
in the sham group. In contrast, this expression was de-
creased in the model group (Fig. 1C and D). These find-
ings indicated that the SHP-targeting drug-loaded complex 
effectively increased the expression of SHP in liver tissue.

Quantitative RT-PCR analysis of  the  mRNA levels 
of  SHP, α-SMA, TIMP1, collagen α1(I), transforming 
growth factor-β1 (TGF-β1), and matrix metalloproteinase 
2 (MMP2) (Fig. 1E–J) in whole liver homogenates showed 
that the expression of some profibrogenic markers (TGF-β1 
and α-SMA) in  the RGD-PEG-PEI-SHP group was sig-
nificantly reduced (p < 0.005 vs CCl4 group). Moreover, 
in the RGD-PEG-PEI-SHP group, the expression of the SHP 
gene increased by 1.7-fold (p < 0.005 vs the sham group), 
consistent with previous histological results. The expres-
sion of the TIMP1 and collagen α1(I) genes in the RGD-
PEG-PEI-SHP group was significantly induced (p < 0.05 
vs CCl4 group). However, there was no statistically sig-
nificant difference in the expression of the MMP2 gene 
observed in the RGD-PEG-PEI-SHP group (p > 0.05 vs CCl4 
group). These results suggest that the RGD-PEG-PEI-SHP 
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complex can significantly improve the degree of liver fibro-
sis in the rat model induced by CCl4, and is not associated 
with significant hepatotoxicity.

SHP regulates the expression  
of fibrosis-related genes in HSC

In vivo studies have indicated that SHP prevents the de-
velopment of liver fibrosis. Therefore, we sought to con-
firm whether SHP prevents fibrosis mainly by inhibiting 

the activation of HSC. For this purpose, we initially silenced 
the expression of SHP in LX2 cells using an anti-SHP siRNA, 
and subsequently stably overexpressed the SHP gene through 
the transfection of the plasmid. Quantitative RT-PCR and 
western blotting demonstrated that the 3 siRNAs of SHP 
successfully downregulated the expression of SHP in LX2 
cells (Fig. 2A,B). It is worth noting that si-SHP-3 exhibit-
ed the highest inhibition efficiency, reaching 87% (n = 6; 
p < 0.0001 vs sham group). We also overexpressed the SHP 
using transfected with the plasmid (Fig. 2C,D). The α-SMA, 

Fig. 1. RGD-PEG-PEI-SHP complex 
prevents the development of liver 
fibrosis in the CCl4 treatment model. 
A and B. Liver hydroxyproline 
content and serum hyaluronic acid 
content in rats. C. Protein expression 
of SHP in the liver was determined 
with western blotting and shown 
as a histogram. E–J. Relative gene 
expression of SHP, α-SMA, TGF-β1, 
TIMP1, Cola1, and MMP2 was measured 
with qRT-PCR. Data is presented 
as the mean ±SD; n = 6; *p < 0.05; 
**p < 0.01; ***p < 0.001 vs the sham 
group
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collagen α1(I) and fibronectin are 3 key markers of HSC 
activation and liver fibrosis. In addition, TGF-β, PDGF, etc., 
could change the phenotype of HSC and induce their activa-
tion. The results of the western blotting analysis showed that 
knockdown of the SHP gene increased the expression of type 
I collagen and α-SMA (Fig. 3A). We found that the gene 
expression of collagen α1(I) and TIMP1 also increased, 
following treatment with si-RNA LX2 (Fig. 3B).

Similarly, qRT-PCR analysis of collagen α1(I), TGF-β1, 
PDGF-β, and α-SMA in si-SHP LX2 cells showed differ-
ent degrees of increase in mRNA levels compared with 
control (Fig. 3C).

In contrast, the gene expression of MMP2 decreased by ap-
prox. 50% (Fig. 3B; p < 0.005 vs sham group). We overexpressed 
the SHP gene to further investigate the role of SHP in regulat-
ing the expression of hepatic fibrosis-related genes. Western 
blotting analysis demonstrated that the relative expression 
of SHP protein in total lysates obtained from LX2 cells trans-
fected with the plasmid was significantly enhanced compared 
to that measured in LX2 cells transfected with an empty plas-
mid vector. These findings were consistent with the results 
of the qRT-PCR analysis (Fig. 2C,D). Following overexpression 
of the SHP gene, the expression of both fibrosis-related and 
HSC activation-related genes was decreased, which is con-
trary to the results observed after silencing the SHP gene 
(Fig. 3D–F). It is particularly noteworthy that the increased ex-
pression of SHP could significantly promote a two-fold change 
in the expression of the MMP2 gene (Fig. 3E, n = 3, p < 0.01 
vs sham group). Thus, the results clarified that the SHP gene 
exerts a regulatory effect on fibrosis-related genes.

SHP inhibits the PDGF-BB-induced 
activation of LX2 cells

A large number of studies have confirmed that PDGF-BB 
can be used to induce the activation of HSC in vitro.26,28 

We treated LX2 cells with PDGF-BB (20 ng/mL) for 48 h to in-
duce HSC activation. The 3 groups were the following: nor-
mal LX2 cells (control group), LX2 cells of the PDGF-BB 
intervention group and LX2 cells overexpressing the SHP 
gene from the PDGF-BB intervention group. The western 
blotting analysis showed that, after treatment of LX2 cells 
with PDGF-BB (20 ng/mL), the levels of type I collagen and 
α-SMA were significantly increased compared with those 
reported in the control group, indicating that PDGF-BB 
promotes the activation of LX2 cells (Fig. 4A). Although 
the expression of SHP decreased, the difference was not sta-
tistically significant. In the LX2-overexpressing SHP group, 
the levels of type I collagen and α-SMA were also decreased 
in SHP-overexpressing LX2 cells compared with those ob-
served in cells subjected to treatment with PDGF-BB alone 
(p < 0.05 vs the PDGF-BB group).

The HSC activation is often accompanied by  the  in-
creased expression of TGF-β1, PDGF-β and fibronectin, 
which is  closely related to  liver fibrosis. Quantitative 
RT-PCR results showed that the levels of α-SMA, TGF-β1, 
PDGF-β, and fibronectin were significantly increased 
in LX2 cells treated with PDGF-BB, compared with those 
noted in the control group (Fig. 4B–E). This treatment was 
also performed in the SHP overexpression group. The gene 
expression of α-SMA, TGF-β1, PDGF-β, and fibronectin 
exhibited different degrees of recovery compared with those 
recorded in the sham group. These results indicate that SHP 
inhibits the activation of LX2 cells treated with PDGF-BB.

SHP inhibits the activation of LX2 cells 
via autophagy

Recent studies have shown that liver fibrosis is closely 
related to the enhancement of autophagy.30–32 Previous re-
sults showed that overexpression of SHP increased the ex-
pression of genes involved in the inhibition of fibrosis and 

Fig. 2. The SHP silencing and 
overexpression in LX2 cells. Anti-
SHP siRNA was used as described 
in the Material and methods 
section. A. Western blotting 
analysis of SHP obtained from 
LX2 cells treated with different 
sequences of siRNA and shown 
as a histogram. B. mRNA expression 
of SHP was measured using 
qRT-PCR. C. Western blotting 
analysis of SHP obtained from LX2 
cells treated with the plasmid. 
D. mRNA expression of SHP was 
measured with qRT-PCR. Data 
is presented as the mean ±SD; 
n = 6; **p < 0.01; ***p < 0.001 vs 
the control group
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activation of HSC. Therefore, we inferred that SHP can act 
as an anti-fibrosis factor by inhibiting autophagy. To test 
this hypothesis, we compared the expression of autophagy-
related genes in LX2 cells overexpressing SHP. The western 
blotting analysis showed that the expression of α-SMA was 
decreased in the SHP group compared with the control 
group. Furthermore, the expression of autophagy-related 
genes Atg12 and LC3-I/II was downregulated, whereas that 
of P62 was significantly increased (Fig. 5A). Quantitative 
RT-PCR results showed that the mRNA levels of Atg3, Atg9, 
Atg12, and Atg14 in the SHP-overexpressing group were 
higher than those measured in the control group (Fig. 5B).

To further confirm whether SHP inhibits the activation 
of LX2 cells through autophagy, we treated wild-type LX2 

cells and LX2 cells overexpressing SHP with rapamycin 
as previously described. After treatment with rapamycin 
(24 h), western blotting showed that the levels of Atg12, 
and LC3-I/II were significantly increased, whereas those 
of p62 were decreased compared with the control group. 
These findings indicated that autophagy in LX2 cells was 
enhanced in response to treatment with rapamycin. How-
ever, in the LX2 cells overexpressing SHP, autophagy was 
significantly inhibited after treatment with rapamycin 
compared with the autophagy observed in the rapamy-
cin-alone group (Fig. 5C). Quantitative RT-PCR results 
were consistent with those of western blotting (Fig. 5D,E). 
Therefore, this evidence shows that SHP mainly affects 
fibrosis by inhibiting autophagy in LX2 cells.

Fig. 3. The SHP regulates the expression 
of fibrosis-related genes in HSC. 
Anti-SHP siRNA was used as described 
in the Materials and methods section. 
A. LX2 cells were incubated with SHP 
siRNA, and the protein expression 
of SHP and α-SMA were determined 
with western blotting and shown 
as a histogram. B and C. Relative 
gene expression of ColA1, MMP1, 
MMP2, α-SMA, TGF-β1, PDGF-β1, and 
fibronectin was measured using 
qRT-PCR. The SHP overexpression 
was sufficient to downregulate 
the expression of type I collagen 
and upregulate α-SMA in LX2 cells. 
D. Protein expression of SHP and α-SMA 
was determined through western 
blotting and shown as a histogram. 
E and F. Relative gene expression 
of ColA1, MMP1, MMP2, α-SMA, 
TGF-β1, PDGF-β1, and fibronectin was 
measured with qRT-PCR. Data are 
presented as the mean ±SD; n = 6; 
*p < 0.05; **p < 0.01; ***p < 0.001 vs 
the control group
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Discussion

Liver fibrosis is  a  common process of  liver self-re-
pair in  response to chronic liver injury, characterized 
by the typical manifestation of deposition of extracellular 
matrix (ECM).33 Currently, effective treatments for clinical 
application are not available, thereby posing a great threat 
to human health. Several types of cell impairment can 
also be observed in the fibrotic liver, such as hepatocyte 
apoptosis and necrosis, recruitment of inflammatory cells, 

remodeling of liver sinusoid endothelial cells, and activa-
tion of HSC.34,35 Activated HSCs are regarded as the main 
source of ECM in the fibrotic liver. Activated HSC can 
produce collagen and ECM to replace parenchymal tissue 
caused by scarring. Moreover, inhibition of HSC activa-
tion plays a critical role in the prevention and treatment 
of fibrosis. Extensive efforts were conducted to explore 
the mechanism involved in the activation of HSC, pro-
posing the concept that liver fibrosis may be a reversible 
process. Specifically targeting molecules required for HSC 

Fig. 4. The SHP inhibits 
PDGF-BB-induced activation 
of LX2 cells. LX2 cells were 
treated with PDGF-BB 
(20 ng/mL) as mentioned 
in the Materials and methods 
section. A. Protein expression 
of SHP, type I collagen, and 
α-SMA was determined with 
western blotting and shown 
as a histogram. B–E. Relative 
gene expression of ColA1, 
fibronectin, PDGF-β1, and 
TGF-β1 was measured with 
qRT-PCR. Data is presented 
as mean ±SD; n = 6; *p < 0.05; 
**p < 0.01; ***p < 0.001 vs 
the blank control group
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activation may be a feasible therapeutic strategy against 
liver fibrosis.

In the present study, we explored the regulatory effect 
of SHP in the activation of HSC both in vivo and in vitro, 
and further analyzed the underlying mechanism. A rat 
liver fibrosis model induced using CCI4 was applied to fur-
ther determine the biological effect of SHP in liver fibrosis 
in vivo. An RGD-PEG-PEI-mediated specific transduction 
of SHP into rat liver HSC effectively increased the expres-
sion of SHP. After treatment with RGD-PEG-PEI-SHP, 
downregulation of liver fibrosis-associated genes was ob-
served. These results confirmed that SHP inhibits the ac-
tivation of HSC, further reversing the progress of  liver 
fibrosis in vivo.

The human LX2 cell line was selected as an in vitro 
model to  further evaluate the  inhibitory effect of SHP 

on the activation of HSC, as well as the underlying mecha-
nisms. The SHP mimics were transduced into LX2 cells 
to increase its expression, whereas siRNA-SHP was used 
to  inhibit the expression of SHP. We  found that over-
expression of SHP leads to significant downregulation 
of the mRNA and protein levels of HSC activation-asso-
ciated molecular factors, such as α-SMA, TIMP1 and type 
I collagen. In contrast, increased expression of these mol-
ecules can be observed after knockdown of SHP, suggesting 
that SHP can inhibit the activation of HSC. The PDGF-BB 
is the strongest mitogenic cytokine of HSC, commonly uti-
lized as a stimulator of HSC activation in the liver fibrosis 
model.36 Our study evaluated the effect of SHP on HSC 
activation induced by PDGF-BB, suggesting that it attenu-
ates the stimulatory effect of PDGF-BB on HSC activation. 
This finding further elucidated the inhibitory role of SHP 

Fig. 5. The SHP inhibits 
the activation of LX2 
cells through autophagy. 
Overexpression of SHP 
was achieved through 
transfection of a plasmid. 
A. Protein expression of P62, 
α-SMA, Atg12, LC3-I/II, 
and SHP was determined 
with western blotting and 
shown as a histogram. 
B. Relative gene expression 
of Atg3, Atg9, Atg12, and 
Atg14 was measured with 
qRT-PCR. LX2 cells were 
treated with rapamycin 
(5 µM) as mentioned 
in the Material and 
methods section. C. Protein 
expression of Atg12, P62, 
SHP, and LC3-I/II was 
determined with western 
blotting and shown 
as a histogram. B–E. Relative 
gene expression of SHP 
and Atg3 was measured 
using qRT-PCR. Data is 
presented as mean ±SD; 
n = 6; *p < 0.05; **p < 0.01; 
***p < 0.001 vs the blank 
control group
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in the activation of HSC. Additionally, the Cell Counting 
Kit-8 assay also confirmed that SHP could notably suppress 
growth in LX2 cells. Matrix metalloproteinases are a group 
of proteolytic enzymes that degrade the ECM. The activi-
ties of these enzymes are closely related to the expression 
of their specific inhibitors (TIMPs). The MMP2 is the main 
enzyme that reduces extracellular matrix collagen, while 
TIMP1 inhibits most MMPs. These results suggested that 
SHP ameliorates liver fibrosis by inhibiting HSC activation 
and suppressing HSC proliferation to reduce the number 
of these cells.

Autophagy is  a  complex metabolic process utilized 
by cells to degrade their misfolding proteins and damaged 
organelles, contributing to the maintenance of cellular 
homeostasis during the destruction of intracellular patho-
gens and nutrient deprivation.37 Activation of autophagy 
in HSC contributed to the transformation of the fat-rich 
phenotype into an activated myofibroblast phenotype. 
Auto phagy promotes the digestion of LDs in resting HSC, 
which is the activation and fibrosis of HSC. In recent years, 
the regulatory role of autophagy in the activation of HSC 
attracted considerable attention owing to the observation 
that autophagy could break down LDs – an established 
feature of HSC activation. However, there is a contradic-
tory effect of autophagy on liver fibrosis. Autophagy can act 
as an inhibitor of HSC activation, attenuating liver fibro-
sis.38 Several studies have suggested the role of autophagy 
as an inducer of HSC activation. Accumulating evidence 
suggests that autophagy plays an energy-providing role 
in  the activation of HSC, and inhibition of  autophagy 
in HSC can attenuate the development of liver fibrosis.39 
Hernandez-Gea et al. also reported the role of autophagy 
in aggravating liver fibrosis by degrading LDs to provide 
energy for HSC.13 Furthermore, the enhancement of au-
tophagy in HSC promoted cell proliferation and the pro-
duction of  type I  collagen through hypoxia-inducible 
factors and the TGF-β/Smad signaling pathway.40 These 
results suggest that autophagy may be a double-edged 
sword in liver fibrosis. In the present study, we explored 
the relationship between SHP, autophagy and liver fibro-
sis. In vitro testing demonstrated that SHP can inhibit 
autophagy in HSC, as shown by the decreased expression 
of autophagy marker proteins (e.g., LC3-II or Atg12) and 
increased expression of P62 (which is negatively correlated 
with  autophagy).41 These results indicate that SHP may 
partially inhibit the activation of HSC by attenuating au-
tophagy in these cells.

Conclusions

The results of our study suggest that overexpression 
of SHP may prevent liver fibrogenesis through inhibition 
of  autophagy in  HSC. A  SHP-targeting therapy-based 
anti-fibrosis strategy possesses potential for application 
to the treatment of liver fibrosis.
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Abstract
Background. Isoflurane preconditioning could reduce different kinds of brain injury via sphingosine kinase 
(SPK). Both sphingosine kinase 1 and sphingosine kinase 2 play important roles in brain protection. However, 
the effects of isoflurane preconditioning on SPK expression in hypertension have not been investigated before.

Objectives. To verify whether the neuroprotective effects of the anesthetic isoflurane after an ischemic 
injury are altered in hypertension and to identify its possible mechanisms involving SPK.

Material and methods. Wistar rats (control) and spontaneous hypertension rats (SHR) were exposed 
to isoflurane preconditioning before transient middle cerebral artery occlusion. The infarct volumes of cortical 
and subcortical brain areas were measured. The expression levels of SPK1 and SPK2 were measured before 
and after isoflurane preconditioning.

Results. In the SHR group, isoflurane preconditioning significantly reduced only the infarct volumes of the 
subcortical brain (p < 0.05), not of the cortical brain. After 3 h of isoflurane exposure and preconditioning, 
SPK2 levels in the SHR group increased in the cortical brain (p < 0.05), but not in the subcortical brain area, 
Unlike in the control group, isoflurane exposure and preconditioning could significantly increase SPK2 levels 
in both cortical and subcortical brain area.

Conclusions. The brain protection effects induced by isoflurane preconditioning after an ischemic injury 
are mainly mediated by the SPK2 isoform and are somewhat impaired in hypertension. Attention should be 
paid to ischemic injury patients with hypertension.

Key words: cerebral preconditioning, isoflurane, hypertension, brain ischemic injury
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Introduction

Cerebral preconditioning is  a  procedure by  which 
a noxious stimulus below the threshold of damage, such 
as  hypoxia, isof lurane and pro-inflammatory cyto-
kines, is applied to the brain in order to induce tolerance 
to it or to a different noxious stimulus.1,2 Isoflurane, one 
of the anesthetics which is typically inhaled, is widely used 
in various surgical procedures. Pre-exposure to isoflurane 
increases tolerance to hypoxic ischemic cerebral damage, 
including that incurred during a stroke.3 The sphingosine-
1-phosphate (S1P) receptor is widely distributed through-
out the nervous system. It mediates multiple cellular pro-
cesses, including proliferation, apoptosis and migration, 
and is regulated by the expression of sphingosine kinase 
(SPK).4 Studies have found that isoflurane could reduce 
different kinds of brain injury, including both hypoxic 
ischemia and hemorrhage, in rats through S1P-related 
pathway.5,6 Moreover, a recent study has indicated that 
fingolimod (FTY720), a novel protective agent for ischemic 
brain injury, can be phosphorylated by SPK and that it can 
then activate the S1P receptor, suggesting that SPK may be 
an important effector in neuroprotective mechanisms.7,8 
Altray et al.6 illustrated that in hemorrhage damage, iso-
flurane could attenuate neuronal cell death in the cortex, 
associated with an increase in SPK1. In hypoxic ischemic 
cerebral damage, Lai et al. found a similar result – that 
isoflurane preconditioning could elevate tolerance levels, 
mediated by the overexpression of SPK2.9 Both SPK1 and 
SPK2 play important roles in brain protection.

Currently, with the aging of society, hypertension is be-
coming increasingly common worldwide. It is well known 
that hypertension is a risk factor for hypoxic ischemic cere-
bral damage such as stroke. However, the effects of isoflu-
rane preconditioning on SPK expression during hyperten-
sion have not been investigated before. With a spontaneous 
hypertension rat (SHR) model, we evaluated the protective 
effects of isoflurane preconditioning on hypoxic ischemic 
cerebral damage, as well as the biological roles of SPK.

Material and methods

Reagents and instruments

Isoflurane, Tween 20, and 2,3,5-trihenylterzolium chlo-
ride (TTC) were purchased from Sigma-Aldrich (St. Louis, 
USA). Coated monofilament was purchased from Doc-
col Corporation (Sharon, USA). Chloral hydrate was pur-
chased from Sinopharm Chemical Reagent Co. (Shanghai, 
China). Protein marker was purchased from Fermentas 
(Waltham, USA). Polyvinylidene difluoride (PVDF) mem-
brane was purchased from Merck Millipore (Burlington, 
USA). Primary antibodies of SPK1 (sc-22702) and SPK2 
(sc-22704) were purchased from Santa Cruz Biotechnology 
(Santa Cruz, USA). β-actin and IgG secondary antibody 

were purchased from Multi Sciences (Hangzhou, China). 
EZ-ECL kit was purchased from Biological Industries (Beit 
HaEmek, Israel); PH Indicator was purchased from Leici 
Device Works (Shanghai, China). A 5417R High-speed 
Freezing Centrifuge was purchased from Eppendorf (Ham-
burg, Germany). A 752 Ultraviolet Spectrophotometer was 
purchased from Puxi General Instruments (Beijing, Chi-
na). A DYY-4C electrophoresis system was purchased from 
Tanon Science & Technology (Shanghai, China). A UVP 
BioSpectrum Imaging System was purchased from UVP 
(Upland, USA).

Model establishment

Wistar and SHR rats (male, 300–350 g), provided by 
the Animal Experiment Center of Soochow University, 
were housed with a 12-hour light–dark cycle with food 
and water provided ad libitum. All experimental proce-
dures were carried out in strict accordance with National 
Institutes of Health (NIH) guidelines for the care and use 
of laboratory animals (NIH Publication No. 8023, revised 
1978) and Laboratory Animal Guidelines for ethical review 
of animal welfare (GB/T 35892-2018, China). The experi-
mental procedures have been approved by the Ethics Com-
mittee of the First Affiliated Hospital of Soochow Univer-
sity, Suzhou, China.

Cerebral preconditioning with isoflurane

For the  experimental group, the  Wistar and SHR 
rats were exposed to 1% isoflurane for 3 h in a chamber 
(N2:O2 = 7:3). They recovered in an incubator at 28°C for 
30 min, and were then returned to their cages for 24 h. 
The control rats were placed in a chamber without isoflu-
rane. Three hours after isoflurane pre-treatment, samples 
were collected for detection of SPK expression.

Middle cerebral artery assay

The rats were anesthetized with 2% isoflurane, and sus-
tained with 1.5% isoflurane (N2:O2 = 7:3). The rectal tem-
perature was measured and maintained within the normal 
physiological range during the surgical procedure. The left 
middle cerebral artery (MCA) was carefully isolated and 
occluded with a coated monofilament for 60 min, following 
the surgical approach described by Izumi et al.10 The rats 
were allowed to recover and awaken back in the chambers 
following the operation.

Measurement of cerebral infarct volume

Twenty-four hours after the operation, the rats were 
anesthetized with chloral hydrate (1 g/kg). Infarct vol-
ume was marked with TTC staining. The rats were per-
fused with 2% TTC in ddH20 for 10 min using a catheter 
placed into the ascending aorta via the apex of the left 
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ventricle. The brain was carefully removed 45 min later 
and frozen in isopentane for cryomicrotome. The brain 
tissues were sliced into 1-mm-thick sections. The volume 
of MCA occlusion was measured with an image analysis 
system (ImageJ; National Institutes of Health, Bethesda, 
USA), as described by O’Donnell et al.11

Western blot

The cerebral cortex and subcortex were homogenized 
in lysis buffer, and the supernatants were extracted  after 
30  min of  centrifugation at  14,000  rpm. Protein con-
centrations were determined with a spectrophotometer 
at  595  nm. A  total of  70  μg of  proteins was subjected 
to SDS-PAGE and then transferred onto a PVDF mem-
brane. Thereafter, non-specific binding was blocked with 
5% bovine serum albumin for 2 h at room temperature. 
The membranes were then incubated overnight at 4°C with 
antibodies against SPK1 (sc-22702) and SPK2 (sc-22704). 
After rinsing in phosphate-buffered saline-Tween (PBST; 
0.1% Tween 20), the  membranes were incubated with 
the corresponding secondary antibody for 1–2 h at room 
temperature. The bands were visualized  using chemilu-
minescence (Rockford, USA). The expression levels were 
normalized to β-actin.

Statistical analysis

The data is presented as means ± standard error (SE) and 
analyzed using SPSS v. 13.0 software (SPSS Inc., Chicago, 
USA). Statistical analysis was carried out with one-way 
analysis of variance (ANOVA). A p-value ≤0.05 was con-
sidered to be statistically significant.

Results

Determination of cerebral infarct volume 
in rats pretreated with isoflurane

The TTC staining analysis showed that isoflurane pre-
conditioning significantly reduced the infarct volumes 
of both the cortical (129.9 ±7.3 mm3 vs 109.2 ±5.9 mm3; 
p  <  0.05; Fig.  1A) and subcortical (59.2  ±5.1  mm3 vs 
41.6 ±5.9 mm3; p < 0.05; Fig. 1A) brain areas.

Determination of cerebral infarct volume 
in SHR rats pretreated with isoflurane

In the SHR group, TTC staining analysis revealed that 
isoflurane preconditioning significantly reduced the in-
farct volumes of the subcortical brain areas (62.9 ±5.3 mm3 
vs 43.1 ±5.6 mm3; p < 0.05; Fig. 1B) but not the cortical 
brain areas (131.8 ±7.2 mm3 vs 129.9 ±6.1 mm3; Fig. 1B).

SPK1/2 expression in cortical and 
subcortical brain areas of Wistar  
and SHR rats pretreated with isoflurane

Before isoflurane preconditioning, the SPK1 and SPK2 
expression levels in both the cortical and subcortical brain 
areas of the Wistar rats and the SHR rats did not signifi-
cantly differ from those of the control group (Fig. 2,3). 
 After isoflurane preconditioning, the SPK1 expression 
levels were not altered in either the cortical or subcorti-
cal brain areas of the Wistar and SHR rats (Fig. 2). How-
ever, SPK2 expression levels increased in  the  cortical 
and subcortical brain areas of the Wistar rats (p < 0.05; 
Fig. 3A,C). In the SHR rats, isoflurane preconditioning 
clearly  increased SPK2 expression in the subcortical brain 
areas (p < 0.05; Fig. 3), but not in the cortical region.

Fig. 1. A. Effects of isoflurane preconditioning on infarct volume of Wistar rats after cerebral hypoxia/ischemia. Both the infarct volume of brain cortical 
areas and subcortical areas were significantly reduced after isoflurane preconditioning (*p < 0.05). B. Effects of isoflurane preconditioning on infarct volume 
of SHR rats after cerebral hypoxia/ischemia. Only the infarct volume of brain subcortical areas was significantly reduced after isoflurane preconditioning 
(*p < 0.05)
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Fig. 3. A and C. Effects of isoflurane preconditioning on SPK2 expression in cerebral cortical areas: isoflurane preconditioning significantly increased SPK2 
expression in cortical brain areas in Wistar rats but not in SHR rats (*p < 0.05). B and D. Effects of isoflurane preconditioning on SPK2 expression in sub-
cerebral cortical areas: isoflurane preconditioning significantly increased SPK2 expression in subcortical brain areas in Wistar rats and SHR rats (*p < 0.05)

Fig. 2. A and C. Effects of isoflurane preconditioning on SPK1 expression in cerebral cortical areas: isoflurane preconditioning had no effect on SPK1 
expression in the cortical brain areas of either Wistar rats or SHR rats. B and D. Effects of isoflurane preconditioning on SPK1 expression in sub-cerebral 
cortical areas: isoflurane preconditioning had no effect on SPK1 expression in subcortical brain areas of either Wistar rats or SHR rats
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Discussion

Cerebral preconditioning has a neuroprotective effect, 
to a certain extent, and it particularly enhances tolerance 
to cerebral hypoxia-/ischemia-induced injury. A recent study 
has suggested that the neuroprotective role of isoflurane pre-
conditioning may be mediated by the upregulation of SPK.9 
Our study demonstrated that, after cerebral hypoxia-/isch-
emia-induced injury, isoflurane preconditioning reduced 
the infarct volumes of cortical and subcortical brain areas, 
which was associated with the upregulation of SPK2. How-
ever, isoflurane preconditioning of SHR rats had a neuropro-
tective effect on the cortical brain, but not on the subcortical 
brain areas. In addition, the protective effects of isoflurane 
on brain damage tissue caused by hypoxia-/ischemia-in-
duced injury could be mainly associated with upregulated 
SPK2. However, in hypertension, the connection between 
SPK2 and isoflurane in the brain cortex might be weaker.

The SPK1 and SPK2 are the 2 isoforms of SPK. Their 
amino acid sequences are 80% homologous and differ only 
in the central domain and the amino terminal. They differ 
in their cellular distribution, subcellular localization, and 
enzymatic characteristics. The SPK1 is mainly distrib-
uted in the renal proximal tubules and cardiocytes, while 
SPK2 is primarily expressed in the brain tissue.12 Con-
sistent with a previous study, SPK1 was detected in both 
the cortical and subcortical brain areas of Wistar rats, 
and its expression was not altered after isoflurane precon-
ditioning.9 In SHR rats, SPK1 expression in cortical and 
subcortical brain areas did not differ from that in Wistar 
rats before and after isoflurane preconditioning. This data 
suggests that SPK1 might not be related to the hyperten-
sion and neuroprotective effects induced by isoflurane 
preconditioning. A recent study has indicated that cerebral 
micro vascular SPK2 may play an important role in the pro-
tective effects induced by cerebral preconditioning with 
hypoxia.9,13 In addition, upregulated expression of SPK2 
in cortical brain areas was shown to be associated with 
the neuroprotective role of isoflurane preconditioning.9 
Our study demonstrated that isoflurane preconditioning 
enhanced the SPK2 expression levels in both the corti-
cal and subcortical brain areas, which was closely related 
to the neuroprotective effects induced by isoflurane pre-
conditioning. However, a neuroprotective effect was only 
induced in the subcortical brain areas in SHR rats, which 
was related to the upregulation of SPK2, which suggets that 
isoflurane preconditioning mainly protects the subcorti-
cal brain areas from cerebral hypoxia-/ischemia-induced 
injury – probably through the upregulation of SPK2.

Numerous studies have demonstrated that SPK can be ac-
tivated by various stimuli, such as activation of G-protein-
coupled receptors14,15 and tyrosine kinase receptors.16,17 
The SPK can also mediate phosphorylation and prolifera-
tion targeting on cell membranes.18 These studies suggest 
that the change in activity or expression of SPK may be 
the common signal involved in the neuroprotective role 

induced by cytokines and drugs. Moreover, SPK-related 
sphingomyelin metabolites could regulate hypoxia-induced 
factor (HIF) and other signaling pathways. Combined with 
previous studies, our data suggests that SPK2 could be one 
of the signals involved in the neuroprotective effect induced 
by cerebral preconditioning. Song et al.19 have found that 
SPK2 could play its role through interacting with Bcl-2. 
In our study, prior to isoflurane preconditioning, SPK2 ex-
pression (in the cortical and subcortical brain areas) in SHR 
rats did not differ from that in Wistar rats, suggesting that 
SPK2 may not be involved in hypertension and its patho-
physiological changes. However, isoflurane precondition-
ing attenuated the neuroprotective effect in the cerebral 
cortex without SPK2 changes, suggesting that the cerebral 
SPK2-related signaling pathways (supposedly Bcl-2) are 
 altered in hypertension. Bcl-2 is closely related to pregnancy 
hyper tension, with a downregulated expression of Bcl-2.20 
We  assume there is also a special relationship between Bcl-2 
and hypoxic/ischemic brain damage with hypertension.

Furthermore, our study provides experimental support 
for the treatment of patients with hypertension using cere-
bral preconditioning with isoflurane. It is worth mention-
ing that fingolimod (FTY720), an analogue of sphingosine, 
is applied in the treatment of multiple sclerosis; after phos-
phorylation by SPK, particularly SPK2, fingolimod can be 
transformed into its active state and further activate 4 S1P 
receptors to exhibit its therapeutic action.21 The present 
study suggests that decreased expression of SPK2 in a hy-
pertension-related cerebral cortex could lead to altered 
efficacy of fingolimod in patients with multiple sclerosis 
and hypertension. This data provides an experimental ba-
sis for evaluating the pharmacodynamics of fingolimod 
or for designing novel SPK2-related drugs.

Conclusions

The present study demonstrates that isoflurane precon-
ditioning reduces the infarct volume not only in MCA-
occluded Wistar rats, but also in SHR rats with MCA oc-
clusion. More importantly, the protective effects against 
hypoxia/ischemic damage gained from isoflurane precon-
ditioning were associated with an upregulated expression 
of cerebral SPK2. In hypertension patients, we propose that 
the brain protection effects induced by isoflurane precon-
ditioning would be somewhat impaired after an ischemic 
injury.
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Abstract
Background. Osteoarthritis represents a kind of chronic and degenerative joint disease characterized by ar-
ticular cartilage injury and osteoproliferation. Osteoarthritis especially poses a serious threat to the elderly 
patients. At present, the diagnosis of osteoarthritis mainly consists of clinical examination, X-ray examina-
tion, magnetic resonance imaging (MRI), and arthroscopy. However, limitations and misdiagnosis are found 
within the single method.

Objectives. This article intends to investigate the feasibility of assessing the condition of knee osteoarthritis 
through quantitative analysis of cartilage using nuclear magnetic resonance 3D fast-spin spoiled gradient-
recalled echo (NMR 3D-FS-SPGR) imaging and γ-glutamic acid carboxylase (GGCX) detection in synovial fluid.

Material and methods. A total of 60 patients with primary knee osteoarthritis were enrolled. All the pa-
tients were staged and received 3D-FS-SPGR sequence MRI scan for grading based on scan results and 
cartilage injury. Cartilage tissues were collected for immunohistochemistry (IHC). The GGCX in cartilage was 
detected using western blotting to analyze the correlation with arthritis.

Results. The condition of articular cartilage injury in arthritis patients was clearly observed using 3D-FS-
SPGR sequence. The expression of GGCX was decreased in 46 patients (p < 0.05). The expression of GGCX 
in synovial fluid was significantly reduced following upstaging (p < 0.05). The sensitivity measured using 
combined 3D-FS-SPGR imaging and synovial fluid GGCX detection for the evaluation of arthritis condition 
was significantly higher than that of the single detection method (p < 0.05).

Conclusions. Our data showed that the sensitivity of combined detection was obviously higher than single 
detection for the evaluation of arthritis. The 3D-FS-SPGR combined with synovial fluid GGCX detection could 
be treated as a promising strategy for arthritis evaluation.

Key words: arthritis, MRI, 3D-FS-SPGR sequence, synovial fluid, GGCX
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Introduction

Osteoarthritis, as  a  chronic and degenerative joint 
disease, leads to articular cartilage damage and osteo-
proliferation. It dramatically impairs mobility in the el-
derly patients.1 Periodic evaluation and continuous moni-
toring of patients with arthritis are helpful and critical 
in the long-term management of the disease.2 Although 
it is possible to diagnose osteoarthritis with a clinical ex-
amination, X-ray examination, magnetic resonanc imaging 
(MRI), and arthroscopy, there are still limitations and mis-
diagnoses which call for further improvement in the meth-
ods of diagnosis.3

Magnetic resonance imaging employs nuclear mag-
netic resonance (NMR) phenomena of human protons 
in the magnetic field to collect MR signal for diagnosis 
using spatial coding technology.4 Magnetic resonance 
imaging examination is  considered as non-radiation, 
non-invasive and multi-faceted scanning, and charac-
terized by high soft tissue resolution. It is advantageous 
in pre-treatment diagnosis and routine observation over 
other examination methods.5 Therefore, MRI is current-
ly recognized as the best way to check the pathological 
changes of the knee. The sensitivity of MRI sequences 
in the diagnosis of knee joint cartilage lesions has been 
widely reported. For instance, it has been found that 
the sensitivity and specificity of 3D fast-spin spoiled gra-
dient-recalled echo (NMR 3D-FS-SPGR) for lesions were 
75–85% and 97%, respectively.6 In addition, previous evi-
dence also revealed that the sensitivity of 3D-FS-SPGR 
sequence in cartilage lesions was 97%, and the specificity 
was 95% in 1.5T magnetic resonance.7

A recent study indicated that γ-glutamic acid carboxylase 
(GGCX) reduced carboxylated matrix γ-carboxyglutamate 
(Gla) protein level in the cartilage of patients with osteo-
arthritis compared to that in the normal control group.8 
In addition, it was demonstrated that GGCX concentra-
tion in articular cartilage of patients with osteoarthritis 
was also lower than that of normal cartilage tissue, and 
gradually declined as the joint injury aggravated.9 Thus, 
GGCX is proposed to serve to some extent as an indicator 
for the progression of the disease in patients with arthritis. 
This study intends to evaluate the value of NMR-3D-FS-
SPGR imaging and GGCX detection in synovial fluid in as-
sessing the condition of knee osteoarthritis.

Patients and methods

Main reagents and instruments

Magnetic resonance imaging scan was performed with 
Gesigna 3.0T MRI system (GE Healthcare, Little Chalfont, 
UK). Immunohistochemistry and western blot antibodies 
were purchased from Wuhan Mitaka Biotechnology Co., 
Ltd (Wuhan, China). 3,3’-diaminobenzidine (DAB) was 

bought from Wuhan Boster Biological Engineering Co., 
Ltd. (Wuhan, China). Other reagents involved in this study 
were obtained from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China).

Study participants

A total of 60 osteoarthritis patients treated between 
October 2016 and October 2017 in  General Hospital 
of Ningxia Hui Autonomous Region People’s Hospital 
(Yinchuan, China) were enrolled, including 34 males 
and 26 females, with mean age of 61.7 ±5.1 years (range: 
57–68 years).  Another 20 healthy adults with correspond-
ing age and gender were selected as the control group. 
The patients presented with repeated knee pain within 
the past month. X-ray (standing or weight-bearing posi-
tion) showed joint space narrowing, sclerosis and/or cys-
tic degeneration, and joint osteophyte formation. Synovial 
fluid (examined at least 2 times) was clear and thick red, 
with white blood cells (WBC) <2000 cells/mL. Moreover, 
morning stiffness was shorter than 30 min. Bone friction 
sound was found during activity. All patients underwent 
MRI examination after admission and the synovial fluid 
was taken 1 week later for GGCX detection. The study 
was reviewed and approved by Ethics Committee of Gen-
eral Hospital of Ningxia Hui Autonomous Region People’s 
Hospital and all patients participating in the study signed 
an informed consent.

Classification criteria for articular 
cartilage injury

Knee osteoarthritis was divided into 4 stages according 
to Kellgren–Lawrence criteria:

Stage 1: in slight discomfort in the joint after activity; 
joint pain and swelling after increased activity; no evidence 
of significant cartilage damage on X-ray and computed 
tomography (CT) examination.

Stage 2: significant pain after activity and reduction after 
rest; X-ray showed slight change; only CT showed mild 
cartilage damage; isotope examination exhibited conden-
sation in damaged joint.

Stage 3 (advanced): further osteochondral damage, 
resulting in  joint deformity and loss of function; X-ray 
showed joint space narrowing, cystic lesions around 
the joints and articular mobile corpus.

Stage 4 (late): bone hyperplasia and cartilage exfolia-
tion leading to complete loss of function; significant joint 
deformity; X-ray showed joint space narrowing, severe 
hyperplasia, coarse joint, and even bone collapse.10

Magnetic resonance imaging diagnostic grading was 
based on arthroscopic classifications. Grade 0 represents 
normal articular cartilage; grade I represents poorly de-
fined cartilage structure or low focal signal within the car-
tilage; grade II represents mild or moderate irregularity 
in a cartilage surface profile, and the extent of cartilage 
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defect is smaller than 50%; grade III represents a severely 
irregular cartilage surface profile with more than 50% 
of cartilage defects; grade IV represents full-thickness 
cartilage defects and subchondral bone exposure.11

Inspection method

The knees of all subjects were examined taking into ac-
count the femoral medial and lateral condyles, the tibia 
medial and lateral platform, the  intercondylar femoral 
condyle, the trochlear articular surface, and patella ar-
ticulation surface. The MRI scan was performed with 
a  Gesigna 3.0T MRI system using a 3D-FS-SPGR sequence. 
The main parameters were the following: repetition time 
(TR) – 13 ms, echo time (TE) – 3.3 ms, thickness – 1.8 mm, 
interval – 0.9 mm, field of view (FOV) – 18 × 16 cm, num-
bers of excitations (NEX) – 2, matrix – 288 × 256 ppx, 
scan time – 348 s. A total of 2 mL of right knee syno-
vial fluid was drawn with local anesthesia of the lower 
extremity within 1 week after MRI scan. The synovial 
fluid was transferred to a centrifuge tube and centrifuged 
at 4,000 g for 10 min at 4°C. The supernatant was stored 
at –80°C for GGCX detection.

Immunohistochemistry

Articular cartilage samples were obtained from surgery 
and fixed in formalin. The paraffin-embedded sections were 
sectioned at a thickness of 3 μm. The paraffin sections were 
then dewaxed, hydrated and treated with 3% H2O2 to block 
the endogenous peroxidase activity.  After being washed 
with water, the sections were soaked in 0.01 M phosphate-
buffered solution (PBS; pH 7.4) for 5 min. Next, the sections 
were blocked in 5–10% normal goat serum at room tem-
perature for 10 min for blocking. Then, rabbit anti-human 
GGCX-specific primary antibody working solution was 
added to the sections (1:1,000) at 37°C for 2 h. After be-
ing washed 3 times, the sections were incubated in biotin 
labeled anti-rabbit secondary antibody working solution 
(1:200) at 37°C for 10–30 min. Next, horseradish enzyme-
labeled streptavidin working solution was added to the sec-
tions at 37°C for 10–30 min. Finally, the sections were 
developed with DAB for 10 min and counterstained with 
hematoxylin for 2 min. After dehydration and hyalinization, 
the sections were observed under a microscope. Results 

evaluation showed that GGCX was expressed in the cy-
toplasm. The cells were considered positive if the brown 
particles appeared in the cytoplasm. The positive cell ratio 
over 40% was treated as GGCX high expression.

Western blot

The synovial fluid samples were lysed with pre-cooled 
cell lysate and total protein was extracted. Then, the protein 
was separated using sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred to polyvi-
nylidene fluoride (PVDF) membrane at 70 V for 3 h. Next, 
the membrane was blocked in 5% skim milk at 37°C for 
1 h and incubated in rabbit anti-human GGCX antibody 
(1:1,000) at 4°C overnight. After being washed with phos-
phate-buffered solution Tween 20 (PBST), the membrane 
was incubated in horseradish peroxidase (HRP)-labeled 
mouse anti-rabbit IgG secondary antibody (1:200) at room 
temperature for 1 h. Finally, the membrane was developed 
in DAB for 10 min and the image was analyzed using a gel 
imaging analysis system (Bio-Rad, Hercules, USA).

Statistical analysis

All data analyses were performed on SPSS v. 20.0 soft-
ware (IBM Corp., Armonk, USA). The qualitative data 
was compared using rank sum test. The enumeration data 
was presented as rate or percentage and compared us-
ing χ2 test. The measurement data were presented as x ±s 
and compared using t-test or one-way analysis of variance 
(ANOVA) with Student–Newman–Keuls (SNK) post hoc 
test. P-value <0.05 was considered statistical significance.

Results

3D-FS-SPGR imaging

Knee joint damage using 3D-FS-SPGR imaging was ana-
lyzed in all the arthritic patients. The results are shown 
in Fig. 1. The normal articular cartilage signal was uniform 
and consistent without cartilage swelling. The edge was 
clear and smooth with no cartilage defects. 3D-FS-SPGR 
detection demonstrated less uniform articular cartilage 
signal in grade I patients. The area with increasing local 

Fig. 1. 3D-FS-SPGR imaging of osteoarthritis patients: A) healthy volunteer; B) grade I; C) grade II; D) grade III; E) grade IV
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signal could be found with no articular cartilage defect. 
In grade II patients, a less uniform artic ular cartilage sig-
nal with local thinner cartilage was  observed. The defect 
did not reach 50% of the full thickness. Grade III patients 
were characterized by severe fibrosis in the anterolateral 
cartilage with thinner and non-uniform cartilage. The car-
tilage defects were more than 50% of the full-thickness, 
and no subchondral bone was found. In grade IV patients, 
the whole cartilage of the femur and tibia was lost, and 
the subchondral bone was exposed. High signal synovial 
fluid was observed within the cavity, which can be distin-
guished from cartilage signal.

Expression of GGCX detected 
with immunohistochemistry

The expression of GGCX in articular cartilage specimens 
was examined with immunohistochemistry. As shown 
in Fig. 2, significantly lower GGCX expressions in articular 
cartilage were presented in 46 patients compared to that 
of 20 healthy volunteers (p < 0.01).

Expression of GGCX in synovial fluid

The expression of GGCX in synovial fluid was tested 
with western blot (Fig. 3). β-actin was selected as a loading 
control to calculate the relative amount of GGCX (Fig. 4). 
Compared with healthy volunteers, we found that the over-
all GGCX levels in knee articular cartilage of 39 osteoar-
thritis patients were significantly reduced (p < 0.01). More-
over, GGCX expression in synovial fluid was significantly 
decreased following upstaging (Fig. 5). The relationship of MRI examination 

and GGCX expression with osteoarthritis 
grading

The  relationship between MRI examination, GGCX 
expression and osteoarthritis grading of all patients was 
listed in Table 1. The sensitivity of the 3D-FS-SPGR imag-
ing combined synovial fluid GGCX detection for the eval-
uation of  arthritis condition was significantly higher, 
nearly 100%, whereas the specificity was lower than that 
of the single detection method (p < 0.05).

Fig. 5. GGCX expression in synovial fluid of patients with different 
osteoarthritis degree; * p < 0.05 compared with control

Fig. 4. GGCX expression in synovial fluid from different osteoarthritis 
patients

Fig. 3. GGCX expression in synovial fluid detected with western blot

Fig. 2. GGCX expression detected using immunohistochemistry (×100). A and B. Cartilage tissue with normal GGCX expression. C. Cartilage tissue with low 
GGCX expression
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Discussion

Arthroscopy is used to examine osteoarthritis and evalu-
ate cartilage injury.12 However, arthroscopy still presents 
drawbacks as  a  method for detection on  the  cartilage 
surface of the articular cavity. Its application is unable 
to cover the inspection of deep cartilage damage.12 Mag-
netic resonance imaging is currently considered the fa-
vorable method to check knee lesions. Conventional MRI 
sequences show the sensitivity of cartilage morphological 
changes. However, they normally function when the car-
tilage is damaged to some extent. Routine sequences nei-
ther exhibit the hierarchical representation of the carti-
lage nor explain the exact composition of the cartilage 
and the specific cause of cartilage damage.13 This study 
thus aims to evaluate the progression of arthritis through 
3D-FS-SPGR sequence imaging in MRI and synovial fluid 
GGCX detection.

Knee cartilage contains water, type II collagen and 
proteoglycan polymer,14 which can be divided into 4 lay-
ers from inside to outside: calcified layer, radioactive 
layer, transition layer, and tangential layer.15 The work-
ing principle of  MRI is  to  generate different signal 
changes to  the structure in cartilage matrix through 
different magnetic fields. Magnetic resonance imag-
ing can accurately reflect the degree of pathophysiol-
ogy of articular cartilage development. Rubenstein et al. 
found that the spin-echo (SE) sequence and the 3D-FS-
SPGR sequence presented the normal articular cartilage 
as 3  layers, including the  top phase as  the  tangential 
layer, the transition layer and the upper part of the radio-
active layer; the middle layer as major of the radioactive 
layer; and the deep layer as the lower part of the radioac-
tive layer.16 Combined with arthroscopic classification 
of cartilage injury, the damage occurred in the cartilage 
tangential and transitional layer in grade I–II degenera-
tion (mild cartilage damage).  On the other hand, the le-
sion reaches the radioactive layer at the stage of the mod-
erate and severe cartilage injury.17 In the present study, 
we found that articular cartilage damage and degree can 
be clearly demonstrated using 3D-FS-SPGR  sequence 
imaging.

The development of osteoarthritis is  closely related 
to the formation of calcium microcrystals, including cal-
cium phosphate (BCP) microcrystals and calcium pyro-
phosphate dihydrate (CPPD) crystals. Matrix Gla protein 

(MGP) is not only expressed in articular cartilage, but also 
shows a close relationship with cartilage calcification and 
calcium microcrystal formation.18 Uncarboxylated MGP 
(ucMGP) content was significantly increased in the serum 
and synovial fluid of arthritis patients. The MGP contains 
5 vitamin K-dependent amino acid GGCX (Gla) residues, 
while Gla shows high affinity to calcium and hydroxy-
apatite, but can only be activated through GGCX carbox-
ylation.19 It has been demonstrated that GGCX expres-
sion in primary osteoarthritis cartilage was significantly 
lower than in normal cartilage and gradually decreased 
according to the degree of aggravation. The GGCX lev-
els in synovial fluid of the primary knee osteoarthritis 
group were significantly lower than in the control group, 
which is consistent with our data.20 In addition, it was also 
found that the accuracy of the knee MRI 3D-FS-SPGR 
sequence in assessing cartilage lesions was 95.0%.21 Pre-
vious findings indicated that MRI imaging, 3D-FS-SPGR 
sequence can accurately reflect the changes of articular 
cartilage morphology and thickness, and thus can accu-
rately evaluate the degree of articular cartilage degen-
eration.22 In this study, the sensitivity of the combina-
tion of 3D-FS-SPGR and synovial fluid GGCX detection 
reached even 96.67%, which was significantly higher than 
the sensitivity of a single measurement. However, limita-
tions in our study still exist. The investigation regarding 
the mechanism ought to be further performed in order 
to formulate a broader understanding of the diagnosis 
and therapy of osteoarthritis.

Conclusions

Our data demonstrated that the sensitivity of combined 
detection was significantly improved compared with single 
detection for the evaluation of arthritis. This strategy may 
provide practical basis for the prevention and treatment 
of arthritis.
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Abstract
Background. Chlamydia trachomatis (C. trachomatis) and Streptococcus agalactiae (GBS) may be present 
in the female cervical canal without any symptoms of infection. Chronic chlamydial infections lead to many 
serious complications and perinatal infections, while the presence of GBS is a reservoir for infections of new-
borns or invasive streptococcal infection in adults.

Objectives. To examine healthy women for C. trachomatis without symptoms from the reproductive system, 
assess the frequency of asymptomatic infections, detect GBS in the cervical canal, demonstrate differences 
in drug susceptibility, and determine the serotype of S. agalactiae strains and correlations among the ones 
present in the cervical canal.

Material and methods. A total of 315 cervical swabs were collected for genetic and microbiological 
analysis for the presence of C. trachomatis and S. agalactiae. Latex and diffusion-disk methods were used 
to determine the serotype and susceptibility of streptococci.  

Results. Ten out of 315 women (3.2%) were C. trachomatis-positive. Using traditional methods of microscopy, 
culture and serology, 42 strains (13.3% of the subjects) obtained from patients were identified as S. agalactiae 
and further analyzed. The most common serotypes identified were II (18/42, 42.9%), V (11/42, 26.2%) and 
III (10/42, 23.8%). The less common serotypes found were VII (2/10, 4.8%), and Ib (1/10, 2.4%); no Ia, IV or 
VII serotypes were found. All the strains were susceptible to penicillin, while 71.4% of them were susceptible 
to erythromycin and 81.0% were susceptible to clindamycin. Seven isolates (16.7%) were concomitantly 
resistant to erythromycin and clindamycin.  

Conclusions. Chlamydia trachomatis was confirmed in 3.2% of the respondents, and GBS was found 
in 13.3%, despite a lack of symptoms of infection. The incidence of C. trachomatis infections and GBS colo-
nization in Poland is similar to those in other European countries.  
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Introduction

Streptococcus agalactiae or Group B Streptococcus (GBS) 
is a Gram-positive β hemolytic coccus in the Streptococcus 
genus. Streptococcus agalactiae most commonly colonizes 
the lower gastrointestinal tract, anus and the vaginal envi-
ronment. Epidemiological data indicates that GBS is found 
in  the vaginal tract of 10–30% of healthy women who 
usually do not show any symptoms of inflammation.1–3 
In non-pregnant women and in men, GBS is becoming 
an increasingly common cause of invasive diseases, es-
pecially in the elderly, in immunocompromised patients 
or  in  those with other (particularly chronic) diseases. 
The  combination of  bacterial and host factors deter-
mines the course of infection.1–3 Streptococcus agalactiae 
causes infection of the skin and subcutaneous tissue, uri-
nary tract, lungs, and endocardium; it also causes group 
B streptococcal meningitis, which is an important but un-
common manifestation of invasive GBS disease in adults, 
accounting for up to 4% of all cases of bacterial meningitis 
in adults. Most cases of GBS meningitis occur in postpar-
tum women, the elderly or adults with serious underlying 
diseases.4 Symptoms of the disease are generally abrupt, 
and bacteremia occurs in about 80% of cases. A distant 
focus of infection, such as the endometrium or endocar-
ditis, is often identified. The case–mortality rate is high 
(27–34%) and closely related to the presence of underlying 
conditions other than pregnancy. A small but significant 
proportion of survivors (7%) suffer from permanent hear-
ing loss.5 Streptococcus agalactiae is particularly danger-
ous for pregnant women, in whom it multiplies intensively 
in the vaginal environment during pregnancy and poses 
a real risk to both the mother and the fetus.6 Cervical  
infections in pregnant women are associated with gyneco-
logical-obstetrical complications: miscarriage, premature 
childbirth, fetal membrane rupture, or pelvic inflamma-
tory disease (PID).7

Infants can be infected through aspiration of infected 
amniotic fluid or during childbirth.2,6 Group B Strepto-
coccus is associated with invasive disease in newborns. 
Newborn infections are classified as early when the disease 
develops in the 1st week of life and manifests as sepsis and 
pneumonia (so-called early-onset GBS). Late-onset GBS 
is diagnosed if symptoms appear after the 7th day of life, last 
until the 3rd month and resemble meningitis. In pregnant 
women or immediately postpartum, GBS are responsible 
for inflammation of the urinary tract, fetal membrane and 
endometrium, for sepsis, and rarely for meningitis.2

Chlamydia trachomatis and S. agalactiae may be pres-
ent in the female cervical canal without any symptoms 
of infection. Chronic chlamydial infections lead to many 
serious complications in women and perinatal infections, 
while the presence of GBS is a reservoir for infections 
of newborns or invasive streptococcal infection in adults. 
Chlamydia trachomatis is a bacterium with 3 biotypes 
responsible for different infections. The 1st one causes 

pneumonia in mice; the 2nd one, lymphogranuloma vene-
reum (LGV; serotypes L1–L3), is responsible for LGV; and 
the 3rd one (serotypes A–C) leads to trachoma or urogeni-
tal infections, conjunctivitis in adults and children, and 
pediatric pneumonia (serotypes D–K). Chlamydia tra-
chomatis (especially D–K serotypes) is the most common 
infection worldwide.8

Transmission of  C.  trachomatis usually takes place 
through direct mucous membrane contact (vagina, anus) 
with an infected person during sexual intercourse or oral 
sex, or immediately after birth through mother’s infected 
cervical canal. The risk of transmission during a single act 
of vaginal intercourse is estimated to be 10%, and about 
55% for people who have had at  least 2 sexual partners 
in the last 6 months. Partners of people with C. tracho-
matis infections are very likely to be infected, so it is im-
portant to notify and treat them. Despite literature reports 
on spontaneous clearance of C. trachomatis, it is recom-
mended that appropriate tests be performed in symptom-
atic and asymptomatic sexually active individuals, and 
after pathogen identification, to treat infected individuals 
and their sexual partners from the previous 6 months.

Due to its affinity for the female columnar epithelium, 
C. trachomatis infects the cervix, urethra and rectum, 
which leads to cervicitis, and inflammation of the fallopian 
tubes and pelvic organs. The complications may include 
infertility, peritoneal tissue inflammation (which occurs 
throughout the continuity of tissues), the Fitz-Hugh–Cur-
tis syndrome (PID with peritoneal tissue inflammation) 
and conjunctivitis, most often as an autoinfection. In wom-
en, inflammation of the rectum may occur through direct 
infection and/or PID complications.

In Europe, detected and registered C. trachomatis infec-
tions mainly affect heterosexual women (51%) and men 
(35%); perinatal infections amount to <1%, and the remain-
ing infections appear in homosexual men (10%) or are un-
specified.9 However, these values are underestimated due 
to the small number of reports on such infections. Only 
1,628 cases out of over 2 million in Europe were registered 
in Poland in 2013–2017.9

The developmental lifecycle of C. trachomatis is intra-
cellular and lasts up to 72 h, during which the bacterium 
occurs as an elementary body (EB), i.e., an infectious form 
of the bacteria incapable of division, and as a reticular 
body (RB), which multiplies in a host. Under unfavorable 
conditions, the bacteria can pass into persistent forms 
unable to transform into EB, which blocks the cycle and 
leads to  the  formation of  large atypical forms. Factors 
that induce the formation of persistent forms in vitro in-
clude β-lactam antibiotics, e.g., penicillin, which block 
RB division and prevent further transformation into EBs. 
Exposure to β-lactam antibiotics results in the accumula-
tion of  large aberrant RBs, so-called penicillin forms.10 
Moreover, the formation of persistent forms of bacteria 
is influenced by nutritional factors such as decreased ac-
cess to basic amino acids and ions, e.g., lowered exogenous 
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tryptophan or  iron levels, and immunological factors 
– pro-inflammatory cytokines and interferon γ (IFNγ). 
The interferon blocks RB replication – such large aberrant 
forms of Chlamydia can be observed in cells with IFNγ 
under in vitro conditions.11 Chronic and persistent infec-
tions are more likely to cause complications.

In 70–95% of women, chlamydial infections are asymp-
tomatic. If symptoms do occur, they usually develop 10–
14 days after sexual contact and most frequently include 
mucosal cervicitis, later purulent, cervical bleeding, fri-
ability, edema, and ulcers.12 Furthermore, C. trachomatis 
infection is accompanied by dysuria, vaginal discharge, 
post-coital and intermenstrual bleeding, and poorly differ-
entiated abdominal pain or lower abdominal pain. In wom-
en, asymptomatic or untreated chlamydial infection can 
lead to complications such as PID (including endometritis, 
salpingitis, parametritis, tubo-ovarian abscess, or perito-
nitis), chronic pelvic pain, infertility, ectopic pregnancy, 
or  fetal membrane rupture. Symptoms suggesting PID 
include tenderness and pain in the abdomen and lower 
abdomen – usually bilateral – tenderness and pain during 
gynecological examinations, acute dyspareunia, abnormal 
bleeding, as well as abnormal discharge from the vagina 
or cervix as a result of cervicitis, endometritis or bacte-
rial vaginosis. Moreover, women may develop sexually 
acquired reactive arthritis (SARA) (<1%).13 Adult inclusion 
conjunctivitis is most commonly associated with urogeni-
tal infections (autoinfection) with clinical presentation that 
includes tearing, conjunctival congestion, photophobia, 
moderately swollen eyelids, and the presence of mucus. 
This conjunctivitis does not lead to blindness, although 
complications such as corneal pannus or ulcer have been 
observed.14

The Polish Gynecological Society recommends annual 
C. trachomatis screening to pregnant and non-pregnant 
women ≤25 years (especially before a planned pregnan-
cy). Screening in pregnant women should be performed 
in the 1st and 3rd trimester of pregnancy (during the first 
visit). Non-pregnant women older than 25 years should 
be examined at least once a year – in particular women 
who engaged in high-risk sexual behavior before a planned 
pregnancy. Pregnant women >25 years should be exam-
ined in the 1st trimester (recommended during their first 
visit), and in the 3rd trimester only if at risk.15 According 
to the European Guideline on the Management of C. tra-
chomatis Infections, the indication for laboratory tests for 
C. trachomatis is the presence of risk factor(s) and/or other 
sexually transmitted infections (STIs), i.e., age <25 years, 
new sexual contact in the last year or more than 1 partner 
in the last year.13 Laboratory tests are recommended for 
men aged <40 years with symptoms of acute epididymo-
orchitis and/or risk factors for STI, and for women with 
cervical or vaginal discharge with risk factors for STI, acute 
pain and/or PID symptoms. In both sexes, testing should 
be performed in all cases of rectal inflammation/colitis 
due to the risk of STIs and conjunctivitis; and in neonates, 

in cases of purulent conjunctivitis or atypical interstitial 
pneumonia. A  separate group of  patients referred for 
laboratory testing are those diagnosed with other STIs 
or having sexual contacts with STI or PID individuals, 
after pregnancy termination, or following any intrauterine 
interventions or manipulations.16

The aims of this study was to examine healthy women for 
C. trachomatis without symptoms from the reproductive 
system, to assess the frequency of asymptomatic infec-
tions, to detect GBS in the cervical canal, to demonstrate 
differences in drug susceptibility, and to determine the se-
rotype of S. agalactiae strains and correlations among 
the bacterial strains present in the cervical canal.

Material and methods

All the procedures involving human participants were 
performed in  accordance with the  ethical standards 
of Wroclaw Medical University (Poland) and with the 1964 
Helsinki declaration and its later amendments. The study 
protocol was accepted by the Ethics Committee of Wro-
claw Medical University.

Cervical specimens were collected by  gynecologists 
during prophylactic examinations. Swabs were taken from 
315 women aged 18–32 years without previous genital 
symptoms from chlamydial or streptococcal infections. 
The mean age of the patients was 24.86 ±3.15 years. In-
formation on the number of partners in the previous year 
and the frequency of intercourse per week was collected 
from the patients during interviews. The women declared 
an average of 1.14 sexual partners in the previous 24 months 
and 2.05 sexual contacts per week. For chlamydia testing, 
we used a commercial DNA isolation kit and a C. trachoma-
tis PCR kit (both from GeneProof a.s., Brno, Czech Republic) 
which allow simultaneous detection of a conservative region 
encoding 16S rRNA and a conservative region of a cryptic 
DNA plasmid, including deletion mutation in the cryptic 
plasmid (the Swedish variant). To detect GBS, specimens 
were tested using standard culturing methods. The cultures 
obtained were used to isolate small grey smooth colonies 
with β-hemolysis. The  identification process included 
Gram-staining, and microscopic assessment of bacterial 
cells and colony purity. The Lancefield serological grouping 
was performed using a commercial streptococcal grouping 
kit (Oxoid Ltd., Basingstoke, UK). The culture properties 
of the collected S. agalactiae strains were tested using Co-
lumbia agar with 5% sheep blood (Graso Biotech, Starogard 
Gdański, Poland) and selected media: either CHROMagar 
Strep B (Graso Biotech) or Granada agar/Columbia CNA 
+5% sheep blood, (bioMérieux, Warszawa, Poland). Strep-
tococcus agalactiae strains were identified and tested for 
their susceptibility to antibiotics (benzylpenicillin 1 IU, 
erythromycin 15 μg, clindamycin 2 μg; medium: Muel-
ler-Hinton fastidious agar (MH-F); inoculum: 0.5 McFar-
land; incubation conditions: 5% CO2, 36°C, 18 ±2 h). This 
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methodology was recommended by the European Com-
mittee on Antimicrobial Susceptibility Testing (EUCAST). 
The isolates were serotyped using the ImmulexTM StrepB 
kit (SSI Diagnostica, Hillerød, Denmark) for serotypes Ia, 
Ib, II, III, IV, V, VI, and VII.17

Results

Out of the 315 women involved in the study, 10 (3.2%) 
were C. trachomatis-positive. Using traditional methods 
of microscopy, culture and serology, 42 strains obtained 
from patients (13.3% of  the  subjects) were identified 
as S. agalactiae and further analyzed. The most common 
serotypes identified were II (in 18 out of the 42, or 42.9%), 
V (11/42, 26.2%) and III (10/42, 23.8%). The less common 
serotypes found were VII (2/42, 4.8%) and Ib (1/42, 2.4%), 
with no Ia, IV or VII serotypes found. All the strains were 
susceptible to benzylpenicillin. The distribution of re-
sistance-phenotypes among the GBS serotypes isolated 
from women without symptoms of infection is presented 
in Table 1.

Statistical analysis

We found no correlation between positive results for 
C.  trachomatis and GBS; the  value of  the  χ2 test with 
the Yates’s correction is χ² (1) = 0.248, p = 0.875. This re-
sult confirms the significance value of the asymptotic odds 
ratio (OR) (p = 0.75) indicating that there is no relationship 
between the variables. Among the patients with positive 
results for C. trachomatis, 10% were also positive for GBS. 
In the GBS-positive study group, 2.4% were also positive 
for C. trachomatis.

Discussion

Infections caused by  GBS are commonly detected 
in the vagina. In our study, Streptococcus were isolated 
in smears from the cervical canal. The GBS colonization 
was confirmed in 42 patients (13.3%) and isolates were iden-
tified as S. agalactiae. The GBS colonization is transient 
in nature, and little is known about the host and bacterial 

factors controlling GBS persistence. Patras et al. used hu-
man cervical and vaginal epithelial cells in the mouse mod-
el of GBS vaginal colonization to characterize key host 
factors responsible for GBS colonization.3 The authors 
identified GBS strains that persisted for more than a month 
in the murine vagina, while other strains were more eas-
ily cleared. Moreover, they demonstrated that the persis-
tent strain more readily invades cervical cells compared 
to vaginal cells, suggesting that GBS may potentially use 
the cervix as a reservoir to establish long-term coloniza-
tion. The authors noted that compared to serotype Ia, se-
rotype III had increased adherence to vaginal cells, which 
confirms the previously noted increased vaginal epithelial 
adherence of serotype III strains over serotype Ia strains. 
Furthermore, they demonstrated that serotype V invades 
and/or survives within the cervical epithelium more read-
ily than other serotypes, which may be beneficial in niche 
establishment and long-term cervical-vaginal persistence.3

Similar results were obtained by Sadeh et al. in a study 
involving non-pregnant women. They obtained 70 isolates 
from 413 patients (16.9%). The most numerous group were 
serotypes III (50%), II (27.1%) and V (12.9%).18

Newborns most commonly contact GBS from the moth-
er’s genital tract. The GBS is detected in the vagina and 
rectum of 10–30% of pregnant women.3 Based on their 
capsular polysaccharides, GBS isolates can be divided into 
9 different serotypes. However, the distribution of sero-
types varies according to geographic location. In the pres-
ent study, the most common serotypes found in 315 wom-
en were II (18/42, 42.9%), V (11/42, 26.2%) and III (10/42, 
23.8%). Less common serotypes included VII (2/42, 4.8%) 
and Ib (1/42, 2.4%), whereas serotypes Ia, IV and VII were 
not found at all. Persson et al. reported that the serotype 
distribution of colonizing strains is similar to the distri-
bution of invasive strains, but 2 studies have shown that 
the proportion of serotype III strains is higher among inva-
sive strains than among colonizing strains.1 This indicates 
that serotype III strains may be more virulent than strains 
of other serotypes, which could be related to a failure to ob-
tain an adequate serum antibody response to serotype III 
during colonization.

There are some unexplained geographical differences 
between the  serotype distributions of  colonizing GBS 
strains. The most striking is the high prevalence of sero-
types VI and VIII in pregnant Japanese women, whereas 
these strains seem currently absent or rare in Europe and 
North America.8 Serotypes Ia, Ib, II, and III prevail in many 
parts of the world, but serotype V is the most frequently 
isolated in many countries.19

Clinical manifestations of GBS infection in adults are 
numerous and quite varied. Since Group B streptococci 
can colonize skin and mucosal surfaces and may be iso-
lated from infected sites along with other virulent organ-
isms, their role in pathogenesis has often been questioned. 
However, studies of invasive GBS infection in which mi-
croorganisms are isolated from normally sterile sites, such 

Table 1. Distribution of resistance phenotypes among GBS serotypes 
isolated from women without symptoms of infection

Serotype, n Resistant (%)

Ib (1) E (100)

II (18) E (22.2), DA (22.2)

III (10) E (10.0), DA (10.0)

V (11) E (54.5), DA (27.3)

VII (2) E (0), DA (0)

Resistance phenotype: E – erythromycin; DA – clindamycin.
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as blood or cerebrospinal fluid (CSF), provide direct evi-
dence that Group B streptococci are the etiologic agents 
in many clinical syndromes.13 Types Ia, III and V are cur-
rently the most frequently isolated serotypes from adult pa-
tients in nearly equal proportions.13 We found a prevalence 
of serotypes II, V and III, the presence of which in the cer-
vix may act as a reservoir for invasive diseases, even if they 
escalate over time or in combination with another underly-
ing disease. Special attention should be paid to serotype 
III GBS, which is considered extremely virulent. Tazi et al. 
examined GBS strains isolated from adults with invasive 
infections in France and found that such infections are 
more frequent among people aged ≥65 years of age, as de-
scribed in other European and US surveys, with serotypes 
Ia, III and V accounting for 72% of all examined strains.20

In 2009, Brzychczy-Włoch et al. reported a different 
distribution of serotypes in pregnant women colonized 
by GBS: Those authors found that serotype III was pre-
dominant (35%), followed by serotypes Ia (20%), V (17%) 
and II (15%). They demonstrated that pregnancy hormones 
and changes in the reproductive system significantly  affect 
GBS colonization and the distribution of predominant se-
rotypes in pregnant women.21 Wolny-Koładka examined 
250 S. agalactiae strains isolated from female reproduc-
tive tracts and found that the predominant serotypes were 
III (54%) and V (12%), followed by the Ia serotype (17%), 
which was not found in our study.22 Epidemiological data 
from European countries demonstrate that Ia, II, III, and 
V are the most frequently isolated serotypes in European 
countries.1,6,7,21 Except for Ia, all these serotypes were con-
firmed in our study.

In our study, 71.4% of the strains were susceptible to eryth-
romycin, 81.0% were susceptible to clindamycin, and the oth-
ers (19.0%) were clindamycin-resistant. We found 7 strains 
(16.7%) that were simultaneously resistant to erythromy-
cin and clindamycin. Garland et al. reported that in many 
countries, erythromycin resistance ranges from about 3% 
in Japan and Australia to 54% in the USA.23

Out of the 7 strains simultaneously resistant to eryth-
romycin and clindamycin in our study, we found 4 strains 
with serotype II and 3 strains with serotype V. Strain with 
serotypes Ib was resistant to erythromycin. Jannati et al. 
conducted research in Iran to determine the serotype dis-
tribution and antibiotic resistance of 56 GBS strains.19 

Their results showed that all the isolates were suscepti-
ble to penicillin. Only 3 isolates (5.3%) were intermedi-
ate to erythromycin (serotypes II, V and 1 unidentified); 
the remaining isolates were susceptible to erythromycin. 
Only 2 isolates (3.5%) were resistant to clindamycin (sero-
types II and III); 2 (3.5%) were intermediate; the rest were 
susceptible to clindamycin.19 Therefore, in our study and 
in the Iranian study, serotypes V, II and III were resistant 
to both erythromycin and clindamycin. Tazi et al. reported 
that erythromycin resistance has increased since 2007, 
reaching 35.24% in 2010; in their study, erythromycin re-
sistance was prevalent in serotype V.20

Because women who suffer from C. trachomatis infec-
tion may have no clinical symptoms, periodic or prophy-
lactic health examinations can help detect and confirm 
chlamydial infection. In  our study, PCR tests showed 
that 3.2% of the participants were Chlamydia-positive. 
 According to the literature, in Europe, the level of C. tra-
chomatis infections among women ranges between 3% and 
5.3%,13,16 which is consistent with the results of our re-
search. It is also estimated that 70–95% of infected women 
do not experience any symptoms in the genital system, 
which leads to uncontrolled spread of this microorgan-
ism.13,16 Undiagnosed and untreated patients are potential 
reservoirs of this bacterium.11 Detecting C. trachomatis 
infection before or during early pregnancy helps to avoid 
complications related to premature rupture of membranes, 
preterm birth and neonatal infections.13,16 In Germany, 
Dudareva-Vizule et al. analyzed the results for C. tracho-
matis obtained between 2008 and 2014, and found that 
3.9% of the women were infected with this microorgan-
ism.24 In the age group <25 years, 26.9% of the women un-
derwent screening tests. The highest percentages of posi-
tive results were found in women aged 15–19 years (5%) 
and 20–24 years (4.9%). Most of the women who under-
went the tests were pregnant (41.9%); these were preventive 
check-ups.24

In 2008–2013, Bianchi et al. used a nested polymerase 
chain reaction (PCR) assay to detect C. trachomatis cryp-
tic plasmid in cervical smears from women who had not 
reported any clinical symptoms of C. trachomatis infec-
tion.25 The  authors detected C.  trachomatis infection 
in 4.4% of the participants, with the highest percentage 
of infection recorded in women aged 20–21 years (5.5%) 
and the lowest in women aged 22–23 years (3.5%). The dif-
ferences between infection rates in different age groups 
were not significant.25 The frequency of detecting chla-
mydial infections depends on the region and diagnostic 
methods. Genetic PCR tests are the reference method, but 
due to their limitations, immunofluorescence or enzyme-
linked immunosorbent assay (ELISA) assays are more often 
used.9 Arsić et al. obtained a significantly higher percentage 
of positive results in the Balkans than the published data 
by other authors indicated.26 In 1 center, C. trachomatis 
ELISA assays were positive in 7.1% of the patients (i.e., 
100/1400); in Skopje, where direct fluorescent antibody 
(DFA) tests were used, Chlamydia antigens were detect-
ed in 6.8% of the women (120/718).26 In our own earlier 
study (2012–2013), we examined investigated the presence 
of C. trachomatis in cervical swabs among women aged 18–
30 using direct immunofluorescence (DIF) and reported 
that 4/109 patients (3.7%) were Chlamydia-positive,14 which 
is very close to our current results obtained with PCR.

Chlamydia-positive sexual partners are at  high risk 
of  transmitting this pathogen through sexual contact. 
Therefore, both sexual partners should be examined for 
infection and treated at the same time. Berntsson et al. 
examined 99 women with partners who had tested positive 
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for C. trachomatis.12 Using genetic methods, they obtained 
positive C.  trachomatis results in 53 out of 99 women 
(53.5%). Among the women infected with C. trachomatis, 
50% did not declare any clinical symptoms, while the re-
maining 50% reported dysuria or vaginal discharge.12

Our study found no correlation between the presence 
of C. trachomatis and GBS colonization of the cervical 
canal. The coexistence of both microorganisms was found 
in only 1 patient. Neither Friedek et al. nor Honig et al. 
found this correlation, but they examined C. trachomatis 
in cervical swabs and streptococci in vaginal swabs.27,28

Conclusions

Early diagnosis, awareness of the need to look for deeply 
advanced infection and adequate antimicrobial therapy 
are essential elements of effective treatment for GBS in-
fection. The  high morbidity and mortality of  invasive 
GBS infections has made the development of a multiva-
lent conjugate polysaccharide vaccine a major focus for 
research. Awareness of the distribution of and changes 
in GBS serotypes in different populations is important. 
Continued surveillance of invasive GBS disease in adults 
and genetic characterization of the isolated strains are 
essential, as they may impact the use of antibiotics and 
vaccine design. In our study, the distribution of GBS sero-
types was similar to results from other European countries 
and confirms the geographical variability of occurrence. 
Further research is needed to confirm the risk factors 
for GBS infection. Penicillin is used for GBS prophylax-
is, and erythromycin and clindamycin remain suitable 
 alternatives for women with β-lactam antibiotic allergies. 
Unfortunately, the number of strains resistant to mac-
rolides and lincosamides is growing, so it  is necessary 
to monitor the sensitivity of isolates of GBS. In our study, 
the incidence of C. trachomatis infections and GBS colo-
nization is similar to other European countries. We found 
no positive correlation between the presence of GBS and 
C. trachomatis in the cervical canal. We did not find any 
correlation between the presence of C. trachomatis and 
the number of sexual partners or sexual contacts, because 
the percentage of positive results was too low.
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Abstract
Background. While regulatory T cells (Tregs) are a poor prognostic factor for lung cancer, they may be 
detected as Forkhead box P3+ (FOXP3+) and cluster of differentiation (-CD) 4+ T cells by classifying 
FOXP3+CD4+ T cells into different subpopulations of CD4 cells.

Objectives. To classify clusters of tumor-infiltrating Tregs in lung adenocarcinoma based on the mRNA 
expression levels of interleukin-12 subunit alpha (IL12A) and transforming growth factor beta 1 (TGFB1) 
in tumor specimens.

Material and methods. Seventy-nine patients with lung adenocarcinoma were evaluated in this study. 
Clinical data were obtained from the patients’ medical records, while tumor tissue samples were preserved 
as formalin-fixed paraffin-embedded (FFPE) tissue specimens. Immunohistochemical staining for CD4, CD8 
and FOXP3 was performed and stained cell counts were obtained under 5 high-power fields. cDNA was 
synthesized from total RNA extracted from FFPE tissue specimens and amplified with Taqman probes for 
FOXP3, IL12A, TGFB1, and the glyceraldehyde-3-phosphate dehydrogenase gene.

Results. Two clusters were identified: IL12AlowTGFB1low (Cluster 1: n = 44) and IL12AhighTGFB1high (Clus-
ter 2: n = 39). Although no significant difference in the FOXP3+ cell/CD4+ cell ratio was observed between 
the 2 clusters (p = 0.921), the high FOXP3+/CD4+ cell ratio group showed a significantly poorer relapse-free 
survival rate than the low FOXP3+/CD4+ cell ratio group in Cluster 1 (p = 0.031).

Conclusions. Although the results revealed no direct association between Tregs and prognosis according 
to each subtype, these results suggest that if a lung cancer specimen contains low levels of IL12A and TGFB1, 
the FOXP3+/CD4+ cell ratio is useful for predicting the prognosis of lung cancer.

Key words: adenocarcinoma, prognosis, T-lymphocytes, regulatory
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Introduction

Tumor-infiltrating Forkhead box P3+ (FOXP3+) and 
regulatory T cells (Tregs) are poor prognostic factors for 
many types of malignant tumors,1 including lung can-
cer.2–8 Recently, FOXP3+ and cluster of differentiation 
(CD) 4+ T cells in peripheral blood lymphocytes were 
classified into 3 subpopulations based on the expression 
levels of  FOXP3 and CD45RA: subpopulation I, FOX-
P3lowCD45RA+; subpopulation II, FOXP3highCD45RA–; 
and subpopulation III, FOXP3lowCD45RA–. Subpopulation 
II, known as effector Tregs, exhibits suppressive activity 
and increased numbers of these cells are found among 
tumor-infiltrating lymphocytes compared to peripheral 
blood lymphocytes.9,10 In colorectal cancer (CRC), tumor 
infiltration, predominantly by FOXP3high/CD4+ Tregs, 
is strongly associated with the prognosis of malignant tu-
mors.11 In biomedical laboratories, flow cytometry is used 
to identify Tregs due to the difficulty in assessing effec-
tor Tregs using only formalin-fixed, paraffin-embedded 
(FFPE) tissues.

Saito et  al. described a  classification system based 
on  mRNA expression of  interleukin-12 subunit alpha 
(IL12A) and transforming growth factor beta 1 (TGFB1) 
in CRC specimens to distinguish subpopulations of (non-
Treg) poor cases from Fr-III rich cases.11 They classified 
CRC into 2 groups using this method and performed a sur-
vival analysis based on the FOXP3 mRNA expression level 
in the same specimens. The current study used the same 
approach to evaluate lung adenocarcinoma (LAC) using 
only FFPE tissue. As tumor cells frequently express FOXP3 
in lung cancer, this method revealed FOXP3 mRNA ex-
pression in lung cancer specimens, as well as the number 
of tumor-infiltrating Tregs.3,7,12–14 In flow cytometry, Tregs 
are assessed as a fraction using the ratio of each Fr Treg/
CD4+ mononuclear cell count.11 Thus, the FOXP3+/CD4+ 
ratio in FFPE tissue specimens was also assessed using 
immunohistochemical analysis.

Lund adenocarcinoma contains several histological sub-
populations that include lepidic, acinar, papillary, solid, 
mucinous, and micropapillary subpopulations.15 Cell 
density of  lepidic LAC is  lower than that of other sub-
populations. Consequently, the stained cell counts of lep-
idic subpopulations tend to be lower than that of other 
subpopulations. Adenocarcinomas in situ and minimally 
invasive adenocarcinomas have been associated with posi-
tive prognoses,16 which may be partly due to the generally 
lower numbers of FOXP3+ cells and tumor cells in these 
subpopulations, compared with others. However, this fea-
ture alone does not enable adequate assessment of the rela-
tionship between cell counts and prognosis. Furthermore, 
FOXP3 may appear in lung tumor cells, suggesting that 
the number of tumor-infiltrating Tregs is not adequately 
reflected by FOXP3 levels in tumor tissue.

Against such a background, the objective of this study 
was to  classify clusters of  tumor-infiltrating Tregs 

in LAC based on the mRNA expression levels of IL12A 
and TGFB1. This study was conducted to  determine 
whether the FOXP3+/CD4+ cell ratio is a better estima-
tor of the number of tumor-infiltrating Tregs in a tissue 
sample, and whether FOXP3+-rich regions are better for 
evaluating stained cell counts without being affected 
by the biased association with histological subpopulations.

Material and methods

Patients and samples

Seventy-nine patients with LAC who underwent pul-
monary resection and regional lymph node dissection 
at University of Yamanashi hospital. between 2004 and 
2011 were included in this study. Patients were excluded 
if they had other malignancies 5 years before or 2 years 
after LAC, complications related to autoimmune disease, 
had undergone treatment with non-radical excision, or had 
been treated using adjuvant chemotherapy. Clinical and 
pathological data was  obtained from the patients’ medical 
records at the hospital. Pathological data were re-evaluated 
according to the 8th edition of the Tumor-Node-Metastasis 
Classification for lung cancer.17

Ethical considerations

Tumor tissue samples were obtained during pulmonary 
resection and preserved as FFPE tissue specimens. All par-
ticipants provided informed written consent prior to pul-
monary resection. The study was approved by the Eth-
ics Committee of University of Yamanashi. The research 
was conducted in accor dance with the 2013 Declaration 
of Helsinki.

Immunohistochemical staining

The FFPE tissue blocks were sliced into 3 μm-thick tissue 
sections using a sliding microtome (Yamato Kohki Indus-
trial Co., Ltd., Asaka, Japan). Following deparaffinization 
in xylene and dehydration using increasing concentrations 
of alcohol, sections were pretreated by heat-mediated an-
tigen retrieval in a 95°C water bath with Target Retrieval 
Solution (DAKO, Glostrup, Denmark) at pH 6.0 for 30 min 
(CD4), pH 9.0 for 30 min (CD8) and pH 9.0 for 40 min 
(FOXP3). Prior to the application of CD8 and FOXP3 an-
tibodies, endogenous peroxidase activity was inhibited 
by incubating the samples in 3.0% hydrogen peroxidase for 
15 min at 37°C. For CD4, endogenous peroxidase activity 
was inhibited following primary antibody incubation using 
the same method. After protein blocking with Blocking I 
(Nacalai Tesque, Kyoto, Japan) for 15 min at 37°C, sec-
tions were incubated for an additional 2 h at 37°C with 
anti-CD4 (rabbit monoclonal, dilution 1:100; ab133616), 
anti-CD8 (mouse monoclonal, dilution 1:50; ab17147) and 
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anti-FOXP3 (mouse monoclonal, dilution 1:100; ab20034) 
antibodies (Abcam, Cambridge, UK). After being washed 
3 times with phosphate-buffered saline (PBS), sections 
were incubated for 30 min at 37°C with secondary antibod-
ies: Histofine Max-PO(M) (horseradish peroxidase (HRP)-
conjugated anti-mouse immunoglobulin polyclonal) and 
Histofine Max-PO(R) (HRP-conjugated anti-rabbit immu-
noglobulin polyclonal; Nichirei Biosciences, Inc., Tokyo, 
Japan). A 3,3′-diaminobenzidine peroxidase stain kit (Na-
calai Tesque) was used as the chromogen. Sections were 
counterstained using hematoxylin. Positive and negative 
staining controls for CD4/8 and FOXP3 were prepared us-
ing lymph node and tonsil sections, respectively. Staining 
of the positive control was performed as described above. 
The negative control was stained using PBS rather than 
with primary antibodies.

Evaluation of immunohistochemical 
staining

For CD4 and FOXP3, continuous sections were stained 
and counted. FOXP3+-rich regions in the tumor stroma 
were selected for counting CD4+ and FOXP3+ cell num-
bers. CD8+-rich regions in the tumor stroma were selected 
for counting CD8+ cell numbers. Each count was based 
on 5 fields from high-powered digital images (×400 mag-
nification). The average cell count was used for statistical 
analysis. FOXP3+ tumors were defined as >20% staining 
of tumor cells in a section as previously described.3

Quantitative real-time polymerase 
chain reaction

Total RNA was extracted from FFPE tumor specimens 
using an Ambion™ MagMAX™ FFPE Total Nucleic Acid 
Isolation Kit (Invitrogen, Carlsbad, USA). Next, cDNA was 
synthesized from 0.5 μg of total RNA using a SuperScript 
III Reverse Transcriptase Kit with random primers (Invi-
trogen) and amplified via 10.0 μM each of Taqman probe 
(FOXP3, IL12A, TGFB1, and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH); Applied Biosystems, Foster 
City, USA) and 10.0 μL of Taqman Gene Expression Mas-
ter Mix (Life Technologies, Carlsbad, USA) according 
to the manufacturer’s instructions. Relative mRNA ex-
pression was evaluated after normalization to GAPDH 
expression.

Tumor cell content analysis

Tissue sections continuous to FFPE tumor specimens 
used to extract RNA were stained with hematoxylin and 
eosin (H&E) and analyzed using ImageJ software (Nation-
al Institutes of Health, Bethesda, USA; http://rsb.info.nih.
gov/ij/). Analysis was based on 5 fields of view randomly 
chosen within the limits of RNA extraction in high-pow-
ered digital images (×400 magnification). The margins 

of the tumor cells were marked and the enclosed area 
was calculated as the area of the tumor cells. Total cell 
area was calculated by excluding any cell-free areas from 
the overall area of each image. The tumor content ratio 
was determined by the tumor cell area divided by the total 
cell area.

Statistical analyses

Categorical variables were compared using Fisher’s 
 exact tests and continuous variables were compared using 
non-parametric Mann–Whitney U tests or Kruskal–Wal-
lis one-way analysis of variance (ANOVA) and post hoc 
Tukey’s tests. All statistical analyses were conducted using 
SPSS v. 24.0 software (IBM Corp., Armonk, USA). Statisti-
cal significance was set at p < 0.05. The cut-off value for 
experimental data was defined using Youden’s index (J) 
as follows; J = sensitivity + specificity – 1, for variables with 
p < 0.05 (recurrence: “yes” vs “no”). Remaining continu-
ous variables were divided by the median value. Survival 
curves were estimated using the Kaplan–Meier method 
and compared using the log-rank test. Cox proportional 
hazards models were used for univariate and multivariate 
analyses. Relapse-free survival was used as a dependent 
variable. Independent variables were selected from cat-
egorical variables that were significant according to uni-
variate analysis (p < 0.05).

Results

Patient characteristics

A total of 79 LAC patients were included in this study. 
The mean age was 67.2 years (range: 32–88 years) and 
38.0% (30/79) were males. Nineteen percent (15/79) of these 
patients were relapsed LAC cases. The mean total tumor 
size was 2.48 cm (range: 0.6–8.0 cm), and 81% (64/79) of pa-
tients were at the pathological stage of 0–1. Histological 
subtypes of the tumors were lepidic in 30/79 cases, acinar 
in 17/79, papillary in 16/79, solid in 9/79, and mucinous 
in 7/79. Fifty-four percent (43/79) of tumor samples were 
positive for FOXP3 staining.

Immunohistochemical staining analysis

In the positive controls, the cytoplasm of lymphocytes 
in lymph node tissue specimens was stained with CD4 
and CD8 antibodies, whereas nuclei were stained with 
FOXP3 antibodies. For positive controls, cells displaying 
nuclear FOXP3 staining were confirmed as lymphocytes 
using CD4/CD8 antibodies, while cells displaying cyto-
plasmic FOXP3 staining were confirmed as non-lympho-
cytes. In negative controls, it was confirmed that tonsil 
tissue specimens were not stained by secondary antibodies 
in the absence of primary antibodies.
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Forty-three LAC samples (54.4%) were positively stained 
with FOXP3 antibodies (Fig. 1A–E). In  these samples, 
FOXP3 was mainly concentrated in areas rich in CD4+ 
and/or CD8+ cells and was localized to the nuclei of lym-
phocytes, as  well as  to  either the  nuclei or  cytoplasm 
of non-lymphocytic tumor cells (Fig. 1D,E). The mean 
FOXP3+ cell count in tumor samples from relapsed pa-
tients (n = 15) was significantly higher than that in samples 
from non-relapsed patients (n = 64) at 63 cells compared 
to 37 cells, respectively (p = 0.018). There were more CD4+ 
cells than FOXP3+ cells in all LAC samples, and therefore 
FOXP3+/CD4+ cell count ratios ranged between 0.05 and 
0.48. The mean FOXP3+/CD4+ cell count ratio was sig-
nificantly higher in relapsed than in non-relapsed patients 
(0.23 vs 0.16, respectively; p = 0.012) FOXP3+/CD8+ cell 
count ratios varied between samples, within a range be-
tween 0.04 and 1.94.

mRNA expression and clustering analysis

The median relative mRNA expression levels of FOXP3, 
IL12A and TGFB1 in lung tumor specimens were set to 1.0. 
The mRNA expression level ranges were 0.10–5.12, 0.07–
5.58 and 0.14–3.36, respectively. Two clusters were identi-
fied by unsupervised hierarchical clustering analysis based 
on IL12A and TGFB1 expression levels. A heatmap was 
generated, where red indicated high levels of mRNA ex-
pression and blue indicated low levels of mRNA expression 
for each gene of interest. Most Cluster 1 analyses exhibited 
low levels of IL12A and TGFB1 expression, while Cluster 2 
analyses exhibited high mRNA expression levels of IL12A 
and TGFB1 (Fig. 2).

Although lung tumor FOXP3 expression was signifi-
cantly higher in Cluster 2 than in Cluster 1 (p < 0.001), for 
FOXP3+ cases compared with FOXP3– cases (p < 0.05) 

Fig. 1. Forkhead box P3 (FOXP3) antibody staining of lung cancer tissues. A. Staining of lymphocyte cytoplasm for CD4. B. Staining of nuclei for FOXP3. 
C. Staining of cytoplasm for CD8. D.  FOXP3 staining was observed in nuclei of tumor cells (red arrow) and nuclei of lymphocytes (black arrow). E. FOXP3 
staining was observed in the cytoplasm of tumor cells (red arrow) and nuclei of lymphocytes (black arrow). The red arrows indicate stained cancer 
nuclei (D) and cytoplasm (E). The black arrows indicate stained lymphocytes. All images were acquired using tumor tissues
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(Fig. 3), Spearman’s rank-order correlation indicated that 
FOXP3 mRNA expression was unrelated to FOXP3+ cell 
counts (correlation coefficients: 0.171, p = 0.131; Fig. 4A) 
or the FOXP3+/CD4+ cell ratio (correlation coefficients: 
0.0819, p = 0.472; Fig. 4B). Survival curves for all groups 
are shown (Fig. 5). Cluster 1 showed a higher survival rate 
compared to Cluster 2, when clusters of all cases were 
compared.

Association between clinicopathological 
characteristics and experimental data

The FOXP3+ cell counts and FOXP3+/CD4+ cell ra-
tios were significantly higher in lung tumor samples from 
relapsed cases than from non-relapsed cases (p = 0.018 
and p = 0.012, respectively), and expression level of each 
mRNA was significantly lower in the relapsed groups than 
in the non-relapsed group (p < 0.01) (Table 1).

Clusters 1 and 2 comprised 44 and 35 patients, respec-
tively. Cluster 1 patients showed unfavorable pathologi-
cal characteristics, such as large tumor diameter, lymph 
node metastasis and vascular invasion, compared with 

Cluster 2 patients. Although Cluster 1 patients showed 
a significantly higher risk of recurrence than Cluster 2 pa-
tients (p = 0.039), no significant differences in FOXP3+ cell 
counts or FOXP3+/CD4+ cell ratios were observed between 
the 2 clusters. Cluster 1 comprised 14 relapsed patients 
and 30 non-relapsed patients. FOXP3+ cell counts and 
FOXP3+/CD4+ and FOXP3+/CD8+ cell ratios were signifi-
cantly higher in lung tumor samples from relapsed cases 
than in those from non-relapsed cases of Cluster 1. FOXP3 
mRNA expression was significantly lower in samples from 
relapsed cases than in non-relapsed cases (Table 2).

Association between the tumor cell 
content and other experimental data

The mean tumor content ratio was 0.373 (range: 0.088–
79.4). When samples were divided into 3 evenly sized 
groups according to tumor cell content ratio, no signifi-
cant differences in cell counts or mRNA expression levels 
were observed. However, the amount of mRNA extracted 
from the low tumor content ratio group was significantly 
less than in the high tumor content ratio group (Table 3).

Fig. 2. Expression levels of interleukin-12 subunit alpha (IL12A) and 
transforming growth factor beta 1 (TGFB1) in Cluster 2. Heatmap images 
were created using RNA expression to GAPDH expression ratios (mean 
value of 3 samples was used in the analysis). Logarithmic transformation 
was used to determine the normal distributions of RR values, which were 
standardized using Z-scores. “0” is shown in white and ±2SD is shown 
in red and blue, respectively Fig. 3. FOXP3 expression levels in clusters, FOXP3+, and FOXP3– cases. 

IL12AlowTGFB1low (Cluster 1: n = 44); IL12AhighTGFB1high (Cluster 2: n = 39)

FOXP3 – Forkhead box P3.

Fig. 4. Correlation analysis for FOXP3 mRNA expression. Correlation between FOXP3 mRNA expression and FOXP3+ cell counts (A) or FOXP3+/CD4+ cell 
ratio (B) in lung tumor tissues was not significant
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Univariate and multivariate analysis  
of risk factors affecting relapse-free 
survival rate

Univariate analysis of  all cases revealed older age 
(>73 years), larger total tumor size (>2.9 cm), larger invasion 
size (>2.4 cm), advanced T/N factor, advanced pathological 
stage, pleural invasion, advanced tumor grade, lymphatic 
invasion, vessel invasion, solid adenocarcinoma, higher tu-
mor FOXP3+/CD4+ cell ratio, FOXP3– tumor, lower tumor 
FOXP3, as well as IL12A, and TGFB1 mRNA expression 
levels and larger tumor cell content ratio (>0.55) as poor 
prognostic factors for relapse-free survival. In Cluster 1 
patients, univariate analysis revealed that larger total tu-
mor size (>3.5 cm), larger invasion size (>2.4 cm), advanced 
N  factor, advanced pathological stage, lymphatic invasion, 
vessel invasion, higher tumor FOXP3+/CD4 cell ratio 
(>0.192), higher tumor FOXP3+/CD8+ cell ratio (>0.400), 
as well as lower tumor FOXP3 and TGFB1 mRNA expres-
sion levels were poor prognostic factors affecting relapse-
free survival (Table 4).

In multivariate analysis of all cases, advanced N factor, 
advanced pathological stage, and vessel invasion, were con-
firmed as independent prognostic factors for relapse-free 
survival. In Cluster 1 patients, multivariate analysis con-
firmed larger total tumor size (>3.5 cm), advanced N factor, 
vessel invasion, and higher tumor FOXP3+/CD4+ cell ratio 
(>0.192) as independent prognostic factors for relapse-free 
survival (Table 5).

Discussion

Tregs play a key immunosuppressive role in malignant 
tumors.18–20 High tumor-infiltrating Tregs and peripheral 
blood Treg counts are poor prognostic factors for lung 
cancer.2–8 Treg fractions have been described previously. 
Flow cytometry is required to distinguish between frac-
tions. In CRC, Saito et al. reported that FOXP3+ non-Tregs 
in tumor samples were associated with inflammation and 
that their development depended on the secretion of IL12A 
and TGFB1 from tumor cells or tumor-associated cells.11 

Fig. 5. Survival curves for all groups. The upper left panel shows the FOXP3+/CD4+ ratio of lung tumor tissue samples for all cases. The upper right panel 
shows the comparison between clusters of all cases. The bottom left panel shows the FOXP3+/CD4+ ratio of Cluster 1. The bottom right panel shows 
the comparison of FOXP3+/CD4+ ratio of Cluster 2

FOXP3 – Forkhead box P3; CD – cluster of differentiation. Survival curves were estimated using the Kaplan–Meier method and compared using 
the log-rank test.
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Particularly, TGFB1 influences metastasis through epithe-
lial-to-mesenchymal transition by transactivating epider-
mal growth factor signaling.21

Cluster analysis performed as previously described11 re-
vealed 2 clusters of tumor samples. Cluster 1 was charac-
terized by IL12AlowTGFB1low and Cluster 2 by IL12AhighT-
GFB1high.11 Although no significant differences in FOXP3+ 
cell counts or FOXP3+/CD4+ cell ratios were observed be-
tween these 2 clusters, Cluster 1 patients showed a signifi-
cantly higher risk for recurrence than Cluster 2 patients. 
Moreover, among Cluster 1 patients, the high FOXP3+/
CD4+ cell ratio group was associated with a significant-
ly poorer relapse-free survival rate than that of the low 

FOXP3+/CD4+ cell ratio group. Although there was no 
direct association between Tregs and prognosis accord-
ing to each subtype, clustering based on tumor IL12A and 
TGFB1 mRNA expression may be useful to exclude cases 
in which Tregs are not associated with disease prognosis.

The findings indicate that this method may be useful 
for excluding groups without immune escape by Tregs, 
thereby increasing the accuracy of analysis. Secondly,  using 
Treg evaluation as a marker for treatment adaptation and 
effective prediction will likely enhance case exclusion ac-
curacy and enable administration of treatments targeting 
Tregs (such as CTLA-4 inhibitors) in clinical practice.

FOXP3 staining of  tumor cells has been reported 

Table 1. Comparison of FOXP3, ILI2A and TGFB1 mRNA expression levels and patient characteristics

Characteristics
Mean relative mRNAa expression level (range)

FOXP3 p-valueb IL12A p-valueb TGFB1 p-valueb 

Age [years] 
<73 (n = 29)
≥73 (n = 50)

6.76 (0.68, 29.14)
4.88 (0.70, 33.18)

0.32
0.25 (0.05, 1.15)
0.15 (0.01, 0.88)

<0.001
0.89 (0.12, 2.57)
0.53 (0.11, 2.53)

0.04

Sex
male (n = 30)
female (n = 49)

4.91 (0.68, 29.01)
7.45 (1.06, 33.18)

0.03
0.19 (0.02, 1.15)
0.23 (0.01, 1.01)

0.45
0.72 (0.11, 2.57)
0.88 (0.11, 2.46)

0.29

Emphysema
yes (n = 13)
no (n = 66)

4.59 (2.43, 18.90)
6.76 (0.68, 33.18)

0.47
0.14 (0.04, 0.42)
0.23 (0.01, 1.15)

0.03
0.53 (0.15, 1.16)
0.88 (0.11, 2.57)

0.05

Tumor factor
Tis,1 (n = 57)
T2–4 (n = 32)

7.12 (0.68, 33.18)
4.16 (0.70, 18.90)

0.03
0.24 (0.01, 1.15)
0.13 (0.02, 0.35)

0
0.94 (0.11, 2.57)
0.47 (0.11, 1.41)

<0.001

Nodal factor
N0 (n = 70)
N1,2 (n = 9)

6.97 (0.68, 33.18)
2.95 (1.82, 9.82)

0.01
0.23 (0.02, 1.15)
0.09 (0.01, 0.22)

0
0.85 (0.11, 2.57)
0.45 (0.11, 1.01)

0.01

Pathological stage
stage 0, I (n = 64)
stage II, III (n = 15)

6.97 (0.68, 33.18)
3.52 (0.70, 18.90)

0.03
0.24 (0.01, 1.15)
0.12 (0.02, 0.31)

0
0.92 (0.11, 2.57)
0.45 (0.11, 1.01)

0

pl factor
pl0 (n = 69)
pl1–3 (n = 10)

6.83 (0.68, 33.18)
3.12 (1.06, 14.52)

0.01
0.23 (0.01, 1.15)
0.15 (0.05, 0.35)

0.13
0.87 (0.11, 2.57)
0.45 (0.22, 1.05)

0.02

Lymphatic invasion
negative (n = 61)
positive (n = 18)

6.83 (0.68, 33.18)
5.32 (0.70, 14.52)

0.14
0.24 (0.05, 1.15)
0.13 (0.01, 0.31)

0
0.94 (0.12, 2.57)
0.37 (0.11, 1.01)

<0.001

Vessel invasion
negative (n = 62)
positive (n = 17)

6.76 (0.68, 33.18)
4.46 (0.70, 15.57)

0.1
0.24 (0.04, 1.15)
0.13 (0.01, 0.35)

0
0.93 (0.12, 2.57)
0.45 (0.11, 1.21)

<0.001

Grade
G1 (n = 37)
G2,3 (n = 42)

7.47 (0.68, 33.18)
5.81 (0.70, 19.29)

0.04
0.27 (0.07, 1.15)
0.17 (0.01, 0.88)

0
1.05 (0.29, 2.57)
0.50 (0.11, 2.53)

<0.001

Histological subtype
lepidic (n = 30)
mucinous (n = 7)
acinar (n = 17)
papillary (n = 16)
solid (n = 9)

8.17 (0.68, 33.18)
5.28 (1.28, 10.55)
5.61 (1.06, 19.29)
6.54 (2.43, 15.57)
2.95 (0.70, 9.82)

0.01

0.28 (0.07, 1.15)
0.18 (0.09, 1.01)
0.20 (0.05, 0.88)
0.18 (0.05, 0.43)
0.08 (0.01, 0.49)

0.01

1.11 (0.29, 2.57)
0.76 (0.45, 1.50)
0.69 (0.22, 2.53)
0.52 (0.12, 1.21)
0.33 (0.11, 1.55)

<0.001

Tumor FOXP3 staining
negative (n = 36)
positive (n = 43)

4.38 (0.68, 29.01)
7.67 (1.06, 33.18)

0
0.20 (0.02, 1.15)
0.23 (0.01, 1.01)

0.57
0.73 (0.11, 1.96)
0.90 (0.11, 2.57)

0.22

FOXP3 – Forkhead box P3; IL12A – interleukin-12 subunit alpha; TGFB1 – transforming growth factor beta 1; G – grade. a mRNA level relative to GAPDH; b mean 
expression levels for each mRNA type was compared between patient characteristic subgroups. Categorical variables were compared using Fisher’s exact 
tests and continuous variables were compared using nonparametric Mann–Whitney U tests or Kruskal–Wallis one-way ANOVA and post hoc Tukey tests.
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Table 2. Comparison of clinical and experimental characteristics among relapsed and non-relapsed and Cluster 1 and 2 patients (n = 79) with lung 
adenocarcinoma

Characteristics
All patients

non-relapsed relapsed p-value Cluster 1 Cluster 2  p-value

Number of patients 64 15 44 35

Age [years] (range) 67 (32–78) 74 (36–88) 0.024 73 (32–88) 65 (48–83) 0.039

Gender (%)
male
female

21 (32.8)
43 (67.2)

9 (60.0)
6 (40.0)

0.075
20 (45.5)
24 (54.5)

10 (28.6)
25 (71.4)

0.163

Emphysema (%)
yes
no
total size [cm] (range)
invasion size [cm] (range)

8 (12.5)
56 (87.5)

2.0 (0.6–5.5)
1.2 (0–5.4)

5 (33.3)
10 (66.7)

3.8 (1.2–8.0)
3.0 (0.8–8.0)

0.114

<0.001
<0.001

12 (27.3)
32 (72.7)

2.5 (1.2–8.0)
2.4 (0.1–8.0)

1 (2.9)
34 (97.1)

1.8 (0.6–3.8)
0.6 (0.0–3.8)

0.005

<0.001
<0.001

Tumor factor (%)
Tis,1
T2~4

52 (81.2)
12 (18.8)

5 (33.3)
10 (66.7)

0.001
25 (56.8)
19 (43.2)

32 (91.4)
3 (8.6)

0.001

Nodal factor (%)
N0
N1,2

63 (98.4)
1 (1.6)

7 (46.7)
8 (53.3)

<0.001
36 (81.8)
8 (18.2)

34 (97.1)
1 (2.9)

0.039

Pathological stage (%)
stage 0, I
stage II, III

60 (93.8)
4 (6.2)

4 (26.7)
11 (73.3)

<0.001
30 (68.2)
14 (31.8)

34 (97.1)
1 (2.9)

0.001

pl factor (%)
pl0
pl1–3

60 (93.8)
4 (6.2)

9 (60.0)
6 (40.0)

0.002
35 (79.5)
9 (20.5)

34 (97.1)
1 (2.9)

0.037

Lymphatic invasion (%)
negative
positive

56 (87.5)
8 (12.5)

5 (33.3)
10 (66.7)

<0.001
27 (61.4)
17 (38.6)

34 (97.1)
1 (2.9)

<0.001

Vessel invasion (%)
negative
positive

56 (87.5)
8 (12.5)

6 (40.0)
9 (60.0)

<0.001
30 (68.2)
14 (31.8)

32 (91.4)
3 (8.6)

0.014

Grade (%)
G1
G2,3

36 (56.2)
28 (43.8)

1 (6.7)
14 (93.3)

<0.001
11 (25.0)
33 (75.0)

26 (74.3)
9 (25.7)

<0.001

Histological subtype (%)
lepidic
mucinous
acinar
papillary
solid

29 (45.3)
6 (9.4)

15 (23.4)
10 (15.6)

4 (6.2)

1 (6.7)
1 (6.7)

2 (13.3)
6 (40.0)
5 (33.3)

0.001

8 (18.2)
3 (6.8)

12 (27.3)
14 (31.8)
7 (15.9)

22 (62.9)
4 (11.4)
5 (14.3)
2 (5.7)
2 (5.7)

<0.001

Tumor FOXP3 staining (%)
negative
positive

25 (39.1)
39 (60.9)

11 (73.3)
4 (26.7)

0.022
22 (50.0)
22 (50.0)

14 (40.0)
21 (60.0)

0.496

Cell count
CD4+ (range)
CD8+ (range)
FOXP3+ (range)

236 (64–636)
142 (66–418)

37 (8–193)

256 (127–556)
194 (67–284)

63 (9–111)

0.626
0.127
0.018

246 (106–636)
169 (67–418)

44 (9–163)

236 (64–556)
129 (66–276)

40 (8–193)

0.782
0.009
0.594

Cell count ratio
CD4+/CD8+ (range)
FOXP3+/CD4+ (range)
FOXP3+/CD8+ (range)

1.57 (0.35–7.60)
0.16 (0.05–0.48)
0.23 (0.07–1.94)

1.50 (0.57–5.35)
0.23 (0.07–0.44)
0.40 (0.04–1.57)

0.565
0.012
0.127

1.49 (0.47–7.60)
0.17 (0.05–0.44)
0.23 (0.04–1.94)

1.92 (0.35–4.18)
0.19 (0.05–0.48)
0.3 (0.08–1.20)

0.129
0.921
0.319

mRNA expression levels
IL12A (range)
TGFB1 (range)
FOXP3 (range)

1.18 (0.07–5.58)
1.16 (0.14–3.36)
1.12 (0.10–5.12)

0.62 (0.09–1.39)
0.58 (0.14–1.37)
0.54 (0.11–2.24)

0.006
0.001

<0.001

0.64 (0.07–1.67)
0.65 (0.14–1.96)
0.74 (0.11–2.98)

1.57 (0.86–5.58)
1.52 (0.92–3.36)
1.29 (0.10–5.12)

<0.001
<0.001
<0.001

Cluster (%)
Cluster 1
Cluster 2

30 (46.9)
34 (53.1)

14 (93.3)
1 (6.7)

0.001

(+) – positive; CD – cluster of differentiation; FOXP3 – Forkhead box P3; IL12A – interleukin-12 subunit alpha; mRNA – messenger RNA; pl – pleural invasion; 
TGFB1 – transforming growth factor beta 1; G – grade.
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Table 3. Characteristics of tumor samples by tumor cell content (high >46%, intermediate 27–46%, low <27%)

Parameter All patients
p-value

Tumor cell content high
(n =27)

intermediate
(n = 26)

low
(n = 26)

Patients per cluster (%)
Cluster 1
Cluster 2

16 (59.3)
11 (40.7)

16 (16.5)
10 (38.5)

12 (46.2)
14 (53.8)

0.482

Cell count
CD4+ (range)
CD8+ (range)
FOXP3+ (range)

237 (91–481)
156 (67–418)

40 (8–193)

247 (64–597)
152 (66–331)

43 (9–104)

242 (106–636)
136 (83–336)
42 (14–163)

0.942
0.566
0.79

mRNA expression levels
FOXP3 (range)
IL12A (range)
TGFB1 (range)

1.00 (0.11–5.12)
0.92 (0.07–4.91)
0.96 (0.14–2.36)

0.88 (0.10–4.48)
0.97 (0.18–5.58)
1.00 (0.16–2.32)

1.22 (0.45–4.50)
1.19 (0.25–4.74)
1.25 (0.31–3.36)

0.183
0.272
0.438

Extracted mRNA [µl/mL] 66.9 (13.5–284) 43.4 (8.7–174.0) 36.8 (11.6–94.7) 0.006

(+) – positive; CD – cluster of differentiation; FOXP3 – Forkhead box P3; IL12A – interleukin-12 subunit alpha; TGFB1 – transforming growth factor beta 1.

Table 4. Univariate analysis of clinical and experimental characteristics influencing the relapse-free survival of all patients (n = 79) and Cluster 1 patients 
(n = 44) with lung adenocarcinoma

All patients Cluster 1 patients

Characteristics hazard ratio 95% CI p-value hazard ratio 95% CI p-value

Age; elder 5.677 1.805–17.86 0.003 1.913 0.600–6.102 0.273

Gender; male 2.578 0.917–7.248 0.073 2.347 0.785–7.018 0.127

Emphysema; Yes 2.707 0.924–7.931 0.07 1.49 0.499–4.454 0.475

Total tumor size; large 13.49 4.559–39.95 <0.001 3.861 1.133–9.466 0.012

Invasion size; large 8.532 2.711–26.85 <0.001 5.418 1.867–15.72 0.002

Tumor factor; 2–4 6.665 2.272–19.55 <0.001 2.899 0.970–8.662 0.057

Nodal factor; 1–2 21.97 7.599–63.51 <0.001 17.89 3.447–30.26 <0.001

p-stage; II–III 20.29 6.363–64.67 <0.001 8.728 2.309–23.90 <0.001

Pleural invasion (+) 6.542 2.316–18.48 <0.001 2.716 0.908–8.123 0.074

Lymphatic invasion (+) 8.932 3.037–26.27 <0.001 4.608 1.438–14.76 0.01

Vessel invasion (+) 7.182 2.546–20.26 <0.001 3.591 1.242–10.38 0.018

G; 2–3 14.9 1.959–113.4 0.009 5.373 0.702–41.12 0.105

Subtype; solid 5.279 1.796–15.52 0.002 2.684 0.839–8.583 0.096

CD4+ cell; high 1.173 0.425–3.234 0.758 1.054 0.369–3.006 0.922

CD8+ cell; high 2.009 0.687–5.878 0.203 1.322 0.458–3.811 0.606

FOXP3+ cell; high 3.11 0.989–9.775 0.052 2.947 0.922–9.421 0.068

CD4+/CD8+; low 1.173 0.417–3.175 0.758 1.039 0.364–2.963 0.943

FOXP3+/CD4+; high 4.188 1.332–13.17 0.014 7.691 2.129–27.78 0.002

FOXP3+/CD8+; high 3.099 0.986–9.742 0.053 4.745 1.625–13.86 0.004

Tumor FOXP3; (+) 0.2593 0.083–0.815 0.021 0.315 0.099–1.007 0.051

FOXP3 expression; low 4.329 1.567–11.96 0.005 3.213 1.072–9.626 0.037

IL12A expression; low 10.81 2.438–47.96 0.002 1.411 0.489–4.067 0.524

TGFB1 expression; low 9.257 2.607–32.87 <0.001 3.276 1.025–10.47 0.045

Tumor cell content ratio; low 0.2037 0.072–0.575 0.003 0.280 0.067–1.175 0.08

(+) – positive; CD – cluster of differentiation; FOXP3 – Forkhead box P3; G – grade; IL12A – interleukin-12 subunit alpha; p – pathological; 
TGFB1 – transforming growth factor beta 1; 95% CI – 95% confidence interval.
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in various types of malignancies, including breast, gas-
tric and lung cancer.3,7,12–14,22,23 In gastric cancer, tumor 
FOXP3+ staining has been reported as a favorable prog-
nostic factor.24 However, tumor FOXP3+ expression was 
reported as a poor prognostic factor for oral and oro-
hypopharyngeal squamous cell carcinomas.25 In breast 
cancer, the effect of tumor FOXP3+ staining reportedly 
differs according to location, with nuclear expression as-
sociated with a favorable prognosis and cytoplasmic ex-
pression associated with a poor prognosis.23 One study 
suggested that, in lung cancer, tumor FOXP3+ staining 
was not a prognostic factor,3 while another study reported 
that high tumor FOXP3 expression was associated with 
a favorable prognosis.7 The current study did not observe 
a correlation between lung tumor FOXP3+ staining and 
FOXP3 expression.  Additionally, both FOXP3+ staining 
as well as high FOXP3 expression in lung tumor samples 
were associated with a favorable prognosis.

Highly specific information can be elicited by examin-
ing the FOXP3+/CD4+ ratios and subpopulations from 
IL12A and TGFB1, as well as by considering non-Tregs and 
excluding groups that are unrelated to prognosis.

This study had some limitations. First, FOXP3 mRNA 
was derived from both tumor cells and other cells in the tu-
mor microenvironment. Multivariate analysis did not re-
veal a significant difference in relapse-free survival. It can-
not be conclusively stated that tumor FOXP3 expression 
is a poor prognostic factor. However, the effect of tumor 
FOXP3 expression on assessing tumor-infiltrating Tregs 
was not negligible, as  indicated by  mRNA expression 
of  FOXP3 in  tumor specimens. Thus, when assessing 
FOXP3+ T cells the use of tumor FOXP3 mRNA expres-
sion should be avoided in tumors that frequently express 
FOXP3. Second, although there were no significant differ-
ences in mRNA expression of FOXP3, IL12A and TGF-B1 
between the 3 groups when divided according to the tumor 
cell content, higher tumor cell content ratio was related 

to recurrence in univariate analysis, and the higher tumor 
cell content group tended to have lower mRNA expression 
of IL12A and TGFB1. Therefore, tumor cell content ratio 
can be a confounding factor of mRNA expression analysis 
when sampling tumor cells and interstitial tissue together.

This is  the  first study to  apply cluster classification 
of IL12A and TGFB1 to lung cancer. In addition, we dem-
onstrated the possibility of selecting non-Tregs without 
the need for flow cytometry analysis.

Conclusions

This study suggests that assessing tumor-infiltrating 
Tregs in  lung cancer from FFPE tissues may be useful 
in evaluating FOXP3+/CD4+ cell ratios and classifying 
tumors according to IL12A and TGFB1 mRNA expres-
sion levels. However, care should be taken, as tumor cells 
frequently express FOXP3. Further studies are needed 
to clarify this diagnostic confounder.
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Abstract
Background. Sudden cardiac arrest is a major cause of death worldwide. Serum potassium level is an initial 
laboratory test that serves as part of an electrolyte panel easily obtainable by most emergency departments (EDs).

Objectives. To evaluate the relationship between serum potassium level and the survival outcome for 
out-of-hospital cardiac arrest (OHCA) patients.

Material and methods. We used the Cardiac Arrest Pursuit Trial with Unique Registration and Epide-
miological Surveillance (CAPTURES) database, which made up the OHCA cohort of 27 EDs in Korea from 
January to December 2014. The inclusion criteria were all OHCA patients in the cohort who had received 
cardiopulmonary resuscitation (CPR) in the hospital. The patients were excluded if they were transferred 
from another hospital, had a pre-hospital return of spontaneous circulation (ROSC), or if the potassium 
level and clinical outcome data were missing or not captured. The main parameter was serum potassium 
level on ED arrival.  According to the serum potassium level, the patients were divided into a hypokale-
mia group (K+ < 3.5 mEq/L), a normokalemia group (K+ = 3.5–5.4 mEq/L) and a hyperkalemia group 
(K+ ≥ 5.5 mEq/L). The primary outcome was neurologically favorable survival discharge.

Results. Among the 1,616 patients in the CAPTURES cohort, 913 patients were included in the analysis, 
of whom 46 patients (5.9%) were assigned to the hypokalemia group, 370 patients (40.5%) were  assigned 
to the normokalemia group and 497 patients (54.4%) were assigned to the hyperkalemia group. The hy-
pokalemia group has a significantly higher percentage of good neurological outcomes (26.1%). There was 
a significant positive correlation with neurologically favorable survival (odds ratio (OR) = 4.45; 95% confidence 
interval (95% CI) = 1.67–11.91) and a significant positive correlation with survival discharge (OR = 2.25; 
95% CI = 1.05–4.82).

Conclusions. In OHCA patients, serum potassium level measured in the hospital showed a significant as-
sociation with survival outcome. Hypokalemia had a significant association with good neurological outcome 
and survival discharge.

Key words: potassium, hypokalemia, resuscitation, sudden cardiac death, hyperkalemia
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Introduction

Sudden cardiac arrest is a major cause of death worldwide. 
In addition, the most frequent cause of out-of-hospital car-
diac arrest (OHCA) is ischemic heart disease. In the USA, 
38 people suffer from OHCA every hour.1,2 Over the last 
few decades, the continuous efforts of the emergency medi-
cal services (EMS) and improvements in the “chain of sur-
vival” have increased the survival outcome.3 However, 
the survival rate of OHCA varies markedly and the neu-
rologically favorable survival rate remains low.1

Early and accurate prediction of the outcome of OHCA 
can help physicians improve therapeutic efforts in patients 
who have very good chances of surviving. Predictors of good 
survival outcome in OHCA patients include initial cardiac 
rhythm, witnesses to the event, bystander administration 
of cardiopulmonary resuscitation (CPR), and early defibril-
lation.4–7 After achieving the return of spontaneous circu-
lation (ROSC), physicians can use clinical examination, 
electroencephalography (EEG) findings, evoked potentials, 
imaging tests, and brain-specific biomarkers – including 
neuron-specific enolase (NSE) and S100B –  to  predict 
the outcome in post-arrest patients.8–10 However, these 
biomarkers and tools are difficult to access in emergency 
departments (EDs) immediately after the patients arrive.

Serum potassium level is an initial laboratory test that, 
as part of an electrolyte panel, can be determined easily 
at most EDs. Potassium is a major component of internal 
cellular electrolytes in the body. The electrical difference 
between internal and external electrolytes is the mem-
brane potential. Therefore, serum potassium level affects 
membrane potential and myocardial cell conduction. 
In cardiac arrest, the serum potassium level may influ-
ence myocardial function. Hyperkalemia decreases myo-
cardial cell conduction velocity, and it can lead to fatal 
bradyarrhythmia and cardioplegia. Several observation 
studies show that hyperkalemia can be associated with 
poor survival outcome.11,12 Hypokalemia increases conduc-
tion velocity. In patients with acute myocardial infarction 
(AMI), several observation studies show that hypokalemia 
is associated with arrhythmia and increased mortality.13,14 
Due to these effects, serum potassium level can be an early 
predictor of survival outcomes.

We conducted this study to evaluate serum potassi-
um level as a predictor of OHCA. We hypothesized that 
the OHCA patients with normokalemia have better survival  
outcomes than those with hypokalemia or hyperkalemia.

Material and methods

Study design and data source

This retrospective observational study made use 
of the Cardiac Arrest Pursuit Trial with Unique Regis-
tration and Epidemiologic Surveillance (CAPTURES) 

database in Korea. The CAPTURES project was conducted 
from January to December 2014 on OHCA patients who 
visited 27 EDs (9 level 1 EDs and 18 level 2 EDs).

The purpose of the CAPTURES project was to identify 
the risk factors for OHCA and to investigate the prognos-
tic factors. All OHCA patients who visited the participat-
ing EDs were included in the CAPTURES project if they 
received prehospital CPR via EMS and their cardiogenic 
cardiac arrest was verified by an emergency physician. This 
study excluded terminal-stage patients, hospice patients, 
pregnant patients, patients without legal guardians who 
could provide patient information, homeless patients, and 
patients with “do not resuscitate” orders. Patients with car-
diac arrest caused by apparent trauma, drowning, addic-
tion, burns, or choking were also excluded from the study.

The CAPTURES registry collected information on these 
patients, such as their socioeconomic status, health, previ-
ous medical history, physical or mental stress, Utstein-style 
prehospital and hospital stage report, hematological exami-
nation results, and short-term and long-term results. Emer-
gency physicians of the participating hospitals conducted 
face-to-face interviews with the patients or the patients’ 
families. The study coordinators obtained the first hema-
tological examination results after the patients’ arrival  
at the ED and cardiac examination results from the medi-
cal record, and they collected six-month and twelve-month 
results of the patients via telephone if the patients survived 
and were discharged. All data was stored in a server using 
EpiData v. 3.1 (www.epidata.dk). The collected data was 
reviewed monthly by a quality management committee, 
consisting of emergency physicians, preventative medicine 
physicians and cardiologists of hospitals they had attended, 
where feedback on the collected data coding was given 
to the coordinators.15

Setting and study subjects

Emergency medical services in Korea form a  single-
tier, government-based system which provides a basic-to-
intermediate level of ambulance service in 16 provincial 
headquarters of the national fire department and serves 
a population of about 50 million people.15,16 The ambu-
lance personnel cannot declare death at the scene or ter-
minate CPR unless there is a ROSC. Therefore, all patients 
with OHCA are transported to the ED.17 All EDs in Korea 
are designated as level 1, 2 or 3 by the government in which 
the level designation is based on human resources, inten-
sive care units (ICUs), instruments, and equipment avail-
able at each ED. Level 1 (n = 19) and level 2 (n = 110) EDs 
have more resources and better facilities for emergency 
care and they must be staffed by emergency physicians 
24 h a day. All EDs are subject to an annual evaluation 
by a governmental audit committee. The patients eligible 
for this study (older than 18 years of age) were all EMS-
treated OHCA patients with presumed cardiac etiology 
who were transported to participating EDs from January 
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to December 2014. The patients who achieved prehospi-
tal ROSC, who were transferred from another hospital 
or whose initial serum potassium levels were not recorded 
were excluded from the study.

Patients who arrived at  the  ER received CPR based 
on  the  recommendation of  the  2010 American Heart 
 Association (AHA) guideline of advanced cardiovascular 
life support.18 Laboratory tests, including arterial blood gas 
analysis, were routinely performed on arrival.

Measurements

The primary outcome was neurologically favorable sur-
vival at hospital discharge, defined a priori as a Glasgow-
Pittsburgh Cerebral Performance Category (CPC) 
of 1 or 2.19 The CPC was estimated based on a medical 
record review. The secondary outcome was survival hos-
pital discharge.

Variables

The  main parameter was serum potassium level on 
 arrival to the ED. The patients were divided into groups 
according to their serum potassium levels: a hypokalemia 
group (K+ < 3.5 mEq/L), a normokalemia group (K+ = 3.5–
5.4 mEq/L) and a hyperkalemia group (K+ ≥ 5.5 mEq/L). 
We collected the initial laboratory test results from the ED 
(serum levels of sodium, chloride, creatinine, and blood urea 
nitrogen (BUN), and arterial blood gas analysis (ABGA) 
of pH, partial pressure of carbon dioxide (PaCO2), partial 
pressure of oxygen (PaO2), and oxygen saturation (SaO2)). 
Patients with a creatinine level higher than 1.5 were defined 
as renally impaired patients. Severe metabolic acidosis was 
defined as an arterial serum pH level of less than 7.2.

We  collected the  Utstein-defined covariates, which 
 include gender, age, presence of  a  witness, bystander 
CPR, initial electrocardiography (ECG) rhythm, prehos-
pital defibrillation, arrest location, time elapsed from call 
to ambulance arrival at the scene (EMS response time), 
time elapsed from arrival at the scene to departure (EMS 
on-scene time), time elapsed from departure to  arriv-
al at the ED (EMS transport time), and level of the ED 
( level 1 or 2). The time at which the cardiac arrest occurred 
or the time estimated by an emergency medical techni-
cian (EMT) was recorded. In addition, the cardiac arrest 
to ED arrival time was calculated as the interval from when 
the cardiac arrest occurred to the hospital arrival time. 
Previous medical history of diabetes mellitus (DM) and 
hypertension and treatment method (pharmacotherapy 
or non-pharmacotherapy) was collected using a survey.15

Statistical analysis

We compared the patient demographics and arrest char-
acteristics among the hypokalemia, normokalemia and hy-
perkalemia groups using χ2 test for the categorical variable 

and the Kruskal–Wallis test for the continuous variable. 
We performed post hoc analysis to compare groups,  using 
χ2 test with Bonferroni correction for the categorical vari-
able and Dunn’s test for the continuous variable. A uni-
variate logistic regression analysis was conducted in order 
to estimate the association between potassium level and 
survival outcome. In order to test the collinearity problem, 
the condition index was applied.

Serum pH had a large effect on the survival outcome. 
When the serum pH level was included, the condition  
index was determined to be over 30. Therefore, we divided 
the serum pH level into severe metabolic acidosis (pH < 7.2) 
and non-severe metabolic acidosis (pH ≥ 7.2). Hypoxia 
was defined as a SaO2 level lower than 90%. Multivariate 
logistic regression analysis was conducted in order to cal-
culate the adjusted odd ratios (ORs) and 95% confidence 
intervals (95% CIs) after adjusting for potential confound-
ing variables, including age, gender, primary ECG type, 
etiology of arrest, presence of a witness, bystander CPR, 
 arrest to ED arrival time, prehospital defibrillation, hy-
poxia, severe metabolic acidosis, DM, and hypertension. 
Fully conditional specification (FCS) method was applied 
for imputing missing values of the arrest to ED arrival 
time (n = 59), DM (n = 82), hypertension (n = 79), severe 
acidosis (n = 37), and hypoxia (n = 141). The analysis was 
performed using SAS software v. 9.4 for Windows (SAS 
Institute, Cary, USA).

Results

During the study period, there were 1,616 EMS-treated 
OHCA patients in the CAPTURES database. We excluded 
703 patients according to the study criteria and analyzed 
the remaining 913 patients (Fig. 1). In the total study group, 
the median potassium level was 5.7 mEq/L (interquar-
tile range (IQR) = 4.5–7.1). Among the 913 patients, 46 
(5.0%) were assigned to the hypokalemia group, 370 pa-
tients (40.5%) were assigned to the normokalemia group 
and 497 (54.4%) were assigned to the hyperkalemia group 
(Fig. 1). The demographics and arrest characteristics of this 
study population are summarized in Table 1. The neuro-
logically favorable survival rates were 4.5% in the total 
study population, 26.1% in the hypokalemia group, 5.7% 
in the normokalemia group, and 1.6% in the hyperkalemia 
group (Table 1). There were no patients with neurologically 
favorable survival at discharge when the serum potassium 
level was higher than 7.0 mEq/L.

Table 2 shows the initial laboratory test results of each 
group. The hyperkalemia group had a significantly higher 
creatinine level than that of the other groups (p < 0.05). 
The median creatinine level was 1.5 mg/dL (IQR = 1.1–
2.63  mg/dL) in  the  hyperkalemia group, 1.26  mg/dL 
(IQR = 1.03–1.53 mg/dL) in the normokalemia group and 
1.23 mg/dL (IQR = 0.98–1.58 mg/dL) in the hypokalemia 
group. The hyperkalemia group has a significantly lower 



D. Choi et al. Serum potassium level and outcome of OHCA730Table 1. Demographics of out-of-hospital cardiac arrest patients according to initial serum potassium level

Variables
Total Hypokalemia Normokalemia Hyperkalemia

p-value
N % N % N % N %

Total 913 46 370 497

Age [years]
18–64
65–74
75+
median

 
372
209
332
69

 
40.7
22.9
36.4

55–78

 
27
10
9

58.5

 
58.7
21.7
19.6

46–73

 
173
84
113
66

 
46.8
22.7
30.5

53–76

 
172
115
210
72

 
34.6
23.1
42.3

57–79

0.0001b c

0.0085e f

Gender
male

 
621

 
68.0

 
39

 
84.8

 
247

 
66.8

 
335

 
67.4

0.0429a b

Underlying HTN
HTN without medication
HTN with medication

 
54
315

 
5.9

34.5

 
4

16

 
8.7

34.8

 
17
126

 
4.6

34.1

 
33

173

 
6.6

34.8

0.6212

Underlying DM
yes

 
222

 
24.3

 
13

 
28.3

 
68

 
18.4

 
141

 
28.4

 
0.0013c

Prehospital shockable rhythm
yes

 
189

 
20.7

 
22

 
47.8

 
121

 
32.7

 
46

 
9.3

<0.0001b c

Witnessed arrest
yes

 
590

 
64.6

 
34

 
73.9

 
262

 
70.8

 
294

 
59.2

0.0007c

Bystander CPR
yes

 
379

 
41.5

 
23

 
50.0

 
162

 
43.8

 
194

 
39.0

0.1819

Public location
yes

 
230

 
25.2

 
15

 
32.6

 
108

 
29.2

 
107

 
21.5

0.0182c

EMS defibrillation
yes

 
214

 
23.4

 
21

 
45.7

 
127

 
34.3

 
66

 
13.3

<0.0001b c

Response time interval 
missing
0–4 min
4–8 min
8–12 min
12–16 min
>16 min
median (IQR)

 
6

75
484
249
58
41
6

 
0.7
8.2

53.0
27.3
6.4
4.5
5–9

 
2
3

28
10
2
1
6

 
4.3
6.5

60.9
21.7
4.3
2.2
5–8

 
3

30
206
104
16
11
6

 
0.8
8.1

55.7
28.1
4.3
3.0
5–9

 
1

42
250
135
40
29
6

 
0.2
8.5

50.3
27.2
8.0
5.8

5–10

0.1555

0.1304

Scene time interval
missing
0–4 min
4–8 min
8–12 min
12–16 min
>16 min
median (IQR)

 
17

144
337
281
73
61
7

 
1.9
15.8
36.9
30.8
8.0
6.7

5–10

 
3
5
15
13
4
6
8

 
6.5
10.9
32.6
28.3
8.7

13.0
5–10

 
7

62
127
115
29
30
7

 
1.9

16.8
34.3
31.1
7.8
8.1

4–11

 
7

77
195
153
40
25
7

 
1.4

15.5
39.2
30.8
8.0
5.0

5–10

0.3653

0.6652

Transport time interval
missing
0–4 min
4–8 min
8–12 min
12–16 min
>16 min
median (IQR)

 
15
59

304
269
123
143
123

 
1.6
6.5

33.3
29.5
13.5
15.7
6–14

 
1
3

19
12
3
8
3

 
2.2
6.5

41.3
26.1
6.5

17.4
5–11

 
7

25
133
100
48
57
48

 
1.9
6.8

35.9
27.0
13.0
15.4

5.5–13

 
7

31
152
157
72
78
72

 
1.4
6.2

30.6
31.6
14.5
15.7
6–14

0.5640

0.1304

Arrest to ED arrival time
missing
0–15 min
15–30 min
>30 min
median (IQR)

 
59
89

405
360
27

 
6.5
9.7

44.4
39.4

21–36

 
2
4

26
14
25

 
4.3
8.7

56.5
30.4

20–33

 
15
48

176
131
26

 
4.1

13.0
47.6
35.4

20–33

 
42
37

203
215
28

 
8.5
7.4

40.8
43.3

21.5–40

0.0065c

0.0009

ED level
level 1 
level 2

 
400
513

 
43.8
56.2

 
17
29

 
37.0
63.0

 
166
204

 
44.9
55.1

 
217
280

 
43.7
56.3

0.5917

Survival outcome
ROSC
survival discharge
good neurological outcome

 
412
88
41

 
45.1
9.6
4.5

 
35
15
12

 
76.1
32.6
26.1

 
185
53
21

 
50.0
14.3
5.7

 
192
20
8

 
38.6
4.0
1.6

<0.0001a b c

<0.0001a b c

<0.0001a b c

ap-values significant after Bonferroni correction (<0.0167) between hypokalemia and normokalemia groups; bp-values significant after Bonferroni correction 
(<0.0167) between hypokalemia and hyperkalemia groups; cp-values significant after Bonferroni correction (<0.0167) between normokalemia and 
hyperkalemia groups; dsignificant difference in Dunn’s test (α = 0.05) between hypokalemia and normokalemia groups; esignificant difference in Dunn’s 
test (α = 0.05) between hypokalemia and hyperkalemia groups; fsignificant difference in Dunn’s test (α = 0.05) between normokalemia and hyperkalemia 
groups. HTN – hypertension; DM – diabetes mellitus; IQR – interquartile range; CPR – cardiopulmonary resuscitation; EMS – emergency medical services; 
ED – emergency department; ROSC – return of spontaneous circulation.
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pH than the other groups (p < 0.05). The median pH level 
is 6.92 mg/dL (IQR = 6.81–7.03) in the hyperkalemia group, 
7.02 mg/dL (IQR = 6.9–7.12) in the normokalemia group 
and 7.07 mg/dL (IQR = 6.98–7.23) in  the hypokalemia 
group. The hypokalemia group had a significantly lower 
PaCO2 level than the other groups (p < 0.05).

The relationship between serum potassium level and 
survival outcome is  shown in Table 3. After adjusting 
the  covariates, hypokalemia had a  significantly posi-
tive correlation with neurologically favorable survival 
(OR = 4.45; 95% CI = 1.67–11.91; p = 0.0012) and survival 
discharge (OR = 2.25; 95% CI = 1.05– 4.82; p = 0.0011). 
Furthermore, the  hyperkalemia group had no statisti-
cally significant correlation with neurologically favorable 
survival (OR = 0.79; 95% CI = 0.31–2.02; p = 0.0414), but 
a significantly negative association with survival discharge 
(OR = 0.40; 95% CI = 0.22–0.72; p < 0.0001). Table 4 pres-
ents the result of the logistic regression analysis of vari-
ables according to initial serum potassium level on survival 
outcomes.

Discussion

We conducted an observational study using a multi-
center, prospective-collected database to evaluate initial 
serum potassium level as a predictor of OHCA. This study 
demonstrated that hypokalemia at ED arrival is associated 
with good neurological outcome and survival discharge 
in OHCA patients. Moreover, hyperkalemia at ED arrival 
is associated with poor survival discharge in OHCA pa-
tients. Therefore, the initial serum potassium level is likely 
to be used as a prediction marker of survival outcome 
in patients with OHCA.

This study demonstrated an increasing tendency of me-
dian age of the OHCA patients as potassium level increased, 
and that the rate of prehospital shockable rhythm inversely 
decreased as potassium level increased. Therefore, this study 
identified that the cardiac arrest in the hypokalemia group 
had higher rates of ventricular tachycardia (VT) or ven-
tricular fibrillation (VF) arrest, which suddenly occurred 
at a younger age, and the cardiac arrest in the hyperkalemia 

Table 2. Biochemical parameters of out-of-hospital cardiac arrest patients according to initial serum potassium level

Parameter Total 
median (IQR)

Hypokalemia 
median (IQR)

Normokalemia 
median (IQR)

Hyperkalemia 
median (IQR) p-value

Na [mmol/L] 140 (136–144) 140.8 (138–145) 141 (138–144.4) 139 (134–143) <0.0001 a

Cl [mmol/L] 103 (99–106) 104 (99–108) 103.4 (100.6–107) 102 (97–106) 0.0004 a

BUN [mg/dL] 19 (14.2–30) 15 (12.1–20.5) 17 (13–22.3) 23 (16–45.35) <0.0001 a,b

Cr [mg/dL] 1.38 (1.09–1.9) 1.23 (0.98–1.58) 1.26 (1.03–1.53) 1.5 (1.1–2.63) <0.0001 a,b

pH 6.97 (6.85–7.09) 7.07 (6.98–7.23) 7.02 (6.9–7.12) 6.92 (6.81–7.03) <0.0001 a,b,c

PaCO2 [mm Hg] 73 (53–92) 53.1 (33–77) 73 (55–87.7) 74 (53–16.0) <0.0001 a,c

PaO2 [mm Hg] 33.8 (16–67) 65 (28–92) 29.1 (14–69) 35.5 (17–61.8) 0.0044 a,b

SaO2 [%] 38.6 (12.25–81.4) 77 (30.4–95) 33.1 (11.3–81.7) 39.4 (12.4–76.6) 0.0011 a,b

HCO3 [mEq/L] 16.65 (12.4–21.4) 16.1 (12–21.7) 18 (13.9–22.2) 16 (11.7–20.3) <0.0001 a,b,c

asignificant difference in Dunn’s test (α = 0.05) between hypokalemia and normokalemia groups; bsignificant difference in Dunn’s test (α = 0.05) 
between hypokalemia and hyperkalemia groups; c significant difference in Dunn’s test (α = 0.05) between normokalemia and hyperkalemia groups. 
IQR – interquartile range; Cr – creatinine; BUN – blood urea nitrogen; PaCO2 – partial pressure of carbon dioxide; PaO2 – partial pressure of oxygen; 
SaO2 – oxygen saturation.

Fig. 1. Flow chart of patient inclusionTotal EMS-accessed OHCA
n = 1,616

Included in analysis
n = 913

Serum K < 3.5 mEq/L
n = 46

3.5 ≤ Serum K < 5.5 mEq/L and
n = 370

5.5 mEq/L ≤ Serum K
n = 497

Pre-hospital ROSC
n = 175

Transfer from other hospital
n = 98

CPR not attempted at ED
n = 97

Missing laboratory test data
n = 333
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group had higher rates of non-shockable rhythm including 
pulseless electrical activity (PEA) and asystole, which oc-
curred at an older age. This suggests that hypokalemia might 
have relatively caused VF at a young age, which is a possibil-
ity of causality of hypokalemia among young patients. This 
study also showed that the serum creatinine level gradu-
ally increased as the potassium level increased; therefore, 
we are able to assume that chronic kidney disease (CKD) 
as an underlying disease was also more prevalent in the hy-
perkalemia group. However, there was no significant dif-
ference in hypertension prevalence among the groups, and 
DM was more prevalent in patients with hypokalemia and 
hyperkalemia than in normokalemia. Based on these re-
sults, the elderly patients may have a higher rate of under-
lying diseases, including CKD, which can cause hyperka-
lemia. On the other hand, the occurrence of cardiac arrest 
in a private setting among the elderly might be susceptible 
to the development of hyperkalemia due to the relatively late 
discovery and treatment, as compared to the occurrence 
of cardiac arrest in a public setting among younger people, 
and the reduced prehospital shockable rhythm.

Hyperkalemia resulting from poor perfusion during car-
diac arrest could be associated with poor survival outcome. 
Metabolic acidosis is commonly observed due to gener-
alized poor-perfusion-induced lactic acidosis. Further-
more, hyperkalemia can be caused by extracellular shift 
during acidosis. In our study, the response time, scene 
time and transport time did not differ significantly among 
the 3 groups. However, the total arrest-to-ED-arrival time 
was significantly longer in the hyperkalemia group, while 
the  hypokalemia group had a  lower rate of  witnessed 
cardiac arrest and a lower rate of such event occurring 
in a public location than the other groups. These condi-
tions were associated with prolonged cardiac arrest time. 
Furthermore, the  median ED arrival time in  patients 
with cardiac arrest due to VF or VT among the hyper-
kalemia group was 32 min, which was 6 min longer than 

that of the patients with cardiac arrest due to VF or VT 
(26 min) among the normokalemia group. However, there 
was no statistical significance (p = 0.06). This finding may 
be due to the longer prehospital time causing hyperkale-
mia, which could result in a different prognosis – even 
when the shockable rhythms were similar.

Hyperkalemia could result from underlying medical 
conditions, such as CKD, acute kidney injury or bleed-
ing, or from medications, such as digoxin and potassium-
sparing antihypertensive drugs.20 In our study, the hy-
perkalemia group had more elderly patients, a higher rate 
of DM and a higher median serum creatinine level. Previ-
ous studies showed a similar association with comorbid-
ity and hyperkalemia in OHCA patients.21,22 As a result 
of the comorbidity and decreased physiological reserve 
in the elderly, the hyperkalemia group could have a nega-
tive association with survival outcome.

Hyperkalemia is  known to  cause conduction delay 
in  the  myocardium and fetal bradyarrhythmia.23 This 
could cause hyperkalemia to interrupt the electrical distur-
bance of the myocardium during a resuscitation effort24; 
thus, hyperkalemia could be associated with poor survival 
outcome. In addition, the correction of hyperkalemia may 
improve the survival outcome of the OHCA patients.

In our study, the hypokalemia group was associated 
with better neurological outcomes than the normokale-
mia group or the hyperkalemia group. As shown in Table 1, 
the hypokalemia group was relatively young and had higher 
rates of prehospital shockable rhythm, bystander CPR and 
public location, as well as a shorter time from the arrest 
to arrival at the ED. These factors are known to be good 
prognostic factors in prehospital cardiac arrest; therefore, 
the better results of the hypokalemia group might be due 
to them.25,26

In the study population, the hypokalemia group had 
a more shockable rhythm. Among the 12 patients with 
good neurological outcome in the hypokalemia group, 

Table 3. Effect of initial serum potassium level on survival outcomes

Parameter
Total Outcome Unadjusted Adjusted*

n n % OR 95% CI p-value OR 95% CI p-value

Primary outcome: neurologically favorable survival

total 913 41 4.5 – – – – – –

hypokalemia 46 12 26.1 5.87 (2.66–12.95) <0.001 4.45 (1.67–11.91) 0.0012

normokalemia 370 21 5.7 1 – – 1 – –

hyperkalemia 497 8 1.6 0.27 (0.12–0.62) <0.001 0.79 (0.31–2.02) 0.0414

Secondary outcome: survival to discharge

total 913 88 9.6 – – – – – –

hypokalemia 46 15 32.6 2.89 (1.46–5.72) <0.001 2.25 (1.05–4.82) 0.0011

normokalemia 370 53 14.3 1 – – 1 – –

hyperkalemia 497 20 4.0 0.25 (0.15–0.43) <0.001 0.40 (0.22–0.72) <0.0001

* adjusted to age, gender, hypertension, diabetes mellitus, initial shockable rhythm, EMS defibrillation, arrest location, bystander CPR, arrest to arrival time, 
severe acidosis, renal insufficiency, and hypoxia. OR – odds ratio; 95% CI – 95% confidence interval.
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11  of  them had a  shockable rhythm. Previous studies 
show that hypokalemia is associated with an increased 
risk of arrhythmia in patients with cardiovascular disease 
(CVD).27,28 Therefore, the etiology of cardiac arrest due 
to hypokalemia was VT or VF, which was more reversible 
than the other causes of cardiac arrest. In addition, sud-
den cardiac arrest due to VT or VF is more likely to occur 
in a public setting in the patients’ everyday life,29 which 
could result in a higher likelihood of receiving CPR from 
a bystander and a shorter arrest to ED time. Therefore, 
hypokalemia could be associated with survival outcome.

Limitations

This study was insufficient in the application of  serum 
potassium level as a predictor of survival outcome in a pre-
hospital setting because the patients with a successful 
prehospital ROSC, which is associated with good neuro-
logical outcome in a prehospital setting, were  excluded. 
In addition, the serum potassium level at the time of the 
cardiac arrest may differ from the serum potassium level 
at ED arrival.

This study had several limitations. Firstly, this was 
an observational study, not a randomized controlled study. 
In order to adjust for the potential confounders, we used 
a multivariate logistic regression model including poten-
tial confounders. Secondly, the initial serum potassium 
level was not blinded, and data on whether hyperkalemia 
or hypokalemia was corrected therapeutically was not col-
lected. The correction of the potassium level could influ-
ence the survival outcome of OHCA patients. Thirdly, 
the CAPTURES registry did not record data on history 
of CKD or a specific list of the current medical history, 
such as whether the patient has taken hypokalemia-in-
ducing or hyperkalemia-inducing antihypertensive drugs. 
These drugs, whether the hypertension is hypokalemia-
induced or not, are known to affect the serum potassium 
level and survival outcome of OHCA patients.24 In order 
to adjust for CKD history, we defined renal insufficiency  
as  a  serum creatinine level of  more than 1.5  mg/dL. 
We also adjusted for history of hypertension with whether 
the patient was using a hypertensive drug or not. Finally, 
although a previous history of CVD in the course of previ-
ous medical history is an important prognostic factor, this 
registry did not include CVD history but only a CKD his-
tory, such as DM and hypertension. Therefore, the analysis 
of such information was not possible.

Conclusions

In OHCA patients, the  initial serum potassium level 
had a significant association with survival outcome. This 
study showed that hypokalemia had a significant asso-
ciation with good neurological outcome and survival 
discharge, while hyperkalemia had a negative correlation 

with survival discharge. These findings suggest that initial 
serum potassium level is associated with the etiology and 
result of cardiac arrest. Thus, initial serum potassium level 
can be used as a prediction marker of survival outcome 
in patients with OHCA.
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Abstract
Background. The first symptoms of oral cancer are nonspecific. They raise suspicions of other, less serious 
conditions. Treatment of oral cancer is challenging, and the time of its detection and the implementation 
of appropriate therapy affect the prognosis.

Objectives. To identify predisposing factors, symptoms, time of, and reasons for delays in the diagnosis 
and appropriate treatment of oral cancer.

Material and methods. This retrospective analysis includes patients who were hospitalized with a diag-
nosis of carcinoma at the Clinical Department of Maxillofacial Surgery at the 4th Military Clinical Hospital 
and Polyclinic in Wrocław, Poland, between 2008 and 2018, and at the Department of Maxillofacial Surgery 
at Wroclaw Medical University Hospital between 2010 and 2018. The analysis took into account the data 
obtained from the patients’ medical records.

Results. This study comprised 305 patients (112 female; 36.7% and 193 male; 63.3%). The most frequent 
diagnosis was squamous cell carcinoma (N = 294; 96.4%). The floor of the mouth was the most frequent 
primary site (N = 103; 33.8%), followed by the anterior 2/3 of the tongue (N = 94; 30.8%) and lower 
gingiva (N = 43; 14.1%). A significant percentage were reported at an advanced stage (73.5% in stages III 
and IV combined). The reasons for the late-stage diagnoses depended on the patients (40.6%), the doctors 
(24.9%) or both (10.8%). Only 47.5% of patients reported because of the initial symptom noticed. Nearly 
half of the patients reported after 3–6 months of observing symptoms, usually to a general practitioner 
(GP; 35.7%) or a dentist (31.8%).

Conclusions. The oncological awareness of patients and healthcare professionals is an essential issue. Doctors 
often recommend inappropriate treatment, sometimes without monitoring its effectiveness. Dentists should 
consider cancer in the differentiation of clinical manifestations of other oral disorders.

Key words: oral diseases, head and neck cancer, oral cancer
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Introduction

Oral cancer is a significant public health problem, caus-
ing many deaths. According to the GLOBOCAN 2018 proj-
ect, coordinated by the International Agency for Research 
on  Cancer (IARC) of  the  World Health Organization, 
the estimated incidence of lip and oral cancer is 354,864 
(2%), and its estimated mortality is 177,384 (1.9%).1 Over 
90% of cancers in the head and neck region are head and 
neck squamous cell carcinomas (HNSCC).2 Oral cancer 
affects men more often, but the male-to-female ratio is de-
creasing. The risk of developing this disease is higher after 
the age of 45.3 The five-year survival rate correlates with 
tumor advancement: The rate is about 80% for stage I can-
cer, and only around 20% for patients with stages III or IV.4 
A significant percentage of patients report with cancer 
at an advanced stage, which often qualifies the patient 
for only palliative treatment. At the moment of diagnosis, 
regional metastases are present in about 40% of cases, and 
distant metastases in about 6%, despite the accessibility 
of the oral cavity to examination even without specific 
diagnostic instruments.5,6

This has given rise to investigations of the causes of these 
significant diagnostic and therapeutic delays. Oncological 
awareness in society is crucial; it is the subject of many pro-
health campaigns, aimed at drawing attention to the need 
for early cancer detection. This issue is  not common 
in the literature – such state of affair emphasizes the need 
to pay more attention to this problem because early diag-
nosis of oral malignancy at an early stage may reduce death, 
morbidity and disfigurement from this disease.7

Insufficient oncological awareness and ignorance 
of the potential etiology (cancer) of symptoms are the most 
relevant aspects concerning the patients. Despite noticing 
a lesion, patients downplay it as long as it does not inter-
fere with their functionality to a significant extent. Often 
patients report to the doctor only when pain occurs or, 
worse, or when they have difficulty in eating or speaking.8,9

The level of doctors’ awareness also may require im-
provement.10,11 Most of the time, like patients, they do not 
associate the presented symptoms with neoplastic etiol-
ogy. Poor diagnoses and a consequent lack of or correct 
initial therapy (i.e., long-term, ineffective antibiotic therapy 
or other pharmacotherapy, periodontal, surgical or end-
odontic treatment, prosthetic correction) result in sig-
nificant delays in the appropriate treatment process. Such 
incorrect treatment may make patients’ condition even 
worse.8,11 Besides dangerous delays and failures to continue 
further diagnosis, the recommended monitoring of the ef-
fectiveness of the initial treatment is often lacking.

Oral cancer influences the quality of life of patients be-
cause it impairs the efficiency of eating and speech. The es-
thetics of the oral region is also an important aspect. When 
the tumor is in an advanced stage, it results in the need for 
extensive surgery, which has a negative influence on both 
functionality and esthetics.6,11

The aim of the study was to determine the first symptoms 
of oral cancer, the reasons that prompt patients to self-
report to doctors and the reasons for delays in the appro-
priate diagnosis and treatment, depending on both health-
care professionals and patients. The 2nd aim was to draw 
attention to the need to increase the level of oncological 
awareness in society at large and among healthcare profes-
sionals in particular.

Material and methods

The  research material comprised patients hospital-
ized between 2008 and 2018 at the Clinical Department 
of Maxillofacial Surgery of the 4th Military Clinical Hos-
pital and Polyclinic in Wrocław (Poland), and between 
2010 and 2018 at the Department of Maxillofacial Surgery 
of Wroclaw Medical University Hospital.

The analysis included patients with a pathological diag-
nosis of carcinoma and with tumors within the oral cavity. 
The analysis excluded patients with a pathological diag-
nosis other than carcinoma, patients hospitalized because 
of tumor recurrence or with a primary location other than 
the oral cavity (metastatic tumor), and patients with any 
missing data.

This retrospective analysis comprised data from the pa-
tients’ medical records and pathological results. The data 
referred to the patients (their age at the time of diagno-
sis, concomitant systemic diseases, previous oncological 
therapy, malignancies in the family, addictions); the tumor 
(the pathological diagnosis, primary site, clinical tumor/
node/metastasis (TNM) staging and advancement (I–IV), 
macroscopic appearance); the diagnostic process and type 
of therapy before the patient’s admission to the hospital 
(the  time that passed from the  first noticed symptom 
to the patient reporting to the ward, the nature of the first 
symptom, the sign that prompted the patient to self-report 
to a healthcare provider, the specialty of the first healthcare 
professional consulted, the first therapy (or other medical 
activity) implemented, the number of doctors consulted 
before admission to the ward); and the reasons for delays 
in implementing the appropriate diagnostic and thera-
peutic procedures, categorized as reasons that depend-
ed on the patients, those that depended on the doctors, 
or both.

The statistical analysis was carried out using STATIS-
TICA v. 12 software (StatSoft, Inc., Tulsa, USA). The Kol-
mogorov–Smirnov and Shapiro–Wilk tests were used 
to  check the  compatibility of  empirical distributions 
of quantitative traits with the theoretical normal distri-
bution. The non-parametric Mann–Whitney U test veri-
fied the significance of differences in the values of average 
features with distributions different from normal or with 
heterogeneous variances in 2 independent groups. Pear-
son’s χ2 test or Spearman’s rank correlation coefficient 
verified the independence of 2 qualitative variables.
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Results

Age, sex, addictions, systemic disorders, 
and past oncological therapy

The analysis included 305 patients (112 female (F, 36.7%) 
and 193 male (M, 63.3%)). The mean age of the group was 
60.7 ±10.3 years (range: 22–87 years); 14 patients (10 M, 4 F)  
were under 45 years of age. The women were older than 
the men by an average of 4.7 years, which was statistically 
significant (p < 0.001). A predominance of males was found 
at a ratio of 1.7:1.

Among the patients, 248 (81.3%) admitted smoking cur-
rently or in the past, 255 (83.6%) reported drinking alcohol, 
221 (72.5%) consumed alcohol occasionally, and 34 (11.1%) 
reported significant alcohol abuse. In 32 cases (10.5%), 
smoking and significant alcohol abuse  coexisted. The men 
used stimulants more often than women (p < 0.001).

We found that 176 of the patients (57.7%) suffered from 
concomitant systemic diseases such as cardiovascular 
diseases, diabetes, hypo/hyperthyroidism, or rheumatic 
diseases. Systemic diseases were more frequent in the older 
patients (over 60 years of age) than in those under 45 (77.4% 
vs 39.6%, p < 0.001), while older people were less likely 
to use stimulants (86.3% vs 94.3%, p = 0.017).

Investigating the patients’ oncological history, we found 
that 32 of them (10.5%) had undergone other oncological 
therapy in the past. There were malignancies in family 
members in 46 cases (15%) (Table 1).

Pathological results, location, clinical stage

The floor of the mouth was the most frequent location 
(N = 103; 33.8%), followed by the anterior 2/3 of the tongue 
(N = 94; 30.8%) and lower gingiva (N = 43; 14.1%). The sig-
nificant advancement of the tumor in 33 cases made it im-
possible to determine the primary site within the oral cav-
ity. As for the pathological diagnosis, cases of squamous 
cell carcinoma were dominant (N = 294; 96.4%), although 
there were also patients with a diagnosis of adenoid cystic 

carcinoma (N = 5; 1.6%), adenocarcinoma (N = 4; 1.3%), 
lymphoepithelial carcinoma (N = 1; 0.3%), and mucoepi-
dermoid carcinoma (N = 1; 0.3%). Table 1 shows the dis-
tribution of the primary tumor locations.

At the time of the patients’ admission to the ward, 81 
of them (26.5%) were in the early stages of advancement 
(I: N = 26, II: N = 55) and 224 (73.5%) in late stages (III: 
N = 64, IV: N = 160). Nodal metastases (N > 0) existed 
in 193 cases (63.3%), while distant metastases (M1) existed 
in 7 patients (2.3%) (Table 2).

Table 1. Characteristics of the cases analyzed

Clinical feature Value

Mean age 60.7

Range 22–87

Age <45 N = 14

Age >45 N = 291

Sex ratio M:F 1.7:1

Addictions N %

Smoking 248 81.3

Drinking alcohol 255 83.6

Diseases N %

Concomitant systemic diseases (e.g., 
cardiovascular disease, diabetes, hypo-/
hyperthyroidism, rheumatic diseases)

176 57.7

Oncological history N %

Previous oncological treatment 32 10.5

Incidence of cancer in the family 46 15.0

Primary cancer site N %

Floor of the mouth 103 33.8

Tongue – anterior 2/3 94 30.8

Lower gingiva 43 14.1

Impossible to determine the primary site 33 10.8

Upper gingiva 13 4.3

Buccal mucosa 11 3.6

Hard palate 8 2.6

N – number of patients; M – male; F – female.

Table 2. Tumor stages, sex and age distribution of the population, time (counted in months) that passed between noticing the first symptom and 
the patient reported to the ward, and the number of doctors consulted

Variable
Tumor stage

I II III IV

Sex
male, N (% of male) 15 (7.8) 21 (10.9) 41 (21.2) 116 (60.1)

female, N (% of female) 11 (9.8) 34 (30.4) 23 (20.5) 44 (39.3)

Age

<45 years, N (% of patients <45 years) 1 (7.1) 2 (14.35) 5 (35.7) 6 (42.85)

45–69 years, N (% of patients 45–69 years) 19 (8.1) 43 (18.3) 46 (19.6) 127 (54)

≥70, N (% of patients ≥70 years) 6 (10.7) 10 (17.9) 13 (23.2) 27 (48.2)

Time [months], average 7.5 ±9.7 9.1 ±24.2  6.1 ±6.0 7.25 ±11.7

Number of doctors, average 1.6 ±0.9 1.5 ±1 1.75 ±1.2 1.4 ±0.85

N – number of patients.
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Total delay time

The time (in months) that had passed from noticing 
the first symptom until the patient reported to the De-
partment of  Maxillofacial Surgery was on  average 
7.4 ±13.9 months (min: 2 weeks, max: about 15 years). 
The time is given approximately because patients could not 
determine it accurately. There was no significant correla-
tion between gender and delay time (p > 0.05) or between 
tumor advancement and delay time (p > 0.05) (Fig. 1). 
There was no correlation between tumor advancement 
(stage and metastases) and the presence of any factor de-
laying correct diagnosis and appropriate therapy (p > 0.05) 
(Table 3), nor between tumor advancement and the time 
of patient’s initial consultation with a doctor (i.e., when 
the patient reported to a doctor because of the first noticed 
symptom) (p > 0.05).

In some cases, the patient consulted a number of spe-
cialists. In this study, the patients most often consulted 

1 healthcare professional (N = 132; 43.2%) and slightly less 
often 2 (N = 88; 28.8%; min: 0 (patients who reported di-
rectly to the ward); max: 5; average: 1.5 ±1; Table 2). There 
was no significant correlation between the tumor stage 
and the number of doctors consulted (p > 0.05), but there 
was a weak positive correlation between the delay time 
and the number of doctors consulted before admission 
to the ward (p < 0.05).

Symptoms and other pathological lesions

Ulceration was most frequent clinical appearance 
of a typical neoplastic lesion (N = 176; 57.7%), followed 
by induration (N = 135; 44.3%) and rupture (N = 43; 14.1%). 
The lesion often manifested with symptoms of inflam-
mation and bloody or  purulent discharge. Sometimes 
it had even necrotic parts. Accompanying symptoms de-
pended on the severity of the tumor; a significant correla-
tion was found between increasing tumor advancement 
and an increasing number of accompanying symptoms 
(p < 0.001) (Fig. 2). Lockjaw was present in 9 cases (3%), 
impaired tongue movement in 38 (12.5%) and paresthesia 
of the mandibular nerve (V3) in 14 (4.6%). No significant 
correlation between the duration of the disease or loca-
tion of the tumor and the number of additional symptoms 
was found (p > 0.05). There were also other pathological 
mucosal lesions within the oral cavity in 25 cases (8.2%), 
including leukoplakia, dysplastic lesions, papillary or red 
hypertrophic lesions, lichen planus, or prosthetic sto-
matitis. A significant oral hygiene deficit was observed 
in 60 patients (19.7%). A few patients (N = 6; 2%) were suf-
fering from mental disorders caused by their disease, while 
21 (6.9%) arrived at the ward in a state of  cachexia. Pallia-
tive therapy was the only treatment option for 5 patients 
(1.6%) because of the significant advancement of their 
cancer.

Fig. 1. Correlation diagram between the delay time and the stage 
of the tumor, with the value of Spearman’s rank correlation coefficient 
(rho)

Table 3. The influence of delays in appropriate treatment on tumor 
advancement

Tumor 
advancement

Delay in appropriate treatment 
Test result

p-valueno
N = 148

yes
N = 157

cT1 20 (13.5%) 21 (13.4%) 0.572

cT2 42 (28.4%) 49 (31.2%)

cT3 39 (26.4%) 31 (19.8%)

cT4 47 (31.8%) 56 (35.7%)

Metastasis
Delay in appropriate treatment

Test result
p-valueno

N = 148
yes

N = 157

M1 5 (3.4%) 2 (1.3%) 0.271

Mx 143 (96.6%)

N – number of patients; cT – clinical stage of tumor advancement.

Fig. 2. Correlation diagram between tumor progression and the number 
of accompanying symptoms, with the value of Spearman’s rank 
correlation coefficient (rho)
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First consultations, reasons  
and first noticed symptoms

The medical specialists to whom patients most often re-
ported with their first noticed symptoms were established 
on the basis of interviews. General practitioners (GPs) were 
the first healthcare professional consulted most frequently 
(N = 109; 35.7%), with dentists slightly less often (N = 97; 
31.8%) (Table 4).

The  first symptoms that the patients noticed were 
also determined. Most often they observed an unde-
fined lesion (N = 90; 29.5%), ulceration (N= 46; 15.1%) 
or induration (N = 40; 13.1%) (Table 5). The first symp-
tom noticed by the patient (or sometimes incidentally 
detected by a doctor) prompted a visit to a doctor in only 
47.5% of the cases, but there was no significant correla-
tion between patients’ early consultation with a doctor 

and tumor advancement (p  >  0.05). Often, patients 
sought medical help only at the time of the appearance 
of further symptoms or worsening of existing symptoms 
(Table 5).

Table 4. Specialist first visited

Type of specialist N %

General practitioner 109 35.7

Dentist 97 31.8

Directly to the maxillofacial department 48 15.7

Laryngologist 45 14.8

Oncologist 4 1.3

Dermatologist 1 0.3

Endocrinologist 1 0.3

N – number of patients.

Table 5. The nature of the first symptom noticed and of the symptom that prompted the patient to report to a doctor

First noticed symptom N % Symptom that prompted the patient to report to the doctor N %

Lesion 90 29.5 first noticed symptom 145 47.5

Ulceration 46 15.1 enlargement of the lesion 51 16.7

Tumor 40 13.1 pain (appearance after time) 38 12.5

Pain (tumor area) 21 6.9 intensification of symptoms that had been present for some time 22 7.2

Dysphagia 17 5.6 accidental detection 17 5.6

Wound/rupture 13 4.3 lack of healing/improvement after initial treatment implemented 13 4.3

Unnoticed 13 4.3 check-up for another reason 10 3.3

Sore throat 12 3.9 burning feeling 5 1.6

White/grey spot 11 3.6 pain when swallowing 5 1.6

Pain/burning/numbness 8 2.6 difficult speech 4 1.3

Discomfort 6 2 tumor 4 1.3

Tooth pain 6 2 tumor decay 3 1

Hoarseness 6 2 ulceration 2 0.7

Prosthesis mismatch 5 1.6 suppuration 2 0.7

Neck lump 4 1.3 sudden mismatch of prosthesis 2 0.7

Ulceration under a prosthesis 4 1.3 edema 1 0.3

Protuberance 4 1.3 limitation of tongue mobility 1 0.3

Face or neck pain 4 1.3 neck lump 1 0.3

No healing of post-extraction socket 4 1.3 ear pain 1 0.3

Edema 4 1.3 trismus 1 0.3

Infiltration 3 1

Excrescence 3 1

Speech disorders 2 0.7

Cough 2 0.7

Pain under prosthesis 2 0.7

Gingival bleeding 2 0.7

Ear pain 2 0.7

Feeling an obstacle in the throat 1 0.3

Loss of smell 1 0.3

Dry mouth 1 0.3

N – number of patients.
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Focusing on the dental aspect (and counting only people 
who first consulted a dentist), it was found that patients 
reported to the dentist because of the first symptom no-
ticed (N = 52; 51.5%), which was most often ulceration 
(N = 12; 23%), induration (N = 8; 15.4%), an undefined le-
sion (N = 7; 13.5%), pain (N = 5; 9.6%), or a white or grey spot 
(N = 5; 9.6%). Other causes that prompted patients to report 
to a dentist were enlargement of a lesion, a lack of healing 
or improvement after initial treatment, the onset of pain, in-
tensification of existing symptoms, and in individual  cases 
suppuration, prosthesis mismatch, dysphagia, impaired 
tongue movement, and a burning sensation in the mouth.

It is noteworthy that in 9 cases (8.9%), patients noticed 
nothing disturbing and detection (by the healthcare pro-
fessional) was accidental. Lesions were detected in 3 pa-
tients (3%) during a medical visit for a different reason 
(in 2 patients during oncological monitoring for another 
cancer and in 1 during a visit to an endocrinologist).

Reasons for delay

This study also includes the most common reasons for 
delays in the implementation of appropriate treatment. 
In 125 cases (41%), the patient caused the delay; in 76 cases 
(25%) the healthcare professionals were the cause; and in 32 

cases (10.5%) causes of delay lay on both sides. In 72 pa-
tients (23.6%), there was no definitive delaying cause.

Regarding the patients, the most common reason for 
a delay was that the symptoms of the disease were minor 
(N = 110; 36.1%) and did not impair their functionality 
(Table 6). The reason for delays independent of the patient 
was usually the initial treatment recommended by the doc-
tors (N = 108; 35.4%) who sometimes carried it out for 
a  long time, often without monitoring its effectiveness 
(Tables 7 and 8). Maxillofacial surgeons were less likely 
than GPs to refer patients to another doctor; and dentists 
took bioptic samples more often than GPs (Fig. 3).

Table 6. Patients’ reasons for delaying

Patients’ reasons for delaying N %

No reason 148 48.5

Minor symptoms/not significantly impeding 
functionality

110 36.1

Home remedies – ointments, pills, rinses, herbs, 
self-extraction

19 6.2

Did not apply for treatment/monitoring 14 4.6

Linking symptoms to dentition/denture problem 10 3.3

The patient did not notice → accidental detection 9 3

N – number of patients.

Table 7. Initial responses by specialization

Initial medical action General practi-
tioner [%]

Laryngolo-
gist [%] Dentist [%] Dermatolo-

gist [%]
Oncologist 

[%]
Endocrinolo-

gist [%]
Oromaxillofacial 

surgeon [%]

Referral to the ward/other 
doctor (N = 137; 44.9%)

43.8 12.4 39.4 – 2.9 0.7 0.7

Bioptic sample taking  
(N = 74; 24.3%)

1.4 23 13.5 – – – 62.1

Antibiotics (N = 29; 9.5%) 72.4 6.9 20.7 – – – –

Gels, ointments, creams  
(N = 23; 7.5%)

47.8 4.3 47.8 – – – –

Other pharmacotherapy 
(N = 18; 5.9%)

72.2 22.2 5.6 – – – –

Extractions (N = 8; 2.6%) – – 100 – – – –

Antifungal treatment  
(N = 7; 2.3%)

28.6 28.6 42.9 – – – –

Mouth rinses (N = 6; 2%) 66.7 – 33.3 – – – –

Endodontic treatment  
(N = 4; 1.3%)

– – 100 – – – –

Curettage (N = 3; 1%) – – 100 – – – –

Other ad hoc treatment  
(N = 3; 1%)

– 33.3 66.6 – – – –

Painkillers (N = 2; 0.7%) 50 50 – – – – –

Prosthetic corrections  
(N = 2; 0.7%)

– – 100 – – – –

Periodontology treatment 
(N = 2; 0.7%)

– – 100 – – – –

Sore throat pills (N = 1; 0.3%) 100 – – – – – –

Laser removal of lesion  
(N = 1; 0.3%)

– – 100 – – – –

N – number of patients.
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Analyzing the individual delays caused by healthcare 
providers, the most common cause was antibiotic therapy 
(N = 33; 10.8%), often repeated and prolonged, ointments 
and mouth rinses (N = 27; 8.9%) or other pharmacother-
apy (N = 24; 7.9%) aimed at treating suspected other dis-
eases, such as pharyngitis or aphthous stomatitis, often 
without monitoring the effectiveness of the treatment. 
An addi tional difficulty that increased the possibility 
of misdiag nosis regarding the oral cavity were symptoms 
of comorbid inflammation present along with cancer. 
Other noteworthy problems were incorrect bioptic sample 
retrieval, long waiting time for appointments or exami-
nations, and above all a  lack of oncological awareness 
on the doctors’ part, leading to downplaying the disease 
and not undertaking further treatment, not retrieving 
a bioptic sample or even not referring the patient to an-
other specialist (Table 7).

There was no correlation between the type of specialist 
first visited by the patient and the delay cause (p > 0.05), but 
when analyzing the role of dentists, it was relatively com-
mon to implement dental treatment without determining 

the real cause of the discomfort. A disturbing fact were 
the frequently lengthy delays between getting a pathologi-
cal result from a bioptic sample and implementing appro-
priate therapy. Often, the time was as long as 2–4 months.

Discussion

The percentage of patients in the early (I–II: 26.5%) and 
late (III–IV: 73.5%) stages of advancement in the group 
of patients analyzed are comparable to data from other 
studies, in which patients at advanced stages accounted for 
71.4% of all cases.11 On the other hand, in another analysis, 
the group of patients in the early stages dominated, with 
68% at stages I–II.6

The number of doctors consulted by the patient influ-
ences the  time that passes before the  implementation 
of appropriate treatment. There was a weak positive cor-
relation between the delay time and the number of doc-
tors consulted before a patient’s admission to the ward 
(p < 0.05). This confirms that numerous medical con-
sultations extend the total time before the start of ap-
propriate therapy. Patients most often visited healthcare 
professionals once (43.2%) or twice (28.8%) before they 
underwent appropriate treatment. This is relatively lower 
than reported in other studies, where about 60% of pa-
tients visited doctors 3–4 times before obtaining a final 
diagnosis.11 Moreover, prolonged waiting times negatively 
affect patient’s quality of  life, which is connected with 
psychological distress.12 In our study, a dentist was often 
the first healthcare professional consulted for oral cancer 

Fig. 3. The number of patients grouped according to primary care and 
the type of first treatment implemented (referral and bioptic sample 
retrieval) and the results of the test of independence

GP – general practitioner; L – laryngologist; MFS – maxillofacial surgeon; 
D – dentist.

Table 8. Professionals’ reasons for delay

Professionals’ reasons for delay N %

No reason 197 64.6

Antibiotics 33 10.8

Gels, ointments, rinses – treatment of aphta, ulcers 27 8.9

Other pharmacotherapy 24 7.9

Surgical procedures – extractions/resections 10 3.3

Antifungal treatment 7 2.3

Incorrect taking of the bioptic sample → incorrect 
result/wrong sending of the sample/result not 
corresponding to the clinical state

7 2.3

Incorrect diagnosis and no further treatment, 
referral, sample taking

7 2.3

Numerous examinations that extended the diagnosis 6 2

Periodontology treatment 4 1.3

Long wait for visits 3 1

Prosthesis correction or removal 3 1

Long wait for histopathology result 1 0.3

Photodynamic therapy 1 0.3

Repeated patient referral 1 0.3

N – number of patients.

Pearson’s χ2 test
χ2 = 46.2;    df = 3;   p < 0.001
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(31.8%), which is comparable to Wang et al., who reported 
that a dentist was one of the specialists in 35% of the cases.6 
It is important that sometimes the symptoms that patients 
report to the dentist, like toothache or discomfort related 
to a denture, raise suspicions of other potentially trivial 
ailments, common in dental practice, and may lead to mis-
diagnosis. The real cause should always be established 
before any treatment, not forgetting about the possibility 
of cancer.

Many studies categorize the reasons for delays into those 
dependent on the patients and those dependent on health-
care professionals. This study considers the entire delay 
time, from the moment of noticing the first symptom until 
the patients’ admission to the Department of Maxillofacial 
Surgery. The average was 7.4 ±13.9 months (slightly over 
200 days), which is similar to a study by Peacock et al., 
where the overall mean delay was 203.8 days. Those au-
thors concluded this delay is unacceptable.13 Some authors 
count the time of delay separately for the patients and 
specialists, and they emphasize that there is no consen-
sus about a time point beyond which a diagnosis could 
be considered delayed.14 The definition of professional 
delay is the period from the patient’s first consultation 
with a healthcare professional up to the final pathologi-
cal diagnosis. One of the reasons for professional delay 
is inadequate clinical examination, but also nonspecific 
clinical symptoms, a low index of suspicion, a lack of fa-
miliarity and experience with the disease, and comorbid-
ity.7 In a study by Esmaelbeigi et al.,11 the total time was 
140 days. As many as 45 days depended on the patient and 
86 days on the doctors. Others emphasize the patients’ 
delays, considering them to be the main delaying com-
ponent, because the duration was over 3 months in 48% 
of cases.6 In our study, the patients caused delays in 41% 
of the cases, the doctors in 40.55% and both in 10.5%. 
Sometimes, however, even 80% of reasons for delay are 
attributed to patients due to the fact that despite noticing 
a disturbing lesion, 30% of patients wait over 3 months 
until they see a doctor.10

Public awareness of oral cancer seems alarmingly low, 
as Warnakulasuriya et al. reported.15 Patients are unaware 
of  the etiology of  their symptoms and often downplay 
the first signs even when they are long-lasting. In 1 study, 
only 13% of the patients thought their symptoms were 
caused by a potentially serious reason, while 50% of them 
believed it would get better by itself.16 The reason is usu-
ally that the early symptoms do not affect functionality 
to a large extent. Patients also often undertake independent 
home treatment, even without consulting a doctor. Patients 
who took traditional herbal medication before seeking 
professional help had significant delays in the diag nosis 
of cancer.16 Earlier detection is possible in cases where 
the  patient is  concerned about severe symptoms such 
as painful ulceration or bleeding.8

Previously existing symptoms − sore throat, cough 
or  hoarseness because of  addictions − may also mask 

the appearance of the first symptoms of head and neck 
cancer in patients abusing tobacco and alcohol.9 Unfor-
tunately, doctors often prescribe medications (especially 
painkillers) to reduce symptoms they perceive as minor. 
Sometimes they carry out dental treatment that is also 
only symptomatic. When it comes to dentists, it is note-
worthy that a loss of teeth by the patient increases the risk 
of delay by as much as 4 times. Prior conservative, surgical 
or periodontal treatment significantly prolongs delays and 
contributes to the deterioration of the existing condition. 
The risk of professional delay in such cases increases over 
7 times.11 The symptoms that patients report to their pri-
mary care doctors are often suggestive of viral infection 
or tonsillitis, such as a sore throat or enlarged lymph nodes 
of the neck. This prompts the doctor to prescribe antibi-
otic therapy instead of looking for the real cause.8 This 
confirms that health professionals’ oncological awareness 
is important, even though the patients’ role in delaying 
the implementation of appropriate treatment is significant.

In the present study, the most frequently reported symp-
tom was an undetermined lesion (23.3%), as Goy et al. also 
reported.9 In contrast, ulceration is the most frequent clini-
cal observation (53.9%), which has been confirmed by data 
from other authors.16 Two critical signs present in almost 
all cancers are induration and fixation. Oral squamous cell 
carcinomas (OSCCs) present either as a red or white patch, 
an endophytic ulcerative lesion, or a more exophytic mass 
with rolled margins, central ulceration and tissue friabil-
ity.7 Lesions of this type should immediately be subjected 
to further verification.

Reducing the duration of delays is essential, although 
there was no significant relationship between delay and 
tumor advancement in our study. Other authors empha-
size that patients diagnosed with a  certain delay have 
a 3 times greater risk of a diagnosis of cancer at a more 
advanced stage than patients diagnosed without delay.11 
Long-term survival also depends on tumor advancement. 
During a long-term analysis, 51.3% of the late-stage pa-
tients died, as opposed to 28.1% at an early stage.6 Some 
say, however, that the tumor advancement at diagnosis 
is mainly determined by the rate of its growth, and with 
rapid growth this time is shorter and the advancement 
is higher; and vice versa with slowly growing tumors.4,6,17 
That sometimes explains a lack of relationship between 
delay and advancement,17 just as in our study, where there 
was no such correlation or dependence between the time 
and the number of additional symptoms related to a tu-
mor. Tumors of the head and neck region are character-
ized by relatively rapid proliferation, so the period of early 
detection is shorter.4 With considerable advancement and 
because of many intensified symptoms, there is a lower 
risk of missing the tumor and the delay time is shorter.17 
The stronger link between delay and tumor advancement 
in oral cancer compared to throat cancer reported by some 
authors is probably because throat cancer metastasizes 
at earlier stages.14
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Both our analysis and conclusions from the literature 
draw attention to  the  level of  oncological awareness, 
as the most common “professional” causes of delay include 
neglecting to consider cancer in the differential diagno-
sis and prescribing other treatment.11 It is also necessary 
to pay attention to pre-cancerous lesions and their con-
tinuous monitoring.6,14 In our study, the location of the tu-
mor has no significant relationship with the possibility 
of observing symptoms, which underlines the crucial role 
of accurate diagnosis by the first healthcare professional 
consulted. Differential diagnoses including cancer should 
also be performed among younger patients (under 45 years 
of age), because a common cause of overlooking cancer 
is a lack of suspicion because of a patient’s young age.14

Due to the fact that the only source of data was the pa-
tients’ anamnesis, there was a risk of unreliable results. 
However, our results are similar to the data found in other 
studies, as has been shown above. Another prospective 
study specifically considering monitoring treatment effec-
tiveness could be performed in the future to further ex-
plore the problem.

Conclusions

The present study confirms the need to improve the  level 
of  oncological awareness in  society, especially among 
healthcare professionals (GPs and dentists). Mandatory 
educational programs for doctors (as well as for medical 
students), focused primarily on in-depth interviews and 
clinical examinations, would help reduce the delay and 
shorten the diagnostic process. It is also essential to inform 
patients about maxillofacial oncology (attention to first 
symptoms, self-monitoring), especially those in high-risk 
groups, both during dental visits and social campaigns. 
Early detection of cancer may contribute to implementing 
appropriate treatment at low stages of advancement. Less 
invasive surgery is undoubtedly associated with a quicker, 
less demanding convalescence and a higher quality of life 
after surgery. Because of the necessity to exclude a relatively  
large group of patients due to the lack of all the required 
data for the study, it is necessary to create a full medical 
interview scheme, taking into account all the necessary 
data for further research.
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Abstract
Background. Appendicitis is one of the most common diagnoses in pediatric populations. Although new 
recommendations for the treatment of pediatric appendicitis were published, management varies among 
different institutions.

Objectives. To determine current practices in 4 (n = 4) representative pediatric surgical departments 
in Central Europe.

Material and methods. One department from each of the 4 countries was surveyed using an online 
questionnaire. Questions focused on preoperative, operative and postoperative practices in 2018, particularly 
those related to antibiotic (ATB) therapy and laparoscopy.

Results. A total of 519 appendectomies were performed, among which 413 (79.6%) were laparoscopic 
 appendectomies (LAs), with a conversion rate of 5.1%. Appendectomy, as an elective procedure, was per-
formed in 43 (8.3%) patients. One-quarter (129 patients) had complex appendicitis and 72.3% of these 
were operated laparoscopically. In 3 departments, ATB prophylaxis was administered, based on the deci-
sions of the operating surgeon. One department used standard ATB prophylaxis (metronidazole). Whenever 
phlegmonous appendicitis was detected, ATB were administered therapeutically in 2 departments. Two 
other departments administered ATB based on surgeon decision. The choice of ATB was not standardized. 
If complex appendicitis was detected, all sites administered ATB therapeutically. The type of ATB treatment 
was standardized in complex cases in 2 departments. Thirty-four complications (6.6%) at surgical sites were 
recorded – 4.1% (16/390) after uncomplicated and 14% (18/129) after complex appendicitis. Thirty-two 
occurred after acute surgeries and 26 of these followed laparoscopic procedures. Postoperatively, intra-
abdominal abscesses occurred in 3.5% of laparoscopic and in 2.9% of open appendectomy (OA) cases.

Conclusions. This questionnaire study showed that treatment outcomes for appendicitis in children in Central 
Europe are comparable with data reported in the literature. Laparoscopic appendectomy is the predominant 
surgical method, but there is a little consensus for ATB treatment in the management of appendicitis at our 
4 pediatric surgical departments.

Key words: pediatric surgery, antibiotics, laparoscopy, appendectomy, postoperative complications
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Introduction

Appendicitis is one of  the most common acute sur-
gical diagnoses in children, with appendectomy being 
the most commonly performed emergency operation.1,2 
Inflammation of the vermiform appendix ranges from 
simple irri tation to perforation with diffuse peritonitis. 
Therapy includes a combination of surgical and antibiotic 
(ATB) treatment. The traditional approach to appendec-
tomy is  the open surgical approach – open appendec-
tomy (OA), first described by McBurney in 1894.3 Lapa-
roscopic appendectomy (LA) was initially controversial 
(the first LA was performed in 1983 by Professor Kurt 
Semm), but recently LA has emerged as standard care 
in pediatric patients with acute appendicitis. Antibiotics 
are crucial for the treatment of complex appendicitis, 
and prophylactically before appendectomies.4 Their cor-
rect indication is important in reducing unjustified use, 
optimizing hospitalization stays and maximizing savings 
while maintaining safe levels of healthcare.5 According 
to evidence-based medicine (EBM), new recommenda-
tions have been published for the treatment of pediatric 
appendicitis in surgical terms and ATB therapy.6 This 
pilot study aimed to  determine the  current practices 
in 4 representative pediatric surgical departments in Cen-
tral Europe.

Material and methods

A multicenter retrospective questionnaire was addressed 
to pediatric departments in the Czech Republic, Hungary, 
Poland, and Slovakia, using an online survey (SurveyMon-
key Inc., San Mateo, USA). The questionnaire (Fig. 1) con-
sisted of 10 questions focusing on the type and number 
of appendicitis operations, surgical approaches, ATB pro-
phylaxes and therapies, and the number of postoperative 
complications at surgical site infections (SSIs) in 2018. Data 
was collected anonymously.

Results

All 4 departments completed the questionnaire. In 2018, 
519 appendectomies were performed in  participating 
 departments. All departments performed both OA and 
LA (Fig. 2). Four hundred and thirteen patients (79.6%) 
had LA, with conversion in 21 (5.1%) patients. Appen-
dectomy as  an  elective procedure (during surgery for 
recurrent abdominal pain) was performed in 43 (8.3%) 
patients. Three-quarters of patients (390) had uncom-
plicated appen dicitis (chronic, catarrhal or inflamed but 
grossly intact, nongangrenous, nonsuppurative appendix 
with no associated abscess or peritonitis). The remain-
ing patients (129) had complex appendicitis (gangrene, 
perforation or peri-appendicular abscess/mass) (Fig. 3). 

Thirty-five (OA; 27.1%) patients were operated by open 
surgery and 94 (LA; 72.9%) were operated laparoscopi-
cally. One department used standard preoperative ATB 
treatment (metronidazole), immediately started when 
the  decision to  perform an  appen dectomy was made. 
At the remaining departments, ATBs were administered 
according to decisions made by the consultant surgeon. 
Antibiotics were therapeutically administered in 2 de-
partments, whenever phlegmonous appendicitis was de-
tected. Two other departments administered ATB based 
on decisions made by the operating surgeon. The choice 
of ATB was not standardized. If complex appendicitis 
was determined, all departments administered ATB 
therapeutically, 2 according to their protocols. Overall, 
the SSI rate was 6.6% (34/519). Almost all infections oc-
curred after acute surgeries (94%, 32/34). After surgery 
for uncomplicated appendicitis, the complication rate 
was 4.1% (16/390), and 14% after complex appendicitis 
(18/129). In terms of acute complications, 7% (26/373) oc-
curred after LA and 5.8% (6/103) after OA. In a subgroup 
of organ-specific complications, abscesses after acute LA 
were observed in 3.5% (13/373) of patients and 2.9% (3/103) 
of patients after acute OA.

Discussion

Over the  last 2 decades, studies on pediatric appen-
dicitis have been increasing with a focus on the laparo-
scopic approach, as well as the correct ATB policy for 
the most effective treatment and reduction of postopera-
tive morbidity.7 In our questionnaire study, we focused 
on  the current state of  treatment of acute appendici-
tis in 4 representative pediatric surgical departments 
in Central Europe.

Laparoscopy

The data showed that equipment for LA was available in 
all departments and that laparoscopy had become the meth-
od of choice for almost 80% (413) of patients at the partici-
pating departments. The conversion rate was 5.1%. One-
quarter of all patients had complex appendicitis (gangrene, 
perforation or peri-appendicular abscess/mass) and even 
in these cases, 72.3% were operated on laparoscopically.

Our results are comparable with the 2017 EUPSA ques-
tionnaire, according to which most pediatric surgeons se-
lected a laparoscopic approach (89% of simplex appendici-
tis cases and 81% of perforated ones).8 The results of this 
comparison are even more interesting in terms of the mon-
ey spent on healthcare, as most studies on the use of lap-
aroscopy in appendectomy come from Western Europe 
or the USA, where more money goes to healthcare. In 2017, 
according to Eurostat, health spending per capita was 
about €2,773 in the European Union. In this study, in par-
ticipating countries, this expenditure was almost €1,000 
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Fig. 1. Management of appendicitis in 2018 – survey

 1) Number of all classic appendectomies performed in 2018
1. For acute appendicitis
2. For planned appendectomy (appendectomy performed during surgical exploration of abdominal cavity due 

to recurrent abdominal pain)

 2) Number of all laparoscopic appendectomies performed in 2018
1. For acute appendicitis
2. For planned appendectomy (appendectomy performed during surgical exploration of abdominal cavity due 

to recurrent abdominal pain)

 3) Number of complicated appendicitis in 2018 (gangrenous, perforated) – according to the perioperative finding 
– write the absolute number performed for the 1st laparoscopic, for the 2nd classical

 4) Number of conversions from laparoscopic to classic appendectomy in 2018

 5) Do you use antibiotic (ATB) prophylaxis before appendectomy (antibiotic prophylaxis = preoperative administration 
of one ATB dose 0–60 min before surgery)?
1. Yes, in all cases
2. Yes, but only in laparoscopic acute appendectomy
3. Yes, but only in classic acute appendectomy
4. Yes, but only in laparoscopic planned appendectomy
5. Yes, but only in the classic planned appendectomy
6. According to the decision of the surgeon
7. No, we do not use ATB prophylaxis

 6) Type of ATB prophylaxis (if you use multiple combinations, choose them)
1. Amoxicillinum/acidum clavulanicum
2. Amoxicillinum/acidum clavulanicum + gentamicin
3. Amoxicillinum/acidum clavulanicum + metronidazole
4. Amoxicillinum/acidum clavulanicum + gentamicin + metronidazole
5. Piperacillinum/tazobactamum
6. Other type or combination of ATB – please list …………..

 7) Do you use ATB postoperatively in the case of phlegmonous appendicitis?
1. Yes
2. No
3. According to the surgeon
4. If yes, what (please list and specify dosing schedule)

 8) Do you use ATB postoperatively in case of gangrenous appendicitis?
1. Yes
2. No
3. According to the surgeon
4. If yes, what (please list and specify dosing schedule)

 9) Do you use ATB postoperatively in case of perforated (peritonitis, abscess) appendicitis?
1. Yes
2. No
3. According to the surgeon
4. If yes, what (please list and specify dosing schedule protocol)
 Duration
 Way of administration

10) Number of postoperative complications up to the 30th postoperative day – SSI (surface, deep, organ specific 
– according to CDC – Centers for Disease Control and Prevention)
1. LAA (laparoscopic acute appendectomies)
 Surface/Deep/Organ-specific
2. LPA (laparoscopic planned appendectomies)
 Surface/Deep/Organ-specific
3. CAA (classic acute appendectomies)
 Surface/Deep/Organ-specific
4. CPA (classic planned appendectomies)
 Surface/Deep/Organ-specific
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lower (the Czech Republic: €1873, Hungary: €1473, Poland: 
€1409, and Slovakia: €1625).9

Laparoscopic appendectomy in children has been used 
for over 25 years – its first use was described in 1992 by Ure 
et al.10 According to recent studies and meta-analyses, 
LA in children shortens the length of hospitalization, and 
reduces the risk of wound infections and postoperative 
pain.11–13 Furthermore, favorable cosmetic results after LA 
have also been demonstrated in children.14

Antibiotic prophylaxis and treatment

Antibiotics are effective both prophylactically before 
an appendectomy to reduce postoperative complications, 
and in the treatment of complex appendicitis, either follow-
ing surgery, or as a first choice in the treatment of periap-
pendicular mass or abscess.

Our results showed that ATB prophylaxis was a standard 
part of treatment in only 1 department, where metroni-
dazole was started preoperatively. The other departments 
administered ATB according to decisions made by the sur-
geon. Antibiotic was administered in 2 of the departments 
whenever a perioperative finding of phlegmonous appendi-
citis was determined, whereas, in the other 2, the decision 
was left to the surgeon. When complex appendicitis was 
found, ATBs were always administered; in 2 departments 
according to standard protocols, but the ATB type varied 
in each department. Some departments still chose a triple 
ATB combination in case of perforation (Fig. 4).

The use of any drugs, including ATBs, can in extreme 
cases lead to prescription errors. Excessive indications 
or inappropriate duration of administration can prolong 
treatment, hospitalization, cause of  complications, in-
crease ATB resistance, and in general, increase the overall 
cost of treatment.15 In 2010, based on a systems review, 
the  American Pediatric Surgery Association’s recom-
mendations on prophylaxis and treatment of acute ap-
pendicitis were published.16 According to this publication, 
ATB prophylaxis is always recommended before appen-
dectomy, and when uncomplicated appendicitis is found, 
ATB therapy is not continued (the number of postopera-
tive complications has not decreased with continued ATB 
administration). In cases of complex appendicitis, the use 
of broad-spectrum ATBs is always recommended. They 
should be used either as a monotherapy or in combination 
with other ATBs (e.g., piperacillin/tazobactam + metro-
nidazole). Previous, standard ATB triple combinations 

Fig. 2. The number of laparoscopic and classic appendectomies 
performed at participating departments (n = 4)

Fig. 4. Wide variation in the use of ATB across departments for complex appendicitis

Fig. 3. The number of complex and uncomplicated appendicitis 
performed at participating departments (n = 4)
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against Gram-positive, Gram-negative and anaerobic bac-
teria are no longer recommended.17,18

For phlegmonous appendicitis, all departments in certain 
cases (2 always, 2 decided by the surgeon) continued with 
ATB as therapy and did not follow current EBM recommen-
dations. In complex appendicitis cases, according to cur-
rent EBM recommendations, 100% of departments always 
indicated ATB, but ATB choices and combinations differed 
greatly. However, inconsistencies in using ATB as a treat-
ment in these departments may reflect a lack of implementa-
tion of recent recommendations, and also they may be partly 
based on their recommendations and on local microbiologi-
cal findings and recommendations of ATB centers.

Based on our surgical data and literature recommenda-
tions, 2 centers developed a uniform ATB prophylaxis and 
therapy scheme during 2018.

Complications

Overall, there were 34 (6.6%) complications; 4.1% af-
ter uncomplicated appendicitis and 14% after complex 
appen dicitis, and almost all occurred after acute surgeries. 
Approximately 7% (26/373) of complications after acute 
surgeries were noted following laparoscopic procedures, 
and 5.9% (6/103) were noted following an open procedure. 
The  incidence of  intra-abdominal abscesses was 3.5% 
(13/373) after acute LAs and 2.9% (3/103) after acute OAs.

In 2017 a meta-analysis of randomized controlled tri-
als with 3,642 patients (1810 LA and 1832 OA) reported 
9.5% postoperative complications after LA, and 14.8%  after 
OA, and concluded no significant differences between 
the 2 groups (OR = 0.74, 95% CI = 0.34–1.59, p = 0.44).19 
In an extensive literature review from 2012, Markar et al. 
describing 107,624 patients, laparoscopic approaches did 
not increase the risk of postoperative complications, and 
in a sub-analysis of patients undergoing LA for complex ap-
pendicitis, the risk of postoperative complications was sig-
nificantly lower.20 In a 2012 retrospective study in 1,205 pa-
tients after appendectomy, investigating the development 
of postoperative complications and intra-abdominal ab-
scesses in relation to surgical techniques, comparisons 
were made for uncomplicated and complex appendicitis, 
with the conclusion that the type of surgical approach did 
not affect the development of intra-abdominal abscesses 
(LA, 3.9%(19/491) vs OA, 3.9% (28/714); p = 1.0).21 Some 
surgeons chose the open approach for complex appendi-
citis because of the greater risk of complications following 
LA, but this remains unconfirmed in these studies. Some 
studies have shown the contrary; LA led to a significantly 
lower number of readmissions (1.3% vs 12.3%; p = 0.006) 
and reoperations (4% vs 17.2%; p = 0.006), and significantly 
lower numbers of postoperative wound complications (0% 
vs 11.5 %; p = 0.001).22 Similar conclusion were reached 
in the study by Chang et al. who reported that the risk 
of wound infection was significantly higher in the OA 
group (12.6% vs 4%; p = 0.032).23

Conclusions

This questionnaire study showed that our results of 
appen dicitis treatment in  children in  Central Europe 
are comparable with the literature. Laparoscopic appen-
dectomy is the predominant surgical method; however, 
there appears to be little consensus on ATB treatment 
for the management of appendicitis at surveyed pediatric 
surgical departments in Central Europe.
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Abstract
Sensory-neural hearing loss in people over 50 − senile deafness − is currently an increasing problem due 
to the growing proportion of the elderly people in the population. We can find a number of worldwide 
publications on hearing loss and dizziness in peri-menopausal women, but the data is  inconsistent. Reports 
describing the influence of sex hormones on the ear and its aging are similarly controversial. This review 
attempts to summarize the current state of knowledge regarding hearing and balance in women during 
menopause, based on recent studies in this field. It describes the possible causes of hearing and balance 
impairment in post-menopausal women other than the mere physiological aging of the ear. The review 
concludes that impairment of hearing and balance is significantly related to osteoporosis, which results 
from estrogen deficiency during menopause. It also presents the results of studies on the impact of hor-
mone replacement therapy (HRT) and of particular hormonal components of HRT on hearing and balance. 
The European population is aging, so accurate knowledge about the effects of HRT on hearing and balance 
is crucial in the context of improving the quality of life of elderly women through appropriate qualification 
for hormone substitution therapy. Further detailed and extensive study is necessary to verify the impact 
of sex hormones on hearing in post-menopausal women, taking into account the type of HRT used, serum 
hormone levels and the presence or absence of osteoporosis.

Key words: dizziness, imbalance, benign paroxysmal positional vertigo, menopause, hearing loss
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The period of menopause is associated with the occur-
rence of many disorders related to deficiencies of female 
sex hormones caused by the physiological loss of ovarian 
activity. Estrogens play a significant role in the function 
of many organs and processes.1–5 It is currently known that 
they are also found in the human brain and are involved 
in central auditory processes.1

Menopause occurs on average around the age of 50 (be-
tween 45 and 55 years of age). The climacteric syndrome 
and the intensity of its symptoms is commonly evaluated 
according to the Blatt–Kupperman menopausal index.2,8 
The syndrome is present in 78–92% of women, accord-
ing to different sources, mostly affecting working women 
and substantially impairing their quality of life.2 Vasomo-
tor disorders associated with the release of the luteinizing 
hormone into the bloodstream and the accompanying low 
estradiol and progestagen levels are considered the underly-
ing mechanism of climacteric symptoms − vasomotor ones 
in particular.6 Disorders of catecholamine metabolism, es-
pecially dopamine and norepinephrine, may be responsible 
for vertigo, postural instability and emotional volatility, 
because these neurotransmitters affect the hypothalamic–
pituitary axis and have a major impact on mood and physi-
cal activity.7 Psychological mechanisms associated with 
a woman’s personality type and her socioeconomic status 
have also been shown to be important factors modifying 
the severity of climacteric symptoms: Women with a strong 
personalities and high socioeconomic status deal much 
better with menopausal symptoms, including dizziness.7

Hormone replacement therapy (HRT) was first intro-
duced in 1960s with the aim of reducing unpleasant cli-
macteric symptoms and preventing the occurrence of os-
teoporosis and cardiovascular events associated with 
the deficiency of female sex hormones.3,8,9 It has been used 
as a monotherapy, by supplementing estrogens (17-estra-
diol, estriol); in combinations of estrogens with gestagens 
(progesterone, 17-hydroxyprogesterone, 19-nortestos-
terone); or by administering tibolone, a synthetic steroid 
precursor.8 Meta-analyses from numerous studies have 
assessed the risks and benefits of short- and long-term 
use of HRT, including reductions in the prevalence of os-
teoporosis or cardiovascular events, and improvements 
in cognitive functions.8,9

The association of hearing impairment and menopause 
is not as clear as dizziness and menopause; moreover, 
hearing loss is not included in the menopausal syndrome. 
For many years, scientists have not considered reasons for 
the deterioration of hearing in post-menopausal women 
other than the physiological aging of the hearing organ. 
This was due to the fact that in many menopausal women, 
despite a subjective impression of deteriorating hearing, 
threshold tone audiometry showed no greater reduction 
in hearing sensitivity than what was appropriate for their 
age.1 However, Trott et al. showed that in menopausal 
women with a normal hearing threshold, the  latencies 
in auditory brainstem potentials (ABR) are significantly 

longer and their hearing in noisy surroundings is signifi-
cantly worse compared to a control group of menstruating 
women of a similar age. This, according to the authors, 
indicates central hearing deficits in women with sex hor-
mone deficiencies who hear worse despite normal results 
in audiometric tests.1 On the other hand, in the opinion 
of other researchers who have reported sensory-neural 
hearing loss in some post-menopausal women, the loss 
results from dysfunction of the cochlea associated with 
osteoporosis.5,10–12

The results of studies on the impact of HRT on hear-
ing are ambiguous. Some authors have shown that HRT 
has a  beneficial effect on  women’s hearing in  com-
parison with women who do not use it.4,12,13 Chen et al. 
 assessed the risk of sudden sensory-neural hearing loss 
(SSNHL) in 13,112 women aged 45–79 using HRT and 
in 39,336 women not taking HRT. They reported no sig-
nificant difference in the number of cases with SSNHL 
in  the  group that used HRT compared to  the  control 
group. On this basis, they concluded that HRT is not as-
sociated with a greater risk of SSNHL than in menopausal 
women who do not use HRT.14 The same authors analyzed 
the occur rence of tinnitus in a group of 13,920 women 
using HRT and 41,760 women not using HRT. They re-
ported a  significantly lower number of  tinnitus cases 
in the group using HRT, concluding that HRT may poten-
tially be beneficial in the prevention of tinnitus in women 
during menopause.15 However, this report is  in contra-
diction to the observations by Curhan et al., who found 
a higher risk of hearing loss in post-menopausal women 
using HRT, which increased significantly with the length 
of time it is used.13 According to Lee et al., the risk of tin-
nitus rises with HRT.16

Some studies have presented the influence of particular 
hormones that are components of HRT on the function-
ing of the hearing organ. Guimaraes et al. noted a negative 
effect of progesterone on inner ear function and the cen-
tral auditory pathways; they also found that estrogen 
monotherapy has no protective effect against the aging 
of the hearing organ.17 Price et al. described the side  effects 
of combined estrogen-progesterone HRT on women’s hear-
ing in the form of a significant reduction of amplitudes 
in otoacoustic emission tests after 2 months of this thera-
py.18 In 2019, Williamson et al. on the one hand confirmed 
the negative effect of progesterone on evoked auditory 
brainstem potentials; on  the other hand, by analyzing 
the results of auditory brainstem response (ABR) and gaps-
in-noise (GIN) tests, they hypothesized that progesterone 
has a protective effect on the central auditory processing 
mechanisms.19 In addition, by observing the expression 
of IGF-1R and Fox03 genes, they pointed to the positive 
effect of estrogens on delaying cochlear aging at the cel-
lular level.19

As  a  result of  the  fact that some post-menopausal 
women are diagnosed with both peripheral and cen-
tral hearing loss, questions about the pathomechanism 
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of this phenomenon arise.4,5,11,12,20–22 Due to the known 
association between bone demineralization and estrogen 
deficiency, osteoporosis has been considered as a poten-
tial cause. Progressive changes in the bone structure can 
potentially lead to the degeneration of the ossicles with 
decreases in  their mass and reductions in  the  density 
of the bony cochlear capsule. Changes in the bone struc-
ture may also cause disturbances in sound transmission 
to the cochlea.10,11,21–23 Mendy et al. examined more than 
8,000 women over 40 years of age and found a significant 
relationship between the  severity of  osteoporosis and 
the occurrence of sensory-neural hearing loss.22 These 
results have been confirmed by other authors.5,10,11,16,20–22,24 
Kim et al. analyzed hearing test results in 68,241 people 
over 50 years of age with osteoporosis, and they showed 
an additional high risk of SSNHL in women with osteopo-
rosis, significantly higher than in the control group of in-
dividuals not burdened with osteoporosis.20

Table 1 summarizes the latest reports showing the results 
of hearing tests in peri-menopausal women. These works 
are mainly focused on evaluating hearing impairment and 
tinnitus risk factors such as osteoporosis and HRT.

Although dizziness is one of the most common symptoms 
occurring during the climacteric period, its pathomecha-
nisms are not well understood. Rzewnicki et al. showed 
vestibular dysfunction of  mainly a  central character 

(sporadically peripheral) in post-menopausal women who 
did not use HRT.25 Similar results were previously re-
ported by Orendorz-Frączkowska et al.2 In addition, pos-
turographic studies have shown worse central coordina-
tion in the area of the vestibular system, especially after 
excluding visual control in menopausal women additionally 
reporting dizziness. In the control group of women using 
HRT, the postural control parameters were significantly 
better than in the group that did not use it.2 Mendy et al. 
also registered balance impairment in posturographic tests 
of a group of 8,863 women over 40 years of age. It appeared 
predominantly in women over 65 years and was significantly 
associated with decreases in bone mineral density (BMD).22 
The latest research by Berk et al. confirmed these observa-
tions. In their opinion, not only osteoporosis but also bal-
ance impairment causing an increasing incidence of falls 
is an important risk factor for bone fractures at this age.5

Benign paroxysmal positional vertigo (BPPV) is one 
of the causes of dizziness during menopause. Dizziness 
associated with BPPV increases with age regardless of gen-
der; however, it occurs significantly more often in women 
during menopause. That is why investigators are inter-
ested in researching the causes of the increased preva-
lence of BPPV in women in this period.26–30 So far, Owada 
et al. are the only researches to report BPPV in a similarly 
high percentage of women with dizziness and climacteric 

Table 1. Organ of hearing and balance in peri- and postmenopausal women – current reports

Authors Published Aim of the study Conclusion

Kahveci et al. [10]
Clin Otolaryngol.  
2014

Correlation between osteoporosis and 
hearing impairment

Osteoporosis is associated with an increased 
risk of sensory-neural hearing loss with cochlear 

dysfunction.

Mendy et al. [22]
Ann Epidemiol.  
2014

Correlation between osteoporosis and 
hearing and balance impairment

Osteoporosis can cause hearing and balance 
impairment in elderly women.

Kim et al. [20]
Auris Nasus Larynx.  
2016

Correlation between osteoporosis and 
hearing impairment

Osteoporosis can cause hearing impairment.

Jung et al. [23]
Clin Exp Otorhinolaryngol.  
2016

Correlation between osteoporosis and 
hearing after menopausal period

Osteoporosis can cause hearing impairment.

Upala et al. [24]
Braz J Otorhinolaryngol.  
2017

Correlation between osteoporosis and 
hearing impairment – meta-analysis

Osteoporosis is one of the risk factors of hearing 
impairment.

Kshithi et al. [11]
Am J Otolaryngol.  
2018

Hearing impairment in post-menopausal 
women in correlation with osteoporosis

Osteoporosis is associated with an increased 
risk of sensory-neural hearing loss with cochlear 

dysfunction.

Lee et al. [16]
BMJ Open.  
2018

Correlation between severity 
of osteoporosis and hearing impairment

The risk of hearing impairment increases with 
the severity of osteoporosis.

Chen et al. [15]
Oncotarget.  
2018

Risk of tinnitus in women using HRT
HRT gives the potential benefit of preventing 

tinnitus.

Trott et al. [1]
J Am Acad Audiol.  
2019

Sex hormones and hearing. Central 
auditory processing in women

Central auditory processing impairment can occur 
in post-menopausal women with normal hearing.

Chen et al. [14]
Menopause.  
2019

Risk of sudden sensory-neural hearing loss 
in correlation with HRT

There was no increase in the risk of sudden sensory-
neural hearing loss when using HRT.

Wiliamson et al. [19]
Aging Cell.  
2019

Correlation between HRT and hearing 
impairment

Neuroprotective effect of HRT in auditory brainstem 
evoked potentials.

Yoo et al. [21]
Braz J Otorhinolaryngol.  
2019

Correlation between osteoporosis and 
hearing impairment

Significantly worse hearing thresholds 
in the presence of osteoporosis.

HRT – hormone replacement therapy.
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symptoms (56.2%) as in an age-matched group with dizzi-
ness but without menopausal symptoms (52.9%).31

To investigate the correlation between dizziness and 
menopause, Yang et al. experimentally induced meno-
pause in mice by performing bilateral ovariectomies; they 
noted significant balance behavioral deficits in those ani-
mals, showing that estrogen deficiency compromises oto-
conia maintenance and anchoring by reducing the expres-
sion of the otoconial component/anchoring proteins.32 
Perhaps this could explain the increase in the prevalence 
of BPPV in women after the cessation of ovarian activity. 
A number of reports show a correlation between lower 
BMD and a higher risk of BPPV.5,22,26–30 Studies by Zhai 
et al. and Zhang et al. have proven that by  improving 
BMD, the  use of  HRT significantly reduces the  inci-
dence of BPPV in women compared to the control group 
of   women not using HRT (17.6% vs 61.5%).26,27 These 
researchers believe that HRT may be worth consider-
ing as a preventive treatment in recurrent BPPV in post-
menopausal women.26,27,30

Owada et al. have found that women aged 40–59 with 
climacteric symptoms and dizziness suffer from Meniere’s 
disease (17.8%) significantly more often than women 
of the same age presenting only dizziness (9.7%). The au-
thors perceived psychological factors as the reason for 
this difference.31 The substantial contribution of psycho-
logical factors to the pathomechanism of vertigo has been 
presented by Terauchi et al., who noted anxiety disorders 
in 35.7% of their study group of women with dizziness 
during menopause, indicating that anxiety treatment may 
reduce dizziness.7

Owada and Suzuki investigated the relationship between 
the presence of vasomotor symptoms and the occurrence 
of non-systemic recurrent dizziness during menopause.6 
Women without vasomotor symptoms during the two-
month observation presented a significantly higher fre-
quency of recurrences of dizziness than women who had 
these symptoms, which would suggest a lack of connection 
between them. However, after the women with menopausal 
symptoms began using HRT, the dizziness disappeared 
much faster than in women who did not use HRT.6

Due to the aging of European society, it  is  important 
to prevent and solve problems of the older population. 
Hearing loss, tinnitus and dizziness have a significantly 
strong impact on the patients’ quality of life, including their 
family and professional relationships. Reliable knowledge 
about hearing and balance disorders in post-menopausal 
women offers a physician the chance to prevent or at least 
considerably delay these dysfunctions by adjusting HRT 
or osteoporosis treatment. At the same time, it is impor-
tant to eliminate the negative impact of HRT on the func-
tioning of the organ of hearing and balance. These data may 
provide the basis to specify new indications and contrain-
dications for the use of HRT in the future or to determine 
the need for audiological monitoring in peri-menopaus-
al women. In addition, evidence of the negative impact 

of HRT on hearing and balance should complement the list 
of side effects of HRT, along with the risks of breast cancer, 
venous thromboembolism or dementia, so that doctors and 
patients can make informed decisions about replacement 
therapy, bearing in mind the risk of hearing impairment. 
This is especially important for women with hearing im-
pairment diagnosed before hormonal treatment.

Here is a summary of the current state of knowledge re-
garding hearing and balance in women during menopause, 
based on a review of current research in this field:

1. Both peripheral and central hearing deteriorate 
in the peri-menopausal period.

2. Vertigo and dizziness are very common, and their 
causes are complex. One of  the  most common causes 
of dizziness during menopause is BPPV, but Meniere’s 
disease is also more prevalent than in a comparable age 
group without menopausal symptoms.

3. Impairment of hearing and balance are significantly 
related to osteoporosis (decreased BMD), which results 
from the deficiency of estrogen during menopause.

4. Psychogenic factors such as anxiety and depression 
play an important role in the severity of dizziness.

5. Researchers’ assessments of  the  impact of  HRT 
on hearing organ functionality, including tinnitus as well 
as vertigo and dizziness, are varied. Some authors point out 
improvements in hearing and reductions in balance disor-
ders during its use; others suggest the possibility of HRT 
causing damage to these senses.
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Abstract
In clinical practice, atrial fibrillation (AF) is the most common cardiac arrhythmia in humans and it may lead 
to numerous complications, including central nervous system embolism. The electrical activity of the heart 
in AF is rapid and chaotic, while the atrioventricular conduction leads to irregular ventricular contraction. 
Consequently, the stroke volume is reduced, which may lead to symptoms of heart failure. Heart failure is one 
of the causes of AF as well. Numerous in vivo and in vitro models are used to study the pathophysiology of AF. 
Animal models play a key role in understanding the mechanisms of arrhythmias as well as in developing treat-
ment regimens. The models of AF include large animals (goats, sheep, pigs, dogs) as well as small laboratory 
animals. This study reviews the large animal models of AF, which enhance our understanding of numerous 
mechanisms responsible for the development of AF, but we must be aware that the pathomechanism of AF 
in humans is complex and is affected by numerous factors, including environmental and congenital ones.
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Introduction

Atrial fibrillation (AF) is the most frequently diagnosed 
arrhythmia in humans.1,2 It may accompany organic heart 
disease or occur as a solitary disorder (so-called lone AF), 
and its nature is multifaceted.

Numerous experimental in vitro and in vivo animal 
models were developed to understand the pathophysiol-
ogy of AF and its effects on the organism. However, many 
questions regarding the mechanisms of AF remain un-
answered. Studies with animal models are particularly use-
ful, as they combine data from tissue and cell samples with 
those from clinical examinations and responses to treat-
ment. Regardless of the type of AF animal model, it will 
always differ to some extent to AF in humans.

Animal models of  AF include large animals (goats, 
sheep, pigs, dogs) as well as small laboratory animals.3 
The use of mice, rats or rabbits may be highly advanta-
geous, as these species are easily bred and their main-
tenance cost is low. In addition, study trials can be fre-
quently repeated. Obtaining genetically modified mice, 
such as the αMyHC-FKBP12 transgenic mouse that spon-
taneously develops AF, has enabled their use in electro-
physiological studies of AF. However, the use of labora-
tory animals has many limitations. Due to their small 
size, all the study procedures are difficult to perform and 
require the use of specialised, often customized and ex-
pensive equipment. Their small size also limits the “study 
field” of the atria and ventricles. Moreover, the size and 
availability of the tissue samples (such as heart muscle 
samples) for further analysis is limit ed. Although the use 
of transgenic animals has many benefits, it is very expen-
sive. The lifespan of laboratory animals is relatively short. 
Hence, some changes observed in humans in the course 
of AF may never be observed in laboratory animals. This 
may hinder the long-term assessment of AF in transgenic 
species. In addition, their physiological parameters such 
as body temperature, respiratory and heart rate are higher 
than in humans, which makes it difficult to assess com-
pensatory mechanisms and relate the obtained results 
to humans. For example, the classification of persistent 
AF in mice ranges from 1 min4 or 3 min,5 while the same 
condition is recognised in humans with AF persisting lon-
ger than 7 days.

The use of large animal (goats, sheep, pigs, and dogs) 
models may replace certain laboratory animal models. 
Surgical procedures are easier to perform on large ani-
mals. The body mass as well as the heart mass of pigs are 
similar to those in humans, so more study samples can be 
obtained. Large animal models also have limitations, such 
as higher maintenance costs or longer study periods. How-
ever, the abovementioned advantages seem to outweigh 
the limitations, suggesting that large animals are a good 
model of human AF.

Goats

Goats were the first animals to be used in studies on AF. 
In 1995, Wijffels et al. developed a goat model of AF to as-
sess the electrophysiological changes inflicted by long-
term AF.6 Atrial fibrillation was triggered by  pacing 
the atrium using one-second impulses. After conversion 
to a sinus rhythm, the pacemaker pulse generator sent 
impulses to  repeat the  arrhythmia. This method gave 
a long-term model of persistent AF, which made it possible 
to confirm that rapid AF leads to atrial remodeling, affect-
ing the refractory period of the myocardium. Disorders 
of the refractory period increase the atrial susceptibility 
to stimuli that induce and maintain AF, meaning that, de 
facto, AF may beget AF.6 Both electrical and structural 
atrial remodeling were assessed often as a cause of AF. 
By inflicting a complete atrioventricular block in goats, 
Neuberger et  al. confirmed the  hypothesis that atrial 
dilatation elongates episodes of AF by local conduction 
delays.7 In addition, the atrioventricular (AV) block was 
used to develop a model that allowed asso ciating atrial 
contractility disorders with atrial enlargement caused 
by a slow ventricular rhythm, which develops secondary 
to AV blocks and atrial remodeling associated with AF.8 
Van der Velden et al. investigated persistent AF and proved 
that the reconstruction of the C×40 gap junctions may af-
fect the pathogenesis of persistent AF.9 In that study, AF 
was induced using two-second 50 Hz impulses and main-
tained from 1 to 16 weeks.9 Ausma et al. focused on the in-
fluence of remodeling on AF using a goat model.10–12 They 
studied the mutual relations between persistent AF and 
myocardial structural remodeling. Atrial fibrillation was 
induced  using 50 Hz impulses. Their studies revealed that 
persistent AF leads to structural changes in atrial myo-
cytes, which may explain the worse myocardial contractil-
ity following cardioversion.10 In addition, it was found that 
goats with AF suffer from progressive cellular structural 
remodeling in the atrial myocardium,11 which is a very 
slow and reversible process, while remodeling of the junc-
tion gaps is completely reversible.12 Atrial structural and 
electrical changes following an induced AV block were 
also studied by Neuberger et al. in goats.13After applying 
burst pacing to trigger AF for 48 h, the degree of atrial 
remodeling was measured. Then, after complete rever-
sal of electrical remodeling, AV block was obtained and 
the procedure of burst pacing was repeated. Following 
their measurements, the  authors found that electrical 
remodeling secondary to AF was present in dilated and 
non-dilated atria.13 Remes et al. performed an interest-
ing study with a vascular shunt by connecting the aorta 
and the left atrium.14 The aim of that study was to assess 
the effect of  left atrial overload on the occurrence and 
maintenance of AF. The results indicated that long-term 
AF can be a result of chronic atrium overload and occurs 
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in most animals without a decrease in the atrial effective 
refractive period (AERP).

Goats seem to be a good model of atrial remodeling 
in the course of AF. The mortality rate of the animals 
in  the  reported studies was low, and AF was induced 
relatively easily and in a repeatable manner. This model 
seems particularly useful in studies requiring long-term 
persistent AF as it can be maintained for periods of up 
to  20  weeks, and it  does not require specialist equip-
ment or  additional procedures. Many of  the  mecha-
nisms described in the studies on goats are similar to AF 
in humans. Undeniably, this is beneficial as in the study 
of the pathomechanism and treatment of AF in humans. 
The limitations of this model include a lower respiratory 
rate in goats and a maximal physiological heart rate lying 
within the lower reference range for humans. In addition, 
goats require species-specific anesthesia. Due to the fact 
that ruminants have a unique anatomy and physiology, 
their anesthesia carries a risk of complications.

Sheep

Sheep have also been used in cardiac studies, particularly 
those concerning atrial remodeling. The remodeling was 
mainly obtained by rapid atrial pacing, sometimes coupled 
with experimentally induced hypertension or heart failure.

Rapid atrial pacing for AF induction was used by Anné 
et al.15 In addition, Hiss bundle ablation was performed 
in some of the animals, followed by ventricular pacing 
at a  frequency of 80 bpm and with the administration 
of quinapril and losartan or a placebo. The results were ob-
tained after a 15-week observation period. The researchers 
found that there was sufficient atrial electrical remodeling 
to induce AF. However, structural changes are essential for 
the occurrence of permanent AF.

Atrial pacing to  induce AF was also used in  anoth-
er model, where the  structural and functional effects 
of chronic left atrial dilatation enabled an anastomosis 
between the aorta and the pulmonary artery.16 That proce-
dure increased the blood flow in the pulmonary vein lead-
ing to a volume overload. The recording and pacing was 
carried out using quadripolar electrode placed in the right 
atrium. The study led to the conclusion that even moder-
ate atrial volume overload may cause significant changes 
in the electrophysiological properties of the atrial muscle. 
These changes resemble those observed during AF and 
are likely to increase the susceptibility to AF. In human 
medicine, these findings may constitute an early clinical 
intervention aiming at normalizing hemodynamic param-
eters associated with atrial overload, which may occur 
in mitral valve disease.16

A modification of the model of atrial remodeling caused 
by rapid atrial pacing was proposed by Kistler, who studied 
electrical and structural changes in the atria of sheep with 
elevated blood pressure.17 Hypertension is one of the most 

common factors involved in  the  pathogenesis of  AF. 
The authors administered dexamethasone to pregnant 
sheep on the 27th day of gestation. After obtaining cardiac 
access, electrodes were sewn into Bachman’s bundle and 
into the appendages and free walls of both atria. As men-
tioned previously, AF was induced by rapid atrial pac-
ing. A prolongation of AF and an atrial conduction delay 
were observed in animals with elevated blood pressure 
compared with the control group. Due to the fact that 
changes in the structure of the atria, such as atrial hyper-
trophy and histological remodeling, were also observed, 
the authors concluded that slow conduction and an in-
creased inductance of AF were associated with structural 
changes in atria.17 Sheep were also used to create a model 
of heart failure.18 That was done by rapid ventricular pac-
ing, which caused dilated cardiomyopathy and dilatation 
of the left atrium. In all the animals, epicardial electrodes 
were sewn into the free wall of the left atrium and near 
right ventricular apex and in some animals into the free 
wall of the right atrium additionally. The leads were con-
nected to a pacemaker eliciting rapid ventricular pacing 
(190 beats/min). In the course of the study, 42-day long 
atrial pacing was performed. A significantly higher atrial 
susceptibility to AF, a significantly larger LA and prolonga-
tion of the atrial effective refractory period were observed. 
The speed of left atrial enlargement was directly propor-
tional to the increase in AF susceptibility.18

Mandapati et al. proposed another ovine model of heart 
disease using isolated hearts.19 Atrial fibrillation was 
 induced by electrodes placed in the left and right atrium. 
The study enabled exact mapping of the areas of periodic 
activity during AF. In that model AF was most likely main-
tained via stable micro re-entrant sources.19

Despite some limitations of the sheep model, which are 
similar in goats, such as a lower respiratory rate, the risk 
of prion infections or some limitations during echocar-
diography caused by  different anatomical topography 
of the digestive tract, the sheep is considered a good model 
for research on AF. In addition, a model of hypertension 
and a model of heart failure, which are often factors in-
fluencing AF, were created using this species. Sheep anes-
thesia, similarly to that in goats, requires special attention 
in order to minimize perioperative mortality.

Pigs

The use of pigs as a model of AF seems promising, as pigs 
have a similar body mass, heart size, metabolism, and heart 
rate as humans. These features allow direct translation 
of the results obtained in these studies into human medi-
cine. As in the abovedescribed sheep and goat models, 
the developed swine models used rapid atrial pacing and 
some required non-standard surgical procedures.

Lee et  al. aimed to  develop a  repeatable and simple 
swine model of maintaining AF, which would not require 
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chronic intervention within the atria.20 Therefore, they 
accessed the heart by sternotomy and AF was induced us-
ing 3 maneuvers. The 1st maneuver was manual. If that 
had not induced AF, a pacing lead placed in the upper part 
of the right atrium was used for rapid atrial pacing, includ-
ing burst pace. The 3rd maneuver was the administration 
of neostigmine, leading to an increased vagal tone with 
shortening of the atrial refractory period. Following neo-
stigmine administration, the previous 2 maneuvers were 
repeated. If AF lasted longer than 1 min, it was considered 
continuous. In 14 of the 21 pigs with AF, AF was maintained 
without neostigmine. This produced a model of acute AF, 
which can be easily remodelled, as gives reliable results 
and does not require earlier preparatory procedures. It may 
be used in studies on ablation procedures and assessing 
new technologies in the treatment and prevention of AF.20 
Atrial remodeling caused by rapid atrial pacing was also 
used to compare the rate of changes in animals with hy-
pertension and normotension.21 The six-hour rapid pacing 
at a frequency of 600 bpm was performed by a pacemaker 
in the free wall of the right atrium. Digoxin was adminis-
tered in order to slow down the AV conduction. One group 
of animals received deoxycorticosterone acetate (DOCA) 
subcutaneous implants and a salt-rich (4%) diet for induc-
tion of hypertension. Rapid atrial pacing was commenced 
2 weeks after the DOCA implantation. The use of this pro-
tocol made AF last longer than 60 min. Noticeable dila-
tation of the left atrium without heart insufficiency was 
observed 2 weeks after the pacing. The authors also found 
that AF in this model accelerated the structural remodeling 
of the atria and stabilised AF,21 which confirms the negative 
effect of hypertension in patients with simultaneous AF.

Linz performed an interesting study using a swine model 
in order to confirm the hypothesis that low-level barorecep-
tor stimulation (LL-BRS) may reduce the inducibility of AF 
in obstructive sleep apnoea (OSA).22 The animals in that 

study underwent a tracheotomy to obtain negative tracheal 
pressure (NTP). Following AF induction via atrial pacing, 
carotid baroreceptor stimulation was performed. The ob-
tained results confirmed that low-level baroreceptor stimu-
lation inhibited the NTP-induced shortening of the atrial 
refractory period and induction of AF. These results confirm 
the use of LL-BRS as a novel therapeutic method in the treat-
ment of AF in obstructive sleep apnoea.22 Pigs were also 
used to study new therapies of drug-resistant AF. Diness 
et al. created a model of AF to verify whether the SK channel 
inhibitor, known as AP14145, can effectively terminate AF 
resistant to vernakalant.23 To begin with, they received sev-
en-day pacing of the right atrium at a frequency of 420 bpm 
in order to induce sustained AF. Then, they placed electrodes 
into both the left atrial appendage and the left ventricle for 
the purpose of recording and pacing. After persistent AF was 
confirmed, the pigs received vernakalant as pharmacologi-
cal cardioversion. If that had proven successful, the animals 
received  repeated seven-day pacing, followed by vernakalant 
administration. If AF did not convert to sinus rhythm (SR), 
the animals received AP14145 intravenously.

Rapid atrial pacing aimed at inducing AF was also used 
by  Jones et  al. They carried out a  study on  pigs using 
CARTO® mapping to identify anatomical causes of conduc-
tion disturbances triggered by poorly overlapping ablation 
lines, leading to incomplete pulmonary vein isolation.24 Atri-
al fibrillation was achieved by rapid atrial pacing. The pul-
monary veins were isolated using cryoisolation. The authors 
found that their results were similar to those in patients with 
persistent or paroxysmal AF, which indicates that the swine 
model is a valuable experimental model of AF.24

In pigs, like in other animals, rapid ventricular pacing 
was used to cause congestive heart failure. However, unlike 
the aforementioned study on the ovine model,18 no higher 
atrial susceptibility to AF or the occurrence of the arrhyth-
mia of was observed.25

Table 1. Individual animal models, taking into account the type 
of induced AF

Model Types of induction Species

AF in an isolated heart atrial pacing sheep19

Acute AF

neostygmine administration, 
mechanical cardiac 

stimulation, rapid atrial 
pacing

pig20

rapid atrial pacing pig24

Long-term AF long-term atrial pacing
goat,6 

sheep18

Persistent AF remodeling of gap junctions goat9

Persistent AF
rapid atrial pacing, 

phenylephrine 
dog31

AF resistant 
to wernakalant

rapid atrial pacing pig23

AF in obstructive sleep 
apnea

negative tracheal pressures 
(ntp), atrial pacing

pig22

Table 2. Individual animal models in which induced AF was associated 
with the structure of the atria and its changes

Model Types of induction Species

Structural atrial remodeling 

AV block goat8,13

atrial overload goat,14 sheep16

hypertension sheep,17 pig21

chronic heart failure sheep,18 dog34,35

rapid atrial pacing
sheep,15,17 pig,21 

dog25,26,34

Acute atrial damage acute ischemia dog32,33

Foci sensitive to catecho-
lamines in the course of AF

rapid atrial pacing dog28

Focal activity in pulmonary 
veins and atria in persistent 
AF 

rapid atrial pacing dog30

Involvement of pulmonary 
veins and the vein 
of Marshall in AF

atrial pacing, 
chronic heart failure

dog36
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The swine model of AF proved easily inducible and useful 
in studies on novel AF therapies. Rapid atrial pacing, which 
induced AF, is a simple and repeatable procedure in pigs.

Dogs

Dogs have been frequently used to  develop models 
to better understand AF. The simplicity of surgical pro-
cedures in this species is an unquestionable advantage, 
allowing various studies to use dogs of different weights 
and sizes. An important factor in favor of canine models 
is the possibility of studying AF in animals with heart fail-
ure or atrial ischemia. In addition, due to the size of dogs, 
certain devices and equipment are suitable for pediatric 
electrotherapy. At the same time, dogs have a higher natu-
ral heart rate than humans, and this is one of the limita-
tions of the canine model. Still, dogs have turned out to be 
particularly useful in the study of the parameters and atrial 
electrophysiological changes that lead to AF or contribute 
to its maintenance. In addition, dogs were used to deter-
mine the mechanism and effect of certain drugs on AF, 
which increased the putative pool of antiarrhythmic drugs.

The effect of drugs on atrial remodeling and electrophys-
iology parameters was reported by Shiroshita-Takeshita 
et al.26,27 The authors assessed the effect and mechanisms 
of simvastatin, vitamin C or vitamin C and E on a model 
of AF induced by atrial tachypacing (ATP). An AV block 
was induced to control the ventricular rhythm.26 In an-
other study, Shiroshita-Takeshita et al. assessed the ef-
fect of ibuprofen on the tachycardia-remodeling in dogs.27 
The authors used the same model of ATP as in the previ-
ously mentioned study but the dogs were administered ibu-
profen, cyclosporine A or prednisone.27 Rapid atrial pacing 
was also used by Gaspo et al.28 In their model, the lead 

in the right atrium was connected to a pacemaker placed 
subcutaneously in the neck area. The pacing frequency 
was set at 400 bpm and lasted 1, 7 and 42 days, depend-
ing on the group. Atrial fibrillation was induced using 
2 ms impulses at 10 Hz. If the AF exceeded 45 min, it was 
considered long-term and was cardioverted. The study 
indicated that chronic atrial tachycardia not only reduces 
AERP (atrial effective refractory period), the conduction 
time and the wavelength, but also increases the capacity 
of atrial extrasystoles to induce and extend the duration 
of AF. The study was valuable, as it enabled an assessment 
of electrophysiological changes crucial for persistent AF.28 
Doshi et al. used a canine model to localize catecholamine-
sensitive foci in the left atrium and then assessed their 
activity during AF induced via rapid atrial pacing. That 
study required in vivo and in vitro assessment. First, some 
dogs underwent a cardiectomy in order to collect samples 
for the in vitro and electrophysiological studies, includ-
ing an infusion of isoproterenol into the coronary artery. 
In the remaining dogs, a pacing lead in the right atrium 
was connected to a subcutaneous pacemaker. The animals 
were monitored periodically for long-term AF, which was 
recorded in dogs 10, 11 and 41 weeks after lead placement. 
The authors found that the isoproterenol infusion may 
induce activity in the ligament of Marshall, and that this 
activity is higher in dogs with AF induced by tachypacing. 
It was also observed that rapid activity during the isopro-
terenol infusion may induce AF in vitro in the left atrium 
of dogs with long-term AF. This phenomenon is not ob-
served in healthy atria. The results led to the conclusion 
that heightened sensitivity to isoproterenol following pac-
ing may contribute to the development of AF in the de-
scribed model.29 The same  method of AF induction was 
used to test the hypothesis that long-term stimulated AF 
is characterized by the presence of chaotic waves as well 

Fig. 1. The mechanisms of AF in animal 
models
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as organized re-entry waves.30 A bipolar electrode connect-
ed with a pacemaker was inserted into the right atrium. 
After confirming AF, the animals underwent mapping. 
The study confirmed the presence of chaotic disorganized 
and organized re-entry waves during persistent AF. In ad-
dition, the authors concluded that the ligament of Marshall 
and the pulmonary veins are the sources of rapid activation 
in the course of long-term AF induced by chronic stimula-
tion.30 Electrophysiological studies using a model based 
on rapid pacing were also performed by Zhou et al. to de-
termine the patterns of activity in the pulmonary veins and 

atria during AF.31 Intermittent rapid pacing was performed 
using a neurostimulator connected to a screw-in bipolar 
lead placed in the left atrium appendage in order to in-
duce continuous AF. The pulse generator was programmed 
to burst with pacing interval of 50 ms for 5 s, followed 
by a two-second period without pacing. The arrhythmia 
was considered continuous if it persisted for >48 h after 
the pacemaker was turned off. This study found that rapid 
focal activations were present in the pulmonary veins fol-
lowing persistent AF caused by left atrium pacing. Such 
activation pattern is not present in pulmonary veins during 

Fig. 3. Sinus rhythm in pig

Fig. 2. Sinus rhythm in sheep
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non-persistent AF. The results of that study confirmed 
the hypothesis that the pulmonary veins and ligament 
of Marshall are sources of rapid focal activations in a ca-
nine model of induced AF.31

The maintenance of AF in these studies required rapid 
pacing for extended periods of time. Therefore, studies 
on the AF model were carried out in such a way that the AF 
could be maintained for a sufficiently long time to per-
form all the necessary tests. Kijtawornrat et al. used atrial 
stimulation with 2 ms waves at a frequency of 40 Hz.32 
Some dogs received carbachol and phenylephrine in ad-
dition to the stimulation, which was ended after 20 min. 
The heart rate was then assessed in order to identify and 
confirm the induction of AF. In half of the tested dogs, 
the administration of phenylephrine causing an increase 
in arterial pressure led to the maintenance of AF for a pe-
riod longer than 40 min.32

A canine model of ischemia was also developed by Sinno 
et al.33 In the study, atrial ischemia was achieved by ligat-
ing the branch of the right coronary artery. Atrial fibrilla-
tion was induced using 10 Hz impulse from leads placed 
in the left and right atrium appendage. The authors con-
cluded that atrial ischemia maintains AF through slowing 
of conduction. The results of that study may be implemented 
in patients with coronary disease.33 The results of that study 
and the described model were used to assess the effect of an-
tiarrhythmic drugs on the electrophysiological consequenc-
es of acute atrial ischemia.34 The authors also compared 
the effect of the drugs on ischemic and vagal AF. The isch-
emia model was obtained analogously to that in the study 
by Sinno et al.33 The dogs were divided into groups including 
animals without treatment that underwent pacing, paced 
dogs that received diltiazem, nadolol, flecainide or dofetilide, 
and dogs with vagal AF. The study showed that that some 
drugs effectively prevent changes in atrial conduction and 
AF in acute atrial ischemia but the effects of these drugs 
on vagal AF were quite different. The obtained results may 
be of value for studies assessing the variable efficacy of anti-
arrhythmic drugs in the treatment of AF.34

The assessment of changes leading to cardiac remodel-
ing and the development of AF in congestive heart fail-
ure (CHF) is especially important. As is well known, this 
arrhythmia may lead to the occurrence and progression 
of heart failure, although heart failure itself is a known 
risk factor of AF. Therefore, models based on CHF ap-
pear to be extremely helpful in studies on the induction 
and course of AF. Dogs were also used to create this type 
of model. In their study, Li et al. described the electro-
physiological and structural changes in the atria caused 
by experimentally induced chronic heart failure.35 The au-
thors also wanted to verify whether those changes could 
facilitate the induction of AF and to compare atrial re-
modeling in CHF with that caused by rapid atrial pacing. 
In the dogs, heart failure was induced by rapid ventricular 
pacing. In another group of dogs, the atria were paced 
at 400 bpm. Atrial fibrillation was induced by applying 

a maximum of 3 consecutive extrastimuli, followed by atri-
al pacing with impulses at 10 Hz from 1 s to 10 s. Atrial 
fibrillation was considered persistent if  it  lasted longer 
than 30 min and needed to be discontinued by cardiover-
sion. The study found that chronic heart failure favors 
persistent AF through a mechanism other than chronic 
atrial tachycardia.35 In another study, Li et al. assessed 
the involvement of angiotensin II activation and mitogen-
activated protein kinases (MAPK) in the induction of AF 
that promotes structural atrial remodeling.36 Canine mod-
els were used to assess changes in atrial angiotensin II 
and MAPK in chronic heart failure caused by ventricular 
tachypacing (VTP) and the effects of ACE-I (angiotensin 
converting enzyme inhibitors) on the atrial angiotensin II, 
MAPK and the development of AF.36 Ventricular pacing 
was carried out according to a methodology described 
by the same author,35 while AF was induced by atrial pacing 
using 10 Hz impulses. Atrial fibrillation was considered 
persistent if it lasted longer than 20 min. The study found 
that ventricular pacing increases the concentration of atri-
al angiotensin II and MAPK. Enalapril suppressed those 
substances and was found to reduce the arrhythmogenic 
atrial remodeling.36 Okuyama et al. used a canine model 
associated with CHF in order to confirm the hypothesis 
that proarrhythmic remodeling occurs in the tunica media 
of the thoracic veins.37 Similar conclusions were reached 
by Wu et al.30 The dogs underwent ventricular pacing in or-
der to induce chronic heart failure. Then, the device was 
switched off and atrial tachyarrhythmia (AT) was induced 
by leads placed in the right atrium or the left atrial append-
age. The study showed that some AF episodes in dogs with 
CHF are characterized by the presence of focal activation 
in the pulmonary veins and the vein of Marshall (oblique 
vein of the left atrium), suggesting their role in atrial ar-
rhythmias in chronic heart failure. Pulmonary veins may 
also play a role in the progression of AT to AF.37

Cats

Cats have also been used as animal models in AF stud-
ies. The  research focused mainly on  supraventricular 
arrhythmias induced with aconitin; however, only a few 
studies describing experiments with this substance are 
available in the literature.38–43 Ammar and Kudrin were 
the first to describe the effects of aconitin administration 
to the sinus node on the heart rhythm.38 Gendenshtein 
et al. induced AF by local administration of 0.05% aconi-
tin into the right atrium.39 Byrne and his team, in turn, 
used a saturated solution of aconitin, which successfully 
induced AF in 3 out of 5 tested cats.40 Winslow also tested 
the arrhythmogenic effect of aconitin. He conducted his 
experiment on anesthetized cats in whom arrhythmia was 
induced by a local application to the middle part of the left 
atrial appendage of 0.04% aconitin nitrate solution. The ad-
ministration was performed using a cotton swab moistened 
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with the aconitin solution in a polyethylene tube.41 Winslow 
created a model in which supraventricular arrhythmias, in-
cluding AF, can be easily induced by topical administration 
of aconitin. In addition, this model may be useful in antiar-
rhythmic drugs research. This model proved to be more 
effective in inducing AF than those tested in previous ex-
periments.38–40,42–44 It is worth mentioning that AF may be 
developed secondary to left atrial enlargement in the natu-
ral course of feline hypertrophic cardiomyopathy.

New perspectives 
in antiarrhythmic therapy 
in animal models

TWIK-related acid-sensitive K+(TASK) channels belong 
to the two-pore-domain potassium (K2P) channel fam-
ily. They are relevant for the pathogenesis of many differ-
ent cardiovascular diseases including AF. TASK-1 chan-
nels are promising drug targets for the treatment of AF. 
The expression and function of those channels is enhanced 
in atrial cardiomyocytes of patients with chronic AF re-
sulting in action potential duration shortening. The in-
hibition of TASK-1 in rodents caused prolongation of ac-
tion potentials. The mechanism previously demonstrated 
in rodents was successfully elucidated in porcine model 
by Schmidt et al.45 As porcine channel protein is almost 
identical to human, this model is perfect for the experi-
ments with novel antiarrhythmic target. In recent stud-
ies, Schmidt et al. showed that genetic ablation of TASK-1 
in porcine model significantly reduced AF burden, which 
was associated with the reduction of TASK-1 currents and 
the prolongation of action potential duration.46 In search 
for a perfect animal model for research on the latest antiar-
rhythmic drugs, Wiedmann et al. studied transgenic mice 
and concluded that murine, porcine and human TASK-1 
channels share many functional similarities.47

Conclusions

The  above discussion presents animal models used 
to assess AF. To date, numerous models based on various 
mechanisms related to this disorder have been created, 
although none is perfect. The pathomechanism of AF 
in humans is complex and is affected by numerous fac-
tors, including environmental and congenital ones. Even 
the most advanced animal model of AF is unable to reflect 
the complexity and diversity of the etiopathogenesis of this 
arrhythmia. The use of animals as models of AF is flawed 
to some extent due to the fact that this type of model imi-
tates chosen AF pathophysiological changes. Species dif-
ferences affect the development and the course of diseases. 
However, these models enhance our understanding of nu-
merous mechanisms responsible for the development of AF 

as well as new therapies to cure this type of arrhythmia. 
The knowledge and information obtained from the results 
of the described studies of AF enable a better understand-
ing of the causes and principles of AF, which will hopefully 
lead to the development of new treatment and preventive 
methods. All the conclusions drawn from the animal stud-
ies of AF need to be analyzed with care, considering differ-
ences to the human organism. Studies using mathematical 
models based on animal models are gaining popularity, 
as they may enable scientific research without the need 
to utilize live animals.
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Abstract
Chronic itch (CI) is the most common symptom in dermatology. It is considered a great burden with a large 
impact on patients’ quality of life, interfering with everyday activities. During the course of chronic kidney 
disease (CKD) many patients develop end-stage renal disease (ESRD)-associated CI (ESRDCI). Its pathogenesis 
is yet to be fully explained, but multiple mechanisms have been described, including, among others, dysregula-
tion of calcium, phosphorus, parathyroid hormone and vitamin D axis, microinflammation, and accumulation 
of uremic toxins. The treatment consists of both topical and systemic therapy, but unfortunately it is usually 
difficult and unsatisfactory. Renal transplantation (KTx) as the best renal replacement therapy improves 
considerably the patient’s life quality and decreases the mortality rate. However, its influence on CI has not 
been well described. In this review, we presented the available literature on the influence of KTx on ESRDCI 
and demonstrated the possible ways in which transplanted kidney could help patients suffering from CI.
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Introduction

Chronic kidney disease (CKD) is a global health problem 
affecting 13.4% of the world population (stages 1–5), while 
10.6% of people suffer from advanced stage of the disease 
(stages 3–5).1 This disease is defined as a chronic (more 
than 3 months) decrease in renal function or abnormal 
renal structure. For the diagnosis, at  least 1 of  the  fol-
lowing criteria must be met: glomerular filtration rate 
(GFR) <60 mL/min/1.73 m2, markers of kidney damage 
(albuminuria, abnormal urine sedimentation rate, tubular 
disorders), histologic and radiologic abnormalities, or a his-
tory of renal transplantation (KTx). It can be classified into 
one of 5 stages on the basis of GFR.2 The loss of kidney func-
tion leads to frequent hospitalization, lower quality of life 
and higher morbidity rate. Chronic kidney disease patients 
often suffer from higher cardiovascular risk and develop 
a series of complications such as hyperparathyroidism and 
bone disorders, anemia, and dyslipidemias.3 Another trou-
blesome symptom for patients with advanced stages of CKD 
is end-stage renal disease-associated chronic itch (ESRDCI), 
also known as a uremic itch. It was first described in 19324 
and till today remains an important problem for both pa-
tients and the doctors; it decreases patients’ quality of life 
and poses a significant therapeutic challenge. Although nu-
merous therapies have been described until now,5 there are 
still patients suffering from persistent itch. Generally, KTx 
is the most effective treatment for kidney failure. However, 
there is still very little known about the influence of KTx 
on the uremic itch. Moreover, our clinical experience sug-
gests that at least some of KTx recipients may complain 
of chronic itch (CI). Therefore, we decided to conduct a lit-
erature review on the topic of itch in the patients after KTx.

Methods

A literature search according to PRISMA guidelines 
within the  Medline and SCOPUS databases was con-
ducted in March 2020 for papers discussing the problem 
of itch in KTx patients without setting time limits, using 
the terms ‘pruritus’ and ‘itch’ in conjunction with ‘kidney 
transplantation’ or ’renal transplantation’. The search was 
limited to English, Polish, Spanish, and German literature. 
Articles that did not address the topics were excluded, and 
the full text of the remaining articles was subsequently 
reviewed. Finally, 16 articles were analyzed, from which 
8 papers were included in the study (Fig. 1).

Results

The recent study by Schricker et al. shows that 12% of the 
renal transplant recipients (RTR) are diagnosed with CI.6 
The authors reported that the prevalence of itch in KTx 
patients is lower than in the hemodialyzed (HD) ones (12% 
and 35%, respectively). The mean pruritus score assessed 
with visual analog scale (VAS) was 3.2 points, indicating 
mild itch. Moreover, there was a moderate correlation 
(r = 0.3; p = 0.018) established between the intensity of CI 
and the  transplant function. In  the study by Altmeyer 
et al., 49 patients after KTx were examined and skin bi-
opsies were taken from them.7 The authors observed that 
all the dermatological skin disorders associated with end-
stage renal disease (ESRD) (among them xerosis and gen-
eralized itch) disappeared completely after the successful 
transplantation. The histopathologic examination showed 
a normalization of uremic altered skin, including xerosis. 

Fig. 1. Literature search procedure
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However, the alteration of connective tissue, like actinic 
elastosis, persisted after the  transplantation. Panuccio 
et al. compared the prevalence of itch and its influence 
on the quality of life between 133 KTx patients, 29 HD 
patients and 62 healthy subjects.8 There was a significant 
difference (p < 0.001) found in the itch incidence between 
HD and post-KTx patients (62% and 32%, respectively). 
Although the prevalence of the pruritus was lower after 
KTx, it was still higher than in the healthy subjects (32% 
and 11%, respectively). The authors also emphasized that 
the itch after KTx was associated with social, emotional 
and working limitation (p < 0.05). Moloney et al. in their 
study reported that among 173 RTR, 43 people suffered 
itching (24.9%).9 Moreover, in 57% of them, the itch had 
a large impact on their lives (>10 points in Dermatology 
Life Quality Index). In the study by Amro et al., the authors 
analyzed 110 patients who had received a KTx and reported 
a statistical and clinical decrease in the negative influence 
on life quality by itching (p = 0.001).10 Also, Avermaete 
et al. in their report showed a difference in itch prevalence 
between HD and transplant patients (48–73% vs 2%).11 
Furthermore, Tăranu et al. in their study reported a 5.3% 
prevalence of itchiness; however, the authors associated 
it with immunotherapy.12 Yates et al. described a patient 
with generalized itchiness because of an atypical presen-
tation of chronic scabies infestation.13 However, after suc-
cessful treatment with permethrin, the itch disappeared.

Discussion

End-stage renal disease-associated chronic itch, also 
known as uremic pruritus or uremic itch, is a common 
symptom in CKD patients. It affects 35% of patients treated 
with HD.14–16 The sensation is usually localized, but affects 
whole body in almost ¼ of subjects.17 Patients suffering 
from uremic itch often report decreased quality of life and 
poor sleep quality, more frequently develop depression 
and their relationship satisfaction is significantly lower 
than in asymptomatic individuals.15,18,19 The pathogenesis 
of ESRDCI has not been fully explained yet and various 
factors are reported to play an important role in the patho-
genesis of pruritus. Among them authors mention high 
serum levels of parathormone, urea and creatinine, xerosis, 
microinflammation, dysregulation of opioid receptors, and 
neuropathy.20–24 Due to the complex pathomechanisms 
and associated comorbidities, the management of uremic 
itch remains a therapeutic challenge. It is reported that 
peritoneal dialysis may be beneficial and, if not possible, 
adjustment of HD parameters (e.g., blood flow) may reduce 
itchiness.25 The treatment consists of both topical and 
systemic therapy. At the beginning, mostly moisturizing 
agents and emollients are used, but the treatment often 
ends with antidepressants and opioids.5

Kidney transplant is the treatment of choice in ESRD. 
In comparison to HD, KTx significantly improves quality 

of life and reduces the risk of mortality.26 Moreover, it has 
been proven that KTx has a big influence on ESRDCI 
risk factors. Firstly, the HD, in comparison to properly 
functioning kidney, does not effectively remove middle-
size and protein-bound toxins,27 which could play a role 
in pruritus pathogenesis.28 Furthermore, during dialysis 
the interaction of peripheral blood lymphocytes with dia-
lytic membrane increases production and release of pro-
inflammatory cytokines,29 which ceases to be a problem 
after KTx. Authors also mention equilibration of  cal-
cium, phosphate, PTH, and vitamin D levels in KTx re-
cipients.30 Furthermore, some authors reported that KTx 
improves neurological complication of renal failure such 
as uremic polyneuritis and autonomic neuropathy.31–33 
Besides the existence of many reports on KTx influence 
on the ESRDCI risk factors, there is still very little known 
about pruritus in KTx recipients.

The available literature focused on  this topic is very 
limited and consists of 7 articles. All of them state that 
KTx leads to the reduction of itch incidence. In the newest 
study by Schricker et al., the incidence of CI after KTx was 
13% lower than in the HD group.6 Moreover, the trans-
plant function was correlated with the  intensity of CI. 
In the study by Altmeyer et al., all patients noticed the to-
tal disappearance of uremic itch.7 Although the results are 
promising, the report has its limitations. It was conducted 
on a small group of patients (49 people) and only general-
ized pruritus was considered. Panuccio et al. in their study 
compared the prevalence of itch between RTR, HD patients 
and healthy subjects.8 There was a statistically significant 
difference between the  itch in  KTx patients and those 
treated with HD (32% and 62%, respectively, p < 0.001). 
Furthermore, the retrospectively assessed pre-transplant 
itch prevalence in RTR was similar to the one found in HD 
patients. While the post-transplant decrease in uremic itch 
was noted, the prevalence was still almost 3 times higher 
than in the general population. Moreover, no statistically 
significant association with well-known uremic itch risk fac-
tors was established. Nevertheless, uremic itch in the KTx 
patients was strongly associated (p < 0.05) with a decrease 
in the quality of life, suggesting that the symptom is an im-
portant psychological burden. In a paper by Amro et al., 
the authors reported a statistically and clinically significant 
decrease in the influence of pruritus on the quality of life 
(p = 0.001 and Cohen’s d = 0.8).10 The improvement was 
visible both for patients extremely bothered and moder-
ately bothered by itch. Having this in consideration, one 
may conclude that KTx may have decreased itch intensity 
in those subjects. Additionally, Avermaete et al. reported 
the difference in the incidence of pruritus between RTR and 
the HD patients.11 Moreover, Tăranu et al. in their study 
reported that only 5.3% of the patients after KTx had pru-
ritus and suggested that the observed itch was associated 
with immunosuppressive therapy.12

It is important to emphasize that the itch in KTx patients 
could be of a different origin than the uremic pruritus. 
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The available reports stated that up to 88% of RTR suf-
fer from infection34 and up to 58.4% can develop drug-
related skin manifestation,35 while in some subjects new 
itchy dermatoses appear (e.g., lichen planus, psoriasis and 
seborrheic dermatitis).11 Moreover, the possibility of per-
sistent or tertiary hyperparathyroidism exists, which could 
 increase pruritus.36

Conclusions

The literature on uremic itch after KTx is very limited. 
Although the available reports present the beneficial ef-
fect of KTx, there is still more to be discovered. Therefore, 
future studies on larger populations are crucial to fully 
evaluate the actual effect of KTx on uremic itch.
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