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Abstract
Lockdowns and social distancing have been important and successful strategies to limit the spread of the coro-
navirus disease 2019 (COVID-19) virus. However, excess deaths related to non-COVID-19 causes have been 
reported, suggesting issues around availability and use of health services, particularly for people with condi-
tions needing ongoing medical support. In addition, evidence indicates that a range of age-related diseases 
and frailty are impacted by physical activity and social engagement, both limited in lockdown situations. 
It is therefore important to learn from the effects of lockdowns in order to limit any impacts, while still 
protecting people from the infection. This editorial summarizes two research themes at the Centre for 
Ageing Research at Lancaster University in the UK, one assessing impacts of lockdown for people living 
with a long-term neurodegenerative condition, Parkinson’s disease, and one assessing longitudinal impacts 
on frailty and wellbeing, with older adults aged over 70, including those living with at least one long-term 
condition. Uncertainty related to Parkinson’s disease and to COVID-19 amplified each other, and cancelled 
clinical appointments and limitations on physical activity had very significant impacts on wellbeing for this 
group. In the longitudinal study, frailty was more severe during lockdown periods. While lockdowns reduce 
spread of the virus, becoming frailer could make older adults more vulnerable to the effects of the virus dur-
ing these periods. Regular exercise during lockdown had beneficial effects aiding recovery once restrictions 
relaxed. These studies suggest factors that could lessen negative impacts of future lockdowns. Maintaining 
physical activity and providing access to health services during periods of lockdown are suggested as priorities.

Key words: COVID-19, physical distancing, Parkinson’s disease, frailty, aged
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More than 5 million people worldwide have now died 
of the coronavirus disease 2019 (COVID-19) virus, with 
many countries also beginning to report excess deaths 
(deaths in excess of what would be expected for the time 
of year based on pre-pandemic years) from other causes, 
related to stretched medical resources or fear of attending 
hospitals. The World Health Organization (WHO) sur-
vey,1 using data from 105 countries, found that the treat-
ment of noncommunicable conditions had been disrupted 
by the pandemic, particularly the treatment of hyperten-
sion, diabetes, cancer, and cardiovascular emergencies. 
Non-COVID-19 mortality represents between one and 
two thirds of the excess mortality in different countries,2–4 
and its causes include heart disease, diabetes, dementia 
and other causes. This has been attributed to a significant 
drop in use of healthcare; for example, in Greece, primary 
care visits dropped by 24.8% and hospital surgical proce-
dures by 23.1%, suggesting that the success of lockdowns 
in reducing infections and deaths from COVID-19 had 
come at the expense of non-COVID-19 patients, leaving 
a significant amount of unmet need in the population.4

Work to examine impacts of lockdowns on populations 
is crucial if we are to learn what works compared to what 
increases risks and healthcare burdens in the longer term. 
This is specifically the case for older age groups, given 
age-related increase in  frequency of  long-term condi-
tions that need regular and ongoing healthcare support.5 
The greater impact of COVID-19 infection on older adults, 
particularly those with existing long-term conditions 
is clear6 with respiratory issues, morbid obesity, dementia, 
diabetes, atrial fibrillation, and hypertension, all being risk 
factors for COVID-19-related hospitalizations.7,8 Frailty 
also increases with age, which can be associated with mul-
tiple chronic diseases but can also occur in the absence 
of specific diseases. Frailty is defined as a state of increased 
vulnerability to negative outcomes9 and in line with this 
definition, the outcomes of COVID-19 infection are more 
severe for frail older adults.10,11 Therefore, lockdown and 
social distancing strategies are vital to protect older adults. 
Moreover, we need to determine what impacts such strat-
egies may have.

It  is thus important to understand how lockdown re-
strictions may have affected older people living with, 
and without, long-term conditions, but also how they 
may have influenced frailty levels, and so vulnerability 
to  infection, over the course of  the pandemic to date. 
Physical and social inactivity caused by lockdown may 
be expected to have both an immediate and lasting effect 
on older adults’ health, given that low exercise and social 
engagement have been associated with an increased risk 
of frailty, cognitive decline and dementia.12–14 Many older 
adults reported a significant reduction in normal activities 
they do to promote healthy ageing during lockdown – e.g., 
in a Spanish study, 65.7% reported doing less physical ac-
tivity.15 Therefore, it is important to consider what factors 
may mitigate adverse effects of lockdown on older adults 

and those living with long-term conditions, with coping 
resources, and health behaviors such as physical and so-
cial engagement identified as candidate protective factors. 
Our own work has begun to examine some of these issues, 
first in a group of people living with a long-term neuro-
degenerative condition, Parkinson’s disease, and second 
in groups of people aged over 70, half of whom living with 
multiple long-term conditions.

Our qualitative work with people living with Parkin-
son’s16 focused on the uncertainty related to living with 
the illness in a time of pandemic and lockdowns. Four 
specific themes were extracted from the interview data: 
(1) COVID-19 is amplifying existing fears and difficulties 
around the uncertainty of Parkinson’s, including those 
relating to hospitalization, loss of function and independ-
ence, accessibility of medication, and worries about treat-
ment if they did get a COVID-19 infection. Many partic-
ipants also realized that the two sources of uncertainty 
(their chronic, neurodegenerative illness and COVID-19) 
amplified each other; (2)  Practical and psychological 
efforts to manage uncertainty. Participants attempted 
to gain control of the uncertainty of the situation. Their 
approach to the additional uncertainty created by social 
restrictions was pragmatic and focused on acceptance. 
The psychological toll of dealing with COVID-19 against 
a backdrop of also managing a serious health condition 
was acknowledged by the participants; (3) Benefit-finding 
as a way of acknowledging the positive aspects of  lock-
down: Despite multiple challenges, participants’ ability 
to see the positives was important in balancing the poten-
tial psychological distress from having to manage an ad-
ditional set of stressors, by reassessing priorities and feel-
ing an increase in personal resilience; (4) Risk and future 
management in the context of uncertainty: While some 
of the participants’ fears related to contracting COVID-19, 
similar levels of anxiety were also expressed about lock-
down causing permanent effects on their health and well-
being, e.g., due to cancelled health appointments or lack 
of availability of physical and social activity.

A key learning point was that the clinical appointments 
being cancelled during the pandemic was particularly 
worrying, given evidence on the role of healthcare com-
munication and support in reducing illness uncertainty 
and communicating hope, especially during healthcare 
crises.17 Supporting this, Parkinson’s UK report, based 
on a large quantitative survey, also found loss of physical 
exercise was a problem, due to its impact on both physical 
and mental wellbeing and significant problems with loss 
of medical appointments.18

In  our second study (unpublished data), potential 
changes in physical and mental wellbeing in older adults 
were assessed across a 12-month period through lockdown 
variations to determine how frailty may change in relation 
to restrictions, focusing on a multidimensional approach 
to frailty and its measurement.19 We also aimed to consider 
if coping resources mitigate any deterioration in health and 
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wellbeing associated with lockdown, and how frequency 
of physical activity and experienced social isolation may 
influence change in frailty, loneliness, quality of life, and 
perceptions of environmental age-friendliness (physical 
and social accessibility, community support and outreach).

Seventy participants were recruited in  England and 
Spain, time periods illustrated in Fig. 1. While lockdowns 
were similar between the countries, the first lockdown, 
during which we  conducted our first assessment (our 
Time 1), was stricter in Spain with people not being al-
lowed out just for a walk, while in the UK residents were 
encouraged to take daily exercise. Also, at the time of our 
fourth assessment (Time 4), restrictions were increasing 
again in the regions of England where our participants were 
located. The last assessment was in June 2021 by which 
time all participants had been vaccinated.

Volunteers, all living independently, were aged over 70, 
with 50 participants in England and 20 in Spain. Overall, 
24 participants were considered ‘high risk’ as determined 
using the UK National Health Service (NHS) lists of high-
risk conditions,20 meaning they had at least one long-term 
health condition that made them more vulnerable to severe 
effects of COVID-19.

Assessments included measures of: multidimensional 
frailty; quality of life; loneliness; age-friendliness of their 
environment; physical activity (days a week they engaged 
in at least 30 min of exercise); social contact; coping re-
sources (what things were helping them cope during 
the pandemic, e.g., family support, community groups 
or watching TV).

Results showed that the  average frailty was highest 
at the time of the first assessment when restrictions were 

at their most stringent (it was higher in Spain), then de-
creased in severity in both countries to the third assess-
ment, representing a time period with lower restrictions. 
Among the Spanish group, frailty continued to decrease 
but in the English group, frailty rose again at the fourth 
assessment, corresponding to a period in which our par-
ticipants were subject to the stricter of the UK “tiered” 
lockdowns and to the beginning of the darker evenings and 
harsher winter than expected in Spain. At our final assess-
ment, one year after the first, all participants had received 
two doses of a COVID-19 vaccine and social distancing had 
largely eased. At this point, frailty was significantly lower 
than in the strict first lockdown.

We also found changes in how participants viewed their 
environment. Across both countries, participants seemed 
to view their environment as more age-friendly, more able 
to meet their needs, e.g., for access to general practitioner 
(GP) surgeries or social engagement, when fewer lockdown 
restrictions were in place.

A year after the  first lockdown, participants viewed 
their environment as significantly more age-friendly than 
at the beginning. We did not find any evidence to suggest 
that quality of life or loneliness showed significant changes 
over time, but we did find an impact of level of physical 
exercise on changes in frailty. Participants who engaged 
in  exercise more frequently during lockdown showed 
a greater decrease in frailty severity as restrictions were 
eased. Having more or fewer coping resources did not seem 
to affect changes in frailty in this study.

The key learning points are:
(i) Frailty in  older adults, including those with un-

derlying health conditions that put them at higher risk 

Fig. 1. Study timeline
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of COVID-19 infection, was more severe during periods 
of lockdown compared to when restrictions were eased. 
While periods of  lockdown and strict social distancing 
clearly reduce the spread of the virus, becoming frailer 
because of lockdown may mean that older adults could be 
more vulnerable to serious effects of the virus during these 
periods. There is an important need for strategies to help 
in reducing frailty in older adults while such restrictions 
are in place;

(ii) Regular exercise during lockdown can have bene-
ficial long-term effects aiding recovery once restrictions 
relax. Helping older adults, especially those living with 
frailty, to remain physically active during periods of high 
restrictions should be an important consideration going 
forward.

In conclusion, lockdowns, social distancing restrictions 
and pauses in healthcare accessibility could have specific 
negative consequences for older people, particularly those 
living with long-term conditions that need ongoing treat-
ment and support. While lockdowns protect the most 
vulnerable, these studies suggest factors that could lessen 
negative impacts of future lockdowns. Maintaining physi-
cal activity, supporting a sense of control and a supportive 
environment, as well as providing access to services such 
as GP or outpatient appointments during periods of lock-
down are shown to be key priorities.
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Abstract
Background. Early recognition of sepsis and a prompt initiation of goal-directed therapy is important for 
sepsis survival. Little is known about the impact of early recognition of sepsis in the out-of-hospital setting 
when paramedics are the 1st medical professionals arriving on the scene.

Objectives. To characterize the impact of sepsis recognition by paramedics in the 1st out-of-hospital contact 
and to establish a predictive model by combining preclinical patient characteristics.

Materials and methods. In this retrospective single-center cohort study, we included a total of 263 patients 
diagnosed with sepsis after admission to the emergency department and correlated them to the emergency 
medical protocols of the paramedics who have seen the patient out-of-hospital.

Results. Only 25 patients were correctly diagnosed by paramedics out-of-hospital. If sepsis was diagnosed, 
the median time to antibiotic administration was significantly lower (136.50 min compared to 206.98 min, 
p = 0.0069) and mortality was reduced from 22.8% to 8% (p = 0.0292). We have identified predictors for 
prognosis and calculated a predictive model with a modified quick Sepsis-related Organ Failure Assessment 
(qSOFA) score, which fits the needs for out-of-hospital usage and results in a better discrimination of vitally 
threatened patients (receiver operating characteristic (ROC) area under curve (AUC) of 0.641 compared 
to 0.719), as compared to the standard qSOFA.

Conclusions. Sepsis recognition by paramedics at the 1st out-of-hospital contact significantly reduces 
sepsis mortality. The qSOFA and modified qSOFA are suitable tools for sepsis recognition, and have an impact 
on mortality and disease management when used.

Key words: paramedic, emergency medicine, qSOFA, sepsis, out-of-hospital
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Background

Sepsis is  a  severe disease associated with high rates 
of mortality and morbidity.1 The treatment of septic pa-
tients is  often expensive.2 Moreover, despite advances 
in intensive care, the diagnosis of sepsis and its underly-
ing disease remains challenging and time-consuming.3 
The availability of an early predictive model of sepsis for 
the initiation of goal-directed therapy is necessary. Guide-
lines from the Surviving Sepsis Campaign have helped 
to establish structures for the successful treatment of sep-
sis, especially in hospitalized patients.4 However, only lim-
ited capabilities exist in preclinical emergency services for 
diagnostic procedures.5

In some projects, so-called sepsis kits have been estab-
lished to improve sepsis survival in a preclinical setting. 
However, randomized controlled trials evaluating these 
kits are not sufficiently available and have been difficult 
to establish.6 The quick Sepsis-related Organ Failure 
Assessment (qSOFA) score has been developed recently 
using guidelines for the rapid assessment of septic con-
ditions. This scoring system uses respiratory rate, dis-
turbance of consciousness, and systolic blood pressure 
(SBP) as parameters. They can be easily assessed during 
preclinical emergency service.7 There is an ongoing sci-
entific debate on the performance of this score as a pre-
dictor of outcome.8 Other scoring systems like the Mor-
tality in Emergency Department Sepsis (MEDS) score 
and the Modified Early Warning Score (MEWS) may 
perform better, but are more difficult to establish under 
preclinical conditions.9,10 The qSOFA criteria might be 
also useful in some differential diagnostic aspects that 
are important for preclinical medicine.

The treatment outcome parameters for sepsis patients 
are established and described. Among these, the  time 
to antibiotic treatment, lactic acid levels and hemodynamic 
parameters are the most important.11 Research in the field 
of sepsis at this interface is nearly non-existent for out-of-
hospital emergency service systems, thus further research 
is needed in this area.12 The development of a risk assess-
ment tool for death in patients with preclinical sepsis may 
be helpful in identifying sepsis patients at the earliest pos-
sible time point, and aid in providing adequate and rapid 
diagnostics work-up and surveillance.

Objectives

It was hypothesized that early sepsis recognition by para-
medics at 1st out-of-hospital contact would have an impact 
on the mortality and morbidity of sepsis. We have also 
searched for predictive parameters that can be assessed 
by paramedics, and aimed to establish a predictive model 
for sepsis prognosis by combining out-of-hospital patient 
characteristics.

Materials and methods

Study design

This study is a retrospective single-center study. Sepsis 
survivors and non-survivors who were rushed to the hospi-
tal by ambulance were identified and used as the 2 cohorts 
for this study.

Setting

Sepsis patients interacting with emergency medical 
services (EMS) in the county of Northeim, Germany and 
the Helios Albert-Schweitzer-Hospital, Northeim, Ger-
many, were considered for inclusion in the study.

Participants

The patient group was identified by hospital release docu-
mentation ICD-10 code A41 (sepsis) and R65 (systemic in-
flammatory response syndrome – SIRS) after final release 
or death in hospital. Data were collected from the clinic 
information system (CIS) of the hospital and the records 
of the EMS. A total of 263 patients were identified. Data 
were obtained from the period of January 1, 2012 to Decem-
ber 31, 2018. The exclusion criteria were age under 18 years 
and missing documentation in the CIS system. All param-
eters were obtained according to the Declaration of Helsinki 
and to the rules of the European Union. The study was ap-
proved by the ethics committee at the University of Göttin-
gen (approval No. 4/8/17). Data were collected in a Micro-
soft Excel 2013 (Microsoft Corp., Redmond, USA) table and 
pseudonymized.

Variables

The primary outcome parameters for mortality rate were 
death in hospital and length of hospital stay for morbidity 
rate. The secondary parameters were as follows: age, sex, 
coronary heart disease, diabetes, residential care, hyperten-
sion, chronic kidney disease, liver cirrhosis, malignancy, 
immunodeficiency, septic urinary tract infection, septic 
pneumonia, other foci, Allgower’s index, preclinical re-
spiratory rate >22/min, preclinical heart rate, preclinical 
Glasgow Coma Scale (GCS) <14, preclinical lowest SBP, 
preclinical qSOFA, preclinical O2 saturation, preclinical 
temperature >38.5°C, preclinical diagnosis of sepsis (yes 
or no), hospital respiratory rate >22/min, hospital heart 
rate, hospital O2 saturation, hospital GCS <14, preclinical 
lowest SBP, hospital qSOFA, length of intensive care stay, 
length of hospital stay, death in hospital, denial of resuscita-
tion order, preclinical antibiotics, hospital antibiotics, time 
of anti biotics administration, MEWS, Manchester triage 
category, laboratory tests like thrombocyte count, biliru-
bin, creatinine, lactic acid level, high sensitive troponin, 
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leucocyte count, procalcitonin and blood culture results, 
need for dialysis, and type of antibiotic treatment.

Sample size

The required sample size was not calculated since this 
was a retrospective proof of concept study.

Statistical analyses

Descriptive statistics were calculated using IBM SPSS 
v. 27 (SPSS Statistics for Windows; IBM Corp., Armonk, 
USA). Values are presented as number (n) and percent-
age, means ± standard deviation (SD), or median ± inter-
quartile range (IQR). Detailed explanations are included 
in the figure captions.

For tests of  statistical significance, t-tests were per-
formed, with a p < 0.05 considered significant. For com-
parisons of n in contingency tables, χ2 tests were performed 
where applicable, with a p < 0.05 considered significant. 
We used Q–Q plots to determine a normal distribution for 
the following variables: age, preclinical SBP, emergency de-
partment SBP, preclinical temperature, and emergency de-
partment temperature. Non-normality was seen for lactate. 
After Box–Cox transformation with lambda = 0.1, a nor-
mal distribution was achieved and a two-tailed unpaired 
t-test was performed. For emergency department vigilance, 
a non-normal distribution was seen. After Box–Cox trans-
formation with lambda = 6.7934, a normal distribution was 
approximated, but it still did not satisfy the Shapiro–Wilk 
test. Therefore, a Mann–Whitney U test was used to test 
for significance in this case.13

A receiver operator characteristic (ROC) curve analy-
sis was performed to calculate the correlations of qSOFA 
and our modified qSOFA with death due to sepsis. Points 
on the ROC curve nearest the upper left corner were cho-
sen for cut-off values as this resulted in optimal sensitivity 
and specificity. The predictive model Psepsisdeath, indicating 

the probability for sepsis death by means of multivariate lo-
gistic regression, was calculated separately.13 The Psepsisdeath 
was calculated by using variables in our modified qSOFA 
with the following parameters: age, preclinical GCS, and 
preclinical SBP. For immunodeficiency, 1 indicated im-
munodeficiency and 0 indicated no immunodeficiency. 
The predictive factor X was generated as the weighted 
sums of the predictive factor values, weighed with their 
regression coefficients from the final binary logistic regres-
sion analysis13 (algorithm: X = 0.024 * [age] – 0.088 * [out 
of hospital GCS] – 0.021 * [out of hospital SBP] – 0.558 
* [1 if immunodeficiency is positive, otherwise 0] + 0.430). 
The probability of sepsis death (Psepsisdeath) was calculated 
as follows (Eq. 1):

p = 1
1 + ex

For boxplots of predicted vs real mortality, we grouped 
patients into quartiles based on their individual mortality 
likeliness.

Results

We identified 263 sepsis patients who were seen between 
2012 and 2018 by the EMS and brought to the emergency 
department. Sixty-one of them died of sepsis and 202 sur-
vived. Between these 2 groups, no differences were found 
for sex distribution, coronary heart disease, diabetes, de-
mentia, residential care, hypertension, chronic kidney dis-
ease, dialysis, liver cirrhosis, or cancer history. Sepsis death 
was associated with age (83.10 compared to 79.51 years, 
p = 0.0385; Table 1) and the presentation of acute kidney 
injury (77.7% compared to 61.98%, p = 0.0346). For immu-
nodeficiency status, a strong positive tendency was found, 
but it did not reach significance (11.5% compared to 21.8%, 
p = 0.0743; Table 1). The mean out-of-hospital qSOFA was 
1.49 in the non-survivor group and 0.9 in the survivor 

Table 1. Significant demographic data, laboratory results and scores

Parameter Died
(n = 61)

Survived
(n = 202) p-value df#

Age [years] 83.10 ±11.158 79.51 ±12.003 0.0385 (t-test) 261

Acute kidney injury, (n, %) 46, 77.7% 125, 61.9% 0.0346 (χ² test) 1

Immunodeficiency*, (n, %) 7, 11.5% 44, 21.8 % 0.0743 (χ² test) 1

Lactate [mmol/L] 3.88 ±3.84 2.02 ±2.53 0.0008 (t-test) 108

Preclinical SBP [mm Hg] 107.61 ±33.82 124.37 ±31.39 <0.0001 (t-test) 255

Emergency department SBP [mm Hg] 109.98 ±34.45 129.40 ±33.46 <0.0001 (t-test) 93

Preclinical temperature [°C] 36.53 ±1.21 37.57 ±1.53 <0.0001 (t-test) 119

Emergency department temperature [°C] 36.39 ±1.10 37.46 ±1.44 <0.0001 (t-test) 251

Emergency department qSOFA score 1.49 ±0.95 0.90 ±0.81 <0.0001 (t-test) 255

Emergency department vigilance GCS score ≥15 (n, %) 12.80 ±2.41 13.68 ±1.92 0.0045 (U test) 249

* all patients with ongoing chemotherapy, immunosuppression or hereditary or acquired immunodeficiency; n – number; #df – degrees of freedom; 
SBP – systolic blood pressure; GCS – Glasgow Coma Scale; qSOFA – quick Sepsis-related Organ Failure Assessment. 
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group (p < 0.0001). It was also found that preclinical SBP 
(107.61 mm Hg compared to 124.37 mm Hg, p < 0.0001) 
and preclinical body temperature (36.53°C compared 
to 37.46°C, p < 0.0001; Table 1) were significantly lower 
in the sepsis death group. No differences were seen in pre-
clinical average blood pressure (BP), heart rate, vigilance, 
respiration rate, or oxygen saturation. Interestingly, these 
findings were also true for the vital parameters taken 
in the emergency department, but a significant signal for 
vigilance, as measured with the GCS (12.80 compared to 
13.68, p = 0.0048; Table 1), was observed between non-
survivors and survivors.

Regarding the reason for sepsis (urinary tract sepsis, 
pneumonia, abdominal infection, other reasons), no sig-
nificant differences were found between the sepsis death 
group and the survival group. A total of 114 positive blood 
cultures and 149 negative blood cultures were found. 
The main disease-causing agent was Escherichia coli, fol-
lowed by Staphylococcus aureus and Klebsiella spp.

The  laboratory parameters taken in  the  emergency 
department revealed a positive association with sepsis 
death and lactic acid levels (3.88 mmol/L compared to 
2.02 mmol/L, p = 0.0008; Fig. 1), whereas no correlation 
was found with thrombocyte levels, leucocyte levels, bili-
rubin concentration, creatinine levels, C-reactive protein 
(CRP) levels, or increased procalcitonin levels.

Sepsis was recognized by paramedics in only 25 pa-
tients and 238 did not have a suspected diagnosis of sep-
sis by EMS paramedics (Table 2). If sepsis was diagnosed 
by EMS, a noteworthy decrease in time to the first anti-
biotic administration as compared to a non-diagnosed sep-
sis was found (136.50 min compared to 206.98 min after 
the arrival of EMS on the scene, p = 0.0069; Fig. 1). A re-
markable increase in mortality was also found if sepsis was 
not initially diagnosed by EMS personnel (8% compared 
to 22.8%, p = 0.0292) before hospital admission (Fig. 1).

If sepsis was not suspected, several misleading diag-
noses were documented by  paramedics upon delivery 

Fig. 1. Boxplot Fig. 1A and 1D include the median as center while the boxes represent the 1st and 3rd quartiles, and therefore, enclose the interquartile range. 
The whiskers show the minimum and maximum values, and the little circles represent statistical outliers

A. Time to antibiotic treatment as compared to sepsis recognition by paramedics, p = 0.0069; B. Death toll in both groups (%), p = 0.0292; C. ROC analysis 
of our modified sepsis score, AUC = 0.719 (95% CI = 0.644–0.794); D. Prediction of sepsis death based only on the knowledge of our modified out-of-
hospital sepsis score parameters (containing age, out-of-hospital GCS, out-of-hospital SBP, and immunodeficiency). Results are displayed as boxplots with 
confidence interval; 1st quartile – death probability 0–25%; 2nd quartile – death probability 25–50%; 3rd quartile – death probability 50–75%.  
The real measured mortality in our cohort is shown in brackets. There is a good correlation of predicted and actual mortality by this modification.
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to the emergency department (Fig. 2). The most often diag-
nosis was “unspecific complaints,” followed by “unspecific 
infectious disease” and desiccosis (Table 3).

Interestingly, most patients were transported by a type 
B ambulance (emergency ambulance) according to Euro-
norm (EN) 1789 (48%). Only 31% of patients were trans-
ported by a type C ambulance (mobile intensive care unit; 
EN 1789) and 21% had a type C ambulance accompanied 
by an emergency physician.

The duration of stay in the intensive care unit (ICU) did 
not differ between non-survivors and survivors, and no 
significant difference was seen after subdivision of the pre-
clinical qSOFA 1 or 2–3 (3.5 compared to 5 days, p = 0.109). 
There was only a tendency for longer stays with a higher 
qSOFA (>1) on admission.

The out-of-hospital qSOFA and in-hospital mortality 
were correlated using a ROC. In our cohort, qSOFA cor-
related with an area under curve (AUC) of 0.641 (95% 
CI = 0.559–0.723) for predicting sepsis death.

If we use a modified sepsis score (with parameters age, 
out-of-hospital GCS, out-of-hospital SBP, and presence 
of immunodeficiency – Fig. 2), the AUC was more exact 

with 0.719 (95% CI = 0.644–0.794), as compared to the orig-
inal qSOFA. We have chosen to  implement the aspect 
of immunodeficiency since this parameter showed a strong 
tendency, but lacked significance (p = 0.0743).

Next, we checked the abovementioned modified sep-
sis score (Fig. 1C) by calculating the individual probabil-
ity of sepsis death. Three groups were formed according 
to the mathematical division into quartile ranks (1st quar-
tile – death probability 0–25%, 2nd quartile – death prob-
ability 25–50%, 3rd quartile – death probability 50–75%; 
Fig. 1D). Since the 4th quartile (death probability 75–100%) 
encompassed no patients, it was excluded. The results 
of this calculation based on the abovementioned param-
eters are shown as boxplots representing the mean and IQR 
(25–75%) of the corresponding box for the specific quartile 
rank; therefore, representing the probability of death due 
to sepsis. The actual measured mortality in our cohort 
is shown in brackets (Fig. 1D). A very good prediction 
of the real in-hospital mortality was found when the modi-
fied version of the out-of-hospital sepsis score was used.

Discussion

Our main finding was that, if  sepsis was suspected 
by EMS, an improved outcome was detected. This finding 
is consistent with previously published data.14 On the other 
hand, there are reports that did not detect an improved 
outcome even if  EMS was involved in  sepsis cases.15 
The reasons for these conflicting results remain unclear. 
One could speculate that situational awareness might play 
a role. The qSOFA is therefore a useful tool to establish 
this awareness in  the  out-of-hospital context. Further 

Fig. 2. Top 10 misleading diagnoses 
by paramedics (n)

Table 2. EMS diagnosis sepsis, outcome

Outcome Sepsis recognized (n = 25) Sepsis not recognized
(n = 238) p-value df

Mean time to antibiotic 
treatment [min]*

136.50 ±81.08 206.98 ±117.28 0.0069 (t-test) 182

Died, n (%) 2 (8.0) 59 (22.8) 0.0292 (χ² test) 1

*time between arrival of the EMS at the scene and antibiotic administration; df – degrees of freedom.

Table 3. Top 5 EMS alternative diagnosis instead of sepsis

EMS alternative diagnosis instead of sepsis – top 10 n

Unspecific complaints 36

Infectious disease 32

Desiccosis 18

Stroke 15

Pneumonia 12

EMS – emergency medical services.

unspecific
complains; 36

infec�ous
disease; 32

desiccosis; 18

stroke; 15 pneumonia; 12
acute 
abdomen; 11

gastrointes�nal 
blending; 9

acute kidney 
injury; 5

hypotension; 5

acute coronary 
syndrome; 4

other; 23
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investigation after implementation of the so-called sepsis 
bundles and routine qSOFA scoring in the preclinical set-
ting might help solve this problem.

In  the  majority of  cases, sepsis was not recognized 
by EMS personnel. Mainly, unspecific complaints were 
given as admission diagnoses on arrival at the emergency 
department. It is well known that especially elderly pa-
tients being brought to  emergency departments with 
unspecified complaints in 60% of cases have a serious 
disease.16 The  most frequent reasons for misdiagno-
sis in the geriatric setting are concealed or less typical 
symptoms, multi-morbidity, as well as communication 
problems.17 In this context, it is not surprising that most 
patients were transported with type B EN1789 patient 
transport ambulances.

The overall sepsis mortality rate in the current cohort 
between 2012 and 2018 was 23.2%. Stevenson et al.18 re-
ported a mortality rate of 29% for severe sepsis in the de-
cade 2010–2020. Therefore, it  can be concluded that 
the current cohort was not undertreated; in fact, these 
patients performed better than average. Looking at the de-
mographics, it was found that age, acute kidney injury 
and immunosuppression (defined as any state of ongoing 
antitumor chemotherapy, medical immunosuppression, 
and hereditary or acquired immunodeficiency) influenced 
sepsis mortality. These findings are consistent with lit-
erature.19 A positive correlation of out-of-hospital qSOFA 
and emergency department qSOFA with mortality was 
found, which is also consistent with literature.20 A preclini-
cal normal or slightly lowered body temperature (mean 
36.4°C) was associated with sepsis death, as compared 
to a normal or slightly elevated body temperature (mean 
37.5°C). While the role of fever in sepsis has been widely 
discussed and sparked controversy, the impact on mortal-
ity is generally low.21 Kushimoto et al.22 found that body 
temperature lower than 36.5°C to be associated with sepsis 
death, which is in accordance with our data.

Interestingly, a signal for the parameters average BP 
and GCS in the emergency department was found, which 
was not detected during patient transport. This time-de-
pendent phenomenon shows the dynamic status of septic 
shock and is known in literature.23

The reasons for sepsis and sepsis death, as well as blood 
culture results, did not differ between the survivor and 
non-survivor groups, therefore excluding intensive care 
treatment bias in our cohort.

Elevated lactic acid levels were associated with death 
in  the  current cohort, which has also been described 
in the literature.24 The data showed no significant differ-
ence in the duration of stay in ICU between the non-survi-
vors and survivors. Patients with a higher qSOFA had only 
a tendency for longer stays. Not surprisingly, survivors had 
a longer hospital stay as compared to patients in the non-
survivor group. Again, this finding is consistent with previ-
ously published data.25 The ROC analysis revealed a good 
correlation of qSOFA with sepsis death in the current study. 

Brink et al.26 recently published a qSOFA AUC with similar 
results; therefore, we are confident that our data is reliable.

In the current study, the qSOFA was modified by in-
tegrating easy to determine preclinical parameters like 
age, GCS, SBP, and anamnesis of immunodeficiency. ROC 
analysis revealed an even better correlation of these pre-
clinical parameters with in-hospital death as compared 
to the original qSOFA. Therefore, a relatively exact predic-
tion model for the current cohort was established. With 
this score model, a preclinical tool could be developed that 
allows for increased awareness of a septic condition and 
might enable prompt medical treatment, critical for sepsis 
treatment. We plan to establish a web-based calculator, 
which might help to further evaluate this score and could 
be a helpful tool for out-of-hospital sepsis recognition. Fur-
ther evaluation may have a clinical impact on in-hospital 
mortality. The EMS in Northeim had already introduced 
a sepsis bundle in 2018 after obtaining our results. Further 
scientific evaluation of the future developments may be 
interesting.

Limitations

Our study is  limited by the retrospective single-cen-
ter design. Therefore, our data are not able to prove that 
the recognition of sepsis by paramedics will always im-
prove sepsis outcome. Multicenter randomized trials are 
needed to provide further evidence. We did not calculate 
the required sample size, since this was a proof of concept 
study. Thus, the current study may be underpowered.

We identified our cohort retrospectively by selecting cases 
that were documented with ICD-10 codes A41 and R65 
as the main diagnoses. These diagnoses are based on sys-
temic inflammatory response syndrome (SIRS) criteria. One 
might criticize that this is a selection bias, since qSOFA-
positive patients who did not fit SIRS criteria might have es-
caped our attention. Although we cannot exclude selection 
bias, recent work27 showed that SIRS criteria are superior 
to the qSOFA in their ability to identify sepsis cases.

Conclusions

Preclinical recognition of sepsis by paramedics may re-
sult in an improved clinical outcome. Our data may help 
improve preclinical sepsis recognition by  paramedics. 
Although further investigation is needed, our modified 
scoring system could be a promising tool.

Supplementary files

We have examined all the metric variables for normal 
distributions by using Q–Q plots. Normal distributions 
were seen for age, preclinical SBP, emergency department 
SBP, preclinical temperature, and emergency department 
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Supplementary Fig. 1. Normal Q-Q plot of age

Supplementary Fig. 6. Normal Q-Q plot of temperature at the emergency 
department

Supplementary Fig. 5. Normal Q-Q plot of systolic blood pressure (SBP) 
at the emergency department

Supplementary Fig. 4. Normal Q-Q plot of preclinical temperature

Supplementary Fig. 3. Normal Q-Q plot of preclinical systolic blood 
pressure (SBP)

Supplementary Fig. 2. Normal Q-Q plot of 1. lactate [mmol/L]
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temperature. Non-normality was seen for lactic acid (lac-
tate). After Box–Cox transformation with lambda = 0.1, 
normal distribution was achieved and a two-tailed un-
paired t-test showed a p = 0.0008. For emergency depart-
ment vigilance, a non-normal distribution was seen. After 
Box–Cox transformation with lambda = 6.7934, a normal 
distribution was approximated but did not satisfy the Sha-
piro–Wilk test. Therefore a Mann–Whitney U test was 
used to test for significance. All results from regression 
analysis and Q–Q plots as well as and transformation re-
sults are provided as supplementary file.
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Table S1. Statistical analysis for normal distribution

Legend:  
df – degrees of freedom; Exp(B) – exponent (B); SBP – systolic blood 
pressure; SE – standard error; Sig. – significance; Wald – Wald test;  
GCS pre – preclinical Glasgow Coma Scale

Table S1A. Model description

Model name MOD_1

Series 
or sequence

1 age

2 lactic acid

3 preclinical SBP

4 preclinical temperature

5 SBP at the emergency department

6
temperature at the emergency 

department

7 lactate-transformed

Transformation none

Non-seasonal differencing 0

Seasonal differencing 0

Length of seasonal period no periodicity

Standardization not applied

Distribution

type normal

location estimated

scale estimated

Fractional rank estimation 
method

Blom’s

Rank assigned to ties mean rank of tied values

Table S1B. Case processing summary (part 1)

Case processing summary (1) Age Lactic acid Preclinical SBP Preclinical 
temperature

Series or sequence length 263 263 263 263

Number of missing 
values in the plot

user-missing 0 0 0 0

system-missing 0 153 6 9

Table S1C. Case processing summary (part 2)

Case processing summary (2) SBP at the emergency 
department

Temperature at the 
emergency department Lactate-transformed

Series or sequence length 263 263 263

Number of missing 
values in the plot

user-missing 0 0 0

system-missing 8 10 153
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Table S1D. Estimated distribution parameters (part 1)

Estimated distribution (1) Age Lactic acid Preclinical SBP Preclinical 
temperature

Normal distribution
location 80.342205 2.582727 120.521401 37.329921

scale 11.8883485 3.0865752 32.6686808 1.5284038

Table S1E. Estimated distribution parameters (part 2)

Estimated distribution (2) SBP at the emergency 
department

Temperature at the 
emergency department Lactate-transformed

Normal distribution
location 124.909804 37.214625 0.953582

scale 34.6133267 1.4401222 0.0855219

Table S2. Logistic regression analysis

Legend:  
df – degrees of freedom; Exp(B) – exponent (B); SBP – systolic blood 
pressure; SE – standard error; Sig. – significance; Wald – Wald test;  
GCS pre – preclinical Glasgow Coma Scale

Table S2A. Case processing summary

Unweighted casesa Number 
of cases Percentage

Selected cases

included in analysis 252 95.8

missing cases 11 4.2

total 263 100

Unselected cases 0 0

Total 263 100

Table S2B. Classification table

Classification Observed

Predicted

died: yes (1), no (0)
percentage correct

0 1

Step 0
died: yes (1), no (0)

0 195 0 100

1 57 0 0

overall percentage 77.4

Table S2C. Variables in the equation

Variables included B SE Wald df Sig. Exp(B)

Step 0 constant –1.230 0.151 66.724 1 0 0.292

Table S2D. Variables excluded from equation

Variables excluded Score df Sig.

Step 0
variables

age 4.510 1 0.034

immunodeficiency: yes (1), no (0) 2.647 1 0.104

preclinical SBP 15.542 1 0.000

GCS pre 5.013 1 0.025

overall statistics 23.429 4 0.000
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Table S2E. Model coefficients test

Model coefficients χ2 df Sig.

Step 1

step 25.104 4 0.000

block 25.104 4 0.000

model 25.104 4 0.000

Table S2F. Statistical model summary

Model summary –2 Log likelihood Cox & Snell R square Nagelkerke R square

Step 1 244.351a 0.095 0.144

Table S2G. Classification table

Classification Observed

Predicted

died in the hospital: yes (1), no (0)
percentage correct

0 1

Step 1
died: yes (1), no (0)

0 192 3 98.5

1 50 7 12.3

overall percentage 79.0

Table S2H. Variables in the equation (calculation for significance)

Variables for equation B SE Wald df Sig.

Step 1a

age 0.024 0.015 2.566 1 0.109

immunodeficiency: yes (1), no (0) –0.558 0.465 1.439 1 0.230

preclinical SBP –0.021 0.006 12.949 1 0

GCS pre –0.088 0.070 1.585 1 0.208

constant 0.430 1.699 0.064 1 0.800

Table S2I. Exponent (B) summary

Exponent (B) summary Exp(B)

Step 1a

age 1.024

immunodeficiency: yes (1), no (0) 0.572

preclinical SBP 0.980

GCS pre 0.916

constant 1.538
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Abstract
Background. The non-stress test (NST) is a simple non-invasive procedure commonly used in obstetrics 
clinics to assess fetal health. It is important that mothers feel comfortable during the NST and that the test 
results are obtained quickly.

Objectives. To determine the effects of maternal position on NST results and participants’ satisfaction 
during the procedure.

Materials and methods. This was a randomized controlled experimental study conducted at the Depart-
ment of Obstetrics and Gynecology Polyclinic of Erciyes University Hospital (Kayseri, Turkey) between October 
2017 and March 2018. During the NST, either the supine, semi-Fowler or left lateral position was utilized. 
Questionnaire forms and NST tracings were collected from 275 participating mothers and analyzed. The χ2 test 
was used to determine whether the distribution of categorical variables differed between groups. The Krus-
kal–Wallis test was used to determine whether median scores differed between groups. A p-value <0.05 
was considered statistically significant.

Results. Most participants in the left lateral (78.9%) and semi-Fowler positions (88.4%) reported feeling 
satisfied compared to only 24.2% of participants in the supine position (p < 0.001). Participants also felt 
more comfortable in the left lateral (92.2%) and semi-Fowler positions (87.2%). In the supine position, most 
participants (68.7%) reported experiencing back pain (p < 0.001). There were no significant differences 
among groups in terms of basal heart rate (p = 0.497), reactivity time (p = 0.421) or percentage of reactivity 
(p = 0.676). The number of accelerations was 5.0 in the left lateral position, 4.5 in the semi-Fowler position 
and 4.0 in the supine position (p = 0.051).

Conclusions. Our findings support the use of the semi-Fowler and left lateral positions during the NST. 
Participants reported high satisfaction in these positions and felt more comfortable, and no procedure-
related problems occurred.

Key words: non-stress test, maternal position, maternal satisfaction
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Background

The non-stress test (NST) is used to interpret changes 
in fetal heart rate (FHR) in relation to fetal body move-
ments during the antenatal period. It is a commonly used 
method to assess antenatal fetal health, provide a timely 
diagnosis and prevent complications that may occur due 
to intrauterine asphyxia.1–4

Maternal position during the NST is an important factor 
for reducing procedure-related problems. At our clinic, 
nurses typically put mothers in a supine position because 
it allows for easy administration of the NST. However, 
in this position, venous return and cardiac output may 
decrease, particularly due to the pressure caused by the en-
larged uterus upon the inferior vena cava, and supine hy-
potensive syndrome may occur. Furthermore, decreased 
uteroplacental circulation and fetal oxygenation may neg-
atively affect NST results. Thus, the lateral recumbent, 
semi-Fowler or sitting positions may be more acceptable 
positions for the NST to avoid inducing supine hypoten-
sion or  maternal discomfort, such as  a  backache.1,5–13 
In addition, it  is  important that mothers feel comfort-
able with the position they take during the NST because 
it lasts on average 20–40 min. During the procedure, most 
mothers complain of a backache caused by the supine posi-
tion and boredom from being in the same position. Since 
the position during the NST should be comfortable and 
satisfactory for the mothers, identifying the effect of dif-
ferent positions on test results and maternal satisfaction 
will aid in improving the NST procedure.

Objectives

In the literature, there are limited studies on the effect 
of maternal position on NST results and mothers’ satis-
faction. Thus, the current study aimed to address these 
research gaps.

Materials and methods

Study population

This was a randomized controlled experimental study 
conducted in the Department of Obstetrics and Gyne-
cology, Polyclinic at Erciyes University Hospital (Kayseri, 
Turkey) between October 2017 and March 2018. Pregnant 
women who attended the polyclinic for prenatal exams 
were included in this study.

The required sample size was calculated using the NCSS-
PASS software (NCSS LLC, East Kaysville, USA). Based 
on the study by Nathan et al., the number of women needed 
for each group was determined (α = 0.05, power = 0.80) 
to be at least 50.14 However, 100 participants were assigned 
to each group due to the possibility that mothers might 

want to change position during the procedure, withdraw 
from the study or for some other reason. The study inclu-
sion criteria were as follows: patients at 32 to 42 gestational 
weeks, who did eat at least 2 h before the test, and did not 
use alcohol or cigarettes before the test, not taking any bar-
biturate derivative medicine, able to communicate verbally, 
and consented to participate in the study. Participants with 
complications of pregnancy such as hypertension, diabetes, 
intrauterine growth restriction, or fetal anomalies were ex-
cluded. Participants who met the inclusion criteria were 
assigned to 1 of the 3 maternal positions during the antepar-
tum NST according to a computerized randomization list.

Measurements

Data were collected from questionnaires and NST trac-
ings. The questionnaire included socio-demographic infor-
mation, obstetric characteristics, vital signs, and satisfac-
tion with the allocated position. The satisfaction questions 
concerned feeling any discomfort during the NST proce-
dure, satisfaction with the position and position preference. 
Heart rate, systolic and diastolic blood pressure (SBP and 
DBP), and respiration rate were recorded as well.

An external electronic fetal monitor (Hewlett Packard 
Series 50A; Hewlett-Packard GmbH, Böblingen, Germany) 
was used to measure FHR and uterine activity in each study 
participant. The bedside monitor unit received informa-
tion about the  FHR and uterine activity from sensors 
or transducers, processed the information, and provided 
output in the form of a numeric display and a printed strip.

Procedure

Pregnant women who attended the polyclinic for prenatal 
exams were included in this study. Participants were in-
formed about the aim of the study and those who met the in-
clusion criteria were randomly assigned to 1 of the 3 maternal 
positions (supine, semi-Fowler or left lateral) during the ante-
partum NST. The NST for each participant took the average 
of 20 min. All tests were carried out between 9:00 AM and 
12.00 PM. The mother’s vital signs were measured after rest-
ing for 5–10 min. Reactivity time and rate, basal speed, and 
the number of accelerations and decelerations were recorded 
from the NST strips after testing concluded.

Statistical analyses

Statistical analyses were performed using IBM SPSS Sta-
tistics v. 26 (IBM Corp., Armonk, USA). Descriptive statistics 
were given as the number (n), percent (%), median (M), 1st 
quartile (Q1), and 3rd quartile (Q3). The distribution of nu-
merical data was evaluated using the Shapiro–Wilk nor-
mality test. Comparisons of numerical variables between 
groups were performed using the  Kruskal–Wallis  test. 
The Fisher’s exact test was used to compare categorical 
variables.15 If there was a significant difference in the χ2 test, 
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the differences between the groups in the categories were 
determined using the Bonferroni-corrected 2 proportion Z-
test. A p-value <0.05 was considered statistically significant.

A complete study flowchart is presented as Fig. 1.

Ethical approval

This study was approved by the Ethics Committee of Er-
ciyes University (approval No. 2013/427). All patients were 
informed about the purpose of the study and provided 
written and oral consent. The Declaration of Helsinki was 
complied with at all stages of the study.

Results

As shown in Table 1, the experimental groups were simi-
lar to each other in terms of mean age (p = 0.738), height 
(p = 0.095), weight (p = 0.425), number of pregnancies 

(p = 0.767), gestational age (p = 0.844), heart rate (p = 0.127), 
SBP (p = 0.310), DBP (p = 0.416), respiration rate (p = 0.623), 
and education level (p = 0.545). There was no statistically 
significant difference among the groups in terms of basal 
heart rate (p = 0.497). The number of accelerations was 
5.0 in the left lateral position, 4.5 in the semi-Fowler po-
sition and 4.0 in the supine position (p = 0.051). No sig-
nificant differences were found in terms of reactivity time 
(p = 0.421), reactivity rate (p = 0.676) or percentage of de-
celeration (p = 0.748) among the 3 groups (Table 2).

Most participants in the left lateral (78.9%) and semi-
Fowler positions (88.4%) reported being satisfied. Only 
24.2% of participants were satisfied in the supine posi-
tion and 53.5% reported dissatisfaction with this position 
(p < 0.001), with 71.7% reporting discomfort. In contrast, 
discomfort was reported by  only 7.8% of  participants 
in the left lateral position and 12.8% in the semi-Fowler po-
sition (p < 0.001). In the supine position, most participants 
(68.7%) reported back pain (p < 0.001). Most participants 

Table 1. Comparison of participant characteristics by position

Participant characteristics Supine
n = 99

Left lateral
n = 90

Semi-Fowler
n = 86

Test statistics

H/χ2 p-value

Continuous variables, M (Q1–Q3)

Age [years] 27.0 (24.0–33.0) 28.5 (24.8–33.0) 28.0 (23.0–33.0) 0.606 0.738

Height [cm] 160.0 (158.0–165.0) 160.0 (156.8–165.0) 162.5 (158.0–167.0) 4.716 0.095

Weight [kg] 78.0 (70.0–87.0) 76.5 (69.8–86.0) 74.0 (68.0–85.0) 1.711 0.425

Pregnancies [number] 3.0 (2.0–4.0) 3.0 (1.0–3.0) 3.0 (2.0–4.0) 0.530 0.767

Gestational age [weeks] 38.0 (37.0–39.0) 38.0 (37.0–39.0) 38.0 (37–39) 0.339 0.844

Heart rate [beats/min] 92.0 (80.0–100.0) 87.0 (80.0–94.5) 88.0 (80.0–96.5) 4.126 0.127

SBP [mm Hg] 120.0 (110.0–120.0) 117.5 (100.0–120.0) 120.0 (110.0–120.0) 2.343 0.310

DBP [mm Hg] 70.0 (70.0–80.0) 70.0 (60.0–80.0) 70.0 (60.0–80.0) 1.754 0.416

Respiration rate [rate/min] 22.0 (20.0–24.0) 22.0 (20.0–24.0) 22.0 (20.0–24.0) 0.948 0.623

Categorical variables, n (%)

Education
primary school
secondary school
high school
university 

39 (39.4)
27 (27.3)
22 (22.2)
11 (11.1)

39 (43.3)
18 (20.0)
21 (23.3)
12 (13.3)

34 (39.5)
28 (32.6)
15 (17.4)
9 (10.5)

6.998 0.545

n – number of participants; % – column percentages; M – median; Q1 – 1st quartile; Q3 – 3rd quartile; SBP – systolic blood pressure; DBP – diastolic blood 
pressure; H – Kruskal–Wallis test; χ2 – χ2 test.

Fig. 1. Study flowchart

analyzed (n = 99)

randomized (n = 300)

supine (n = 100) 
1 missing or incorrect data

left lateral (n = 100)
3 not participating in the study 
4 NST strip was not readable
3 missing or incorrect data

semi-Fowler (n = 100)
4 not participating in the study
5 NST strip was not readable
5 missing or incorrect data

analyzed (n = 90) analyzed (n = 86)
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in the semi-Fowler position (73.3%) reported that they 
would prefer to be in the same position for the next NST 
(Table 3).

Discussion

This study was conducted to  determine the  effects 
of maternal position on NST results and mothers’ satis-
faction with the procedure. There were no statistically 
significant differences among our groups in terms of basal 

FHR or maternal heart rate. The reason for the similar 
results across groups may be that only healthy pregnan-
cies were included to control for risky situations in this 
study. The number of accelerations was 5.0, 4.5, and 4.0 
in the left lateral, semi-Fowler and supine position, respec-
tively. Similar results were obtained by Cito et al., who 
found that maternal positions (reclining, sitting, walking) 
did not result in statistically significant differences in base-
line FHR or the number of large accelerations.1 In a study 
by Ibrahim et al., using the same positions (left lateral, 
semi-Fowler and supine) as our study, a higher baseline 

Table 2. Comparison of non-stress test features in each group

Non-stress test features Supine
n = 99

Left lateral
n = 90 

Semi-Fowler
n = 86

Test statistics

H/χ2 p-value

Continuous variables, M (Q1–Q3)

Reactivity time [min] 8.0 (5.0–12.0) 7.0 (5.0–10.0) 7.0 (5.0–10.0) 1.730 0.421

Basal heart rate [beats] 139.0 (130.0–140.0) 135.0 (130.0–140.0) 135.0 (130.0–140.0) 1.398 0.497

Acceleration [number] 4.0 (2.0–6.0) 5.0 (4.0–8.0) 4.5 (3.0–7.0) 5.941 0.051

Categorical variables, n (%)

Reactivity
reactive
nonreactive

85 (85.8)
14 (14.2)

81 (90.0)
9 (10.0)

76 (88.4)
10 (11.6)

0.782 0.676

Deceleration
none
1
2
3

92 (92.9)
5 (5.1)
1 (1.0)
1 (1.0)

84 (93.3)
5 (5.6)
0 (0.0)
1 (1.1) 

84 (97.7)
2 (2.3)
0 (0.0)
0 (0.0)

4.044 0.748

n – number of participants; % – column percentages; M – median; Q1 – 1st quartile; Q3 – 3rd quartile; H – Kruskal–Wallis test; χ2 – χ2 test.

Table 3. Distribution of satisfaction with position in each group

Characteristics
n (%)

Supine
n = 99

Left lateral
n = 90

Semi-Fowler
n = 86

Test statistics Pairwise comparisons*

χ2 p-value supine & 
left lateral

supine & 
semi-Fowler

left lateral & 
semi-Fowler

Satisfaction 

satisfied 24 (24.2)a 71 (78.9)b 76 (88.4)b

113.436 <0.001

<0.001 <0.001 0.106

not satisfied 53 (53.5)a 3 (3.3)b 5 (5.8)b <0.001 <0.001 0.489

partially satisfied 22 (22.2)a 16 (17.8)a 5 (5.8)b 0.473 0.002 0.019

Discomfort during the process 

yes 71 (71.7)a 7 (7.8)b 11 (12.8)b

109.947 <0.001
<0.001 <0.001 0.325

no 28 (28.3)a 83 (92.2)b 75 (87.2)b <0.001 <0.001 0.325

Disturbance type 

none 28 (28.3)a 83 (92.2)b 76 (88.4)b

112.948 <0.001

<0.001 <0.001 0.450

back pain 68 (68.7)a 7 (7.8)b 10 (11.6)b <0.001 <0.001 0.450

respiratory distress 3 (3.0)a 0 (0.0)a 0 (0.0)a 0.248 0.250 –

Preferred position 

right lateral recumbent 16 (16.2)a 5 (5.6)ab 2 (2.3)b

110.524 <0.001

0.052 0.002 0.444

left lateral recumbent 20 (20.2)a 33 (36.7)b 2 (2.3)c 0.015 <0.001 <0.001

supine 22 (22.2)a 7 (7.8)b 6 (7.0)b 0.008 0.004 0.999

semi-Fowler 16 (16.2)a 15 (16.7)a 63 (73.3)b 0.999 <0.001 <0.001

right/left lateral recumbent 25 (25.2)ab 30 (33.3)b 13 (15.1)a 0.263 0.102 0.005

n – number of participants; % – column percentages; χ2 – χ2 test; *significance values for 2 proportion Z-test with Bonferroni correction; a, b, c the same 
superscript letters indicate no statistically significant difference between the position groups in each rows; & – compared to.



Adv Clin Exp Med. 2021;30(11):1127–1132 1131

FHR and increased number of accelerations were found 
in the left lateral position, followed by the semi-Fowler 
position, compared to the supine position.16 The results 
obtained by Ibrahim et al. are very similar to ours.

Furthermore, there was no statistically significant differ-
ence between the groups in terms of reactivity time in our 
study, which is consistent with other studies in the litera-
ture. A study comparing 4 different positions (sitting-up, 
semi-Fowler, left lateral, and supine) determined that reac-
tivity time was not significantly different among the groups.7

The reactivity rate did not differ significantly among 
the groups in the current study. In the literature, different 
results have been obtained in studies comparing different 
positions during the NST. In a study using the same posi-
tions as our study, similar results were obtained: the NST 
reactivity rate did not show statistically significant differ-
ences between the left lateral, semi-Fowler and supine posi-
tions.16 A study comparing the sitting-up, semi-Fowler and 
semi-Fowler left lateral positions also reported no signifi-
cant differences between groups in terms of reactive NST 
rate.17 Similar results were obtained in a study in which 
the left lateral and sitting positions were examined, and 
the reactivity rate was not significantly different between 
the groups.18 However, Nathan et al.14 found that the non-
reactive NST rate in the supine position was higher than 
in the sitting position. In a study comparing the effect 
of 4 different positions (supine, left lateral, semi-Fowler, 
and sitting-up), the lowest reactive NST rate was noted 
in the supine position.7 Another study reported a posi-
tive correlation between maternal and fetal parameters 
in the left lateral position compared to other positions 
during the NST.19

Maternal satisfaction and comfort during different 
obstetrical procedures is a  fundamental issue for peri-
natal nursing care. Importantly, maternal comfort, sat-
isfaction and collaboration during the NST may affect 
the NST results. Thus, this study aimed to assess maternal 
perceptions of comfortable positions during the antena-
tal NST. Our results indicated that most of the women 
in the semi-Fowler position and the left lateral position 
were satisfied with these positions, while the  satisfac-
tion rate was significantly lower for women in the supine 
position. Furthermore, the rate of women who reported 
discomfort in the supine position was higher than those 
in other positions. Specifically, women in the supine po-
sition complained of backaches. The back pain may be 
experienced due to the pressure caused by the enlarged 
uterus over the lumbosacral region when in the supine 
position. When women were asked which position they 
would prefer to take during the NST procedure, most pre-
ferred the semi-Fowler position. Based on these findings, 
the semi-Fowler position and the left lateral position may 
be more suitable for the NST procedure.

The findings of this study are similar to those of other 
studies in that the majority of antenatal mothers were re-
portedly comfortable in the left lateral position. Kaur and 

Saha stated that around 67% of participants reported being 
comfortable in the left lateral position during the NST, 
whereas only 25% of participants supported the sitting 
position.18 Essa and Hafez reported that the semi-Fowler 
and left lateral positions were associated with lower levels 
of discomfort than the supine position.12 Another study 
reported that both maternal fatigue and back pain were 
reduced in the semi-Fowler position compared to the left 
lateral position.20 El Sayed and Mohamady also noted that 
nearly 2/3 of participants felt uncomfortable in the supine 
position compared to the semi-Fowler and left lateral po-
sitions.21 A study investigating the comfort of mothers 
during antenatal NST procedures reported that the com-
fort level was higher in  the semi-Fowler position than 
in  the supine position.22 Similar results were obtained 
in other studies.8,9 The results of the current study and 
other studies in the literature seem congruent with physi-
ological changes during pregnancy.

Limitations

The most important limitation of this study is the small 
sample size, as some variables such as the number of ac-
celerations were very close to the statistical significance 
level, but did not reach the statistical significance.

Conclusions

Our findings support that the semi-Fowler and left lat-
eral positions are more suitable for the NST. The satisfac-
tion and comfort of mothers in these positions were high 
and no disturbances such as a backache occurred.
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Abstract
Background. Thyroid cancer is one of the most common cancers and is especially common in young 
patients. Therefore, effective recognition and treatment of thyroid cancer are essential for patient survival.

Objectives. To compare the effectiveness of standard guidelines for predicting thyroid malignancy. To do so, 
thyroid nodules were classified according to the categories of the American Thyroid Association (ATA) and 
Thyroid Imaging Reporting and Data System (TI-RADS) guidelines, and compared with fine-needle aspira-
tion biopsy (FNAB) results.

Materials and methods. The study included 1741 thyroid nodules with a final diagnosis in 1121 consecu-
tive patients. The FNAB was recommended for all patients according to ATA guidelines and subsequently 
performed. The nodules were reclassified according to TI-RADS guidelines.

Results. Comparing nodules classified according to ATA and TI-RADS in terms of ultrasonography (US) 
features with the Bethesda cytological diagnosis classification System for Reporting Thyroid Cytopathology, 
37.6% of the nodules classified in the high-risk category according to the ATA classification were found 
to be malignant cytology, 10.4% suspicious for malignancy, 4% non-diagnostic, 9.6% indeterminant cytol-
ogy, and 38.4% benign. According to the TI-RADS risk category, 50% of those with high suspicion were 
malignant, 13.3% suspicious for malignancy cytology and 36.7% were benign. For the TI-RADS guidelines, 
the best cutoff value for differentiating benign and malignant nodules was found to be 4.5 (area under the 
curve (AUC) = 0.962, 95% CI = 0.943–0.981, p < 0.001). For the ATA guidelines, the best cutoff value 
for separating benign and malignant nodules was 4.5 (AUC = 0.917, 95% CI = 0.875–0.959, p < 0.001). 
The diagnostic performances of the TI-RADS and ATA score systems were evaluated using highly suspicious 
nodules. The sensitivity and specificity of highly suspicious nodules, according to both TI-RADS and ATA 
guidelines, were both high. Sensitivity and specificity of ATA classification were 80% and 96.3%, respectively. 
Sensitivity and specificity of TI-RADS classification were 76% and 97.5%, respectively, but positive predictive 
value was low (63.3% compared to 55.5%).

Conclusions. Both, the ATA and TI-RADS classifications can effectively predict malignancy risk of thyroid 
nodules and may thus decrease unnecessary FNAB.

Key words: thyroid nodule, ultrasonography, risk of malignancy, fine-needle aspiration
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Background

The  frequency of  thyroid nodules detection has in-
creased in recent years, largely due to the widespread use 
of ultrasonography (US) in more places. While the preva-
lence of thyroid nodules is detected at a rate of 4% with 
palpation, its prevalence varies between 190 and 347 per 
1000 cases when thyroid US is used; in autopsy series where 
nodules are most clearly evaluated, the prevalence is be-
tween 82 and 650 in 1000 autopsies.1 Thyroid nodules war-
rant medical attention because of the possibility of cancer 
development. The incidence of thyroid cancer is increasing 
all over the world.2 According to 2020 cancer statistics 
for the USA, thyroid cancer is most commonly reported 
in people aged 15–39. Among all cancers that develop 
between the age of 30 and 39, thyroid cancer is the most 
common type of cancer in men and the 2nd most common 
in women.2

Because thyroid cancer is one of the most common can-
cers and occurs in young patients, effective recognition and 
treatment are very important for the survival of patients. 
Some evidence-based guidelines have been developed for 
the evaluation of patients presenting with thyroid nodules. 
The American Thyroid Association (ATA) recommends 
thyroid US along with cervical lymph node examination 
in patients with suspected thyroid nodules.3 Similarly, 
the National Comprehensive Cancer Network (NCCN) 
recommends evaluating the  lateral neck compartment 
lymph nodes along with thyroid US in all patients with 
an incidentally detected neck mass.4 When performing 
thyroid US, the  clinical aim is  to  detect nodules with 
a high-risk of thyroid cancer. The presence of findings 
such as microcalcifications, irregular margins and marked 
hypoechogenicity indicates a higher risk of malignancy. 
Existing guidelines classify thyroid nodules into risk cat-
egories according to the abovementioned suspicious fea-
tures and make recommendations for biopsy. In the ATA 
guidelines, fine-needle aspiration biopsy (FNAB) is rec-
ommended at  1  cm and above for high- or  moderate-
suspicion nodules, 1.5 cm and above for low-suspicion 
nodules and 2 cm and above for very-low-suspicion nod-
ules.3 In the Thyroid Imaging Reporting and Data System 
(TI-RADS) developed by the American College of Radiol-
ogy (ACR), FNAB is recommended at 1 cm and above for 
nodules in the high-suspicion category, 1.5 cm and above 
in the moderate-suspicion category and 2.5 cm and above 
in the mild-suspicion category.5

Objectives

The  efficacy of  FNAB recommendations based 
on the ATA and TI-RADS guidelines in predicting ma-
lignancy of thyroid nodules has been reported in previous 
studies. Both ATA and TI-RADS guidelines classify nod-
ules into risk groups. Although there are some similarities, 

the classifications also differ in some aspects. Currently, 
it is not clear whether these differences in the classifica-
tions may result in differences in predicting malignancy. 
In the present study, we aimed to classify biopsied thyroid 
nodules according to the risk categories of both guidelines 
and then evaluate whether there is a difference between 
the guidelines in predicting malignancy.

Materials and methods

The Ethics Committee of Kahramanmaraş Sütçü İmam 
University (KSU), Kahramanmaraş, Turkey, approved this 
retrospective, cross-sectional study (approval No. 22, deci-
sion date March 6, 2019).

Subjects

This study included a  total of  1741 thyroid nodules 
(this number was determined using power analysis), 
with final diagnosis in 1121 consecutive patients (age: 
51.54 ±13.53 years). Routine US-guided FNAB (USg-FNAB) 
was performed according to the 2015 ATA guidelines.3

US examination and image analysis

Ultrasound machines (General Electric Logic P5; Gen-
eral Electric, Schenectady, USA) equipped with a  12-
MHz linear probe were used for analysis. Generally, USg-
FNAB is recommended for all patients with hypoechoic 
solid nodules  ≥1  cm in  diameter, isoechoic solid nod-
ules ≥1.5 cm, mixed cystic–solid nodules and spongiform 
nodules ≥2 cm, and high-risk history with nodules ≥5 mm 
according to the ATA guidelines. Microcalcification, taller-
than-wide shape, irregular margins, and pronounced hy-
poechogenicity are considered suspicious characteristics. 
Biopsy was not performed because pure cystic nodules are 
considered benign.

The nodules were then reclassified in accordance with 
the  ACR TI-RADS guidelines and evaluated in  terms 
of echogenic foci, margin irregularity, taller-than-wide 
shape, and calcification and microcalcification. The risk 
category of the nodules was scored according to these fea-
tures. Nodules were classified as benign (TR1, 0 points), 
very low suspicion (TR2, 2 points), low suspicion (TR3, 
3 points), intermediate suspicion (TR4, 4–6 points), and 
high suspicion (TR5, ≥7 points).5

FNAB

The FNAB was performed by endocrinologists under 
US guidance using 23–27 gauge needles. The FNAB pro-
cedure was performed with the patient lying in the supine 
position, with the neck extended. During the procedure, 
a sample was taken from all sides of the nodule. Biopsy 
was taken from solid parts in mixed echogenic nodules.
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Cytopathological analysis

Cytopathological interpretation of FNAB samples was 
performed using the Bethesda System for Reporting Thy-
roid Cytopathology.6 Retrospective reclassification of all 
nodules according to TI-RADS system was blind regarding 
the FNAB results.5

Statistical analyses

Statistical analyses were performed using IBM SPSS 
v. 22.0 for Windows (IBM Corp., Armonk, USA). Continu-
ous data are presented as mean ± standard deviation (SD). 
Categorical variables were evaluated using the McNemar’s 
and Pearson’s χ2 test. Nominal data are given as number 
of cases and percentage. The  independent two-sample 
t-test was used to compare 2 groups in terms of age and 
thyroid stimulating hormone (TSH) level. We measured 
the  specificity, sensitivity, negative/positive predictive 
value (PPV), and accuracy of both guidelines in terms 
of the diagnosis of malignant thyroid nodules. The malig-
nancy risk of the TI-RADS scores and groups and the ATA 
risk stratification grades were measured on  the  basis 
of  the  cytopathological findings. The  diagnostic per-
formance of the TI-RADS and ATA score systems were 

evaluated using receiver operating curve (ROC) analysis 
based on high-suspicion nodules. Differences were consid-
ered to be statistically significant when p < 0.05.

Results

Demographic and laboratory findings

The malignancy rate was 5.0% (n = 36) in women and 
4.9% (n = 8) in men, and the difference was not statisti-
cally significant (p = 0.512). The mean age of patients with 
benign cytology results was 51.68 ±13.39 years and for 
malignant cases mean age was 50.84 ±16.15 years; the dif-
ference was not statistically significant (p = 0.517). Addi-
tionally, when patients with malignant and benign cytology 
results were compared in terms of TSH levels (1.88 ±0.44 
compared to 65 ±0.52 mIU/L, respectively), no significant 
difference was found (p = 0.526).

Thyroid US and USg-FNAB  
cytological findings

The  US findings for the  thyroid nodules are shown 
in Table 1. Ultrasonography-guided FNAB and cytological 

Table 1. Ultrasonography findings and cytologic results of thyroid nodules for which fine-needle aspiration biopsy (FNAB) was performed

Ultrasonography 
findings

Total
n (%)

Cytological diagnosis Cytological diagnosis
p-valuenon-

diagnostic benign indeterminate suspicious malignant

Total (nodule) 1741 148 (8.5) 1327 (76.2) 191 (11.0) 23 (1.3) 52 (3.0) –

Total (patient) 1121 84 (7.5) 842 (75.2) 153 (13.6) 16 (1.4) 26 (2.3) –

Sex
female
male

913 (81.4)
208 (18.6)

63 (6.9)
20 (9.6)

689 (75.5)
154 (74.0)

113 (12.4)
23 (11.1)

12 (1.3)
3 (1.4)

36 (3.9)
8 (3.8)

0.006

Size
subcentimeter
supracentimeter

69 (4.0)
1672 (96.0)

7 (10.1)
141 (8.4)

38 (55.1)
1289 (77.1)

13 (18.8)
178 (10.6)

3 (4.3)
20 (1.2)

8 (11.6)
44 (2.6)

0.000

Echogenicity
anechoic
isoechoic/hyperechoic
hypoechoic
marked hypoechoic

6 (0.4)
1289 (74.0)
444 (25.5)

2 (0.1)

3 (50.0)
99 (7.7)

46 (10.4)
0 (0.0)

1 (16.7)
1027 (79.7)
299 (67.3)

0 (0.0)

2 (33.3)
125 (9.7)
64 (14.4)

0 (0.0)

0 (0.0)
11 (0.9)
12 (2.7)
0 (0.0)

0 (0.0)
27 (2.1)
23 (5.2)

2 (100.0)

0.000

Calcification
absent
macrocalcification
peripheral calcification
microcalcification

1428 (82.1)
293 (16.8)

4 (0.2)
16 (0.9)

119 (8.3)
29 (9.9)
0 (0.0)
0 (0.0)

1107 (77.5)
217 (74.1)

3 (75.0)
0 (0.0)

155 (10.9)
35 (11.9)

0 (0.0)
1 (6.3)

16 (1.1)
4 (1.4)
0 (0.0)

3 (18.8)

31 (2.2)
8 (2.7)

1 (25.0)
12 (75)

0.000

Margins
regular
irregular

1612 (92.6)
129 (7.4)

133 (8.3)
15 (11.6)

1297 (80.5)
30 (23.3)

156 (9.7)
35 (27.1)

8 (0.5)
15 (11.6)

18 (1.1)
34 (26.4)

0.000

Composition
spongiform
mixed
solid

9 (0.5)
977 (56.1)
755 (43.4)

3 (33.3)
80 (8.2)
65 (8.6)

6 (66.7)
788 (80.7)
533 (70.6)

0 (0.0)
85 (8.7)

106 (14.0)

0 (0.0)
9 (0.9)

14 (1.9)

0 (0.0)
15 (1.5)
37 (4.9)

0.000

Shape
ovoid
spheric

1694 (97.3)
47 (2.7)

148 (8.7)
0 (0)

1320 (77.9)
7 (14.9)

174 (10.3)
17 (36.2)

17 (1.0)
6 (12.8)

35 (2.1)
17 (36.2)

0.000
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analysis were performed on 1741 nodules of 1121 cases. 
When non-diagnostic cytology findings were detected 
after the first USg-FNAB, repeat FNAB was performed. 
Accordingly, we determined that 1327 out of 1741 nod-
ules were benign (76.2%), 148 were non-diagnostic (8.5%), 
191 were indeterminate (in Bethesda classification, inde-
terminate cytology includes FLUS (follicular lesion of un-
determined significance) and AUS (atypia of undetermined 
significance)) and/or  follicular/Hurthle cell neoplasm 
(11.0%), 23 were suspicious (1.3%), and 52 (3.0%) were ma-
lignant cytological findings.

Figure 1 shows the percentage distribution of US fea-
tures of nodules with malignant/suspicious and benign 

cytology findings. When malignant/suspicious and benign 
nodules were compared, hypoechogenicity (36% compared 
to  23.2%), marked hypoechogenicity (2.7% compared 
to 0.0%), microcalcification (10.7% compared to 0.0%), solid 
composition (82.7% compared to 39.8%), taller-than-wide 
shape (21.3% compared to 1.1%), and margin irregularity 
(44.0% compared to 3.0%) were significantly more common 
in malignant/suspicious nodules (p < 0.001). Separate tests 
were performed for each feature and all values were <0.0001. 
The p-values of each test were shown in Table 1.

Diagnostic performance  
of ATA and TI-RADS

When we compared the nodules classified according 
to ATA and TI-RADS in terms of ultrasonography (US) 
features with the Bethesda cytological diagnosis classifica-
tion System for Reporting Thyroid Cytopathology, 37.6% 
of the nodules classified in the high-risk category according 
to the ATA classification were found to be malignant cytol-
ogy, 10.4% suspicious for malignancy, 4% non-diagnostic, 
9.6% indeterminant cytology, and 38.4% benign. According 
to the TI-RADS risk category, 50% of those with high suspi-
cion were malignant, 13.3% were suspicious for malignancy 
cytology and 36.7% were benign. Of note, 12.9% and 0.5% 
(226 of 1741 and 10 of 1741) of the nodules did not fit any 
category in the ATA and TI-RADS guidelines, respectively. 
There was no malignancy in any of these nodules (Table 2).

As suggested by  the ROC curve analysis (Fig. 2), for 
the TI-RADS classification, the best cutoff value in dif-
ferentiating benign and malignant nodules was found to be 
4.5. Accordingly, a nodule with TR5 is likely malignant, 
and a nodule with TR4 or below is likely benign. The most 
reliable diagnosis based on TI-RADS was obtained using 

Fig. 1. Percentage distribution of ultrasonography features of nodules 
with malignant/suspicious or benign cytology

Table 2. Cytological diagnosis rate according to the American Thyroid Association (ATA) and Thyroid Imaging Reporting and Data System (TI-RADS) risk 
categories

Ultrasonography findings Total
n

Cytological diagnosis

non-diagnostic
n (%)

benign
n (%)

indeterminate
n (%)

suspicious
n (%)

malignant
n (%)

ATA risk category

Out of category 226 35 (15.4) 168 (74.3) 23 (10.2) 0 (0) 0 (0)

Benign 9 0 (0) 9 (90.0) 0 (0) 0 (0) 0 (0)

Very low suspicion 83 3 (3.6) 80 (96.4) 0 (0) 0 (0) 0 (0)

Low suspicion 1269 106 (8.4) 1001 (78.9) 153 (12.1) 9 (0.7) 0 (0)

Intermediate suspicion 29 0 (0.0) 21 (72.4) 3 (10.3) 0 (0) 5 (17.2)

High suspicion 125 5 (4.0) 48 (38.4) 12 (9.6) 13 (10.4) 47 (37.6)

TI-RADS category

Out of category 10 4 (40.0) 5 (50.0) 1 (10.0) 0 (0) 0 (0)

Benign 216 49 (22.7) 167 (77.3) 0 (0) 0 (0) 0 (0)

Not suspicious 668 41 (6.1) 531 (79.5) 96 (14.4) 0 (0.0) 0 (0)

Slightly suspicious 672 54 (8.0) 520 (77.4) 91 (13.5) 5 (0.7) 2 (0.3)

Intermediately suspicious 85 0 (0) 71 (83.5) 3 (3.5) 6 (7.1) 5 (5.9)

Highly suspicious 90 0 (0) 33 (36.7) 0 (0) 12 (13.3) 45 (50.0)
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this cutoff value (area under the curve (AUC) = 0.962, 95% 
confidence interval (95% CI) = 0.943–0.981, p < 0.001). Us-
ing the ATA guidelines, the best cutoff value for differenti-
ating benign and malignant nodules was 4.5. This means 
that if a nodule is in the high-suspicion category, it is likely 
malignant; if it is in the intermediate or lower-suspicion 
category, it is likely benign. The most reliable diagnosis 
based on the ATA guidelines was obtained using this cut-
off value (AUC = 0.917, 95% CI = 0.875–0.959, p < 0.001).

The diagnostic performances of the TI-RADS and ATA 
score systems were evaluated based on high-suspicion 
nodules. The sensitivity and specificity of high-suspicion 
nodules according to both TI-RADS and ATA were both 
high (76% compared to 80% and 97.5% compared to 96.3%, 
respectively), but PPV was low (63.3% compared to 55.5%; 
Table 3).

Discussion

Thyroid cancers are observed more frequently in women. 
In a large-scale study, approx. 75% of thyroid cancer cases 
were reported to be women.7 In our study, when the sexes 
were evaluated separately, the rate of cases with malig-
nancy confirmed using FNAB was found to be similar 
(4.9% in men, 5% in women). However, when all patients 
who underwent FNAB were evaluated, the majority of pa-
tients with malignancy were women. Thus, this finding 
is consistent with previous findings stating that the inci-
dence of thyroid cancer is higher in women.

In this study, the Bethesda classification was used for 
pathological evaluation of FNAB performed on the thy-
roid nodules. The  malignancy risk of  each category 
in the Bethesda system has been demonstrated in prior 
studies: while the risk of malignancy in the benign category 
is approx. 0–3%, it is 97–99% in the malignant category, 
which means that the Bethesda system can accurately es-
timate the risk of malignancy.6 In the Bethesda system, 
the non-diagnostic category is applied when the sample 
is not large enough to reach a conclusion. In a previous 
study, this category was applied to 16% of first biopsies; 
when a  second biopsy was performed in  patients with 
non-diagnostic results, sufficient samples were taken from 
most of these patients.8 In our study, the rate of the non-
diagnostic category was 8.5%. It has been suggested that 
the category of atypia of undetermined significance (AUS)/
follicular lesion of  undetermined significance (FLUS) 
in the Bethesda system should be below 7%, if possible, 
in all thyroid FNAB results, although a value of 10% is more 
reasonable.6 In our study, the AUS/FLUS category was 11% 
of all FNAB results.

The  ATA classifies nodules into risk categories and 
makes FNAB recommendations accordingly. The ATA 
high-risk category is reported to have an approx. 70–90% 
malignancy risk. In a study evaluating the malignancy risk 
of nodules according to the ATA classification, malignancy 
was detected in approx. 67.5% of the nodules considered 
high-risk ones.9 Another study reported a malignancy risk 
of approx. 83% for high-risk nodules classified using ATA 
guidelines.10 In our study, 48% of the nodules classified 
as high-risk according to the ATA risk category were found 
to have malignant/suspicious cytology results.

In the TI-RADS classification, points are given according 
to the characteristics of the nodules and the risk classifi-
cation of the nodules is made considering the total score. 
In a study investigating the malignancy risk of the TI-
RADS classification, the  frequency of malignancy was 
approx. 20.6% for nodules in the high-suspicion category, 
from 5.9% to 12.8% for nodules in the moderate-suspicion 
category, and 4.8% in the mild-suspicion category.11 In an-
other study comparing the FNAB results of nodules classi-
fied according to the TI-RADS classification, the frequency 
of malignancy/suspected malignancy in TR5 nodules was 
observed at a rate of 60%. When the benign FNAB results 

Fig. 2. The receiver operating curve (ROC) of the American College 
of Radiology (ACR) and American Thyroid Association (ATA) guidelines  
(TI-RADS – Thyroid Imaging Reporting and Data System)

Table 3. Diagnostic value of the ATA and TI-RADS risk classifications for 
the detection of malignant/suspicious thyroid nodules

Parameter ATA-high suspicion TI-RADS-high 
suspicion

Sensitivity 60/75 (80.0%) 57/75 (76.0%)

Specificity 1279/1327 (96.3%) 1294/1327 (97.5%)

PPV 60/108 (55.5%) 57/90 (63.3%)

NPV 1279/1294 (98.8%) 1294/1312 (98.6%)

Accuracy 1339/1402 (95.5%) 1351/1402 (96.3%)

Sensitivity – number of true positives divided by the number of true 
positives plus the number of false negatives; specificity – number of true 
negatives divided by the number of true negatives plus the number 
of false positives; positive predictive value (PPV) – number of true 
positives divided by the number of true positives plus the number of false 
positives; negative predictive value (NPV) – number of true negatives 
divided by the number of true negatives plus the number of false 
negatives; accuracy – number of true positives plus the number of true 
negatives divided by the number of true positives plus the number 
of true negatives plus the number of false positives plus the number 
of false negatives; ATA – American Thyroid Association; TI-RADS – Thyroid 
Imaging Reporting and Data System.
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were examined, it was determined as 100% in the TR2 
category, 66% in the TR3 category, 33% in the TR4 category, 
and 40% in the TR5 category.12 In another study, malig-
nancy was detected histopathologically in 97.1% of nod-
ules in the TR5 category and 33.3% of nodules in the TR3 
category.13 In our study, similar to the literature, 63.3% 
of nodules in the TI-RADS TR5 category were found to be 
histopathologically malignant/suspected for malignancy.

Malignancy risk is significantly higher in high-suspicion 
nodules compared with other nodules in both the ATA and 
TI-RADS classifications. Gao et al. reported a malignancy 
rate of 88% in the TI-RADS TR5 category and the best cut-
off value in predicting malignancy according to the ROC 
curve was TR5. For the ATA risk classification, the risk 
of malignancy in highly suspicious nodules was found to be 
87.3% and the best cutoff value in predicting malignancy 
according to the ROC curve was the category of highly sus-
picious nodules.14 In another study comparing the ATA and 
TI-RADS risk classifications, the rate of malignancy was 
found to be 65% in nodules in the ATA high-risk group and 
73.6% in nodules in the TI-RADS TR5 category. The authors 
also found that TI-RADS TR5 and the ATA high-suspicion 
nodule category were best at distinguishing between benign 
and malignant nodules. When the sensitivity and specific-
ity of both diagnostic classifications were evaluated, it was 
observed that the ATA classification was more sensitive and 
the TI-RADS classification was more specific.15 In a study 
conducted by Koc et al., 45 nodules were observed as malig-
nant, 34 of which had FNAB indication for TI-RADS, while 
38 nodules had FNAB indication according to the ATA clas-
sification. In the same study, the sensitivity of TI-RADS 
was found to be 48.8% and the specificity was 59.9%, while 
the sensitivity of  the ATA classification was 82.2% and 
the specificity was 53.47%.16 A study evaluating the TI-
RADS classification found 81.4% malignancy in the TR5 
category, 40.1% in the TR4 category, 7.5% in the TR3 cat-
egory, 2.3% in the TR2 category, and no malignant cytol-
ogy in the TR1 category. In addition, the study found that 
the sensitivity of TI-RADS was 96.6%, the specificity was 
52.9% and the cutoff category for predicting malignancy 
was TR4.17 In a study by Huang et al., when the ATA and 
TI-RADS classifications were compared, the sensitivity 
of the ATA classification was 92% and the specificity was 
10%, while the sensitivity of the TI-RADS classification was 
74% and the specificity was 47%. As a result, the ATA classi-
fication was found to be more sensitive, while the TI-RADS 
classification was more specific.18 In the present study, when 
we evaluated the power of both classifications to recognize 
malignancy, we found that the sensitivity of the ATA risk 
classification was 80% and the specificity was 96.3%, while 
the sensitivity of the TI-RADS classification was 76% and 
the specificity was 97.5%. According to these results, ATA 
and TI-RADS have high specificity and sensitivity. We also 
found that the best category for distinguishing malignant 
and benign nodules was TR5 for TI-RADS and the high-
suspicion category for ATA.

While almost all nodules are included in a given cat-
egory in  the  ATA and TI-RADS classifications, some 
nodules are outside of a category. In the ACR-TI-RADS 
classification, the TR1 category includes nodules scoring 
0 and the TR2 category includes nodules scoring 2 points; 
thus, nodules scoring 1 point do not fall into any category. 
Similarly, in the ATA classification, some nodules are out-
side of a category. According to the ATA classification, 
the high-risk nodule category includes hypoechoic nod-
ules with suspicious features, the moderate-risk category 
includes hypoechoic nodules without suspicious features, 
and the low-risk category includes isoechoic nodules with-
out suspicious features. Therefore, isoechoic nodules with 
suspicious features fall outside of a category. In a prior 
study, the frequency of nodules that could not be clas-
sified according to ATA category was 3.4% and the fre-
quency of  malignancy in  these nodules was 18.2%.19 
In a study by Lauria Pantano et al., 54 of 1077 nodules 
included in the study did not fit any category in the ATA 
classification, and 9 of them were cytologically high-risk 
ones.20 In our study, when evaluated according to the ATA 
category, 12% of the nodules were found to be outside 
of a category, and 0.5% of these nodules were classified 
as non-categorized according to the TI-RADS classifica-
tion. However, no malignancy or suspected malignancy 
cytology result was observed in any of the nodules that 
were outside of a category in both classifications.

Limitations

While we  compared the  risk categories using both 
guidelines with the FNAB results, we did not compare 
risk categories with final pathological results after thy-
roidectomy because we were not able to follow up with 
sufficient patients.

Conclusions

Our findings support that both the ATA and TI-RADS 
classifications can effectively predict malignancy risk 
in thyroid nodules. Both methods are effective at detecting 
malignancy in patients and preventing unnecessary FNAB.
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Abstract
Background. Previous research suggests that systemic involvement in primary Sjögren’s syndrome (pSS) 
is a marker of disease prognosis.

Objectives. To evaluate pSS disease activity and the clinical phenotype of pSS patients depending on the age 
at diagnosis with long-term follow-up.

Materials and methods. The study group consisted of patients diagnosed with pSS based on the 2016 
pSS classification criteria.

Results. The study group consisted of 46 patients with early-onset pSS (≤35 years of age) and 32 patients 
with late-onset pSS (≥65 years of age). The study group was identified from a total of 228 patients diagnosed 
with pSS. There were no differences regarding the frequency of eye and mouth dryness, focus score (FS) ≥1 
or anti-SSA/SSB antibodies depending on age. Rheumatoid factor (RF) was more common among older 
patients (p > 0.05). In the overall assessment of disease activity using European League Against Rheumatism 
(EULAR) Sjögren Syndrome Disease Activity Index (ESSDAI), no differences related to age were observed 
on the first and last visit (after 36 months on average). Lymphadenopathy and changes in the hematology 
domain (p < 0.05) were more common in patients with the early-onset phenotype. Changes in the lungs 
and musculoskeletal system occurred regardless of age.

Conclusions. Patients with early-onset pSS differ from those with late-onset pSS in terms of higher in-
cidence of peripheral lymphadenopathy and cytopenia. The involvement of lung tissue and joints as well 
as dryness symptoms are common in pSS regardless of age. The RF plays a role in the pathomechanism 
of pSS development.

Key words: disease activity, age, Sjögren’s syndrome, antinuclear antibodies
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Background

Primary Sjögren’s syndrome (pSS) is a systemic autoim-
mune disease characterized by inflammation of the sali-
vary and lacrimal glands, causing a reduction in exocrine 
secretion that ultimately leads to clinical presentation 
of sicca symptoms.1 Aside from sicca syndrome, a typi-
cal symptom is chronic fatigue. The pSS is a heteroge-
neous disease that, in addition to dryness, presents with 
involvement of multiple organs and systems (extraglan-
dular manifestations).

Systemic involvement corresponds to disease prognosis.2 
The incidence of pSS is estimated at 61 per 100,000 people 
in the general population, with the highest prevalence en-
countered in Europe.3 Differences regarding the preva-
lence and incidence of pSS are thought to be due to varia-
tion in study design and classification criteria.3 The disease 
overwhelmingly affects middle-aged women. The mean 
age at the time of pSS diagnosis is 56 years, with another 
peak occurring between 20 and 40 years.4 Several factors, 
including age, appear to determine the various clinical 
phenotypes of pSS.5 To date, little data have been pub-
lished regarding the relationship between age and clinical 
signs of pSS. As a result, the current research findings 
are divergent and inconclusive. In  systemic lupus ery-
thematosus and rheumatoid arthritis, most studies agree 
that late onset of the disease is associated with involve-
ment of fewer organs and better prognosis.6,7 However, 
in the case of pSS, published data on the topic are scarce. 
Previous studies suggest differences in clinical and im-
munologic phenotypes between patients with early and 
late onset of the disease. Furthermore, the risk of develop-
ing lymphoma as a complication of pSS seems to be age-
dependent, according to some authors.8 An advanced age 
at diagnosis is also regarded as a risk factor for increased 
mortality, along with, for example, male sex, parotid en-
largement, extraglandular involvement, and some immu-
nologic abnormalities.9,10 In particular, age seems to be 
an important factor in the clinical phenotype of pSS.2,11 
Brito-Zerón et al. suggested that the systemic phenotype 
of pSS is strongly influenced by personal determinants, 
such as age, gender, ethnicity, and place of residence, which 
are key geoepidemiological players driving the expression 
of systemic disease at diagnosis.12

Clinical variability in pSS can hinder both, early diag-
nosis and personalization, and selection of appropriate 
treatment. This is especially important in the early and 
late phenotype of the disease to accelerate the correct di-
agnosis while still in its early stages. To date, few papers 
and clinical observations on this issue in pSS have been 
published. In addition, there are few analyses available 
in the literature on the subsequent course of pSS in patients 
with early and late onset of the disease.

Objectives

This study aimed to assess the activity and clinical phe-
notype of pSS according to the age of disease onset (early- 
compared to late-onset phenotypes) and assess the activity 
of the disease over long-term follow-up.

Materials and methods

Patient selection

A total of 228 patients over 18 years of age who were diag-
nosed with pSS in our department from 2009 to 2020 based 
on the 2016 pSS classification criteria, were considered el-
ligible for this study.13 Patients with an additional systemic 
connective tissue disease, especially systemic lupus erythe-
matosus (SLE) or rheumatoid arthritis (RA), were excluded. 
The  selected study group consisted of  46  patients with 
early-onset pSS (≤35 years of age at the time of diagnosis and 
32 patients with late-onset pSS (≥65 years of age at the time 
of diagnosis).

Assessment of disease activity  
and follow-up

Patients underwent routine labial salivary gland bi-
opsy (LSGB) under local anesthesia with 10% lidocaine 
solution for histopathological assessment of character-
istic lymphocytic infiltrates typical of  pSS following 
the current guidelines14 (focal lymphocytic sialadenitis 
and focus score ≥1 foci/4 mm2). Disease activity was as-
sessed in all patients using the European League Against 
Rheumatism (EULAR) Sjögren Syndrome Disease Activ-
ity Index (ESSDAI).15 Laboratory tests were performed 
following current guidelines for the diagnosis and assess-
ment of pSS activity, including assessment of the pres-
ence of  rheumatoid factor (rheumatoid factor (RF), 
nephelometric method), antinuclear antibodies (ANA 
and immunofluorescence (IF) method), antibodies to ex-
tractable nuclear antigens (extractable nuclear antigen 
(ENA), enzyme-linked immunosorbent assay (ELISA)), 
C3 and C4 components of the complement system, and 
evaluation of immunoglobulin concentrations. Assess-
ment of disease activity was carried out at least twice: 
at the time of the diagnosis of pSS and during the last 
follow-up visit (at  least 6  months after the  1st  visit). 
The average follow-up duration was 36 months.

This study was approved by  the  ethics committee 
of the Wroclaw Medical University, Wrocław, Poland (deci-
sion No. 836/2020) and was conducted in compliance with 
the Declaration of Helsinki. Written informed consent to 
participation in this study was obtained from all patients.



Adv Clin Exp Med. 2021;30(11):1141–1146 1143

Statistical analysis

Statistical analysis was performed using STATIS-
TICA v. 10 software package (StatSoft Inc., Tulsa, USA). 
The Mann–Whitney U test was used to compare the distri-
butions of quantitative variables in 2 independent groups, 
i.e., to compare the ESSDAI point values and age between 
the early- and late-onset groups. The χ2 test was used to as-
sess relationships between dichotomous variables. Statisti-
cal significance was considered at p ≤ 0.05.

Results

Among the 228 patients diagnosed with pSS, 20% (n = 46) 
had early-onset disease (≤35 years of age at the time of di-
agnosis and 14% (n = 32) had late-onset disease (≥65 years 
of age at the time of diagnosis). The majority of patients 
were diagnosed with pSS after the age of 35 but before 
the age of 65 (66% of patients (n = 150)). Symptoms of eye 

and mouth dryness were observed in 93% (n = 43) and 85% 
(n = 39) of patients with early-onset pSS and 96% (n = 31) and 
100% (n = 32) of patients with late-onset pSS, respectively 
(the differences were not statistically significant; see Table 1). 
Salivary gland biopsy was not performed in 2 patients from 
each subgroup due to a lack of consent (4 patients in total). 
Focus score (FS) ≥1 was found in 90% (n = 27) of patients 
with late-onset pSS and 82% (n = 36) of patients with early-
onset pSS. Specific anti-SSA antibodies were more common 
in patients with early-onset (89%, n = 41) than with late-onset 
pSS (72%, n = 23), but this difference was not statistically 
significant. Anti-SSB antibodies were found in a similar pro-
portion of patients in each subgroup. The RF was more com-
mon among older patients (72% compared to 67%; p = 0.86). 
The C3 hypocomplementemia was found in approx. 15% 
of patients in each subgroup, while a reduced C4 serum con-
centration was more often observed among patients over 
the age of 64 (p = 0.28). In the global assessment of disease 
activity using ESSDAI, there was a higher pSS activity among 
younger patients (on average, 7.8 compared to 6.0 points; 
p = 0.11; Table 2). For the  individual ESSDAI domains, 
the 2 subgroups differed with regard to lymphadenopathy 
and hematological domains, with organ involvement signifi-
cantly more common among patients under the age of 36.

Table 1. Characteristic of patients with pSS depending on age at the time 
of diagnosis

Parameters Patient age 
≤35 years

Patient age 
≥65 years p-value

Number of patients 46 32 –

Age at time of pSS diagnosis

SD 

29 (min 17; 
max 35)

5.3

70 (min 65; 
max 85)

5.0
–

Mean age at the last visit (SD) 32 (5.2) 74 (5.5) –

Positive ocular symptoms
n
% of patients

43
93

31
96 

1.0

Positive oral symptoms
n
% of patients

39
85

32
100

0.62

Positive Schirmer test
n
% of patients

40
87

31
96

0.86

Focus score ≥1
n
% of patients

N/A 2
36
82

N/A 2
27
90

0.86

Positive anti-SSA ab
n
% of patients

41
89

23
72

0.6

Positive anti-SSB ab
n
%

30
65

20
62

1.0

Positive RF (nv 0–14 IU/mL)
n
% of patients

31
67

23
72

0.86

Low C3 (nv 0.9–1.8 g/L)
n
%

N/A 1
7

15
5

16
1.0

Low C4 (nv 0.1–0.4 g/L)
n
% of patients

N/A 1
3
7

5
16

0.28

pSS – primary Sjögren’s syndrome; n – number of patients; 
ab – antibodies; RF – rheumatoid factor; nv – normal value.

Table 2. Evaluation of pSS activity depending on a patient’s age 
at the time of diagnosis

Parameters Patient's age 
≤35 years

Patient's age 
≥65 years p-value z-score

ESSDAI score 
at the time of pSS 
diagnosis 

7 (median)
9 (IQR)

5 (median)
5 (IQR)

0.11 1.48

ESSDAI domains  
(n/% of patients,  
max value-points 
in the domain):

constitutional
lymphadenopathy
glandular
articular
cutaneous
pulmonary
renal
muscular
peripheral nervous 

system
central nervous 

system
hematological
biological 

7/15 (max 6)
10/22 (max 4)
19/41 (max 4)
22/48 (max 4)
5/11 (max 9)

7/15 (max 10)
2/4 (max 5)

0

0

0
27/59
29/63

1/3 (max 3)
1/3 (max 8)

9/28 (max 4)
18/56 (max 4)
5/16 (max 6)

9/28 (max 15)
0
0

1/3 (max 10)

0
6/19

16/50

0.14
<0.05
0.49
0.69
0.73
0.28
0.51

0.41

<0.03
0.57

–

New ESSDAI 
onset during 
the observation 
period [n/% 
of patients]

8/17 10/31 0.29 –

Lymphoma
MGUS

0
0

0
2

–

pSS – primary Sjögren’s syndrome; ESSDAI – European League 
Against Rheumatism (EULAR) Sjögren Syndrome Disease Activity 
Index n – number of patients; MGUS – monoclonal gammopathy 
of undetermined significance; IQR – interquartile range.
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Discussion

Our findings show that in 2/3 of pSS patients, the dis-
ease manifests between the age of 36 and 64. Only in 1/3 
of cases did the disease begin at a very young age (≤35 years) 
or at an older age (≥65 years), which is in line with previous 
observations.16 However, since pSS is one of the most com-
mon diseases in rheumatology, this represents a relatively 
large group of patients.17 The early-onset pSS phenotype 
dominates this population of patients. The age of disease 
onset may be relevant for the clinical course and prognosis. 
Patients with the early-onset phenotype were significantly 
more likely to have lymphadenopathy and hematological 
disorders (most often lymphopenia and neutropenia, data 
not presented), although we did not observe any significant 
differences in serological abnormalities between early- and 
late-onset groups. We also observed disease deterioration 
during long-term follow-up of the late-onset group, de-
spite higher baseline disease activity in early-onset patients 
(in both cases, the differences were nonsignificant).

The pSS is associated with several immunological ab-
normalities, of which positive ANA results are the most 
frequently detected. Anti-SSA antibodies are the most 
specific abnormality, while cryoglobulins and hypo-
complementemia are the main prognostic markers.18 Our 
analysis showed that anti-SSA antibodies are present re-
gardless of age, as is hypocomplementemia. Observations 
made by Chinese researchers indicated that patients with 
early-onset pSS were more likely to have reduced comple-
ment C3 levels,19 which was not confirmed by our study 
of a Caucasian population. However, our observations do 
confirm previous reports of a higher incidence of hema-
tological disorders among younger patients, even though 
the studies involved different ethnic groups (Asians com-
pared to Caucasians). Direct involvement of antibodies 
against muscarinic type 3 receptors located on leukocytes 
has been implicated in the pathomechanism of leucope-
nia during the course of pSS.20 To date, anti-acetylcholine 
type 3 receptor (M3R) antibodies have been shown to be 
more common in  younger patients and patients with 
hyperglobulinemia.21

According to  the  previous research, patients with 
the early-onset phenotype of pSS have a higher incidence 
of lymphadenopathy, RF and anti-SSA antibodies.8,22 Al-
though Tishler et al. reported more frequent organ in-
volvement in the form of parotid gland enlargement, joint 
involvement and central nervous system involvement 
in patients with early-onset pSS, these results were not 
statistically significant.5 In our patient sample, lymphade-
nopathy was more common in young patients. However, 
we did not observe any difference in the frequency of RF 
and anti-SSA antibodies. Admittedly, RF was recorded 
slightly more often in elderly patients, but the differences 
were statistically insignificant.

The RF is a key marker of pSS and is found in the majority 
of patients. As the likelihood of finding RF in a significant 

titer increases with age,23 we expected to observe it more 
frequently in the older subgroup in our analysis. Indeed, 
the prevalence of RF in older patients (≥65 years) was 
higher than in patients with early disease onset (72% com-
pared to 67%), although these differences were not statis-
tically significant. The similar prevalence of RF in pSS 
patients irrespective of age may prove the involvement 
of RF in the pathogenesis and development of pSS. Deter-
mination of RF titers may play a central role in differentiat-
ing pSS from non-autoimmune causes of sicca syndrome. 
However, they are not included in the current pSS classi-
fication criteria13 despite the attempts in 2012 to include 
RF among the primary criteria domains.24 Furthermore, 
it is thought that the presence of RF in pSS patients may 
be linked to increased disease activity and lymphoma,25 
especially when considered in combination with other rec-
ognized risk factors for developing lymphoproliferative 
complications, such as an older age, enlargement of the sal-
ivary glands, reduced C4 component of the complement 
system, and the presence of cryoglobulins, leukopenia 
or monoclonal gammopathy. In our analysis, no patients 
were diagnosed with lymphoma. By contrast, in another 
published study, lymphomas were seen more commonly 
in older patients.16

Ramos-Casals et al. reported that adult pSS patients with 
early disease onset at the age of 35 had a higher frequency 
of autoantibodies and incidence of lymphomas than pa-
tients with late disease onset. They concluded that age 
at disease onset was of prognostic value,8 which we did 
not confirm in any way in the present study. The likely 
insufficient (too small) study population is one potential 
explanation, and further studies are needed to confirm this 
hypothesis. Recent data also suggest that the risk of devel-
oping lymphoma depends on different predisposing fac-
tors in relation to the age of the onset of the disease, and 
that the distribution of lymphoma is different across time 
among early- and late-onset patient populations.16 In our 
observations, among patients ≥65 years, only monoclonal 
gammopathy of undetermined significance (MGUS) was 
observed in 2 patients, which might relate to pSS activity 
or a patient’s age (higher risk of MGUS in this age group). 
About 3% of people over the age of 50 and 5% of people 
aged 70 and older have M protein in their blood; the high-
est incidence is among adults aged 85 and older.26,27

The ESSDAI questionnaire is used to assess organ dam-
age in pSS. It consists of 12 domains addressing the most 
important – although not all – clinical manifestations 
of pSS. The guidelines developed by Seror et al. specify 
the exact duration and detailed definitions assigned to each 
individual symptom.15 In the present study, we assessed 
disease activity using ESSDAI at  the time of diagnosis 
and subsequent visits. On average, the last visit took place 
36 months after the diagnosis of pSS in both subgroups.

All patients were treated according to locally and glob-
ally accepted pSS treatment guidelines, depending on their 
symptoms and organ involvement. It  is  particularly 
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noteworthy that, in  patients with the  late phenotype, 
we were more likely to observe disease deterioration over 
long-term follow-up reflected by an increase in ESSDAI, al-
though this change was not statistically significant. These 
findings contrast with recently published observations 
where a diagnosis of pSS at a younger age was associated 
with a poorer prognosis of the disease course.28 Similar 
to a multicenter study involving a large group of patients,12 
in our patient population, higher ESSDAI was identified 
in patients with early-onset compared to late-onset pSS 
(7.8 compared to 6.0) at baseline, but statistically signifi-
cant differences were ultimately not demonstrated.

Deviations in blood count and lymphadenopathy are 
observed more often in younger pSS patients. Accord-
ing to some authors, lymphadenopathy in young patients, 
as compared to the older patients, is an independent fac-
tor for the development of lymphoma in pSS.16 Generally, 
identification of lymphadenopathy may allow earlier pSS 
diagnosis in these patients, for whom the diagnosis may 
be complicated because of the less pronounced expres-
sion of sicca features.24 In our observations, more than 
half of patients ≤35 years of age (85%) reported symptoms 
of dry eyes and mouth, but this rate of dryness was still 
lower than in older patients (100%).

In most publications to date, lung lesions are typical for 
patients with late-onset pSS.16,25 However, the data are still 
inconclusive.16,22 According to Zhao et al., patients with pSS 
pulmonary involvement are more likely to have enlarged 
major salivary glands.19 In our group of patients, lung le-
sions coexisted with enlargement of major salivary glands. 
The prevalence of organ involvement in both locations 
was independent of age, similarly to lymphocytic infiltra-
tions in LSGB corresponding to pSS.14 As demonstrated 
by Kakugawa et al., LSGB and FS results correlate with 
the presence and activity of lung lesions.29 The authors 
showed that higher FS values were observed mainly in pSS 
patients with respiratory tract involvement. Furthermore, 
in our patient group, we more often observed FS ≥ 1 and 
lung involvement in elderly patients. Among the analyzed 
group, lung lesions were more common in patients with 
late-onset rather than early-onset disease phenotype. How-
ever, as these differences were not statistically significant, 
there is still the need to monitor young patients for this 
complication.

Another characteristic symptom of pSS is the inflamma-
tion of small joints.30 Joint involvement was one of the most 
frequent clinical manifestations of pSS in our patients. 
No  differences were noted concerning the  frequency 
of musculoskeletal system involvement depending on age, 
in  line with reports from other researchers.5 Articular 
involvement occurred in about half of patients in each sub-
group, and should thus be considered as a part of the diag-
nostics of patients with arthritis and a significant RF titer.

Renal involvement in the course of pSS is rarely observed, 
i.e., it presents in  less than 10% of patients. Infiltration 
of the kidney by plasma cells is a key feature and is similar 

to lymphoplasmacytic infiltration of the salivary glands.31 
In our group of patients, renal changes occurred sporadically 
and only in patients with early onset of the disease. These 
findings are in line with a study by Jain et al. concerning renal 
involvement in pSS patients, where renal involvement was 
mainly observed in young people with symptoms of sicca.32 
Unlike the cited work, in our patient sample, renal changes 
were not associated with more frequent arthritis. However, 
the small proportion of patients with this complication (4%) 
prevents more detailed conclusions from being drawn.

Limitations

One of the limitations of the present study is the small 
group of patients with late and early onset of the disease, 
which results from the natural course of pSS. Moreover, 
the follow-up time was relatively short (36 months on aver-
age). Long-term follow-up is particularly crucial due to SLE 
and pSS coexistence at older age.

Conclusions

Based on the findings of this study, about 30% of pSS 
patients present with the early or late phenotype of the dis-
ease. Patients with early-onset pSS differed from those 
with late-onset pSS only in a higher incidence of periph-
eral lymphadenopathy and cytopenia. This observation 
has significant clinical implications as it draws attention 
to the need for diagnostics of pSS in young patients with or-
gan manifestations and dryness symptoms, which are not 
always strongly expressed. The involvement of the lung and 
joints is common in pSS regardless of patient age. The ob-
served quantitative differences (although statistically non-
significant) in the prevalence of lung lesions in patients 
with the late-onset phenotype suggest the need to verify 
our observations in larger samples of patients. There was 
no difference in the frequency of lymphocytic FS infiltra-
tions in patients ≥65 compared to ≤35 years of age, as there 
were no statistically significant differences in patients’ se-
rological profiles.
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Abstract
Background. Left ventricular (LV) systolic impairment, particularly in the longitudinal direction, is considered 
an early and sensitive marker of hypertensive heart disease and increased cardiovascular risk. The evidence 
indicates that aortic stiffness and central hemodynamic factors are important determinants of LV performance, 
mediating the interaction between the heart and vascular load. Despite the existence of cross-sectional 
analyses linking central blood pressure (BP) parameters with LV mechanics, no longitudinal data are available 
which include serial measurements in the course of antihypertensive treatment.

Objectives. To investigate the associations between changes in LV longitudinal and circumferential function 
with alterations in arterial hemodynamics and ventricular-arterial coupling (VAC) in patients with uncom-
plicated hypertension during a 12-month follow-up.

Materials and methods. In this retrospective study, 216 patients (age 64.3 ±7.6 years) underwent echo-
cardiography including left ventricular longitudinal (GLS) and circumferential strain (GCS) analysis, brachial 
BP measurements, VAC (combining echocardiography and brachial BP), and arterial hemodynamics using 
radial tonometry at baseline and after 12 months of antihypertensive therapy. Patients were grouped into 2 
subsets: with improvement in GLS (n = 103) and with deterioration in GLS (n = 113).

Results. No significant differences were observed in the majority of cardiovascular, demographic or clinical 
characteristics between the groups. The subset with improvement in GLS demonstrated more favorable 
changes over follow-up in pulse wave velocity (p = 0.03), central augmentation pressure (p = 0.01) and 
ventricular-arterial coupling (p = 0.04) compared to patients showing deterioration in GLS. In the multi-
variable analysis, independent determinants of changes in GLS were: GLS at baseline (−0.48; p < 0.001), 
changes from baseline to follow-up in central augmentation pressure (−0.29; p = 0.002) and ventricular-
arterial coupling (−0.25; p = 0.004). Independent determinants of analogous changes in GCS were: GCS 
at baseline (−0.46; p < 0.001) and changes in central augmentation pressure (−0.22; p = 0.02).

Conclusions. Left ventricular longitudinal and circumferential functional remodeling over time in hyper-
tensive patients is associated with arterial hemodynamics and ventricular-arterial coupling.

Key words: hypertension, pulse wave analysis, arterial hemodynamics, ventricular-arterial coupling, lon-
gitudinal and circumferential strain
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Background

Left ventricular (LV) functional abnormalities have been 
widely recognized as an early manifestation of hypertensive 
heart disease (HHD) contributing to the increased cardiovas-
cular risk.1–4 The introduction of new imaging techniques, 
particularly speckle tracking echocardiography, provided 
evidence that in addition to LV diastolic derangements, LV 
systolic impairment, especially in the longitudinal direction, 
should be considered an early and sensitive marker of LV 
functional compromise, resulting from the detrimental ef-
fect of hypertension (HT).5,6 Changes in LV circumferential 
contractility in the natural history of disease processes are 
not well understood; however, the relatively delayed develop-
ment of this dysfunction has been reported consistently.7–11

Accumulating evidence indicates that aortic stiffness and 
central hemodynamic factors are important determinants 
of LV performance, mediating the interaction between 
the heart and vascular load.12 Specifically, LV pressure load 
and myocardial function are associated with hemodynam-
ics in the proximal aorta. Increased aortic stiffness ampli-
fies early systolic load (evidenced by an increase in central 
pressure augmentation) and impairs ventricular-arterial 
coupling (VAC), which adversely affects cardiac function. 
Moreover, alterations in LV and aortic physiology enhance 
the risk of heart failure, especially heart failure with pre-
served ejection fraction (HFpEF), thus paving the way for 
adverse outcomes, such as HT.13

The association between central loading factors, as-
sessed noninvasively with pulse wave analysis (PWA) from 
peripheral (e.g. brachial) arteries, and LV performance and 
structure has been demonstrated in previous studies.14–21 
However, no diagnostic approach has been developed that 
would favor the use of specific central hemodynamic pa-
rameters. Moreover, to our knowledge, no longitudinal 
data are available concerning the correlation of central 
hemodynamic parameters, including VAC, with LV me-
chanics, in the course of antihypertensive treatment.

Objectives

The aim of this study was to investigate the relationship 
between alterations in LV longitudinal and circumferential 
function with changes in arterial hemodynamic character-
istics and VAC in patients with uncomplicated HT during 
a 12-month follow-up.

Materials and methods

Study subjects

This study was a  retrospective analysis of  216  pa-
tients with uncomplicated HT, including 105 men and 
111 women who participated in the BP GUIDE study,22 

and had complete datasets including LV deformation and 
PWA parameters. Among inclusion criteria were: 18–
75 years of age, lack of pregnancy, and antihypertensive 
therapy including from 1 to 3 hypotensive drugs. Exclu-
sion criteria included: severely abnormal LV mass index 
(>59 g/m2.7 in women and >64 g/m2.7 in men), clinical his-
tory of coronary artery disease or renal disease, serum cre-
atinine >1.6 mg/dL, secondary HT, uncontrolled HT (office 
brachial blood pressure (BP) >180/100 mm Hg), aortic valve 
stenosis, or upper limb obstructive atherosclerosis. All pa-
tients were in the sinus rhythm to ensure the reliability 
of myocardial deformation assessment and PWA.

Protocol

Each participant underwent echocardiography, includ-
ing LV longitudinal and circumferential strain analysis, 
brachial BP measurements, and estimated central hemody-
namics assessment using radial tonometry at baseline and 
after 12 months of supervised HT management. Medica-
tion quantity was determined by daily defined dose (DDD) 
and according to the World Health Organization standards 
for exact quantifications of drug amount and standardiza-
tion.23 Patients were stratified according to the changes 
in global longitudinal strain (GLS) over the follow-up pe-
riod (follow-up value minus baseline value) into 2 groups: 
with improvement in GLS and with deterioration in GLS. 
The study was conducted in accordance with The Declara-
tion of Helsinki, and the protocol was approved by the in-
stitutional bioethics committee. All subjects gave their 
informed consent for inclusion before they participated 
in the study.

Echocardiography

Echocardiographic imaging was performed using Vivid 
E9 and Vivid 7 equipment (GE; Vingmed Ultrasound 
AS, Horten, Norway) with phased array 2.5 MHz mul-
tifrequency transducers. The  assessment of  LV func-
tion at  baseline and 12-month follow-up was carried 
out by a single expert observer (W.K.) who was blinded 
to the clinical data.

Conventional and tissue Doppler imaging

The measurements of cardiac dimensions, wall thick-
nesses, LV ejection fraction, and Doppler parameters of mi-
tral inflow and mitral annular velocities were obtained 
according to the recommendations of the American So-
ciety of Echocardiography and the European Association 
of Cardiovascular Imaging.24

The assessment of LV mass and ejection fraction were 
calculated by real-time three-dimensional echocardiog-
raphy. The left atrium (LA) volume was measured using 
Simpson’s technique from the apical four-chamber and 
two-chamber views at the end of ventricular systole, just 
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before mitral valve opening. The LA volume index was 
computed by adjusting LA volume to body surface area. 
The LV inflow parameters were evaluated using pulsed 
wave Doppler from the apical four-chamber view with 
the sample volume placed between the tips of mitral leaf-
lets, and included peak early (E) and late diastolic flow 
velocity (A), along with deceleration time of the E-wave 
(DT). Pulse wave tissue Doppler was used to define peak 
early diastolic tissue velocity (e′) at the septal and lateral 
parts of the mitral annulus. The ratio of mitral inflow early 
diastolic velocity to the average e′ velocity obtained from 
the septal and lateral sides of the mitral annulus (E/e′) was 
calculated to estimate LV filling pressure.25

Speckle tracking imaging

Left ventricular deformation was assessed using a semi-
automated two-dimensional speckle tracking technique 
(EchoPac; General Electric Healthcare, Horten, Norway) 
that analyzed all segments of the left ventricle in the 3 api-
cal views (longitudinal strain) and parasternal short axis 
view at the papillary muscle level (circumferential strain). 
The LV strain measurements were performed at a frame 
rate of  60–80 frames/s. The  measurements included 
the greatest negative value on the strain curve. Global lon-
gitudinal (GLS) and circumferential strains (GCS) were 
calculated as the averages of all LV segments interrogated. 
If more than 2 segments in a single view remained poorly 
tracked despite manual correction of the region of inter-
est, global deformation parameters were not computed. 
All echocardiographic parameters were averaged over 3 
consecutive cardiac cycles and reported as absolute values.

BP and hemodynamic measurements

Office brachial BP was measured in  duplicate after 
10 min of rest in the sitting position using a validated de-
vice (Omron HEM 907; Omron Healthcare, Kyoto, Japan). 
Central hemodynamics were estimated using radial to-
nometry (SphygmoCor; AtCor Medical, Sydney, Austra-
lia) with calibration of radial waveforms, using brachial 
systolic blood pressure (SBP) and diastolic blood pressure 
(DBP). This approach seeks to preserve the level of differ-
ence in SBP between brachial and central arterial sites, 
but underestimates the true central aortic SBP.26 Hence, 
the focus of this analysis was on waveform indices, includ-
ing augmented pressure and augmentation index from 
both, the untransformed radial waveform as well as the de-
rived central waveform. Augmented pressure was assessed 
as the pressure difference between the 1st and 2nd systolic 
peaks on the pressure waveforms. Augmentation index was 
calculated as a percentage of augmented pressure to pulse 
pressure on the central and radial waveforms. To correct 
for differences in heart rate (HR), augmented pressure and 
augmentation index values were adjusted to a standard 
of 75 bpm. Pulse pressure was computed by the difference 

between SBP and DBP at brachial and central sites. Pulse 
pressure amplification was calculated as the ratio of bra-
chial to central pulse pressure. Twenty-four-hour ambu-
latory BP was recorded using TM 2430 equipment (A&D 
Mercury, Thebarton, Australia).

Combined BP-echocardiography variables

The ventricular-arterial coupling ratio was calculated 
as the quotient of aortic (EaI) and LV end-systolic elas-
tance (ELVI) indices, where EaI and ELVI were defined 
as the ratio of end-systolic pressure to echocardiographic-
derived stroke volume index and end-systolic volume in-
dex, respectively. End-systolic pressure was computed from 
the equation 0.9 × brachial SBP.27 Peripheral vascular re-
sistance index was calculated by mean arterial pressure/
cardiac index (the product of two-dimensional stroke vol-
ume and HR indexed to body surface area).

Statistical analyses

Data are presented as mean values ± standard deviation 
(SD) for continuous variables and as counts and percentages 
for categorical variables. Homogeneity of variances was 
assessed using the Levene’s test. Between groups, compari-
sons were performed using an unpaired two-sided Students 
t-test for continuous variables and χ2 test for categorical 
variables. The associations of changes in GLS and GCS 
from baseline to follow-up with other variables were ana-
lyzed using Pearson’s correlation coefficient and multivari-
able linear regression analysis. The components of multi-
variable models were selected on the basis of anticipated 
and demonstrated univariate associations. Changes in par-
ticular parameters were calculated by subtracting the base-
line value from the follow-up value, and were expressed 
in the units of their measurements. The reproducibility 
of strain measurements was evaluated by the Bland–Alt-
man method (mean difference and 95% confidence interval 
(95% CI)). All calculations were carried out with standard 
statistical software (STATISTICA v. 13; StatSoft Inc., Tulsa, 
USA). The level of statistical significance was set at a two-
sided p-value <0.05.

Results

Patients were grouped into 2 subsets depending 
on the change in the value of GLS after 12 months of an-
tihypertensive therapy: with improvement in GLS (n = 103) 
and with deterioration in GLS (n = 113).

Patient profile

Baseline demographic, clinical and cardiovascular char-
acteristics according to the change in GLS are presented 
in Table 1. A significantly lower GLS at baseline was found 
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in patients with the improvement in GLS at fol-
low-up. There were no significant integroup dif-
ferences in patient age, proportion of male sex, 
body mass index (BMI), daily defined dose (DDD) 
of antihypertensive drugs, as well as echocardio-
graphic, BP, or hemodynamic measurements.

Blood pressure and cardiovascular 
characteristics

The subset with improvement in GLS dem-
onstrated more favorable changes over follow-
up in pulse wave velocity, central augmentation 
pressure at HR 75 beats/min, VAC, GCS, and 
septal peak early diastolic mitral annular ve-
locity compared to patients with deterioration 
in GLS (Table 2).

Correlates of LV functional 
characteristics

Univariate associations of changes in GLS and 
GCS from baseline to follow-up, with baseline val-
ues of demographic, clinical and cardiovascular 
characteristics are presented in Table 3, and anal-
ogous associations with changes from baseline 
to follow-up in clinical and cardiovascular param-
eters are shown in Table 4. Among significant cor-
relates of change in GLS at 12 months were pulse 
wave velocity, VAC, effective arterial elastance 
index, central augmentation pressure, and index 
at HR 75 beats/min, whereas significant correlates 
of change in GCS were DBP, central augmentation 
pressure and index at HR of 75 beats/min.

Multivariable linear regression models il-
lustrated that the  independent determinants 
of changes in GLS at a follow-up were GLS at base-
line and changes over follow-up in central augmen-
tation pressure and VAC, whereas the indepen-
dent determinants of changes in GCS were GCS 
at baseline and changes over follow-up in central 
augmentation pressure or index (Table 5). Changes 
over follow-up in central augmentation pressure 
and index were not combined into a single multi-
variable model due to strong collinearity (r = 0.85). 
Similar but not statistically significant results were 
demonstrated for radial augmentation index when 
used instead of central augmentation parameters 
(Table 6).

Change in  effective arterial elastance in-
dex over follow-up was tested in  multivari-
able models instead of change in VAC (a very 
strong collinearity between these 2 variables 
with r = 0.95), but did not prove to be a signifi-
cant determinant of either delta GLS (p = 0.069) 
or delta GCS (p = 0.71).

Table 1. Baseline demographic, clinical and cardiovascular characteristics according 
to the change in global longitudinal strain over a 12-month follow-up

Variables
GLS deterioration

at follow-up
n = 113

GLS improvement
at follow-up

n = 103
p-value

Age [years] 64.9 ±7.2 63.7 ±8.0 0.23

Male sex, n (%) 51 (45) 52 (50) 0.60

BMI [kg/m2] 29.4 ±4.6 29.7 ±5.1 0.55

Creatinine [mg/dL] 0.88 ±0.18 0.88 ±0.18 0.96

eGFR [mL/min/1.73 m2] 82.1 ±14.8 84.1 ±15.1 0.33

Mean 24-hour SBP [mm Hg] 131.1 ±11.5 134.1 ±12.7 0.073

Mean 24-hour DBP [mm Hg] 75.5 ±7.5 77.1 ±7.6 0.13

bSBP [mm Hg] 132.9 ±14.9 130.6 ±12.9 0.24

bDBP [mm Hg] 76.9 ±9.2 77.4 ±9.8 0.66

bPP [mm Hg] 56.0 ±11.8 53.1 ±10.9 0.07

PWV [m/s] 9.5 ±2.2 9.4 ±2.1 0.59

cAGPH HR 75 [%] 21 ±8.7 21 ±9.7 0.87

cAP HR 75 [mm Hg] 9.0 ±4.9 8.9 ±5.1 0.92

rAIx [%] 81 ±13 82 ±16 0.64

PVRI [U/m2] 53.5 ±23.4 54.3 ±14.4 0.76

Eai 4.2 ±1.9 4.3 ±1.0 0.57

ELVi 8.7 ±3.0 8.2 ±2.5 0.22

VAC 0.51 ±0.27 0.55 ±0.15 0.13

LV diastolic diameter [cm] 4.4 ±0.5 4.3 ±0.4 0.31

LV mass index [g/m2] 30.9 ±5.3 31.3 ±5.5 0.56

LA volume index [mL/m2] 32.9 ±9.7 33.5 ±11.3 0.72

LV ejection fraction [%] 62.2 ±4.9 60.8 ±5.7 0.072

GLS [%] 19.4 ±2.1 17.7 ±2.1 <0.001

GCS [%] 17.3 ±2.8 17.1 ±2.8 0.64

E/A 0.99 ±0.3 0.96 ±0.2 0.32

DT [ms] 226.9 ±44.5 221.7 ±48.8 0.42

e′ septal [cm/s] 6.3 ±1.5 6.1 ±1.4 0.35

e′ lateral [cm/s] 8.3 ±1.9 8.0 ±2.0 0.34

E/e′ 10.0 ±3.1 9.6 ±2.7 0.37

DDD 2.5 ±1.5 2.4 ±1.4 0.45

ACEi, n (%) 35 (31) 30 (29) 0.77

ARB, n (%) 72 (64) 68 (66) 0.72

CCB, n (%) 33 (29) 35 (34) 0.45

Diuretics, n (%) 44 (39) 39 (38) 0.87

β-blockers, n (%) 11 (10) 11 (11) 0.82

GLS – global longitudinal strain; BMI – body mass index; eGFR – estimated glomerular 
filtration rate; SBP – systolic blood pressure; DBP – diastolic blood pressure; bSBP – brachial 
systolic blood pressure; bDBP – brachial diastolic blood pressure; bPP – brachial pulse 
pressure; PWV – pulse wave velocity; cAGPH HR 75 – central augmentation index at heart 
rate 75 beats/min; cAP HR 75 – central augmentation pressure at heart rate 75 beats/min; 
PVRI – peripheral vascular resistance index; Eai – effective arterial elastance index; ELVi – left 
ventricular elastance index; VAC – ventricular-arterial coupling; LV – left ventricular; LA – left 
atrium; GCS – global circumferential strain; E/A – ratio of peak early to peak late diastolic 
mitral inflow velocity; DT – deceleration time; e′ – peak early diastolic mitral annular velocity; 
E/e′ – ratio of peak early diastolic mitral inflow velocity to peak early diastolic mitral annular 
velocity; rAIx – radial augmentation index; DDD – daily defined dose of hypotensive drugs; 
ACEi – angiotensin-converting enzyme inhibitors; ARB – angiotensin receptor blockers; 
CCB – calcium channel blockers. The eGFR was calculated according to the CKD-EPI 
formula (www.nice.org.uk (July 2014)) “Chronic kidney disease in adults: assessment and 
management”. Values in bold are statistically significant.
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Table 2. Changes in clinical and cardiovascular characteristics according to changes in global longitudinal strain over a 12-month follow-up

Variables
GLS deterioration

at follow-up
n = 113

GLS improvement
at follow-up

n = 103
p-value

Δ DDD −0.36 ±0.95 −0.19 ±0.93 0.20

Δ Mean 24-hour SBP [mm Hg] 4.1 ±10.5 1.9 ±12.9 0.18

Δ Mean 24-hour DBP [mm Hg] 1.4 ±6.1 1.2 ±8 0.90

Δ bSBP [mm Hg] −1.2 ±15.9 −1.3 ±12.3 0.96

Δ bDBP [mm Hg] 0.05 ±9.0 −0.7 ±8.9 0.54

Δ bPP [mm Hg] −1.3 ±10.8 −0.6 ±8.2 0.62

Δ PWV [m/s] 0.3 ±1.6 −0.3 ±1.9 0.026

Δ cAGPH HR 75 [%] 1.2 ±7.5 −0.5 ±6.3 0.09

Δ cAP HR 75 [mm Hg] 0.7 ±4.5 −0.7 ±3.4 0.012

Δ rAIx [%] 1.4 ±12.7 −1.2 ±10.5 0.11

Δ PVRI [U/m2] 4.4 ±24.3 −1 ±28.2 0.15

Δ Eai 0.3 ±1.7 −0.1 ±1.7 0.079

Δ ELVi 0.1 ±1.1 −0.1 ±0.8 0.29

Δ VAC 0.05 ±0.24 −0.01 ±0.20 0.049

Δ LV diastolic diameter [cm] −0.06 ±0.4 0.004 ±0.5 0.33

Δ LV mass index [g/m2] 0.07 ±2.6 −0.25 ±2.0 0.43

Δ LA volume index [mL/m2] −0.48 ±7.1 0.32 ±9.2 0.48

Δ LV ejection fraction [%] −0.05 ±5.3 1.3 ±5.8 0.085

Δ GLS [%] −1.4 ±1.2 1.5 ±1.0 <0.001

Δ GCS [%] −0.2 ±2.8 1.1 ±2.5 <0.001

Δ E/A −0.02 ±0.27 0.02 ±0.22 0.28

Δ DT [ms] 7.2 ±52.9 5.0 ±55.6 0.78

Δ e′ septal [cm/s] −0.4 ±1.3 0.09 ±1.3 0.005

Δ e′ lateral [cm/s] −0.6 ±1.5 −0.2 ±1.8 0.094

Δ E/e′ 0.5 ±2.3 0.3 ±2.8 0.56

Δ – change at 12-month follow-up (follow-up value minus baseline value); DDD – daily defined dose of hypotensive drugs; SBP – systolic blood 
pressure; DBP – diastolic blood pressure; bSBP – brachial systolic blood pressure; bDBP – brachial diastolic blood pressure; bPP – brachial pulse pressure; 
PWV – pulse wave velocity; cAGPH HR 75 – central augmentation index at heart rate 75 beats/min; cAP HR 75 – central augmentation pressure at heart 
rate 75 beats/min; Eai – effective arterial elastance index; PVRI – peripheral vascular resistance index; LV – left ventricular; LA – left atrial; GLS – global 
longitudinal strain; GCS – global circumferential strain; VAC – ventricular-arterial coupling; E/A – ratio of peak early to peak late diastolic mitral inflow 
velocity; DT – deceleration time; e′ – peak early diastolic mitral annular velocity; E/e′ – ratio of peak early diastolic mitral inflow velocity to peak early 
diastolic mitral annular velocity; rAIx – radial augmentation index. Values in bold are statistically significant.

Fig. 1. Associations between changes in central augmentation pressure and changes in left ventricular global longitudinal and circumferential deformation 
over a 12-month follow-up. cAP HR 75 – central augmentation pressure at heart rate 75 beats/min; GLS – global longitudinal strain; GCS – global 
circumferential strain
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Scatterplots illustrating associations between changes 
in central augmentation pressure at a HR of 75 beats/min 
and LV longitudinal and circumferential function are pre-
sented in Fig. 1.

Sensitivity analysis

To check the robustness of results, we changed the in-
put variables by restricting the dataset to the upper and 
lower delta GLS tertiles. This analysis confirmed the rela-
tionships between multivariable predictors (for example, 
the changes over follow-up in central augmentation pres-
sure and index, or VAC), and changes in GLS and GCS 
(Table 7).

Reproducibility

The intra-observer variability of myocardial deforma-
tion measurements was assessed in 15 randomly selected 
examinations, and was analyzed twice on 2 separate days 
within a four-week time interval. The variability was −0.3% 

(−0.7; 0.2) for the LV longitudinal strain and 0.5% (−0.5; 1.4) 
for the circumferential strain.

Discussion

The current study confirmed the link between LV func-
tion and central hemodynamic and aortic characteristics 
by showing independent associations between temporal 
and treatment-associated changes in GLS, and changes 
in central augmentation pressure and VAC, as well as be-
tween analogous changes in GCS and central augmentation 
pressure. Thus, our findings emphasize the role of central 
loading factors in the pathophysiology of HHD, and sup-
port the need for extending BP assessments beyond stan-
dard cuff measurements to effectively manage myocardial 
complications of HT.

Existing evidence indicates the  importance of  both 
central and peripheral BP measurements due to their as-
sociations with cardiac, renal and vascular injury. Rec-
ognition of target organ damage is essential for clinical 

Table 3. Univariable associations of changes in global longitudinal strain and circumferential strain at a 12-month follow-up with demographic, clinical and 
cardiovascular characteristics at baseline

Variables
Δ GLS Δ GCS

r p-value r p-value

Age [years] −0.01 0.90 0.01 0.83

BMI [kg/m2] 0.03 0.62 0.01 0.97

DDD −0.05 0.42 −0.03 0.69

Mean 24-hour SBP [mm Hg] 0.08 0.22 0.19 0.007

Mean 24-hour DBP [mm Hg] 0.07 0.31 0.18 0.009

bSBP [mm Hg] −0.04 0.57 0.04 0.58

bDBP [mm Hg] 0.05 0.44 0.07 0.34

bPP [mm Hg] −0.09 0.18 −0.01 0.90

PWV [m/s] 0.01 0.82 0.01 0.90

cAGPH HR 75 [%] 0.04 0.51 −0.04 0.55

cAP HR 75 [mm Hg] 0.02 0.77 −0.01 0.85

rAIx [%] 0.08 0.26 −0.05 0.50

PVRI [U/m2] 0.08 0.24 0.02 0.82

Eai 0.09 0.20 0.05 0.48

ELVi −0.10 0.15 −0.13 0.077

VAC 0.17 0.016 0.15 0.035

LV diastolic diameter [cm] −0.07 0.33 0.13 0.076

LV mass index [g/m2] 0.03 0.69 0.05 0.48

LA volume index [mL/m2] −0.03 0.69 0.09 0.19

LV ejection fraction [%] −0.13 0.078 −0.12 0.10

GLS [%] −0.48 <0.001 −0.16 0.027

GCS [%] −0.08 0.27 −0.46 <0.001

BMI – body mass index; DDD – daily defined dose of hypotensive drugs; SBP – systolic blood pressure; DBP – diastolic blood pressure; bSBP – brachial 
systolic blood pressure; bDBP – brachial diastolic blood pressure; bPP – brachial pulse pressure; PWV – pulse wave velocity; cAGPH HR 75 – central 
augmentation index at heart rate 75 beats/min; cAP HR 75 – central augmentation pressure at heart rate 75 beats/min; PVRI – peripheral vascular resistance 
index; Eai – effective arterial elastance index; ELVi – left ventricular elastance index; VAC – ventricular-arterial coupling; LV – left ventricular; LA – left atrium; 
GLS – global longitudinal strain; GCS – global circumferential strain; rAIx – radial augmentation index. Values in bold are statistically significant.
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risk stratification in hypertensive patients, and reducing 
the occurrence and severity of these complications rep-
resents a major goal of current therapy. Central BP and 
associated indices including augmented pressure, cen-
tral pulse pressure, and effective arterial elastance index 
have been found to be more closely related to the target 

organ damage expressed as LV hypertrophy, cardiac dys-
function, and increased carotid intima media thickness, 
and are believed to reflect LV afterload more accurately 
than brachial BP measurements.28–31 Nonetheless, derived 
measures of central augmentation index are highly cor-
related with peripheral (radial) augmentation index32 (e.g., 

Table 4. Univariable associations of changes in global longitudinal strain and circumferential strain with changes in clinical and cardiovascular 
characteristics at a 12-month follow-up

Variables
Δ GLS Δ GCS

r p-value r p-value

Δ DDD 0.10 0.16 0.11 0.15

Δ Mean 24-hour SBP [mm Hg] −0.07 0.34 0.04 0.63

Δ Mean 24-hour DBP [mm Hg] −0.01 0.93 0.01 0.88

Δ bSBP [mm Hg] −0.07 0.30 −0.09 0.24

Δ bDBP [mm Hg] −0.12 0.094 −0.15 0.039

Δ bPP [mm Hg] 0.02 0.98 0.01 0.94

Δ PWV −0.17 0.015 0.05 0.52

Δ cAGPH HR 75 [%] −0.15 0.034 −0.18 0.013

Δ cAP HR 75 [mm Hg] −0.21 0.003 −0.19 0.009

Δ rAIx [%] −0.13 0.063 −0.14 0.051

Δ PVRI [U/m2] −0.13 0.059 0.01 0.99

Δ Eai −0.17 0.011 −0.04 0.60

Δ ELVi 0.09 0.20 −0.01 0.87

Δ VAC −0.20 0.003 −0.02 0.83

Δ LV diastolic diameter [cm] 0.12 0.094 0.04 0.56

Δ LV mass index [g/m2] −0.01 0.84 0.02 0.74

Δ LA volume index [mL/m2] 0.06 0.40 0.02 0.83

Δ LV ejection fraction [%] 0.13 0.072 0.02 0.77

Δ – change at 12-month follow-up (follow-up value minus baseline value); DDD – daily defined dose of hypotensive drugs; SBP – systolic blood 
pressure; DBP – diastolic blood pressure; bSBP – brachial systolic blood pressure; bDBP – brachial diastolic blood pressure; bPP – brachial pulse pressure; 
PWV – pulse wave velocity; cAGPH HR 75 – central augmentation index at heart rate 75 beats/min; cAP HR 75 – central augmentation pressure at heart 
rate 75 beats/min; PVRI – peripheral vascular resistance index; Eai – effective arterial elastance index; LV – left ventricular; LA – left atrial; GLS – global 
longitudinal strain; VAC – ventricular-arterial coupling; rAIx – radial augmentation index. Values in bold are statistically significant.

Table 5. Multivariable associations of the change in global longitudinal and circumferential strains at a 12-month follow-up. Models with central 
augmentation parameters

Variables

Model 1 
Δ GLS

R2 = 0.29

Model 2 
Δ GLS

R2 = 0.28

Model 3 
Δ GCS

R2 = 0.25

Model 4 
Δ GCS

R2 = 0.26

β SE p-value β SE p-value β SE p-value β SE p-value

GLS at baseline −0.45 0.07 <0.001 −0.46 0.07 <0.001 – – – – – –

GCS at baseline – – – – – – −0.45 0.07 <0.001 −0.47 0.07 <0.001

Δ cAP HR 75 −0.17 0.07 0.016 – – – −0.16 0.07 0.024 – – –

Δ cAGPH HR 75 – – – −0.13 0.07 0.051 – – – −0.19 0.07 0.006

Δ VAC −0.16 0.07 0.014 −0.15 0.07 0.019 0.03 0.07 0.68 0.04 0.07 0.59

Δ PWV −0.07 0.07 0.27 −0.09 0.07 0.18 0.11 0.07 0.14 0.10 0.07 0.17

Δ Mean 24-hour SBP 0.03 0.07 0.62 0.02 0.07 0.76 0.04 0.07 0.63 0.03 0.07 0.71

Δ DDD −0.01 0.07 0.83 0.01 0.07 0.91 0.04 0.07 0.60 0.03 0.07 0.64

Δ – change at 12-month follow-up (follow-up value minus baseline value); GLS – global longitudinal strain; GCS – global circumferential strain; cAP HR 75 – central 
augmentation pressure at heart rate 75 beats/min; cAGPH HR 75 – central augmentation index at heart rate 75 beats/min; VAC – ventricular-arterial 
coupling; PWV – pulse wave velocity; SBP – systolic blood pressure; DDD – daily defined dose of hypertension drugs; SE – standard error. Values in bold are 
statistically significant.
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r = 0.96); therefore, we would expect similar associations 
of changes in both central and radial augmentation in-
dex with changes in GLS and GCS. These associations 
were observed in  the  current study, which highlights 
the potential value of using non-transformed peripheral 
waveform parameters as risk stratification tools to supple-
ment derived central BP measures that may be subject 
to error from cuff calibration and generalized transfer 
functions.33–35

The  link between LV load and myocardial function 
is well-documented.36 The value of LV multidirectional 
deformation results from loading conditions and myo-
cardial determinants, including passive tissue character-
istics, crossover of myofibers in the subendocardial and 
subepicardial layers, and direction of myofibers. Impair-
ment in GLS represents the first step in the cascade of LV 
remodeling in the natural history of HHD, and may par-
allel or even precede other clinical forms of myocardial 
affection such as LV hypertrophy, diastolic dysfunction, 
or left atrial structural and functional abnormalities.37–42 
Conversely, LV circumferential performance deteriorates 
in more advanced stages of the disease, and may even in-
crease the asymptomatic phase of heart failure (stage B) 
to  compensate for the  dysfunction in  the  longitudinal 
direction.10,43–48

This paper demonstrated that changes in LV longitudi-
nal systolic deformation over follow-up were associated 
with alterations in relevant LV afterload-associated indices, 
among which central augmentation pressure remained 
an independent predictor after multivariable adjustments 
for possible confounders. Similar to GLS, the independent 
contribution from central augmentation pressure param-
eters was evident for LV circumferential strain as well. 
Moreover, we discovered that the  interaction between 
the left ventricle and arterial system as assessed by VAC, 
representing net cardiovascular performance, indepen-
dently determined changes in LV longitudinal strain. Im-
portantly, our results demonstrated superiority of com-
prehensive evaluation of LV afterload, using non-invasive 
hemodynamic parameters derived from PWA over cuff 
BP measurement, in the context of LV function changes 
during antihypertensive therapy.

A stronger association between hypertension-related 
abnormalities of myocardial performance with pulse wave 
parameters rather than with brachial BP has been reported 
in previous papers;17,49–51 however, a lack of research cur-
rently exists regarding the analogous interaction with re-
spect to changes in LV strain over time. Accordingly, our 
analysis expounds upon prior reports by using repeated 
observations at the individual level, which may support 

Table 6. Multivariable associations of the change in global longitudinal and circumferential strains at a 12-month follow-up. Models with radial 
augmentation index

Variables

Model 1
Δ GLS

R2 = 0.28

Model 2
Δ GCS

R2 = 0.24

β SE p-value β SE p-value

GLS at baseline −0.46 0.07 <0.001 – – –

GCS at baseline – – – −0.46 0.07 <0.001

Δ rAIx −0.11 0.07 0.10 −0.13 0.07 0.057

Δ VAC −0.15 0.07 0.026 0.04 0.07 0.53

Δ PWV −0.10 0.07 0.13 0.08 0.07 0.25

Δ Mean 24-hour SBP 0.02 0.07 0.72 0.03 0.07 0.70

Δ DDD −0.003 0.07 0.97 0.05 0.07 0.53

Δ – change at 12-month follow-up (follow-up value minus baseline value); GLS – global longitudinal strain; GCS – global circumferential strain;  
cAP HR 75 – central augmentation pressure at heart rate 75 beats/min; cAGPH HR 75 – central augmentation index at heart rate 75 beats/min; 
VAC – ventricular-arterial coupling; PWV – pulse wave velocity; SBP – systolic blood pressure; DDD – daily defined dose of hypertension drugs;  
rAIx – radial augmentation index. Values in bold are statistically significant.

Table 7. Sensitivity analysis

Variables
GLS deterioration 

at follow-up  
n = 72

GLS improvement 
at follow-up  

n = 172
p-value

Δ GLS Δ GCS

r p-value r p-value

Δ PWV 0.33 ±1.75 −0.23 ±2.18 0.10 −0.14 0.11 0.01 0.88

Δ cAGPH HR 75 [%] 1.29 ±7.79 −1.16 ±5.97 0.048 −0.19 0.029 −0.20 0.035

Δ cAP HR 75 [mm Hg] 0.71 ±4.65 −1.06 ±3.60 0.017 −0.25 0.004 −0.27 0.004

Δ VAC 0.08 ±0.30 −0.02 ±0.23 0.034 −0.22 0.010 −0.02 0.81

GLS – global longitudinal strain; Δ – change at 12-month follow-up (follow-up value minus baseline value); GCS – global circumferential strain; PWV – pulse 
wave velocity; cAGPH HR 75 – central augmentation index at heart rate 75 beats/min; cAP HR 75 – central augmentation pressure at heart rate 75 beats/min; 
VAC – ventricular-arterial coupling. Values in bold are statistically significant.
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a causal nature of demonstrated relationships. However, 
as this study is retrospective, a post hoc analysis of the re-
sults from a randomized clinical trial should be regarded 
as hypothesis-generating. Despite the different trajectories 
in the early phase of HHD, both GLS and GCS are prone 
to the adverse influence of LV afterload. Thus, the extension 
of diagnostic focus over these 2 components of LV systolic 
function from the beginning of patient follow-up may be 
reasonable to track myocardial pathology in order to assist 
in therapeutic decision-making. Recognition for the role 
of hemodynamic loading factors and myocardial deforma-
tion, especially GLS – a widely recognized prognosticator 
in patient management strategy, might provide further clin-
ical benefits. Our results provisionally support the concept 
of using non-invasive large artery hemodynamic assessment 
as a clinical rather than a research-only tool.

Limitations

This study population profile encompassing low to me-
dium risk subjects with uncomplicated HT constrains 
the ability to extrapolate the results to other cohorts, es-
pecially with severe HT or advanced HHD. The estima-
tions of central hemodynamics in the current analysis 
were acquired noninvasively and using a calibration, based 
on brachial cuff systolic and DBP. Thus, the readings will 
not be the same as invasively measured BP waveforms.

Conclusions

In hypertensive patients, LV longitudinal and circumfer-
ential functional remodeling over time is associated with 
arterial hemodynamic characteristics. This may indicate 
the need for pulse wave analysis to optimize patient care.
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Abstract
Background. Cholecystokinin (CCK-8) has been shown to exhibit pharmacological preconditioning and 
cardioprotective effects. However, the molecular mechanisms involved in CCK-8-induced pharmacological 
preconditioning have not yet been clarified.

Objectives. The current study explored the molecular mechanisms involved in CCK-8-mediated pharma-
cological preconditioning effects on ischemic rat hearts.

Materials and methods. Pharmacological preconditioning was induced in male Wistar rats by administra-
tion of CCK-8 (20 µg/kg) 24 h before heart isolation. The PI3K inhibitor LY294002 (10 mg/kg and 20 mg/kg) 
and the HIF-1α inhibitor YC-1 (1 mg/kg and 2 mg/kg) were administered 30 min before the administration 
of CCK-8. The hearts were subjected to ischemia-reperfusion (IR) injury using a Langendorff apparatus. 
Myocardial injury was quantified by measuring the release of LDH-1, CK-MB and cTnT. The levels of HIF-1α 
and p-Akt expression and the ratio of p-GSK-3β/GSK-3β, were assessed in the heart homogenates.

Results. Pharmacological preconditioning with CCK-8 reduced IR-induced increases in the release of LDH, 
CK-MB and cTnT. Moreover, it restored the expression of HIF-1α and p-Akt, and the p-GSK-3β/GSK-3β ratio. 
However, administration of LY294002 or YC-1 with CCK-8 significantly abolished the cardioprotective ef-
fects of pharmacological preconditioning. The PI3K and HIF-1α inhibitors also abolished the effects of CCK-8 
preconditioning on HIF-1α, p-Akt and p-GSK-3β/GSK-3β.

Conclusions. Based on these findings, it may be concluded that the molecular mechanisms participating 
in CCK-8-induced pharmacological preconditioning involve HIF-1α, PI3K, Akt, and GSK-3β signaling pathways.

Key words: ischemia, reperfusion, LY294002, cholecystokinin, pharmacological preconditioning
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Background

Interruption of blood flow in the form of ischemia in-
duces severe heart injury, and early restoration of blood 
flow is essential to salvage ischemic heart. Thrombolysis 
or angioplasty is typically employed in clinical settings 
to restore the blood supply to ischemic heart.1 However, re-
perfusion of the ischemic heart itself produces myocardial 
injury, which is referred to as “reperfusion injury”.2 There-
fore, the term “ischemia-reperfusion-induced myocardial 
injury” is used to denote myocardial injury that occurs 
during ischemia and reperfusion (IR). At present, there 
are no well-established pharmacological agents to prevent 
IR-induced heart injury. Accordingly, there is a need to find 
new interventions/pharmacological agents that can limit 
or prevent IR-induced myocardial injury.

Ischemic preconditioning is  a  novel technique that 
renders the heart less vulnerable to prolonged ischemia-
reperfusion injury by prior exposure of the heart to short 
episodes of IR.3 Researchers have extrapolated the concept 
of ischemic preconditioning in the form of pharmacologi-
cal preconditioning, in which short episodes of ischemia 
are induced by pharmacological agents.4,5 Several studies 
have shown the usefulness of pharmacological precon-
ditioning in conferring resistance to various tissues and 
organs,6 including the heart.7

Cholecystokinin (CCK-8) is a neuropeptide secreted 
by enteroendocrine cells of the duodenum.8 Preclinical 
studies have shown potential beneficial effects of CCK-8 
distinct from its typical gastrointestinal effects related 
to satiety and food intake.9 Specifically, CCK-8 has been 
shown to affect anxiety,10 pain,11 spatial memory ability,12 
and IR-induced liver injury.13 Furthermore, a recent study 
reported an association of CCK-8 with reduction of apop-
tosis in IR-induced renal injury.14 Based on the findings 
of studies conducted in animals, CCK-8 may also exert 
beneficial effects in humans. However, there are insuf-
ficient clinical studies proving the usefulness of CCK-8 
in humans. In continuation of preclinical studies, CCK-8 
has been shown to  influence pathophysiological states 
of the heart through CCK-1 and CCK-2 receptors.15 For 
example, CCK-8 has been shown to attenuate myocardial 
fibrosis following ischemia-reperfusion injury.16 A pre-
vious study documented that exogenous administration 
of CCK-8 exhibits pharmacological preconditioning and 
produces cardioprotective effects against IR injury.17 How-
ever, the molecular mechanisms involved in CCK-8-in-
duced pharmacological preconditioning have not been 
explored.

Hypoxia-inducible factor 1-α (HIF-1α) is a transcrip-
tional factor that is reported to play an important role 
in the cardioprotective effects of different forms of pre-
conditioning.18,19 Phosphoinositide 3-kinase (PI3K), pro-
tein kinase B  (Akt), and glycogen synthase kinase-3β 
(GSK-3β) also play important roles in conferring cardio-
protection during ischemic, remote and pharmacological 

preconditioning.20,21 Considering the  significant role 
of these signaling pathways in different types of precondi-
tioning-induced cardioprotection, we attempted to explore 
the role of the HIF-1α, PI3K, Akt, and GSK-3β signaling 
pathways in CCK-8-induced pharmacological precondi-
tioning on IR model rat hearts.

Objectives

The  present study aimed to  investigate the  role 
of the HIF-1α, PI3K, Akt, and GSK-3β signaling pathways 
in CCK-8-induced pharmacological preconditioning on IR 
model rat hearts.

Materials and methods

Drugs and animals

Three-month-old male Wistar albino rats weighing 
210–240 g were used in this study. The animals were fed 
a normal pellet diet containing fiber (5%), protein (20%) 
and fat (5–10%). Ultraviolet radiation-treated water was 
provided in bottles for drinking purposes. The animals 
were exposed to 12 h of light and 12 h of dark at 25 ±2°C 
and 55–60% relative humidity. The  doses of  CCK-8,17 
PI3K inhibitor LY29400222,23 and HIF-1 inhibitor YC-124 
were determined based on the previous literature. Kits 
for the quantification of lactate dehydrogenase 1 (LDH-1), 
the MB isoform of creatine kinase (CK-MB), cardiac tropo-
nins (cTnT), HIF-1α, p-Akt, and p-GSK-3β were procured 
from MyBioSource, Inc. (San Diego, USA).

Approval of animal experiments

The experiments were approved by the Animal Ethical 
Committee of The First Affiliated Hospital of Anhui Medi-
cal University, Hefei, China (approval No. 202103050053).

Pharmacological preconditioning

Pharmacological preconditioning was induced by ad-
ministering a single dose of CCK-8 (20 µg/kg) intrave-
nously (i.v.), 24 h before isolating the hearts.17

Ischemia-reperfusion injury

After 24 h of pharmacological preconditioning, rats were 
sacrificed by an overdose of 4.5% isoflurane (gaseous anes-
thetic agent) and the hearts were quickly isolated. Heparin 
(1000 units/kg) was administered through the intraperito-
neal (i.p.) route 30 min before sacrificing the rats, to pre-
vent clot formation in the coronary arteries. The isolated 
hearts were perfused with Krebs–Henseleit (KH) solution 
(118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.25 mM 
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CaCl2, 1.2 mM KH2PO4, 25 mM NaHCO3, and 11 mM glu-
cose, pH = 7.4) at 37°C using a Langendorff system (emka 
TECHNOLOGIES, Paris, France). Perfusion was stopped 
for 30 min to induce global ischemia to the heart. There-
after, the flow of KH was restored for 120 min to institute 
reperfusion.25,26

Quantitative assessment  
of myocardial injury

The extent of IR-induced myocardial injury was quanti-
fied by measuring the release of 3 heart-specific biochemi-
cals, namely LDH-1, CK-MB and cTnT, in the coronary 
effluent, using commercially available kits. The measure-
ment of LDH-1 was performed using lithium L-lactate and 
NAD+ to yield pyruvic acid and a reduced form of nico-
tinamide adenine dinucleotide (NADH); absorbance was 
then measured at  340  nm using a  spectrophotometer 
(Cary 60; Agilent Technologies, Santa Clara, USA). LDH-1 
was quantified as enzymatic activity recorded in IU/L. 
The quantification of CK-MB was performed by adding 
adenosine diphosphate (ADP) to the sample (containing 
CK-MB) to obtain ATP, which then reacted with glucose 
in the presence of hexokinase. Thereafter, nicotinamide 
adenine dinucleotide phosphate (NADP+) and glucose-
6-phosphate dehydrogenase were added to generate nico-
tinamide adenine dinucleotide phosphate (NADPH), and 
the absorbance was determined at 340 nm using a spectro-
photometer (Cary 60; Agilent Technologies). Like LDH-1, 
CK-MB was also quantified as enzymatic activity in IU/L. 
The cTnT levels in the coronary effluent were quantified 
using a sandwich enzyme-linked immunosorbent assay 
(ELISA) kit with a cTnT antibody (capture antibody) pre-
coated microplate. The addition of a sample containing 
cTnT to the wells led to the binding of cTnT to the capture 
antibody. Next, detection reagent A (biotin-conjugated an-
tibody), detection reagent B (avidin-conjugated horseradish 
peroxidase (HRP)) and tetramethylbenzidine (a substrate 
of HRP) were added to yield a color, which was measured 
at 450 nm using an ELISA reader (BioTek, Winooski, USA).

Quantification of HIF-1α, p-Akt  
and p-GSK-3β

After 120 min of reperfusion, the hearts were removed 
and homogenized in phosphate-buffered saline (PBS) so-
lution (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 
1.8 mM KH2PO4, pH = 7.4) for 15 min in a refrigerated 
microtube tissue homogenizer at 4˚C (Thomas Scientific, 
Swedesboro, USA) to obtain the homogenate. The homog-
enate was centrifuged (Beckman Coulter Life Sciences, 
Indianapolis, USA) at 5000 g for 10 min at 4˚C to obtain 
clear supernatant, which was then employed for biochemi-
cal estimations. Using the heart homogenate supernatants, 
the expression of HIF-1α, p-Akt and p-GSK-3β/GSK-3β 
was quantified using commercially available ELISA kits.

Experimental protocol

For this study, 7 groups, each containing 8 animals, were 
used. The animals were randomly assigned to the follow-
ing groups: 1) non-ischemic group, in which the hearts were 
isolated for biochemical estimation of HIF-1α, p-Akt and 
p-GSK-3β/GSK-3β; 2) IR injury group, in which hearts were 
subjected to 30 min of ischemia and 120 min of reperfu-
sion; 3) CCK-8 pharmacological preconditioning group; 
4 and 5) LY294002 in CCK-8 pharmacological precon-
ditioning group, in which LY294002 (10 and 20 mg/kg) 
was administered before CCK-8 preconditioning; and 
6 and 7) YC-1 in CCK-8 pharmacological preconditioning 
groups, in which YC-1 (1 and 2 mg/kg, i.p.) was adminis-
tered before CCK-8 preconditioning.

Statistical analyses

Statistical analyses were performed using GraphPad 
Prism v. 8 (GraphPad Software, San Diego, USA). Data are 
reported as the mean ± standard deviation (SD). A nor-
mality test was conducted to check the appropriateness 
of applying analysis of variance (ANOVA). After passing 
the normality test, the results for LDH-1, CK-MB and cTnT 
were analyzed with two-way ANOVA. The results of all 
other parameters were analyzed using one-way ANOVA. 
These analyses were followed by Tukey’s post hoc test. 
The results of parametric tests are represented as figures. 
The data were also analyzed using non-parametric tests 
(Table 1,2), namely the Kruskal–Wallis test (for biochemical 
parameters) and Friedman’s test (for heart injury-specific 
parameters), followed by Dunn’s post hoc test. Statistical 
significance was fixed at p < 0.05.

Results

Influence of CCK-8 pharmacological 
preconditioning on IR-induced  
myocardial injury

There was a significant increase in the release of heart-
specific biochemical markers, namely LDH-1 (Fig. 1), 
CK-MB (Fig. 2) and cTnT (Fig. 3) in the coronary effluent, 
in response to 30 min of ischemia and 120 min of reper-
fusion. There was an approximately sixteen-fold increase 
in LDH-1, 8-fold increase in CK-MB and 12-fold increase 
in cTnT release during the reperfusion phase in compari-
son to non-ischemic hearts. The increased release of these 
biochemicals in the coronary effluent suggests a significant 
increase in IR injury to the heart. Notably, pharmacologi-
cal preconditioning in the form of CCK-8 administration 
24 h before ischemic injury significantly attenuated the re-
lease of LDH-1, CK-MB and cTnT in the coronary effluent. 
In CCK-8-preconditioned rats, the increase in heart injury 
biomarkers was reduced, i.e., eight-fold increase for LDH-1, 
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Table 1. Effect of different interventions on the heart injury parameters in isolated heart. Values are given as median (interquartile range (IQR)). The analysis 
was done using Friedman’s test with Dunn’s post hoc analysis

Sample 
No. Groups

LDH-1 CK-MB cTnT

before 
ischemia

during 
reperfusion

before 
ischemia

during 
reperfusion

before 
ischemia

during 
reperfusion

1. IR injury
24.0

[21.25–25.75]
508.5

 [505.0–510.8]a
14.0

[13.00–17.75]
159.5

 [156.5–161.8]a
15.0

[13.50–16.75]
188.5

[185.3–190.0]a

2.
CCK-8 pharmacological 

preconditioning
35.0

 [32.25–36.75]
82.0

 [79.25–84.75]b
24.0

[22.25–25.50]
34.0

[32.25–36.00]b
12.0

 [10.25–13.00]
24.5

[20.75–26.75]b

3.
LY294002 (10 mg/kg) in CCK-8 

pharmacological preconditioning
30.50

[29.25–32.75]
210.5

 [207.0–213.8]c
20.5

 [19.25–21.75]
94.5

[90.50–96.75]c
18.0

[17.00–19.75]
110.0

[109.0–111.0]c

4.
LY294002 (20 mg/kg) in CCK-8 

pharmacological preconditioning
30.0

[27.5–32.5]
469.0

[464.8–473.5]c
27.0

[26.0–28.0]
138.5

 [136.3–139.8]c
21.0

[19.00–22.75]
178.5

[174.3–181.5]c

5.
YC-1 (1 mg/kg) in CCK-8 

pharmacological preconditioning
30.0

[27.5–32.5]
247.0

[244.0–253.5]c
27.0

[26.0–28.0]
104.5

 [102.3–107.8]c
19.5

[17.25–20.75]
121.5

 [119.3–122.8]c

6.
YC-1 (2 mg/kg) in CCK-8 

pharmacological preconditioning
37.5

 [36.00–38.75]
488.0

[484.8–489.8]c
25.5

 [24.0–26.0]
149.0

 [146.3–151.8]c
23.0

[21.25–24.75]
183.0

[178.3–185.8]c

a p < 0.05 compared to results before ischemia; b p < 0.05 compared to results after IR injury after reperfusion; c p < 0.05 compared to results after CCK-8 
preconditioning; IR – ischemia-reperfusion; CCK-8 – cholecystokinin.

Table 2. Effect of different interventions on biochemical parameters in isolated rat hearts. The data were analyzed using Kruskal–Wallis test and post hoc 
analysis was done using Dunn’s multiple comparison test. Values are given as median (interquartile range (IQR)).

Sample 
No. Groups HIF-1α p-Akt p-GSK-3β/GSK-3β ratio

1. non-ischemic 100.0 [99.25–100.0] 100.0 [99.25–100.0] 1.0 [0.91–1.1]

2. IR injury 46.5 [43.5–48.0]a 46.5 [43.5–48.0]a 0.31 [0.29–0.34]b

3.
CCK-8 pharmacological 

preconditioning
88.5 [87.0–92.75]b 88.5 [87.0–92.75]b 0.90 [0.88–0.92]b

4.
LY294002 (10 mg/kg) in CCK-8 

pharmacological preconditioning
69.50 [68.25–70.75]c 69.5 [68.25–70.25]c 0.74 [0.72–0.76]c

5.
LY294002 (20 mg/kg) in CCK-8 

pharmacological preconditioning
56.0 [54.25–57.0]c 56.0 [54.2–57.0]c 0.56 [0.53–0.58]c

6.
YC-1 (1 mg/kg) in CCK-8 

pharmacological preconditioning
64.0 [63.0–65.75]c 64.0 [63.0–65.75]c 0.64 [0.61–0.67]c

7.
YC-1 (2 mg/kg) in CCK-8 

pharmacological preconditioning
52.5 [52.0–55.0]c 52.5 [52.0–55.0]c 0.43 [0.37–0.44]c

a p < 0.05 compared to results before ischemia; b p < 0.05 compared to results after IR injury after reperfusion; c p < 0.05 compared to results after CCK-8 
preconditioning; IR – ischemia-reperfusion; CCK-8 – cholecystokinin.

Fig. 1. Influence of cholecystokinin 
(CCK-8) preconditioning and other 
interventions on the release of LDH-1 
in the coronary effluent

Values are given as mean ±SD; ANOVA 
results: F(1,84) = 984.2 for time, 
F(5,84) = 453.9 for treatment, n = 8, 
p < 0.001; a – p < 0.05 compared to 
before ischemia; b – p < 0.05 compared 
to IR injury after reperfusion; c – p < 0.05 
compared to CCK-8 preconditioning; 
IR – ischemia-reperfusion; SD – standard 
deviation; ANOVA – analysis of variance.
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Fig. 3. Influence of cholecystokinin 
(CCK-8) preconditioning and other 
interventions on the release of cTnT 
in the coronary effluent

Values are given as mean ±SD; ANOVA 
results: F(1,84) = 812.8 for time, 
F(5,84) = 412.7 for treatment, n = 8, 
p < 0.001; a – p < 0.05 compared to 
before ischemia; b – p < 0.05 compared 
to IR injury after reperfusion; c – p < 0.05 
compared to CCK-8 preconditioning; 
IR – ischemia-reperfusion; SD – standard 
deviation; ANOVA – analysis of variance.

Fig. 2. Influence of cholecystokinin 
(CCK-8) preconditioning and other 
interventions on the release of CK-MB 
in the coronary effluent

Values are given as mean ±SD; 
ANOVA results: F(1,84) = 783.1 for time, 
F(5,84) = 395.6 for treatment, n = 8, 
p < 0.001; a – p < 0.05 compared to 
before ischemia; b – p < 0.05 compared 
to IR injury after reperfusion; c – p < 0.05 
compared to CCK-8 preconditioning; 
IR – ischemia-reperfusion; SD – standard 
deviation; ANOVA – analysis of variance.

Fig. 4. Influence of cholecystokinin 
(CCK-8) preconditioning and other 
interventions on ischemia-reperfusion-
induced changes in the expression 
of HIF-1α

Values are reported as mean ±SD; 
ANOVA results: F(6,49) = 634.8, n = 8, 
p < 0.001; a – p < 0.05 compared to 
non-ischemic; b – p < 0.05 compared 
to IR injury; c – p < 0.05 compared to 
CCK-8 preconditioning; IR – ischemia-
reperfusion; SD – standard deviation; 
ANOVA – analysis of variance.
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four-fold increase for CK-MB, and seven-fold increase for 
cTnT. Overall, the parameters were nearly two-fold lower 
than in the IR injury group. This result suggests that CCK-8 
produced pharmacological preconditioning and significantly 
protected the rat hearts from IR injury.

Influence of CCK-8 pharmacological 
preconditioning on IR-induced 
biochemical changes in the heart

Apart from attenuating heart injury, pharmacological 
preconditioning with CCK-8 prevented ischemia-reperfu-
sion-induced changes in the expression levels of the bio-
chemical markers such as HIF-1α, p-Akt and p-GSK-3β. 
In  IR-subjected rats, there was a  significant decrease 

in the expression of HIF-1α (Fig. 4) and p-Akt (Fig. 5), and 
in p-GSK-3β/GSK-3β ratio (Fig. 6) in comparison to nor-
mal, non-ischemic hearts. In the IR group, the expression 
of HIF-1α in hearts was reduced 2.16-fold, the expression 
of p-Akt 1.94-fold and the p-GSK-3β/GSK-3β ratio 3.1-fold 
in comparison to non-ischemic hearts. However, pharma-
cological preconditioning with CCK-8 led to significant 
restoration of HIF-1α and p-Akt expression and p-GSK-3β/
GSK-3β ratio in the heart homogenates. In CCK-8-pre-
conditioned hearts, the expression of HIF-1α in hearts 
was reduced 1.2-fold, the  expression of  p-Akt 1.1-fold 
and the p-GSK-3β/GSK-3β ratio 1.4-fold. Thus, there was 
an approximately two-fold greater increase in the above 
biochemical parameters in the CCK-8 preconditioning 
group compared to the IR injury group.

Fig. 6. Influence of cholecystokinin 
(CCK-8) preconditioning and other 
interventions on IR-induced changes 
in the p-GSK-3β/GSK-3β ratio in the heart 
homogenates

Values are given as mean ±SD; 
ANOVA results: F(6,49) = 785.3, n = 8, 
p < 0.001; a – p < 0.05 compared to 
non-ischemic; b – p < 0.05 compared 
to IR injury; c – p < 0.05 compared to 
CCK-8 preconditioning; IR – ischemia-
reperfusion; SD – standard deviation; 
ANOVA – analysis of variance.

Fig. 5. Influence of cholecystokinin 
(CCK-8) preconditioning and other 
interventions on IR-induced changes 
in the p-Akt levels

Values are given as mean ±SD; 
ANOVA results: F(6,49) = 530.1, n = 8, 
p < 0.001; a – p < 0.05 compared to 
non-ischemic; b – p < 0.05 compared 
to IR injury; c – p < 0.05 compared to 
CCK-8 preconditioning; IR – ischemia-
reperfusion; SD – standard deviation; 
ANOVA – analysis of variance.
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Influence of LY294002 and YC-1 on CCK-8 
pharmacological preconditioning-induced 
changes in IR-subjected rat hearts

In  light of  the significant increase in  the expression 
of  HIF-1α and p-Akt in  CCK-8 preconditioning-sub-
jected rat hearts, the  influence of LY294002 and YC-1 
on CCK-8-induced changes was explored. Administration 
of LY294002 (PI3K inhibitor) or YC-1 (HIF-1α inhibitor) 
prior to CCK-8 preconditioning significantly abolished 
CCK-8-induced cardioprotective effects in IR-subjected 
rat hearts. There was a significant and dose-dependent 
increase in the levels of LDH-1 (Fig. 1), CK-MB (Fig. 2) 
and cTnT (Fig. 3) in  rat hearts treated with LY294002 
(10 mg/kg and 20 mg/kg) and YC-1 (1 mg/kg and 2 mg/kg). 
Compared to  CCK-8 preconditioning, administration 
of LY294002 led to a 2.56-fold (10 mg/kg) and 5.72-fold 
(20 mg/kg) increase in LDH-1 release; 2.76-fold (10 mg/kg) 
and 4.07-fold (20 mg/kg) increase in CK-MB release; and 
4.58-fold (10 mg/kg) and 7.42-fold (20 mg/kg) increase 
in cTnT release during the reperfusion phase. Similarly, 
in comparison to CCK-8 preconditioning, administration 
of YC-1 led to a 3.02-fold (1 mg/kg) and 5.94-fold (2 mg/kg) 
increase in LDH-1 release; 3.08-fold (1 mg/kg) and 4.38-
fold (2 mg/kg) increase in CK-MB release; and 5.04-fold 
(1 mg/kg) and 7.58-fold (2 mg/kg) increase in cTnT release 
during the reperfusion phase. These results indicate that 
higher doses of LY294002 (20 mg/kg) and YC-1 (2 mg/kg) 
almost completely abolished the effects of CCK-8 pre-
conditioning, and that the effects in those groups were 
comparable to the IR injury group.

Moreover, there was a significant decrease in the lev-
els of HIF-1α (Fig. 4) and p-Akt expression (Fig. 5) and 
in p-GSK-3β/GSK-3β ratio (Fig. 6) in the heart homogenates 
in LY294002 and YC-1-administered rats. In comparison 
to CCK-8 preconditioning, administration of LY294002 led 
to a 1.28-fold (10 mg/kg) and 1.60-fold (20 mg/kg) decrease 
in HIF-1α; 1.20-fold (10 mg/kg) and 1.52-fold (20 mg/kg) 
decrease in p-Akt; and 1.21-fold (10 mg/kg) and 1.60-fold 
(20 mg/kg) decrease in p-GSK-3β/GSK-3β ratio. Admin-
istration of YC-1 led to a 1.39-fold (1 mg/kg) and 1.67-fold 
(2 mg/kg) decrease in HIF-1α; 1.30-fold (1 mg/kg) and 1.60-
fold (2 mg/kg) decrease in p-Akt; and 1.40-fold (1 mg/kg) 
and 2.19-fold (2 mg/kg) decrease in p-GSK-3β/GSK-3β 
ratio. Similar to the parameters of cardiac injury, higher 
doses of LY294002 (20 mg/kg) and YC-1 (2 mg/kg) almost 
completely abolished the effects of CCK-8 preconditioning 
on biochemical parameters, and the effects in those groups 
were comparable to the IR injury group.

Discussion

In this present investigation, pharmacological precon-
ditioning with CCK-8 was found to provide significant 

cardioprotection against IR-induced myocardial injury. 
There was a significant reduction in the release of car-
diac injury markers, namely LDH-1, CK-MB, and cTnT, 
in the coronary effluent of ischemia-reperfusion injury 
model rats. Pharmacological preconditioning is an ex-
trapolation of  ischemic preconditioning, in which in-
stead of short episodes of  ischemia, a pharmacological 
agent is employed.27 Several pharmacological agents are 
known to exhibit pharmacological preconditioning-like 
effects.28 In the current study, cardioprotective effects 
were evaluated after 24  h  of  CCK-8 administration. 
Therefore, the  results suggest that CCK-8 exerts late 
phase preconditioning on hearts. The results of the pres-
ent study are in line with the results of a previous study 
showing the delayed phase of cardioprotective effects 
of CCK-8-induced pharmacological preconditioning.17

In this present study, along with the cardioprotective 
effects of CCK-8-induced preconditioning, we observed 
significant restoration of biochemical markers in IR-sub-
jected rat hearts. In response to IR, there was a signifi-
cant decrease in the expression of HIF-1α and p-Akt and 
in p-GSK-3β/GSK-3β ratio. However, pharmacological 
preconditioning with CCK-8 led to significant restoration 
of HIF-1α and p-Akt expression and of p-GSK-3β/GSK-3β 
ratio in the heart homogenates. The HIF-1α is a hypoxia-
inducible transcriptional factor and its key role in isch-
emic29 and remote preconditioning-induced cardiopro-
tection has been previously demonstrated.30 The present 
finding of an increase in HIF-1α level in response to CCK-8 
preconditioning is supported by previous studies showing 
that CCK-8 may increase the expression of HIF-1α.31 Fur-
thermore, the present study demonstrated that the admin-
istration of a selective pharmacological inhibitor of HIF-1α, 
namely YC-1, significantly abrogated the cardioprotective 
effects of CCK-8-induced pharmacological precondition-
ing. Accordingly, it may be suggested that CCK-8-induced 
pharmacological preconditioning involves the activation 
of a HIF-1α-dependent signaling pathway.

The relationship between p-Akt and CCK-8-induced 
pharmacological preconditioning was also assessed 
in the current study. The results showed that CCK-8-in-
duced pharmacological preconditioning was associated 
with restoration of  p-Akt expression and p-GSK-3β/
GSK-3β ratio. Previous studies have described that PI3K-
Akt-GSK-3β constitutes an important signaling cascade 
mediating various biological effects, including ischemic, 
remote and pharmacological preconditioning-induced car-
dioprotection.32,33 PI3K leads to phosphorylation of Akt 
to  increase its activity,34 and the phosphorylated form 
of Akt leads to phosphorylation of GSK-3β.35 Of note, 
phosphorylation of GSK-3β leads to a decrease in its ac-
tivity and, thus, a decrease in the p-GSK-3β/GSK-3β ratio 
indicates the potentiation of its activity.36

In  this present study, pharmacological inhibition 
of PI3K using LY294002 led to significant attenuation 
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of the cardioprotective actions of CCK-8-induced phar-
macological preconditioning. Moreover, LY294002 abol-
ished the  restorative effects of  CCK-8-induced phar-
macological preconditioning on  biochemical markers 
in the heart homogenates. To the best of our knowledge, 
this is the first study describing that the cardioprotective 
effects of CCK-8-induced pharmacological precondition-
ing are mediated through the PI3K-Akt-GSK-3β signal-
ing pathway. Moreover, it  is  the  first study describing 
that CCK-8-induced pharmacological preconditioning 
involves the activation of the HIF-1α-dependent signaling 
pathway. Previous studies have shown that hypoxia may 
trigger the activation of PI3K-Akt to increase the expres-
sion of HIF-1α, which may contribute to the resistance 
of the heart to ischemic injury.37,38 However, the present 
study did not delineate the precise sequence of the intra-
cellular signaling pathway involving PI3K-Akt-GSK-3β 
and HIF-1α in CCK-8-induced pharmacological precon-
ditioning. Furthermore, roles of  the RISK (reperfusion 
injury salvage kinase) and SAFE (survivor activating fac-
tor enhancement) signaling pathways in CCK-8-mediated 
protective effects in IR-induced myocardial injury have 
been reported.39 Accordingly, there are potential roles for 
these signaling pathways in CCK-8-mediated precondi-
tioning effects.

Clinically, there are limited options to protect the heart 
from ischemic injury; therefore, CCK-8 may serve as a use-
ful pharmacological tool to  protect against ischemia-
reperfusion injury. In particular, CCK-8 may be useful 
in situations where myocardial ischemia is unavoidable, 
such as coronary artery balloon angioplasty, coronary ar-
tery bypass surgery, excision and transportation of a donor 
heart, and before exercise in patients with known demand-
induced ischemia. Mechanistically, CCK-8 administra-
tion in the form of pharmacological preconditioning may 
trigger cardioprotective signaling, involving activation 
of the PI3K-Akt-GSK-3β pathway.

Limitations and future directions

The present study did not reveal the precise sequence 
of the HIF-1α and PI3K-Akt-GSK-3β signaling pathways 
in  CCK-8-induced pharmacological preconditioning. 
Thus, the role of the RISK and SAFE signaling pathways 
in CCK-8-mediated preconditioning effects warrant fur-
ther investigation. Moreover, future studies should explore 
the clinical effects of CCK-8 preconditioning in patients 
suffering from ischemic heart diseases.

Conclusions

The findings of this study suggest that the molecular 
mechanisms participating in CCK-8-induced pharmaco-
logical preconditioning involve the HIF-1α, PI3K, Akt, and 
GSK-3β signaling pathway.
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Abstract
Background. The gut-liver axis is one of the most emphasized topics in the pathogenesis of non-alcoholic 
fatty liver disease (NAFLD). Intestinal microbiota dysbiosis has been shown to be a predictor of disease severity 
and progression to fatty liver disease. Therefore, research addressing gut-based therapies has become popular.

Objectives. To investigate the effect of lactulose and polyethylene glycol 3350 (PEG 3350) in mice with 
induced obesity and NAFLD at a non-diarrheal dose.

Materials and methods. Thirty-six C57BL/6J male mice were divided into 6 groups. The first 2 groups 
(n = 6 each) were used as an induced obesity model (group A) and NAFLD model (group B) for 8 weeks. 
The remaining 24 animals were categorized into control diet group, high-fat diet (HFD) group, HFD + lactu-
lose group, and HFD + PEG 3350 group. Serum and liver tissue samples were obtained for biochemical and 
histopathological analyses, respectively.

Results. The HFD + lactulose treatment group displayed a significant decrease in liver weight (1.3 (1.3–
1.4) kg compared to 1.8 (1.6–1.9) kg) and NAFLD activity score (NAS) (1.5 (1.0–3.0) compared to 5.0 (4.0–5.0), 
respectively; p = 0.0043, p = 0.0021) when compared with the HFD group. However, a decrease in body 
weight (35.0 (34.6–36.0) kg compared to 40.9 (34.7–41.9) kg) and hepatosteatosis (HS) rate (33.3% com-
pared to 100.0%) were not statistically significant (p = 0.1796, p = 0.0606, respectively). The HFD + PEG 3350 
treatment group showed a statistically significant decrease in body weight (32.4 (30.2–33.9) kg compared to 
40.9 (34.7–41.9) kg), liver weight (1.5 (1.3–1.5) kg compared to 1.8 (1.6–1.9) kg), HS rate (16.7% compared 
to 100.0%) and NAS (0.5 (0.0–1.0) compared to 5.0 (4.0–5.0); p = 0.0086, p = 0.0086, p = 0.0151, and 
p = 0.0021, respectively) when compared with the HFD group.

Conclusions. We demonstrated that non-diarrheal dose of lactulose and PEG 3350 reduced hepatic inflam-
mation in mice with induced NAFLD. It was also observed that PEG 3350 decreased HS and body weight. 
We believe these mechanisms can be utilized as novel therapeutic approaches in NAFLD in prospective 
human studies.

Key words: hepatosteatosis, lactulose, non-alcoholic fatty liver disease, non-alcoholic steatohepatitis, 
polyethylene glycol 3350
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Background

Non-alcoholic fatty liver disease (NAFLD) is an ever-
increasing major public health problem worldwide, and due 
to the high rates of hepatitis B immunization and the intro-
duction of the hepatitis C vaccine, likely the most common 
cause of chronic liver disease. Non-alcoholic steatohepa-
titis (NASH) is a histologically more aggressive subgroup 
of NAFLD and is more frequently associated with the de-
velopment of fibrosis and cirrhosis. In the general popula-
tion, the prevalence of NAFLD is 25%, and the prevalence 
of NASH is 3–5%.1

The pathogenesis of NAFLD is not yet fully understood, 
although the “multiple-hit” hypothesis is widely accepted. 
The 1st hit involves increased lipid flows to hepatocytes, 
which induces the liver to become more susceptible to oxi-
dative stress and lipid peroxidation with increased lipid 
uptake, free fatty acid production and de novo lipogenesis. 
Then, mitochondrial dysfunction and the 2nd hit occurs, 
resulting in hepatocyte damage, inflammation and fibro-
sis.2 Although the majority of NAFLD patients are over-
weight or obese, there is also a subgroup of patients with 
normal body mass index (BMI); such situation is defined 
as lean NAFLD. Therefore, other factors in the pathogen-
esis besides insulin resistance, dyslipidemia and obesity 
are thought to be involved.

The gut–liver axis is one of the most emphasized topics 
in the pathogenesis of NAFLD, with intestinal microbiota 
dysbiosis being shown as a predictor of disease severity 
and progression to fatty liver disease.3 Therefore, research 
on gut-based therapies has become popular. Lactulose 
is a drug mainly used in the treatment of constipation, 
hepatic encephalopathy and salmonellosis, and it is one 
of the oldest prebiotics known as the ‘bifidus factor’. Oral 
lactulose administration exerts its positive effect on gut 
microbiota by increasing bifidobacteriaceae and lactobac-
illaceae.4 The ability of lactulose to reduce hyperammo-
nemia in hepatic encephalopathy is thought to be mainly 
due to amelioration of dysbiosis.5 Polyethylene glycol 3350 
(PEG 3350) is a high-molecular-weight, water-soluble poly-
mer and a commonly used drug for bowel lavage due to its 
low rate of side effects. Post-lavage changes in the micro-
biota composition have been shown in fecal samples of pa-
tients who had colonoscopy preparation with PEG 3350.6

Objectives

In our study, we developed NAFLD mice models with 
a high-fat diet (HFD) involving butter and aimed to in-
vestigate the effect of lactulose and PEG 3350 at non-di-
arrheal doses on lipid profile, obesity and NAFLD (defined 
as NAFLD activity score (NAS) ≥3). The NAS system re-
flects fundamental histological features (steatosis, balloon-
ing and inflammation) and is a well-accepted standard used 
for assessing NAFLD severity and responses to treatment.8

Materials and methods

Animals

Thirty-six C57BL/6J male mice were used in the study. 
Animals were eight-week old, weighing 24–28  g, and 
were obtained from the Bilkent University Experimental 
Animals Laboratory (Ankara, Turkey). Animals were held 
in a twelve-hour dark/light cycle at an average temperature 
of 22°C, and were randomized into 6 groups (n = 6) prior 
to housing. Before starting the experiment, the mice were 
given a standard diet (5.5% of the energy from fat) and water 
for 2 weeks to stabilize their metabolic status. The ani-
mal study was approved by the Animal Ethics Committee 
of Cumhuriyet University School of Sivas (Sivas, Turkey; 
approval No. 295/25.06.2019). All the surgical and experi-
mental procedures were in accordance with institutional 
animal care guidelines.

Experimental design

The study was designed in 2 stages (Fig. 1). The 1st stage 
involved inducing obesity (group A, n = 6) and NAFLD 
(group B, n = 6) with a HFD diet (pellets, 60% of the energy 
from butter). Group A and group B mice received a stan-
dard diet and HFD, 3–6 g/day for 8 weeks, respectively. Daily 
weights, food, and water consumption were observed during 
the experiment.  Finally, the 2 groups were fasted for 24 h prior 
to euthanasia for histopathological evaluation of the liver and 
the acquisition of blood samples from the femoral artery. 
When it was seen that NAFLD was induced in group B mice, 
the 16-week treatment trial phase was initiated. The remain-
ing 24 animals were categorized into 4 groups: HFD, HFD 
+ lactulose, and HFD + PEG 3350. Lactulose and PEG 3350 
were given to mice by dissolving in drinking water at a dose 
of 0.44 g/day and 0.3 g/kg/day, respectively.7 The frequency 
and consistency of defecation were monitored. Diarrhea was 
identified as an undesirable side effect, although it did not 
affect any animals. Serum and liver tissue samples were ob-
tained in a similar manner to the mouse model of induced 
NAFLD at baseline and at 8 weeks.

Fig. 1. Experimental study design

NAFLD – non-alcoholic fatty liver disease; HFD – high-fat diet.

group A (standard diet)

group B (HFD)

control

HFD

HFD + lactulose

HFD + PEG 3350

experiment phase weeks

week 0

the NAFLD
animal
model phase

the treatment
trial phase

week 8 week 16
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Biochemical analysis  
and histopathological evaluation

Blood samples from euthanized mice were centrifuged 
for 10 min at 4000 rpm and 4°C, then were analyzed for 
glucose, total cholesterol (TC), triglycerides (TG), low-
density lipoprotein cholesterol (LDL-C), and high-density 
lipoprotein-cholesterol (HDL-C) using cobas® 8000 ana-
lyzer (Roche, Basel, Switzerland). Liver tissues were dis-
sected, fixed with 10% neutral formalin and sent to the pa-
thology laboratory to be examined. After the automated 
tissue processing and paraffin blocking steps, 5 µm-thick 
sections were taken, then stained with hematoxylin and 
eosin (H&E) in an automated stainer (Leica ST5020; Leica, 
Buffalo Grove, USA). Each section was assessed under light 
microscope by 2 independent pathologists for histopatho-
logical evaluations. Hepatosteatosis (HS) was graded based 
on the percentage of fat within the hepatocytes: grade 0 
(<5%), grade 1 (5–33%), grade 2 (34–66%), and grade 3 
(>66%). The NAFLD activity score (NAS) was calculated 
using the scoring system developed by Kleiner et al.8

Statistical methods

Statistical data were analyzed using IBM SPSS v. 23.0 
(IBM Corp., Armonk, USA). Descriptive statistics were 
given as a median (1st quartile–3rd quartile (Q1–Q3)) for 
continuous variables. Mann–Whitney U test was used 
to compare nonparametric variables. In comparison of cat-
egorical variables, the χ2 test was used when conditions 
were met; otherwise, the Fisher’s exact test was used. A p-
value of ≤0.05 was considered statistically significant.

Results

The NAFLD animal model at 8 weeks

Body and liver weights of group B mice fed with HFD 
were significantly higher than group A mice at 8 weeks 

(p  =  0.0021, p  =  0.0043). While HS was not found 
in group A, 5 mice had HS in group B, and their fatty liver 
rates were determined as 10% in 3 mice, 15% in 1 mouse 
and 30% in 1 mouse (p = 0.0151). The NAS was found to be 
4.0 (2.0–4.0) in group B mice and 0.0 (0.0–0.0) in group A 
(p = 0.0021) (Table 1).

Fig. 2. Microscopic images of liver histology in high-fat diet (HFD) mice. 
A. Grade 2 microvesicular steatosis, ×4 magnification; B. Hepatocellular 
ballooning, ×10 magnification; C. Lobular inflammation, ×10 magnification; 
stained with hematoxylin and eosin (H&E)

Table 1. Comparison of the animal weight, liver weight, hepatosteatosis 
(HS), and NAS of C57BL/6J mice receiving standard and HFD (butter) 
in an eight-week period

Variables
Group A
(control)

(n = 6)

Group B
(HFD)
(n = 6)

p-value

Animal weight [g], 
median (Q1–Q3)

24.9 (24.4–25.2) 33.5 (30.9–36.0) 0.0021

Liver weight [g], 
median (Q1–Q3)

0.9 (0.9–0.9) 1.2 (1.0–1.4) 0.0043

HS, n (%) 0 (0.0) 5 (83.3) 0.0151

NAS, median (Q1–Q3) 0.0 (0.0–0.0) 4.0 (2.0–4.0) 0.0021

HFD – high-fat diet; NAS – non-alcoholic fatty liver disease (NAFLD) 
activity score; the data are shown as median, (Q1–Q3: 1st–3rd quartile) and 
p-values were for the Mann–Whitney U test, except HS (χ2 test, df = 1).
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Control diet compared to high-fat diet 
at 16 weeks

Macroscopic appearance of liver tissues was smooth and 
dark red in control mice. In histopathological examination 
of the control group, none of the mice had HS and NAS 
was determined to be 0.0 (0.0–0.0). Conversely, the liver 
tissues of HFD mice were granular, fragile and yellow-gray. 
All of them had HS, and fatty rates were determined as 10% 
in 3 mice, 30% in 1 mouse and 40% in 2 mice. The NAS 
in the HFD mice was calculated as 5.0 (4.0–5.0) and was 
significantly higher than in  the  controls (p  =  0.0021). 
The  H&E staining images samples of  the  liver tissue 
in HFD mice are displayed in Fig. 2. Also, serum lipid lev-
els were significantly higher in HFD, except TG (Table 2).

High-fat diet compared to high-fat diet 
+ lactulose

High-fat diet + lactulose mice had lower level of liver, 
but not lower body weight when compared with HFD mice 
(p = 0.0043 and p = 0.1796, respectively). Two of HFD + 
lactulose mice had HS (fatty rates were 15% and 30%; 
p = 0.0606). The NAS was 1.5 (1.0–3.0), which was sig-
nificantly lower than in HFD mice (p = 0.0021). There was 
no difference between the groups in terms of body weight, 
glucose level and lipid parameters (Table 2).

High-fat diet compared to high-fat diet 
+ PEG 3350

Body and liver weight of HFD + PEG 3350 mice were 
lower than those of HFD mice (both p = 0.0086). In the his-
topathological evaluation of  the  liver, only 1  mouse 
in the HFD + PEG 3350 group had 30% HS, and the NAS 
was 0.5 (0.0–1.0), which was significantly lower than in 
the HFD group (p = 0.0151, p = 0.0021). There was no dif-
ference between the groups in terms of glucose and lipid 
parameters, except TG. Higher TG levels were observed 
in HFD + PEG 3350 mice (p = 0.0021) (Table 2).

High-fat diet + lactulose compared to 
high-fat diet + PEG 3350

The body weight of the HFD + PEG 3350 mice was lower 
when compared with HFD + lactulose mice (p = 0.0259). 
However, there was no statistically significant difference 
between the groups in terms of liver weight, HS and NAS 
(Table 2).

Comparison of body weight, liver weight and NAS in 
all groups is shown in Fig. 3, and differences in biochemical 
parameters are shown in Fig. 4.

Table 2. Comparison of the liver and laboratory analysis of high-fat diet (HFD), HFD + lactulose and HFD + PEG 3350 mice in a sixteen-week period

Variables Control
(n = 6)

HFD
(n = 6)

HFD + lactulose
(n = 6)

HFD + PEG 3350
(n = 6) p-value* p-value** p-value*** p-value****

Liver analysis

Animal weight [g], 
median (Q1–Q3) 

26.8  
(26.7–27.2)

40.9  
(34.7–41.9)

35.0  
(34.6–36.0)

32.4  
(30.2–33.9)

0.0021 0.1796 0.0086 0.0259

Liver weight [g], 
median (Q1–Q3)

1.4  
(1.3–1.5)

1.8  
(1.6–1.9)

1.3  
(1.3–1.4)

1.5  
(1.3–1.5)

0.0043 0.0043 0.0086 0.4848

HS, n (%) 0 (0.0) 6 (100.0) 2 (33.3) 1 (16.7) 0.0021 0.0606 0.0151 1.0000

NAS,  
median (Q1–Q3)

0.0  
(0.0–0.0)

5.0  
(4.0–5.0)

1.5  
(1.0–3.0)

0.5  
(0.0–1.0)

0.0021 0.0021 0.0021 0.1320

Laboratory analysis

TC [mg/dL], 
median (Q1–Q3)

74.5  
(71.0–76.0)

141.0  
(136.0–157.0)

156.0  
(148.0–157.0)

162.0  
(159.0–165.0)

0.0021 0.2402 0.0649 0.0151

LDL-C [mg/dL], 
median (Q1–Q3)

9.6  
(9.2–10.2)

34.2  
(26.5–43.3)

26.5  
(24.7–28.3)

24.7  
(24.0–25.40)

0.0021 0.1796 0.0649 0.1796

HDL-C [mg/dL], 
median (Q1–Q3)

60.4  
(57.8–61.3)

129.4  
(109.0–145.3)

139.6  
(136.0–142.8)

137.2  
(136.7–137.6)

0.0021 0.4848 0.3939 0.3939

TG [mg/dL], 
median (Q1–Q3)

93.0  
(86.0–133.0)

107.5  
(102.0–127.0)

107.0  
(102.0–108.0)

213.5  
(212.0–215.0)

0.3939 0.6991 0.0021 0.0021

Glucose [mg/dL], 
median (Q1–Q3)

147.5  
(130.0–148.0)

196.0  
(191.0–218.0)

209.0  
(204.0–211.0)

165.0  
(155.0–170.0)

0.0095 0.2857 0.0571 0.0357

The data are shown as median (Q1–Q3: 1st–3rd quartile) and p-values were for the Mann–Whitney U test, except HS (χ2 test, df = 1); HDL-C – high-density 
lipoprotein cholesterol; HFD – high-fat diet; HS – hepatosteatosis; LDL-C – low-density lipoprotein cholesterol; NAS – non-alcoholic fatty liver disease 
(NAFLD) activity score; PEG 3350 – polyethylene glycol 3350; TC – total cholesterol; TG – triglycerides; *between control and HFD groups; **between HFD 
and HFD + lactulose groups; ***between HFD and HFD + PEG 3350 groups; ****between HFD + lactulose and HFD + PEG 3350 groups.
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Discussion

The pathogenesis of NAFLD is still not clearly elucidated 
and there are no accepted therapeutic options, except for 
diet and lifestyle changes. Diets lacking methionine and 
kaolin, and rich in sucrose and fructose or fat are often pre-
ferred to induce NAFLD. Butter is one of the well-known 
hyperlipidemic oils frequently included in our dietary 
habits. We observed that both obesity and NASH models 
were induced in all mice fed a HFD, which included 60% 

of energy provided through butter (both p = 0.0021). This 
is similar to a previous study in rats fed chow with a similar 
butter ratio, which also developed HS, although no weight 
gain was observed.9 In a  study investigating the effect 
of fatty diets on intestinal flora, fecal DNA samples of mice 
receiving butter were compared with mice receiving olive 
oil and a standard diet. It was observed that the proteo-
bacteria family, which is frequently indicated in NASH-
intestinal pathogenesis, was more prevalent in the mice 
receiving butter.10 In  this study, HDL-C/LDL-C ratios 

Fig. 4. Comparison of high-fat diet (HFD), HFD + lactulose and HFD + PEG 3350 mice by biochemical parameters including TC (A), LDL-C (B), HDL-C (C), 
TG (D), and glucose (E). The data are shown as median (Q1–Q3; p-value for the Mann–Whitney U test)

TC – total cholesterol; LDL-C – low-density lipoprotein cholesterol; HDL-C – high-density lipoproten cholesterol; TG – triglycerides.

Fig. 3. High-fat diet (HFD) + lactulose and HFD + PEG 3350 mice had lower body weight (A), liver weight (B) and NAS (C) when compared with HFD mice. 
The data are shown as median, (Q1–Q3) (p-value for the Mann–Whitney U test)

NAFLD – non-alcoholic fatty liver disease; NAS – NAFLD activity score.
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were sorted as olive oil > butter > standard diet. Similarly, 
we observed increased HDL-C and LDL-C in mice receiv-
ing butter. Furthermore, in a human study this concurrent 
increase was observed in healthy volunteers given a diet 
containing moderate butter ratio (4.5%).11 It is thought that 
HDL-C compensates for LDL-C, so there is no increased 
cardiovascular risk in this population. Based on this re-
sult, it is recommended that butter should be minimized 
in the diet of hyperlipidemic patients, but moderate but-
ter intake can be allowed in normolipidemic individuals. 
We observed another interesting finding in the lipid profile 
of HFD mice, namely, the absence of increased TG levels. 
Essentially, TG accumulation in the liver is thought to be 
one of the fundamentals of NAFLD pathogenesis. In a rat 
model of NAFLD, the highest TG level was seen in the 1st 
week and then decreased, and this was explained by the de-
creased food intake in the following weeks.12 In the present 
study, while the amount of food intake consumed through-
out the experiment was constant, there was no correlation 
between TG level and NAFLD.

The liver is directly affected by changes in the intes-
tine due to portal vein flow. Stool analysis of patients 
with NAFLD showed that their intestinal flora density 
was different from healthy individuals. For example, 
in the presence of NASH, bacteroidete (bacteroidaceae, 
prevotellaceae, rikenellaceae) density was increased, while 
the  density of  actinobacteria (bifidobacteriaceae) de-
creased.13 In the same study, it was shown that Escherichia, 
which was responsible for the high endogenous serum 
alcohol production, increased liver damage in patients with 
NASH. Hence, bacteroidetes and Rumino coccus, which 
are known to produce alcohol, are considered an inde-
pendent risk factor for NAFLD and fibrosis, respectively.3 
When fecal DNA analysis was performed in a patient with 
NAFLD, it was shown that the density of fusobacteriaceae 
and prevotellaceae, which are known as short chain fatty 
acid (SCFA) producing bacteria, increased, and the fecal 
SCFA concentrations were high.14 Consequently, dysbio-
sis, increased SCFA production and altered permeability 
of the intestinal barrier are thought to lead to NAFLD and 
even fibrosis at later stages.

In our study, we observed that a non-diarrheal dose 
of lactulose improved hepatic inflammation without sig-
nificant weight loss. This result suggests that lactulose may 
play a role in the treatment of lean NAFLD. It has been 
shown that Lactobacillus plantarum spp. NA136 and Lac-
tobacillus johnsonii spp. BS15, known as probiotics, inhib-
ited hepatic steatosis and regressed hepatic inflammation 
in mice.15,16 Additionally, lactulose reduced the high con-
centration of SCFA seen in the stools of NAFLD patients, 
and caused the regression of steatosis.4 In another study 
performed in rats with induced NASH, lactulose decreased 
both portal vein serum endotoxin levels and hepatic in-
flammation, but had no effect on HS.17 Unlike in that study, 
we started lactulose treatment concurrent with HFD, and 
the duration of treatment was longer (8 weeks compared 

to 16 weeks). However, we observed a similar result being 
decreased NAS but no effect on HS.

Lactulose may contain up to  30% carbohydrates 
in the form of water-soluble liquid syrups, such as those 
used in  this study. However, we observed no increase 
in  glucose levels. In  a  recent randomized controlled 
study of healthy volunteers, neither form of  lactulose 
was found to have a significant effect on serum glucose 
levels, and no hyperglycemic effect was observed in dia-
betic patients.18,19 Interestingly, lactulose leads to posi-
tive changes in carbohydrate metabolism, creating fiber 
and acarbose effects and increasing glucose tolerance 
in patients with diabetes mellitus.20 In the jejunal loops 
of rats given lactulose, it was observed that glucose ab-
sorption was decreased by 40%, but amino acid absorption 
was not.21 It is thought that bacterial endotoxins reduce 
the production of pancreatic insulin, and therefore, any 
treatment that reduces the production of endotoxin will 
have an antidiabetic effect.22 The decreased hepatic in-
flammation in our HFD + lactulose group could be due 
to the beneficial effects of lactulose on insulin resistance, 
as we observed no differences in terms of serum lipid 
levels between HFD + lactulose and HFD mice. Similarly, 
Mao et al. found no changes in biochemical parameters 
with the same dose of lactulose (15%, ~0.44 g/day) given 
in our study in C57BL/6J mice for 2 weeks.7 However, 
we showed an approx. 23% decrease of LDL-C level with 
lactulose, although this was not statistically significant. 
Serum cholesterol levels decreased by 17% in hyperlipid-
emic patients receiving lactulose treatment for 4 weeks, 
and this decrease continued for 4 weeks following the ces-
sation of treatment.23

Polyethylene glycol 3350, because of its high molecular 
weight and non-absorbable structure, is frequently used 
for intestinal perfusion studies and colonoscopy prepara-
tions, with high doses of PEG 3350 required for colonic 
lavage. It has also started to be preferred as a long-term 
treatment option for functional constipation, soften-
ing the stool without inducing diarrhea. The PEG 3350 
dose that we used was calculated by adapting the lower 
dose (17 g/day) used in humans to the weight of a mouse. 
We observed decreased liver and body weight, 83.3% less 
HS and lower NAS in the HFD + PEG 3350 mice at non-
diarrheal dose. To our knowledge, this is the first study 
to investigate the effect of PEG 3350 on NAFLD treat-
ment, and we believe these results may depend on  its 
weight-reducing effect. Essentially, the studies investi-
gating the effect of PEG 3350 on  intestinal flora were 
performed at a high dose, similar to that used for co-
lonic lavage. Some of these studies showed no significant 
difference between prelavage and postlavage bacterial 
cultures,24,25 while Drago et al. showed the decreased 
density of Lactobacillus and increased density of pro-
teobacteria, which is known to cause severe diarrheal 
attacks.6 Contrary, rikenellaceae had been shown to de-
crease in pediatric patients with NAFLD and increased 



Adv Clin Exp Med. 2021;30(11):1167–1174 1173

in  individuals who had colonic lavage with PEG.6,26 
Hence, more studies are needed using formulas with dif-
ferent doses of PEG 3350 to determine its positive effect 
on the gut microbiota.

Since PEG 3350 is not considered a long-term treatment, 
there are few studies investigating the effects of PEG 3350 
on lipid profile. In our study, we detected higher serum 
TG levels in the HFD + PEG 3350 treatment group despite 
a decrease in HS and NAS. We believe this interesting find-
ing suggests that PEG 3350 reduces lipid uptake by the liver 
at the receptor level, without affecting serum lipids. For 
instance, it was observed that a  liver-specific inhibitor 
that inhibited acetyl CoA carboxylase decreased hepatic 
steatosis, but increased serum TG levels in an insulin-
resistant rat model.27 Likewise, we observed no changes 
in terms of lipid parameters, except TG. It was shown that 
intestinal transit time decreased by 20%, but there was 
no change in TC and TG levels in rats given PEG 4000 
at a non-diarrheal dose.28 We also detected lower serum 
glucose levels in HFD + PEG 3350 mice, which was close 
to but not statistically significant (p = 0.0571). Similarly, 
in humans, it was observed that there was no difference 
between PEG 3350 and placebo in terms of glucose levels 
in the treatment of functional constipation for 2 weeks.29 
This provides a safe side effect profile in individuals with 
insulin resistance.

Limitations

This study has some limitations. First, fecal bacterial 
DNA analysis was not performed to evaluate the effect 
of drugs on the intestinal flora. Second, sequential bio-
chemical analysis of serum lipid and glucose and amino-
transferase tests were not done due to insufficient blood 
samples.

Conclusions

Currently, there are no approved therapies for NAFLD. 
Drug development efforts have focused on pathogenic 
mechanisms including gut–liver axis. We  developed 
an obesity and NAFLD mouse model through the ad-
ministration of  a  HFD. Then, we  observed decreases 
in HS by 66.7% and 83.3% in the HFD + lactulose and 
HFD + PEG 3350 treatment groups, respectively. Signifi-
cant decreases in NAS were found in HFD + lactulose (1.5 
(1.0–3.0)) and HFD + PEG 3350 (0.5 (0.0–1.0)) treatment 
groups when compared with the HFD group (5.0 (4.0–
5.0)). The decrease in body weight was determined as 11% 
and 16.5%, respectively. Considering that more than 10% 
weight loss reduces not only steatosis but also fibrosis 
in NAFLD, it seems likely that lactulose and PEG 3350 
may have an effect in the treatment of obesity and NAFLD. 
We recommend that human studies should be conducted 
to address this.
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Abstract
Background. Bevacizumab-induced vascular endothelial growth factor (VEGF) inhibition may lead to a de-
crease in adenosine triphosphate (ATP) levels, an increase in intracellular Na+ and Ca2+ concentrations and 
an increase in reactive oxygen species (ROS) generation, as well as to cell damage.

Objectives. To investigate the biochemical and histopathological effects of ATP, benidipine and ATP in com-
bination with benidipine on bevacizumab-induced kidney damage in rats.

Materials and methods. Rats were divided into 5 treatment groups: bevacizumab (BVZ) alone, ATP 
+ bevacizumab (ABVZ), benidipine + bevacizumab (BBVZ), ATP + benidipine + bevacizumab (ABBVZ), 
and healthy controls (HC). Adenosine triphosphate (25 mg/kg), benidipine (4 mg/kg orally), ATP (25 mg/kg) 
+ benidipine (4 mg/kg), or saline were administered to albino Wistar rats. One hour after treatment, beva-
cizumab was injected at a dose of 10 mg/kg to induce kidney damage. Two doses of bevacizumab were 
delivered 15 days apart. Adenosine triphosphate + benidipine were administered once a day for 1 month.

Results. Malondialdehyde (MDA), total oxidant status (TOS), creatinine, and blood urea nitrogen (BUN) 
levels of the BVZ, BBVZ, ABVZ, ABBVZ, and HC groups were ranked from highest to lowest. Conversely, total 
glutathione (tGSH) and total antioxidant status (TAS) kidney tissue values were ranked from lowest to high-
est, respectively. Hemorrhage, tubular necrosis and grade 3 focal tubular atrophy were observed in the BVZ 
group. Atrophy and grade 2 necrosis were observed in the BBVZ group and atrophy and grade 1 necrosis 
were observed in the ABVZ group. Only grade 1 atrophy was observed in the ABBVZ group.

Conclusions. Adenosine triphosphate reduced bevacizumab-induced renal toxicity significantly more 
effectively than benidipine. However, the combination of ATP + benidipine further reduced bevacizumab-
induced renal toxicity relative to benidipine or ATP alone. These data indicate that ATP + benidipine might 
be a potential therapeutic strategy for the prevention of bevacizumab-induced renal toxicity.
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Background

Bevacizumab is  a  monoclonal hybrid antibody that 
binds and neutralizes vascular endothelial growth factor 
(VEGF).1 Inhibition of VEGF signaling is a common thera-
peutic strategy in oncology for the development of new 
drugs.2 Bevacizumab and other anti-VEGFs that have been 
successfully used in the treatment of renal cell carcinoma 
and colorectal cancer have become some of the most pre-
scribed drugs in the present day.3 Bevacizumab and other 
VEGF-targeting monoclonal antibodies are also used in-
travitreally for the treatment of exudative macular degen-
eration.4 However, the development of overt proteinuria, 
new-onset hypertension and nephrotic syndrome have 
been frequently reported during bevacizumab therapy.1 
The latest data demonstrate that even intravitreal injec-
tions of VEGF inhibitors lead to significant systemic ab-
sorption and a measurable decrease in the VEGF activity, 
and this event has been reported to result in hypertension, 
proteinuria, glomerular disease, and thrombotic microan-
giopathy.5 Even though bevacizumab-associated glomeru-
lonephritis and nephrotic syndrome have been confirmed 
by means of renal biopsy, the mechanism of action has not 
yet been clarified.1 However, the data cited above suggest 
that bevacizumab nephrotoxicity is due to decreased VEGF.

There are data in the literature showing that VEGF in-
creases intracellular adenosine triphosphate (ATP) lev-
els and reduces the production of reactive oxygen spe-
cies (ROS).6 These findings also suggest that decreased 
VEGF may result in decreased ATP levels and increased 
ROS production. Decreased ATP causes the inhibition 
of the Na+/K+-ATPase pump in the cell membrane and, 
consequently, increases in intracellular Na+ and Ca2+ con-
centrations.7 Increased levels of Ca2+ induce ROS produc-
tion and cause the Ca2+ channels to open. This event leads 
to further increases in intracellular calcium levels and cell 
toxicity.8,9 These data indicate that bevacizumab nephro-
toxicity may cause increased intracellular Ca2+ levels and 
ROS as a result of decreased ATP.

Previous work has shown that ATP is a molecule mostly 
produced by  oxidative phosphorylation under aerobic 
conditions in mitochondria.10 Chiang et al. have reported 
that ATP elevates VEGF levels and promotes epitheliza-
tion.11 Here, we evaluate the effects of benidipine, an L-type 
calcium channel blocking antihypertensive agent,12 
on bevacizumab-induced kidney damage. It has been previ-
ously reported that benidipine prevents an increase in oxi-
dant parameters and has positive effects on antioxidant 
levels in damaged tissues.13

Objectives

The data cited above suggest that an ATP and benidipine 
combination may be useful in the treatment of bevaci-
zumab-associated nephrotoxicity. Thus, the aim of this 

study is to investigate the effects of ATP and benidipine, 
administered alone and in combination, on bevacizumab-
induced renal damage in rats, using biochemical and his-
topathological techniques.

Materials and methods

Animals

A total of 30 male albino Wistar rats with a body weight 
of 250–267 g were used in the experiment. All rats were 
obtained from the Atatürk University Medical Experi-
mental Practice and Research Center (Erzurum, Turkey). 
Prior to the experiment, the animals were housed and fed 
under suitable conditions at normal room temperature 
(22°C) in a suitable laboratory setting. The protocols and 
procedures were approved by the local Animal Experimen-
tation Ethics Committee (meeting No. 8 on July 28, 2020).

Pharmacological agents

Bevacizumab (100 mg/4 mL) was supplied by Roche 
Switzerland (Basel, Switzerland), benidipine was supplied 
by Deva (Istanbul, Turkey), thiopental sodium was supplied 
by İ.E ULAGAY (Istanbul, Turkey), and ATP was supplied 
by Zdorove Narodu (Kharkiv, Ukraine).

Experimental groups

Rats were divided into 5 treatment groups: bevacizumab 
(BVZ) alone, ATP + bevacizumab (ABVZ), benidipine + 
bevacizumab (BBVZ), ATP + benidipine + bevacizumab 
(ABBVZ), and healthy controls (HC).

Experimental procedure

Adenosine triphosphate was administered at a dose 
of 25 mg/kg intraperitoneally (ip.) to the ABVZ group 
of rats. Benidipine was administered orally by gavage 
at a dose of 4 mg/kg to the BBVZ group. Adenosine tri-
phosphate (25 mg/kg, ip.) and benidipine (4 mg/kg, orally) 
were administered simultaneously to the ABBVZ group. 
Normal saline (0.9% NaCl) was administered to the HC 
group. One hour after the administration of ATP, beni-
dipine or saline, bevacizumab was injected ip. at a dose 
of  10  mg/kg to  the  BVZ, ABVZ, BBVZ, and ABBVZ 
groups. A total of 2 doses of bevacizumab were delivered 
with an interval of 15 days. Adenosine triphosphate and 
benidipine were administered once daily for 1 month. 
The animals were sacrificed using a high dose of thiopen-
tal sodium (50 mg/kg) at the end of this period. The kid-
neys were removed immediately after the animals were 
sacrificed. Malondialdehyde (MDA), total glutathione 
(tGSH) levels, total oxidant status (TOS), and total anti-
oxidant status (TAS) values were measured in the renal 
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tissue. Renal tissue samples were also examined histo-
pathologically. Creatinine and blood urea nitrogen (BUN) 
levels were measured in  blood samples taken before 
the animals were sacrificed.

Biochemical analyses

MDA measurement

The  MDA measurement was conducted applying 
the method developed by Ohkawa et al.14 Briefly, 25 µL 
of sodium dodecyl sulfate (80 g/L) and 1 mL of a mixture 
of 200 g/L acetic acid and 1.5 mL 8 g/L 2-thiobarbituric 
acid were added to 25 µL of the sample and heated at 95°C 
for 60 min. After cooling down, the samples were centri-
fuged at 4000 rpm for 10 min. The absorbance of the upper 
layer was then measured at 532 nm. The amount of MDA 
in the sample was calculated on a calibration graph drawn 
using 1,1,3,3-tetraethoxypropane as a standard.

tGSH measurement

The method of Sedlak et al. was applied for tGSH analy-
sis.15 For deproteinization, the samples were processed 
with metaphosphoric acid in a  ratio of 1:1 and centri-
fuged accordingly. Briefly, 150 µL of measurement mix-
ture (5.85 mL of 100 mM Na-phosphate buffer, 2.8 mL 
of 1 mM 5,5-dithio-bis-(2-nitrobenzoic acid) (DTNB), 
3.75  mL of  1  mM nicotinamide adenine dinucleotide 
phosphate (NADPH), and 80 µL of 625 U/L glutathione 
reductase) was added to 50 µL of the supernatant acquired 
from the sample. Measurements were conducted at 412 nm 
according to a standard graph prepared with oxidized  
glutathione (GSSG).

Measurements of TOS and TAS

The TOS and TAS levels of tissue homogenates were de-
termined using a novel automated measurement method 
and commercially available kits (Rel Assay Diagnostics, 
Gaziantep, Turkey), both developed by Erel.16,17 The TAS 
method is based on bleaching of the characteristic color 
of a more stable 2,2’-azino-bis (3-ethylbenzothiazoline-
6-sulfonic acid) (ABTS) radical cation with antioxi-
dants and measurements performed at 660 nm. The re-
sults are expressed as nmol hydrogen peroxide (H2O2) 
equivalent/L. For the TOS method, the oxidants present 
in the sample oxidize the ferrous ion-o-dianisidine com-
plex to  ferric ion. The oxidation reaction is enhanced 
by  glycerol molecules, which are abundantly present 
in the reaction medium. The ferric ion produces a col-
ored complex with xylenol orange in an acidic medium. 
The color intensity, which was measured at 530 nm spec-
trophotometrically, is related to the total amount of oxi-
dant molecules present in the sample. The results are 
expressed as µmol Trolox equivalent/L. The percentage 

ratio of TOS to TAS was used as  the oxidative stress 
index (OSI). The  OSI was calculated as  TOS divided 
by 100 × TAS.

Creatinine measurement

The quantitative assay for serum creatinine was con-
ducted with spectrophotometric analysis using a Roche 
Cobas 8000 autoanalyzer (Roche Diagnostics, Basel, Swit-
zerland). This kinetic colorimetric test was performed 
based on the Jaffe method. A yellow-orange color complex 
was formed with the creatinine picrate in alkaline solution. 
This complex was measured at a wavelength of 505 nm. 
The rate of stain formation is proportional to the creati-
nine concentration found in the sample. “Rate-blanking” 
(rate shield) was used to minimize the bilirubin interfer-
ence. For the purposes of correcting the nonspecific reac-
tion caused by serum/plasma pseudo-creatinine chromo-
gens, including proteins and ketones, serum or plasma 
outcomes were corrected with −26 μmol/mL (−0.3 mg/dL).

BUN measurement

The quantitative assay for serum urea levels was also 
conducted with the spectrophotometric method using 
a Roche Cobas 8000 autoanalyzer. The levels were calcu-
lated using the formula BUN = urea × 0.48. The kinetic test 
with urease and glutamate dehydrogenase is based on urea 
hydrolysis into ammonium and carbonate ions (urea + 
2 H2O → (Urease) → 2 NH4

+ + CO3
2–). In the 2nd reaction, 

L-glutamate is formed when 2-oxoglutarate reacts with 
ammonium in the presence of glutamate and dehydroge-
nase (GLDH) and coenzyme NADH in the medium (NH4+ 
+ 2-oxoglutarate + NADH → (GLDH) → L-glutamate + NAD+ 
+ H2O NADH). In this reaction, 2 moles of NADH are oxi-
dized to NAD+ for every mole of urea hydrolyzed. The rate 
of decrease in the concentration is directly proportional 
to the urea concentration in the sample. The measurement 
was conducted at a wavelength of 340 nm.

Histopathological analyses

Renal tissues were fixed with 10% neutral buffered for-
malin for a period of at least 24 h. The tissues were then 
embedded in paraffin blocks and sliced horizontally using 
a microtome into 4-μm sections. A minimum of 3 sec-
tions were obtained from each sample and were stained 
with hematoxylin and eosin (H&E) for histomorphological 
assessment. The stained sections were assessed by an in-
dependent pathologist (who was blinded to the experimen-
tal treatments) using an AXIO LAB A1 Zeiss microscope 
(Carl Zeiss AG, Jena, Germany). The severity of the histo-
pathological findings in each section was scored between 
0 and  3. The assignment of the severity grades was as fol-
lows: 0 – normal tissue; 1 – mild damage; 2 – moderate 
damage; and 3 – severe damage.
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Statistical analyses

The biochemical results are shown as mean ± standard 
deviation (SD). With the exception of the MDA results, 
the significance of the differences between groups was 
tested using one-way analysis of variance (ANOVA). For 
the MDA analysis, a Kruskal–Wallis test was performed. 
Tukey’s tests were used for post hoc comparisons, except 
for TOS. For TOS, the homogeneity of variances assump-
tion was not met and the Games–Howell test was used.

The  values obtained with histopathological grading 
are expressed as  median and the  difference between 
groups was analyzed using the Kruskal–Wallis test, with 
the Dunn’s test used for post hoc comparisons. All statis-
tical analyses were performed using SPSS for Windows 
v. 18.0 software (SPSS Inc., Chicago, USA), and a value 
of p < 0.05 was considered significant.

Results

Biochemical findings

MDA and tGSH analyses

As  seen in  Fig. 1, the  amount of  MDA in  the  kidney 
tissue of  the animals was different across study groups 
(Kruskal–Wallis H: 26.99, p < 0.001, Table 1). The MDA 

levels in the BVZ group increased significantly compared 
to  the  HC group (p  <  0.001), ABVZ (p  <  0.001), BBVZ 
(p < 0.001), and the ABBVZ groups (p < 0.001). The amount 
of MDA in the kidney tissue of the ABVZ group was found 
to be lower than in the BBVZ group (p < 0.001). The MDA 
level was also found to be the lowest in the ABBVZ group. 
The difference in MDA levels between the ABBVZ group 
and the HC group was statistically insignificant (p = 0.471).

Bevacizumab administration also caused a decrease 
in  tGSH in  kidney tissue (F(4,25)  =  521.8, p  <  0.001; 
Fig. 2, Table 1). The level of tGSH decreased more signifi-
cantly in the ABVZ group according to the BBVZ group. 
The tGSH levels of the ABBVZ group were the closest 
to that of the HC group (but still statistically different, 
p = 0.024). The combination of ATP + benidipine was 
the best at preventing the reduction of tGSH.

TOS and TAS analyses

The TOS and TAS levels were found to be significantly 
different across the study groups (F(4,25) = 783.1, p < 0.001; 
F(4,25) = 583.9, p < 0.001, respectively; Table 1). As can 
be seen in Fig. 3 and Fig. 4, while bevacizumab increased 
the TOS levels (p < 0.001) in the kidney tissue of the ani-
mals, it decreased the TAS levels (p < 0.001). The drugs 
with the best efficacy for preventing increased TOS were 
in the ABBVZ (p < 0.001), ABVZ (p < 0.001) and BBVZ 
groups (p < 0.001), respectively. Likewise, the drugs with 

Fig. 1. Malondialdehyde (MDA) levels in the renal tissue of the study 
groups (BVZ = 6.7 ±0.4, ABVZ = 3.02 ±0.34, BBVZ = 4.7 ±0.3, 
ABBVZ = 1.8 ±0.4, and HC = 1.4 ±0.4)

Horizontal line – median; bottom line of the box – Q1 (25th); topline 
of the box – Q3 (75th); whiskers – minimum and maximum observation 
(excluding outlier); empty circles – outliers 1.5 × interquartile range (IQR) 
(Q3–Q1); BVZ – bevacizumab alone group; ABVZ – ATP + bevacizumab 
group; BBVZ – benidipine + bevacizumab group; ABBVZ – ATP + benidipine 
+ bevacizumab; HC – healthy controls group; ATP – adenosine triphosphate.

Fig. 2. Total glutathione (tGSH) levels in the renal tissue of the study 
groups (BVZ = 2.3 ±0.35, ABVZ = 5.7 ±0.24, BBVZ = 3.7 ±0.18, 
ABBVZ = 7.7 ±0.13, and HC = 8.2 ±0.37)

Horizontal line – median; bottom line of the box – Q1 (25th); topline 
of the box – Q3 (75th); whiskers – minimum and maximum observation 
(excluding outlier); asterisks – outliers 3 × interquartile range (IQR)  
(Q3–Q1); BVZ – bevacizumab alone group; ABVZ – ATP + bevacizumab 
group; BBVZ – benidipine + bevacizumab group; ABBVZ – ATP + benidipine 
+ bevacizumab; HC – healthy controls group; ATP – adenosine triphosphate.
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the  best efficacy for preventing decreased TAS were 
in  the  ABBVZ, ABVZ and BBVZ groups, respectively. 
The group with the TOS and TAS values closest to the HC 
group was compared with the ABBVZ group (p = 0.266, 
p = 0.104, respectively).

Creatinine and BUN analyses

Creatinine and BUN levels were also found to be signifi-
cantly different across groups (F(4,25) = 105.8, p < 0.001; 
F(4,25) = 724.5, p < 0.001, respectively; Table 1). Compared 
to the other groups, creatinine and BUN levels in the blood 
serum samples of the animal group treated with beva-
cizumab demonstrated a significant increase (p < 0.001, 

p < 0.001, respectively; Fig. 5 and Fig. 6). The adminis-
tration of ATP significantly decreased the bevacizumab-
related increase in creatinine and BUN levels (p < 0.001, 
p < 0.001, respectively). The increase in creatinine and 
BUN levels was also significantly decreased in the BBVZ 
group (p  <  0.001, p  <  0.001, respectively). However, 
the differences in creatinine and BUN levels were statis-
tically significant in favor of the ABVZ group, compared 
to the BBVZ group (p = 0.005, p < 0.001, respectively). 
The combination of ATP + benidipine was found to be 
the best for prevention of the increased creatinine and 
BUN levels. Also, the differences in creatinine and BUN 
levels between the ABBVZ and HC groups were statisti-
cally insignificant (p = 0.966, p = 0.515, respectively).

Fig. 4. Total antioxidant status (TAS) levels in the renal tissue of the study 
groups (BVZ = 2.1 ±0.27, ABVZ = 5.4 ±0.30, BBVZ = 3.4 ±0.32, 
ABBVZ = 7.4 ±0.19, and HC = 7.8 ±0.07)

Horizontal line – median; bottom line of the box – Q1 (25th); topline of the box 
– Q3 (75th); whiskers – minimum and maximum observation (excluding 
outlier); empty circles – outliers 1.5 × interquartile range (IQR) (Q3–Q1); 
BVZ – bevacizumab alone group; ABVZ – ATP + bevacizumab group; 
BBVZ – benidipine + bevacizumab group; ABBVZ – ATP + benidipine + 
bevacizumab; HC – healthy controls group; ATP – adenosine triphosphate.

Fig. 3. Total oxidant status (TOS) levels in the renal tissue of the study 
groups (BVZ = 8.8 ±0.44, ABVZ = 4.7 ±0.13, BBVZ = 6.6 ±0.26, 
ABBVZ = 2.5 ±0.09, and HC = 2.2 ±0.06)

Horizontal line – median, bottom line of the box – Q1 (25th); 
topline of the box – Q3 (75th); whiskers – minimum and maximum 
observation (excluding outlier); BVZ – bevacizumab alone group; 
ABVZ – ATP + bevacizumab group; BBVZ – benidipine + bevacizumab 
group; ABBVZ – ATP + benidipine + bevacizumab; HC – healthy controls 
group; ATP – adenosine triphosphate.

Table 1. The p-values of post hoc comparisons for variables between study groups

Variable
p-values of post hoc comparisons

1 vs 2 1 vs 3 1 vs 4 1 vs 5 2 vs 3 2 vs 4 2 vs 5 3 vs 4 3 vs 5 4 vs 5

MDA <0.001 0.331 0.009 0.471 <0.001 <0.001 <0.001 <0.001 1.000 0.096

tGSH <0.001 <0.001 <0.001 0.024 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

TOS <0.001 <0.001 <0.001 0.266 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

TAS <0.001 <0.001 <0.001 0.104 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Creatinine <0.001 0.037 <0.001 0.966 <0.001 <0.001 <0.001 0.005 0.082 <0.001

BUN <0.001 <0.001 <0.001 0.515 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Numbers represent groups: 1 – healthy control (HC), 2 – bevacizumab (BVZ), 3 – ATP + bevacizumab (ABVZ), 4 – benidipine + bevacizumab (BBVZ),  
5 – ATP + benidipine + bevacizumab (ABBVZ).
MDA – malondialdehyde; tGSH – total glutathione; TOS – total oxidant status; TAS – total antioxidant status; BUN – blood urea nitrogen.
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Histopathological findings

Figure 7A shows that no pathological findings were ob-
served in the renal tissue of the HC group. Also, no histo-
pathological damage was detected in the glomeruli of any 
animal group. However, grade 3 hemorrhage, tubular ne-
crosis and focal tubular atrophy were observed in the kid-
neys of animals from the BVZ group (Fig. 7B, Table 2). 
While grade 1 atrophic tubular structures and focal single 
cell necrosis were observed in the ABVZ group (Fig. 7C, 
Table 2), the damage to these structures in the BBVZ group 
was evaluated as grade 2 (Fig. 7D, Table 2). No pathological 
findings, except grade 1 atrophic tubules, were observed 
in the kidneys of the ABBVZ group (Fig. 7E, Table 2).

Discussion

This study focused on the effects of ATP, benidipine and 
the combination of ATP and benidipine on possible rat re-
nal damage induced with bevacizumab, using biochemical 
and histopathological methods. The biochemical examina-
tions revealed increased levels of oxidant parameters such 
as MDA and TOS in the renal tissue of animals treated 
with bevacizumab, while the levels of antioxidant param-
eters such as tGSH and TAS were decreased significantly.

Malondialdehyde is a  toxic product released by ROS 
as a result of the peroxidation of cell membrane lipids.18 

Malondialdehyde cross-binds to membrane components 
and initiates a polymerization reaction that causes serious 
damage to membrane receptors and proteins.19 Glutathi-
one (GSH), unlike MDA, is an endogenous antioxidant 
molecule neutralizing ROS.20

The TOS and TAS are substantial markers used in iden-
tifying the total oxidant and antioxidant capacity.16,17 Oxi-
dative stress intensity increases TOS levels and decreases 
TAS levels. The physiological balance between oxidant 
and antioxidant changing in favor of oxidants is regarded 
as oxidative stress.21 In the BVZ group, animals showed 
increased TOS and MDA levels, and decreased TAS 
and tGSH levels, suggesting that bevacizumab induced 
oxidative stress. Moreover, oxidative stress is  defined 
as the excessive production of ROS that cannot be pre-
vented by the effects of antioxidants and the disruption 
of cell redox equilibrium.22 The results of the current ex-
periment, in combination with previous data, suggest that 
bevacizumab results in oxidative stress in the renal tissue. 
However, no data are available in the literature to directly 
show that bevacizumab induced the oxidative damage.

In the blood samples, it was observed that bevacizumab 
administration significantly increased creatinine and BUN 
levels. Increased creatinine and BUN levels in the BVZ 
group indicate that oxidative damage developed in the kid-
neys. Many studies report that oxidative stress can impair 
renal functions and antioxidant administration is beneficial 
in the treatment of oxidative renal damage.23,24 In a recently 

Fig. 6. Blood urea nitrogen (BUN) levels in the blood serum 
of the study groups (BVZ = 90 ±3.22, ABVZ = 30 ±2.17, BBVZ = 51 ±2.88, 
ABBVZ = 20 ±2.59, and HC = 18 ±2.6)

Horizontal line – median; bottom line of the box – Q1 (25th); topline 
of the box – Q3 (75th); whiskers – minimum and maximum observation 
(excluding outlier); empty circles – outliers 1.5 × interquartile range (IQR) 
(Q3–Q1); BVZ – bevacizumab alone group; ABVZ – ATP + bevacizumab 
group; BBVZ – benidipine + bevacizumab group; ABBVZ – ATP + benidipine 
+ bevacizumab; HC – healthy controls group; ATP – adenosine triphosphate.

Fig. 5. Creatinine levels in the blood serum of the study groups 
(BVZ = 2.6 ±0.35, ABVZ = 1.2 ±0.11, BBVZ = 1.6 ±0.09, ABBVZ = 0.9 ±0.05, 
and HC = 0.9 ±0.07)

Horizontal line – median; bottom line of the box – Q1 (25th); topline 
of the box – Q3 (75th); whiskers – minimum and maximum observation 
(excluding outlier); empty circles – outliers 1.5 × interquartile range (IQR) 
(Q3–Q1); BVZ – bevacizumab alone group; ABVZ – ATP + bevacizumab 
group; BBVZ – benidipine + bevacizumab group; ABBVZ – ATP + benidipine 
+ bevacizumab; HC – healthy controls group; ATP – adenosine triphosphate.
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conducted study, serum creatinine and BUN were utilized 
to  assess oxidative renal impairment and an  increase 
in these parameters was associated with oxidative damage.25 
Studies have also shown that increased creatinine and BUN 
levels are due to permanent damage to the renal tubules.26

In the current study, it was also determined that ATP 
alleviated the bevacizumab-induced rat kidney damage 
by preventing oxidative stress. These results suggest that 
inhibition of a chain reaction involving decreased VEGF 
and ATP, Na+/K+-ATPase pump inhibition, increased in-
tracellular Na+ and Ca2+ concentrations, and the triggering 
of ROS production, respectively, may have resulted from 
bevacizumab administration. Previous studies have sug-
gested that ATP promotes epithelialization by increasing 

VEGF levels.11 A recent study by Yıldırım et al. also reports 
that ATP heals oxidative dermal damage induced by suni-
tinib, a target-driven anticancer drug.27 It has also been 
found that VEGF inhibition is accountable for the oxidative 
heart and dermal damage associated with tyrosine kinase 
inhibitors (target-driven anticancer drugs), and that this 
damage was minimized by the administration of ATP.28,29

The current biochemical and histopathological results 
show that the oxidative renal damage associated with beva-
cizumab is also suppressed by benidipine. As stated above, 
benidipine is a Ca2+ channel blocker drug with antioxidant 
properties.12,13 This pharmacological agent has a strong 
effect and long duration of action with a high affinity for 
calcium channels.30 Benidipine is not only known to inhibit 

Table 2. Histopathological effect of ATP and benidipine on bevacizumab-induced tubular and glomerular damage

Groups
Tubular damage Glomerular damage

hemorrhage atrophy necrosis hemorrhage atrophy necrosis

HC 0 0 0 0 0 0

BVZ 3a 3a 3a 0 0 0

ABVZ 0b 1c 1c 0 0 0

BBVZ 0b 2 2 0 0 0

ABBVZ 0b 1c 0b 0 0 0

Results were presented as median values. a p < 0.001, according to HC; b p < 0.001, according to BVZ group; c p < 0.05, according to BVZ group. Kruskal–
Wallis test was performed, as post hoc Dunn’s test was used. Study group symbols: HC – healthy control; BVZ – bevacizumab alone; ABVZ – ATP + 
bevacizumab; BBVZ – benidipine + bevacizumab; ABBVZ – ATP + benidipine + bevacizumab; ATP – adenosine triphosphate.

Fig. 7. A. Healthy renal tissue (hematoxylin and eosin (H&E) staining, ×20 magnification); B. Cross-section showing diffuse bleeding areas (asterisks), tubular 
necrosis areas (arrows), focal tubular atrophy (triangle), and normal glomerular (square) structures in the BVZ group (H&E staining, ×200 magnification); C. Cross-
section showing normal glomeruli (asterisks) and tubule structures, as well as diffuse atrophic tubule structures (triangle) and focal single-cell necrosis (arrows) 
in the ABVZ group (H&E staining, ×20 magnification); D. Section showing normal glomeruli (asterisks) and tubule structures, diffuse atrophic tubules (triangle), 
and focal single cell necrosis (arrows) in the BBVZ group (H&E staining, ×50 magnification); E. Cross-section showing atrophic tubules (arrow) in the ABBVZ 
group (H&E staining, ×50 magnification)
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L-type Ca2+ channels, but also N- and T-type Ca2+ chan-
nels,31 and the nephroprotective effect of benidipine is pre-
sumed to be due to the blockade of these 3 channels.30 It has 
also been reported that benidipine suppresses the increase 
of serum creatinine, lipid peroxidation and intracellular 
calcium levels due to  renal ischemia, while preventing 
a decrease in renal ATP.32 Thus, the possible mechanisms 
by which benidipine prevents bevacizumab-induced oxida-
tive kidney damage are likely due to its antioxidant prop-
erties, inhibitory effects on ATP depletion, and its Ca2+ 
channel blocking effects.

It has also been shown that increased intracellular Ca2+ 
levels are associated with ROS production and cell dam-
age.8,9 However, benidipine suppressed bevacizumab-
associated kidney damage less than ATP, suggesting that 
the effects of benidipine may be primarily due to its inhibi-
tory effect on VEGF production. Indeed, Jesmin et al. have 
reported that benidipine inhibits the excessive production 
of VEGF.33 Considering the mechanism of action of beva-
cizumab,1 these findings support our original hypothesis 
that ATP, benidipine, and especially ATP combined with 
benidipine, may be effective against bevacizumab toxicity. 
In the current study, the treatments that reduced bevaci-
zumab-associated oxidative kidney damage most effectively 
were the ATP and benidipine combination, ATP and beni-
dipine, in descending order.

In the present study, histopathological signs of damage, 
such as severe necrosis, atrophy and hemorrhage, were 
observed in the renal tubules of the BVZ group. However, 
there was no damage to the glomeruli. Similarly, Assayag 
et al. found that tubular necrosis developed in a patient 
who was administered bevacizumab. However, since beva-
cizumab was used in combination with other chemothera-
peutic drugs, it could not be conclusively determined that 
this damage was related to bevacizumab.34 Another study 
also reported tubular necrosis in patients treated with bev-
acizumab and VEGF inhibitors.35 Zhao et al., using light 
microscopy, could not determine if bevacizumab caused 
morphological damage to the glomeruli. However, a sub-
sequent electron microscopy analysis demonstrated that 
the glomeruli experienced certain morphological changes 
following bevacizumab administration.36

Limitations

In  future studies, pro-inflammatory cytokine levels 
should also be investigated to clarify the protective effects 
of the combination of ATP and benidipine on bevacizumab 
toxicity.

Conclusions

The administration of bevacizumab resulted in tubular 
necrosis with oxidative stress in the renal tissue of animals. 
Benidipine significantly reduced the damage associated 

with bevacizumab, and ATP reduced it even more signifi-
cantly. However, a combination of ATP and benidipine was 
the most effective in reducing bevacizumab-associated 
oxidative stress and tubular damage. Thus, the results 
of our trial revealed that ATP and benidipine reduce bev-
acizumab-related renal toxicity. However, the combination 
of ATP and benidipine is suggested to be a potential thera-
peutic strategy for the prevention of bevacizumab toxicity.
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Abstract
Background. Lithium is widely used in the treatment of bipolar disorders and may lead to nephrogenic 
diabetes insipidus (NDI), following long-term treatment. Metformin is considered the preferred initial therapy 
for patients with type 2 diabetes mellitus (T2D).

Objectives. To investigate the protective effect of metformin on the kidney damage caused by lithium 
administration.

Materials and methods. Using an animal model of chronic lithium-induced NDI, rats were divided into 
4 groups: sham, metformin, lithium, and lithium + metformin. The effects of these treatments were examined 
using serum electrolytes, blood and tissue total antioxidant status, total oxidant status, the oxidative stress 
index, urine and blood osmolality, and tissue aquaporin-2 (AQP2) levels. Additionally, histopathological 
changes, including congestion, hydropic swelling, tubular necrosis, tubular atrophy, and Bowman’s capsule 
dilatation, were evaluated. The total histopathological score was obtained by summing the scores for each 
pathological finding.

Results. In the lithium group, biochemical variables indicating NDI, including sodium, chloride and blood 
osmolality, increased, and urine osmolality decreased, compared to the sham group. With metformin treat-
ment, the blood osmolality decreased from 328.17 mOsm/kg to 306.33 mOsm/kg, and urine osmolality 
increased from 349.67 mOsm/kg to 754.50 mOsm/kg (p = 0.004 and p = 0.001, respectively). Tissue 
AQP2 levels decreased with lithium administration but stabilized with metformin treatment. Additionally, 
in comparison to the lithium group, the total histopathological score in the metformin group declined from 
8.0 to 2.0 (p = 0.002).

Conclusions. Metformin may help protect the kidneys from lithium-induced NDI through the AQP2 regulat-
ing effect and a reduction in oxidative stress.

Key words: metformin, bipolar disorder, aquaporin-2, lithium, nephrogenic diabetes insipidus
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Background

Lithium has been widely used for the treatment of bi-
polar disorders and depression.1,2 However, lithium ad-
ministration has well-documented side effects on several 
biological systems.2 One of the main targets of lithium 
are the kidneys, and a long-term lithium treatment may 
induce progressive nephrotoxicity. A  significant part 
of the  lithium-induced deterioration of renal function 
occurs in  the  form of  nephrogenic diabetes insipidus 
(NDI), characterized by polyuria and polydipsia.1,3 Neph-
rogenic diabetes insipidus develops as a result of impaired 
urine concentration due to the changes in the absorption 
of water and sodium at the  level of collecting tubules. 
Previous studies have shown that the urinary concentra-
tion defect, associated with lithium toxicity, is mainly 
connected to a decrease in the amount of aquaporin-2 
(AQP2) protein in the collecting duct principal cells.4 
Another mechanism responsible for lithium-induced 
nephrotoxicity is a change in the epithelial sodium chan-
nels (ENaCs), collecting channels, which are essential 
sites for sodium reabsorption.1 It has been shown that 
when inhibition of the functioning of ENaCs in the col-
lecting ducts is prevented, the expected polyuria due 
to lithium is also inhibited, and introduction of lithium 
into the cell through ENaCs is a central step in the devel-
opment of NDI.5 Furthermore, oxidative stress has been 
proposed as an alternative mechanism for lithium toxicity 
in renal tissue through impairment of the mitochondrial 
respiratory system, that leads to an  increased genera-
tion of free radicals through lipid peroxidation of the cell 
membrane.2

Metformin, an activator of 5′-AMP-activated protein ki-
nase (AMPK), is one of the most popular oral glucose-low-
ering medications, and is preferred by most guideline com-
mittees as an optimal initial medical therapy for patients 
with type 2 diabetes mellitus (T2D).6 The useful mecha-
nisms of metformin on cell metabolism that are known 
to have a protective effect on the kidney include the activa-
tion of an upstream kinase (i.e., liver kinase B1), increased 
cellular AMP levels and consequent AMPK activation.7 
Recent studies have shown that metformin increases os-
motic water permeability by increasing AQP2 accumulation 
in the renal apical plasma membrane.8 Similarly, metformin 
was found to prevent high-sodium-induced upregulation 
of ENaC expression.9 Metformin has also been shown to re-
duce cell damage during oxidative stress.10

Objectives

Metformin, having a positive effect on almost all stages 
of lithium-induced renal injury, is a critical drug to investi-
gate the prevention of lithium-induced renal injury. In this 
study, we assess the protective effect of metformin against 
the renal adverse effects of lithium use.

Materials and methods

Trial design

A randomized controlled animal study was carried out. 
Ethical approval was obtained from the Çanakkale On-
sekiz Mart University (Turkey) Ethical Board of Animal 
Studies (approval No. 2018/1800054097). The study was 
conducted following the CONSORT guidelines,11,12 and 
the methods used for the animal experiments are in ac-
cordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals (National 
Institutes of Health (NIH), Bethesda, USA).

Study setting

Twenty-four adult male Wistar albino rats weighing 
250–300 g were purchased from the Laboratory Animal 
Production Unit of Çanakkale Onsekiz Mart University 
(Turkey) and maintained for an adaptation period of 1 week 
under standard conditions with a temperature of 22 ±2°C, 
a relative humidity of 70 ±4% and a 12 h light/dark cycle. 
All animals were provided with standard commercial pel-
let diets and tap water ad libitum.

Randomization

After the adaptation period, the animals were divided 
using a random numbers list into 4 groups of 6 rats each 
as follows:

Group 1 (sham operation group, n = 6) – fed a standard 
diet for 2 weeks and placed in a metabolic cage for 24 h 
on the 14th day. Blood and right kidney tissue samples were 
taken on the 15th day.

Group 2 (lithium group, n = 6) – fed a lithium-rich diet 
(LiCl; Li; 40 mmol/kg of dry food) for 2 weeks and placed 
in a metabolic cage for 24 h on the 14th day. Blood and right 
kidney tissue samples were taken on the 15th day.

Group 3 (metformin group, n = 6) – administered met-
formin (metformin hydrochloride, 800 mg/kg, by gavage) 
for 2 weeks and placed in a metabolic cage on the 14th day 
for 24 h. Blood and right kidney tissue samples were taken 
on the 15th day.

Group 4 (lithium + metformin group, n = 6) – fed with 
a  lithium rich diet and administered metformin (LiCl; 
Li; 40 mmol/kg of dry food + metformin hydrochloride, 
800 mg/kg, by gavage) for 2 weeks and placed in a meta-
bolic cage on the 14th day for 24 h. Blood and right kidney 
tissue samples were taken on the 15th day (Fig. 1).

Biochemical analysis

At the end of the experiment, all animals were deeply 
anesthetized with ketamine (50–60 mg/kg). Blood samples 
were collected from all subjects into tubes and centrifuged 
at 4000 rpm for 10 min. The resultant serum samples were 
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aliquoted into polypropylene tubes and stored at −80°C un-
til biochemical analysis. Urine samples were stored at 4°C 
until analysis. The right kidney was removed and sagittally 
divided in half, with half used for tissue biochemistry and 
the other half for the histopathological analysis. Finally, 
the rats were sacrificed by decapitation.

Blood and tissue biochemical markers were measured 
by spectrophotometric methods. Tissues from all experi-
mental groups were prepared at 4°C to determine their to-
tal antioxidant status (TAS) and total oxidant status (TOS) 
levels. After washing with a phosphate-buffered solution 
(PBS), the tissue samples were weighed and cut into small 
pieces. The tissues were then homogenized using a Mixer 
Mill MM 400 (Retsch, Haan, Germany). Assays were per-
formed on the supernatant of the homogenate, which was 
prepared by centrifugation at 4°C. The protein contents 
of the tissues were calculated according to the method 
developed by Lowry et al.13

Serum and tissue TAS (product code: RL0017) and TOS 
(product code: RL0024) were determined with spectropho-
tometric kits (Rel Assay Diagnostics, Gaziantep, Turkey). 
The ratio percentage of TOS (μmol H2O2 equivalent/L) 
to TAS (μmol Trolox equivalent/L) potential was used 
to calculate the oxidative stress index (OSI) — the indica-
tor of the degree of oxidative stress.

Albumin, creatinine (Crea), chlorine (Cl), potassium (K), 
sodium (Na), lithium (Li), total protein, and urea were ana-
lyzed using Roche Diagnostic kits and Cobas c501 auto 
analyzer (Roche Diagnostics, Indianapolis, USA). Urine 
and blood osmolalities (mOsm/kg) were determined with 
the freezing point depression method, using an automatic 
cryoscopic osmometer (Osmomat 030-D; Gonotec, Berlin, 
Germany). The main outcome variable of the study was 
urine osmolality.

Histopathological analysis

Kidney tissue samples were fixed in  a  10% neutral 
buffered formaldehyde solution for light microscopic ex-
amination. After the fixation, the samples were placed 
into cassettes and washed under running water for 2 h. 
To remove water, the tissues were passed through a series 

of increasing alcohol concentrations (60%, 70%, 80%, 90%, 
96%, and 100%). The tissues were then passed through xylol 
for polishing and then were embedded in molten paraffin. 
Hematoxylin and eosin (H&E) staining and immunohis-
tochemical AQP2 evaluation were performed on the 4-μm 
thick sections obtained from the paraffin blocks. The sec-
tions were evaluated on a Leica DCM 3000 (Leica Micro-
systems, Wetzlar, Germany), computer-assisted imaging 
system, using the Leica Q Vin 3 program, and pictures 
of the histological sections were taken. A score table was 
formed after the evaluations with H&E staining.

For the H&E staining method, sections taken from the ex-
perimental groups were kept in a 60°C oven for 60 min, then 
moved into xylol for 3 × 10 min and cleansed from paraffin. 
The slides were then passed through a series of increasing 
alcohol concentrations (70%, 90%, 96%, and 100%), washed 
in running water for 1 min, then stained in Harris hema-
toxylin for 2 min, and finally washed in running water for 
2 × 2 min. The specimens were then soaked in a 1% ammo-
nia-water mixture and washed again in running water for 
1 min. The slides were kept in eosin for 2 min and passed 
through a series of increasing alcohol concentrations (70%, 
80%, 96%, and 100%), xylolized for 2 × 1 min, and covered 
with entellan. To make a numerical evaluation of the total 
area size in the tissue, data were generated for each group 
and each animal in the whole area, using a ×4 magnification 
lens. Evaluation of the histopathological changes included 
congestion, hydropic swelling, tubular necrosis, tubular 
atrophy, and Bowman’s capsule dilatation. Tissue dam-
age scores were assigned as follows: no visible change = 0, 
minimal or slight change = 1, moderate change = 2, and 
severe change = 3. After calculating the score of all rats for 
each of the histopathological changes, the total score was 
obtained by summing all of the scores together.

For immunohistochemical AQP2 staining, 4-μm thick sec-
tions were taken from the kidney tissue blocks of all experi-
mental groups and transferred to slides. Sections were kept 
in a 60°C oven for 1 h and then moved to xylol for 3 × 10 min 
to achieve deparaffinization. The slides were then rehydrated 
through a series of increasing alcohol concentrations (70%, 
80%, 96%, and 100%). Sections were passed through distilled 
water twice for 1 min to remove the alcohol. To remove 

Fig. 1. A diagram of the experimental design 
and randomization

transfer to the metabolic cage
blood and tissue samples 
were taken the next day

sham operation group
fed a standard diet for 2 weeks

lithium group
fed a lithium-rich diet for 2 weeks

metformin group
fed a metformin-rich diet for 2 weeks

lithium + metformin treatment group
fed a lithium and metformin-rich diet 

for 2 weeks

24 adult male 
Wistar albino rats completed

the adaptation period of 1 week

animals were randomly
divided into 4 groups
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the antigen mask, 1/10 dilution citrate buffer (ap-9003-999; 
Thermo Fisher Scientific, Waltham, USA) was applied in a mi-
crowave. The endogenous peroxidase activity was blocked 
in  the  tissues with 3% hydrogen peroxide (TA-125-HP; 
Thermo Fisher Scientific) for 10 min after washing with dis-
tilled water. Sections were then washed with PBS and protein-
blocked (TA-125 PBQ; Thermo Fisher Scientific) for 10 min.

The AQP2 antibody (ab15116; Abcam, Cambridge, UK) 
was incubated with the tissue for 60 min in a humid envi-
ronment. The HRP Polymer Amplifier Quanto (TL-125-
QPB; Thermo Fisher Scientific) was rested for 20 min. 
Washing with PBS was carefully completed at every stage. 
The 3, 3’-diaminobenzidine (DAB) staining was performed 
to identify AQP2-positive cells, and hematoxylin was then 
applied for 1 min for background staining. The stained sec-
tions were passed through a series of increasing alcohol 
concentrations, water was removed, and then they were kept 
in xylol for 5 min to achieve transparency. Then, the sec-
tions were covered with entellan. Animals in all groups were 
evaluated and scored for AQP2 levels as follows: none = 0, 
1%–25% = 1, 26%–50% = 2, and 51%–100% = 3.

Sample size

Sample size calculation was based on the resource equa-
tion method. In comparison of 4 groups (k) for mean urine 
osmolality with the one-way analysis of variance (ANOVA) 

using 6 animals (n) in each group, the equation (degree 
of freedom (df) = (n × k) – k) revealed a df of 20, which 
is in the acceptable range of 10–20.14,15

Statistical analyses

Statistical analyses were conducted using IBM SPSS 
software, v. 24.0 (IBM Corp., Armonk, USA). The vari-
ables were investigated using analytical methods (Kol-
mogorov–Smirnov/Shapiro–Wilk test) to  determine 
whether or not they were normally distributed (Table 1). 
The sample mean ± standard deviations were used to de-
termine the average of the collected data if the quantitative 
variables were normally distributed; otherwise, the sample 
median (min–max) was used. One-way ANOVA tests were 
used to compare the biochemical and tissue parameters 
among the  4  groups. The  Levene test was used to  as-
sess the homogeneity of the variances (Table 1). When 
an overall significance was observed, pairwise post hoc 
tests were performed using Tukey’s test. The ANOVA re-
sults are presented as F test (degrees of freedom) (F(df)). 
Values of p < 0.05 were considered statistically significant. 
The histopathological findings and AQP2 levels were eval-
uated with the Kruskal–Wallis test, as they were ordinal 
variables. The Mann–Whitney U test was performed to test 
the significance of pairwise differences, using the Bonfer-
roni correction to adjust for multiple comparisons.

Table 1. Analysis of variance (ANOVA) assumptions

Parameter Independent groups Test for normality  
(Shapiro–Wilk)

Homogeneity of variances 
(Levene’s test) Ordinal variable

Sodium + p > 0.05 0.091 −

Potassium + p > 0.05 0.650 −

Chloride + p > 0.05 0.858 −

Urea + p > 0.05 0.120 −

Creatinine + p > 0.05 0.435 −

Lithium + p > 0.05 0.901 −

TOS + p > 0.05 0.335 −

TAS + p > 0.05 0.334 −

OSI + p > 0.05 0.411 −

TOS (tissue) + p > 0.05 0.880 −

TAS (tissue) + p > 0.05 0.284 −

OSI (tissue) + p > 0.05 0.518 −

Blood osmolality + p > 0.05 0.562 −

Urine osmolality + p > 0.05 0.181 −

Aquaporin-2 + unrelated unrelated +

Congestion + unrelated unrelated +

Hydropic swelling + unrelated unrelated +

Tubular necrosis + unrelated unrelated +

Tubular atrophy + unrelated unrelated +

Bowman’s capsule dilatation + unrelated unrelated +

Total score + unrelated unrelated +

TOS – total oxidant status; TAS – total antioxidant status; OSI – oxidative stress index.
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Results

Biochemical findings

The blood biochemical results for all groups are shown 
in Table 2. There were no significant differences be-
tween the sham and metformin groups for the plasma 
biochemistry values. When compared with the sham 
group, the Na, Cl, Li, TOS and OSI values were signifi-
cantly higher in the lithium group (p = 0.018, p = 0.004, 
p  =  0.002, p  =  0.002, and p  =  0.001, respectively). 
In the  lithium + metformin group, the plasma Na, Cl, 
TOS and OSI values were lower compared to the lithium 
group (p = 0.035, p = 0.001, p = 0.003, and p = 0.001, 
respectively).

Tissue and osmolality analysis results for the groups are 
provided in Table 3. Compared to the sham group, the lith-
ium group had significantly higher TOS, OSI, blood os-
molality, and urine osmolality values (p = 0.010, p = 0.004, 
p = 0.004, and p = 0.002, respectively). In the lithium + 
metformin group, a  reduction in TOS, OSI and blood 
osmolality, and an  increase in urine osmolality values 
were observed compared to the lithium group (p = 0.004, 
p = 0.002, p = 0.004, and p = 0.001, respectively).

Histopathological findings

Histopathological analysis results and AQP2 levels for 
the groups are given in Table 4. No bleeding or interstitial 
fibrosis were observed in any of the sections. There were no 

Table 2. Serum biochemical analysis

Serum  
parameters

Sham group 
(n = 6)

Metformin group 
(n = 6)

Lithium group 
(n = 6)

Lithium + metformin 
group (n = 6) ANOVA Post hoc

Sodium [mmol/L] 135.16 ±3.86 134.83 ±6.74 144.16 ±1.94a 136.00 ±6.22b F(3–20) = 5.23
p = 0.008

p = 0.018a

p = 0.035b

Potassium [mmol/L] 5.53 ±0.59 5.47 ±0.61 5.51 ±0.69 5.54 ±0.98
F(3–20) = 0.11

p = 0.998 
p = 0.999a

p = 0.998b

Chloride [mmol/L] 98.15 ±1.52 98.80 ±1.91 103.06 ±1.36a 99.10 ±1.83b F(3–20) = 12.54
p < 0.001 

p = 0.004a

p = 0.001b

Urea [mg/dL] 36.33 ±4.87 37.03 ±3.93 42.00 ±8.33 37.43 ±3.06
F(3–20) = 1.34

p = 0.288 
p = 0.300a

p = 0.481b

Creatinine [mg/dL] 0.27 ±0.03 0.26 ±0.03 0.29 ±0.03 0.25 ±0.02
F(3–20) = 1.62

p = 0.216 
p = 0.316a

p = 0.213b

Lithium [mmol/L] 0.003 ±0.008 0.003 ±0.005 0.045 ±0.005a 0.043 ±0.005a F(3–20) = 89.00
p < 0.001 

p = 0.002a

p = 0.001a

TOS 12.98 ±2.16 11.87 ±1.98 21.27 ±4.35a 14.39 ±2.54b F(3–20) = 12.56
p < 0.001 

p = 0.002a

p = 0.001b

TAS 0.86 ±0.23 0.88 ±0.17 0.64 ±0.14 0.80 ±0.12
F(3–20) = 2.30

p = 0.108 
p = 0.167a

p = 0.427b

OSI 15.87 ±5.03 14.11 ±5.03 33.69 ±7.21a 18.25 ±3.92b F(3–20) = 16.32
p < 0.001

p = 0.004a

p = 0.001b

Values are expressed as mean ± standard deviation (SD). ANOVA – analysis of variance; TOS – total oxidant status (μmol H2O2 equivalent/L); TAS – total 
antioxidant status (μmol Trolox equivalent/L); OSI – oxidative stress index; a – compared with the sham group; b – compared with the lithium group.  
Data in bold indicate statistically significant associations.

Table 3. Tissue oxidant/antioxidant status and osmolality analysis

Serum and urine 
parameters

Sham group 
(n = 6)

Metformin group 
(n = 6)

Lithium group 
(n = 6)

Lithium + metformin 
group (n = 6) ANOVA* Post hoc

TOS 0.89 ±0.35 0.84 ±0.35 2.33 ±0.33a 0.94 ±0.27b F(3–20) = 28.25
p < 0.001

p = 0.010a

p = 0.004b

TAS 0.24 ±0.06 0.26 ±0.02 0.22 ±0.03 0.26 ±0.02
F(3–20) = 1.58

p = 0.226
p = 0.657a

p = 0.213b

OSI 3.99 ±2.24 3.29 ±1.44 10.71 ±1.92a 3.59 ±1.23b F(3–20) = 24.64
p < 0.001

p = 0.004a

p = 0.002b

Blood osmolality 
[mOsm/kg]

304.3 ±3.3 306.3 ±2.8 328.2 ±4.6a 306.3 ±3.38b F(3–20) = 59.08
p = 0.002 

p = 0.004a

p = 0.004b

Urine osmolality 
[mOsm/kg]

788.5 ±169.8 779.8 ±165.3 349.7 ±44.6a 754.5 ±147.3b F(3–20) = 13.61
p < 0.001 

p = 0.002a

p = 0.001b

Values are expressed as mean ± standard deviation (SD). ANOVA – analysis of variance; TOS – total oxidant status (μmol H2O2 equivalent/L); TAS – total 
antioxidant status (μmol Trolox equivalent/L); OSI – oxidative stress index; a – compared with the sham group; b – compared with the lithium group.  
Data in bold indicate statistically significant associations. * p < 0.05 was considered statistically significant.
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significant differences in the variables between the sham and 
lithium + metformin groups. Congestion, hydropic swelling, 
and Bowman’s capsule dilatation scores in the lithium group 
were higher than in the sham group (p = 0.004, p = 0.008, 
and p = 0.002, respectively). In the lithium + metformin 
group, the median congestion and Bowman’s capsule dila-
tation pathological evaluation scores were lower compared 
to the lithium group (p = 0.009 and p = 0.004, respectively). 

The total score was higher in the lithium group when com-
pared with the sham group (p = 0.002). However, compared 
with the lithium group, the overall score was significantly 
lower in the lithium + metformin group (p = 0.002; Fig. 2). 
The AQP2 levels were significantly lower in the lithium 
group compared to the sham group (p = 0.009), and signifi-
cantly higher in the lithium + metformin group compared 
to the lithium group (p = 0.011; Fig. 3).

Fig. 2. A. Congestion in the control 
group; B. Congestion in the metformin 
group; C. The yellow arrow indicates 
the tubules showing atrophy 
in the lithium group; D. The yellow 
arrow indicates necrosis in the tubular 
epithelium in the metformin + lithium 
group (hematoxylin and eosin (H&E) 
staining, ×100 magnification)

Table 4. Histopathological analysis and aquaporin-2 levels

Parameter Sham group 
(n = 6)

Metformin group 
(n = 6)

Lithium group 
(n = 6)

Lithium + metformin 
group (n = 6)

Kruskal–Wallis 
test 

Mann–Whitney 
U test

Aquaporin-2 3.0 (2–3) 3.0 (2–3) 1.5 (1–2)a 2.5 (2–3)b p = 0.008 p = 0.011a

p = 0.009b

Congestion 1 (0–1) 1 (0–1) 2 (1–3)a 1 (0–2)b p = 0.008 p = 0.004a

p = 0.009b

Hydropic swelling 0 (0–1) 1 (0–1) 2 (1–3)a 1 (0–2) p = 0.008 p = 0.008a

p = 0.058b

Tubular necrosis 0 (0–0) 0 (0–0) 1 (0–1)a 0 (0–0)b p = 0.020
p = 0.056a

p = 0.018b

Tubular atrophy 0 (0–1) 0 (0–1) 2 (0–3)a 1 (0–1)b p = 0.026
p = 0.020a

p = 0.075b

Bowman’s capsule 
dilatation

0 (0–0) 0 (0–1) 2 (1–2)a 0 (0–1)b p = 0.001 p = 0.002a

p = 0.004b

Total score 1 (0–2) 2 (0–3) 9 (4–9)a 3 (1–4)b p = 0.001 p = 0.002a

p = 0.002b

Values are expressed as median (min–max). Evaluation of aquaporin level: 0 – none; 1 – <25%; 2 – 26–50%; 3 – >50%. Evaluation of congestion, hydropic 
swelling, tubular necrosis, tubular atrophy, and Bowman’s capsule dilation: 0 – none; 1 – minimal; 2 – medium; 3 – severe. Total score – summing all 
of the histopathological scores.
A value of p < 0.013 after Bonferroni correction was considered statistically significant. Data in bold indicate statistically significant associations. 
a – compared with the sham group; b – compared with the lithium group.
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Discussion

Bipolar disorder is one of the leading causes of mental 
disability in the world. Lithium is widely used in the treat-
ment of bipolar disorders and depression.2 A long-term use 
of lithium is known to produce permanent nephrotoxic-
ity.1–3 Lithium causes damage to the kidneys by 3 mecha-
nisms. The 1st one is a decrease in the amount of AQP2 
in  the  kidney,4 the  2nd one is  changes in  the  ENaCs 
of  the  collecting tubules1 and the  3rd one is  oxidative 
stress due to mitochondrial damage in the kidney cells.2 
Ultimately, acquired NDI, characterized by polyuria and 
polydipsia, may develop.1–4

The most common kidney injury due to chronic lithium 
use is acquired NDI. Likewise, the most common cause 
of acquired NDI is  lithium-induced NDI, which occurs 
in up to 50% of patients who receive the long-term lithium 
therapy.1,4 Clinically, acquired NDI manifests as arginine 
vasopressin (AVP) resistant polyuria and polydipsia, and 
is often associated with natriuresis.4 In animal models 
of acquired NDI, it has been shown that the AVP-regu-
lated water channel AQP2 is consistently and markedly 
decreased in the principal cells of renal medulla collecting 
duct.4,16

Klein et al. have shown that metformin, an AMPK ac-
tivator, increases phosphorylation of AQP2 in the rat in-
ner medullary collecting ducts, and increases the apical 
plasma membrane accumulation of AQP2.8 It was also 
reported that metformin increases osmotic water per-
meability by increasing AQP2 accumulation in the api-
cal plasma membrane, and that metformin increases 

urine osmolality. In the current study, the AQP2 level 
was low in the lithium group (p = 0.009) when compared 
to the sham group, whereas it increased in the group re-
ceiving lithium + metformin when compared to the lith-
ium group (p = 0.011).

The ENaC is a likely candidate for lithium entry. Stud-
ies by Christensen et al. on transgenic mice lacking ENaC 
showed that ENaC-mediated lithium entry into the col-
lecting duct principal cells contributes to the pathogen-
esis of lithium-induced nephrotoxicity, and the absence 
of functional ENaCs in the transgenic mice protects them 
from acquired NDI.5

Zheng et  al. also showed that metformin inhibits 
the high-sodium-induced upregulation of ENaC expres-
sion.9 It was concluded that metformin with an AMPK 
activator might directly act in the endothelium by inhib-
iting ENaC expression and activity, thereby contribut-
ing to endothelial protection in response to the high-salt 
challenge.

The  current study shows that the  ENaC upregula-
tion in the kidney caused by lithium salts is determined 
by metformin. Hypernatremia and hyperchloremia (seen 
in acquired NDI) were observed in the group receiving 
lithium, and sodium and chloride values in the group 
receiving lithium + metformin decreased to the  levels 
close to those in the sham group. Similarly, when com-
pared to the lithium group, urine osmolality in the lith-
ium + metformin group reached levels close to  those 
in the sham group.

Studies on  oxidative stress in  the  kidneys caused 
by  chronic lithium use are controversial. Vosahlikova 

Fig. 3. Histological sections showing 
aquaporin-2 in the different 
groups (A. control; B. metformin; 
C. metformin + lithium; D. lithium 
(×100 magnification)
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et al. found that chronic lithium exposure has different 
oxidative responses in  lipid peroxidation products and 
malondialdehyde levels depending on  the  cell culture 
type.17 In their study, the concentration of lipid peroxida-
tion products in Jurkat cells decreased. On the other hand, 
in HEK293 cells, long-term Li exposure for 7 or 28 days 
resulted in a  significant increase in the concentration 
of  lipid peroxidation products. In  their study on  rats, 
Nciri et al. found that lithium increases the concentration 
of lipid peroxidation products by triggering oxidative stress 
in the kidneys, thus intensifying superoxide dismutase and 
catalase activity while reducing glutathione peroxidase 
activity from antioxidant enzymes.18 Again, results in rat 
studies on TAS and antioxidant enzymes superoxide dis-
mutase, glutathione peroxidase and catalase in cell culture 
differ.19,20 However, a literature review did not reveal any 
research related to TOS and OSI in the kidneys in lithium 
damage, which shows the actual oxidative stress state.13–16 
In the current study, we observed that TOS values in both 
plasma and tissue increased with chronic lithium expo-
sure. Although it was not statistically significant, there 
was a decrease in TAS values, and the OSI value increased 
significantly.

In recent publications, metformin was reported to re-
duce the generation of reactive oxygen species (ROS) and 
prevent mitochondria-mediated apoptosis. It was also sug-
gested that this agent can protect against oxidative stress-
induced cell death.21,22 In the present study, we observed 
that TOS and OSI values decreased significantly along with 
metformin treatment, whereas TAS increased, although 
not significantly.

Histopathological results showed convincing evidence 
regarding the protective nature of metformin against lith-
ium-induced nephrotoxicity. The total histopathological 
score was high in the lithium group but significantly lower 
in the metformin group.

Limitations

Certain limitations of this study should be mentioned. 
First, varying doses of metformin were not administered. 
In addition, the study was not fully blind. However, to pre-
vent bias, one of the study authors, those who conducted 
the blood and tissue analysis, and the biostatisticians did 
not know the group assignments. The small size of our 
animal sample constitutes another limitation.

Conclusions

Nephrogenic diabetes insipidus is one of the most criti-
cal conditions preventing lithium use, which is widely 
administered for many psychological disorders. The cur-
rent study is the 1st to investigate the effects of metformin 
on lithium-induced NDI. Metformin, which had positive 
effects on  almost all lithium-induced nephrotoxicity 

parameters, may be a novel therapeutic option for acquired 
NDI. We conclude that AMPK activation by metformin 
ameliorates NDI by increasing AQP2 and urine concen-
trating ability in lithium-induced nephrotoxicity. These 
findings suggest that metformin may be a novel therapeutic 
option for lithium-induced NDI. Since metformin is com-
mercially available for human use, further clinical studies 
can be conducted with ease.
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Abstract
Background. Oxidative stress has been reported to be an early factor in the development of cataracts. 
Echinatin (Ech) is an active ingredient of licorice that exhibits antioxidant effects.

Objectives. To investigate the effects of Ech on oxidative stress-induced lens epithelial cell (LEC) damage.

Materials and methods. Human lens epithelial B3 cells (HLECs) were exposed to hydrogen peroxide 
(H2O2) and were pretreated with or without Ech. For rescue experiments, ML385, an inhibitor of the Nrf2 
pathway, was added into the medium.

Results. Echinatin reversed the H2O2-induced reduction of cell viability in B3 cells. Additionally, H2O2 induced 
oxidative stress, evidenced by an increase of reactive oxygen species (ROS) and malondialdehyde (MDA) levels, 
and a decrease in superoxide dismutase (SOD) and catalase (CAT) levels, which could be abolished by Ech. 
Echinatin treatment also reduced HLEC apoptosis induced by H2O2. In addition, Ech pretreatment promoted 
Bcl-2 expression, and suppressed Bax and caspase-3 expression levels, in H2O2-treated B3 cells. Moreover, H2O2 
significantly reduced Nrf2 nuclear localization, as well as HO-1 and NQO1 expression, which could be reversed 
by Ech. Inhibition of Nrf2 by ML385 aggravated H2O2-induced oxidative damage and apoptosis in HLECs, and 
the protective effects of Ech on H2O2-induced oxidative damage and apoptosis could be restored by ML385.

Conclusions. Echinatin mitigates H2O2-induced oxidative damage and apoptosis in HLECs via the Nrf2/HO-1 
pathway, suggesting that Ech may be a potential drug for the treatment of cataracts.

Key words: cataract, lens epithelial cells, apoptosis, oxidative stress, echinatin
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Background

Cataracts have become the main cause of loss of use-
ful vision worldwide.1 It is currently believed that, with 
the exception of congenital cataracts, the apoptosis of lens 
epithelial cells (LECs) is the cytological basis for the forma-
tion of various types of cataracts.2 Due to long-term expo-
sure to light, the lens is continuously damaged by reactive 
oxygen species (ROS), which is considered to be a key factor 
in the development of cataracts.3–5 Studies have confirmed 
that cataracts are directly related to the apoptosis of LECs 
caused by oxygen free radicals.6,7 Thus, it  is  important 
to explore antioxidant drugs that can prevent the forma-
tion and development of cataracts.

The process of oxidative stress mainly involves a variety 
of stress-sensitive signaling pathways.8,9 As one of the main 
cellular defense mechanisms against oxidative stress, Nrf2 
is crucial in resisting cell damage caused by endogenous 
and exogenous stress.10 As the main regulator of the anti-
oxidant response, Nrf2 can induce the expression of target 
genes, such as NAD(P)H quinone oxidoreductase 1 (NQO1), 
heme oxygenase 1 (HO-1) and catalase (CAT). The dysfunc-
tion of Nrf2 is inseparable from the development of cata-
ract. Studies have shown that the protein and gene expres-
sion of Nrf2 in the lens significantly decreases with age.11,12 
The decreased activity of Nrf2 limits the transcription of its 
downstream antioxidant enzymes and causes the antioxi-
dant system to fail, which ultimately leads to age-related 

cataracts.12 Targeted activation of Nrf2 signaling can pro-
tect LECs from damage induced by oxidative stress.13,14

Echinatin (Ech; 4,4’-dihydroxy-2-methoxychalcone; 
Fig. 1A), a retrochalcone, is an active ingredient of licorice 
and the main active form with pharmacokinetic function.15 
Studies have shown that Ech has a wide range of biological 
properties, including anti-inflammatory and anti-tumor 
effects.16 Importantly, Liang et al.17 confirmed that Ech 
may undergo electron transfer and proton transfer to cause 
antioxidant effects. However, to date, the effects of Ech 
on oxidative stress-induced LEC damage have not been 
reported, and its molecular mechanism is largely unclear. 
Hence, the present study attempted to investigate the po-
tential role of Ech as an agent for controlling cataract 
progression against H2O2-induced oxidative stress and 
apoptosis in human B3 cells.

Objectives

Oxidative stress has been shown to be an early factor 
in the development of cataracts. Echinatin is the active 
ingredient of licorice, and its pharmacological effects are 
closely related to antioxidants. Thus, the aim of the cur-
rent study is to investigate the effects of Ech on oxidative 
stress-induced LEC damage.

Materials and methods

All in vitro experiments in the current study were car-
ried out using human LECs (HLECs). This study does not 
contain any experiments using human participants or ani-
mal subjects.

Cell culture and treatment

The human lens epithelial cell (HLEC) line B3 cells 
were purchased from American Type Culture Collec-
tion (CRL-11421; ATCC, Manassas, USA). B3 cells were 
cultured in Dulbecco’s modified Eagle’s medium (In-
vitrogen, Carlsbad, USA) containing 10% fetal bovine 
serum (FBS; Invitrogen) and 100 mg/mL streptomycin 
in a humidified atmosphere with 5% CO2 at 37°C. B3 cells 
at 80% confluence were treated with different concentra-
tions of H2O2 (Sigma–Aldrich, Seelze, Germany; 0, 50, 
100, 200, 400, and 800  µM) for 24  h. To  investigate 
the role of Ech, B3 cells were pretreated with different 
concentrations of Ech (0, 5, 10, 20, 50, and 100 µM) for 
12 h before the H2O2 treatment. For rescue experiments, 
B3 cells were pretreated with ML385 (5 µM; Sigma–Al-
drich), a specific inhibitor of Nrf2, for 12 h in the pres-
ence or absence of Ech (50 µM), followed by exposure 
to H2O2. Echinatin (C16H14O4; CAS No. 34221-41-5, M.W. 
270.2, purity 99%) was purchased from Chengdu Alfa 
Biotechnology Co. Ltd. (Chengdu, China).

Fig. 1. Echinatin (Ech) attenuates the effects of H2O2 on the viability 
of human lens epithelial B3 cells (HLECs)

A. Structure of Ech; B. B3 cells were exposed to H2O2 (0–800 µM) for 
24 h and the viability of B3 cells was analyzed using the MTT assay; 
C. B3 cells were treated with Ech (0–100 µM) for 12 h and the viability of B3 
cells was analyzed using the MTT assay; D. B3 cells were pretreated with 
Ech (0–100 µM) for 12 h, followed by exposure to H2O2 (100 µM) for 24 h, 
and the viability of B3 cells was analyzed using the MTT assay;  
*p < 0.05, ****p < 0.0001, #p < 0.05, ##p < 0.01, ###p < 0.001.
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MTT assay

The cells (2 × 104) were seeded in a 96-well culture 
plate and incubated with H2O2 (0, 50, 100, 200, 400, and 
800 µM) for 24 h alone or after pretreatment with Ech 
(0, 5, 10, 20, 50, and 100 µM) for 12 h. The cells were 
then incubated with 5 mg/mL MTT solution (Beyotime, 
Shanghai, China) for 4 h at 37°C. The supernatant was 
aspirated and dimethyl sulfoxide (DMSO) was added 
to the cells. The optical density at 490 nm was observed 
using a microplate reader (SpectraMax Id3; Molecular 
Devices, San Jose, USA).

Determination of intracellular ROS levels

The ROS level was gauged using 6-carboxy-2’, 7’-dichlo-
rodihydrofluorescein diacetate (DCHFDA; Beyotime) ac-
cording to the manufacturer’s protocol. Briefly, after ex-
posure to corresponding treatment, the culture medium 
was removed and B3 cells were incubated with 25 µM 
of DCHFDA mix for 45 min at 37°C. The absorbance was 
detected at a wavelength of 488 nm.

Measurement of MDA, SOD and CAT

After centrifugation of cell lysates, the supernatants 
were collected. The protein concentration was measured 
according to the BCA Assay Kit instructions (Beyotime). 
Malondialdehyde (MDA) was measured using a lipid per-
oxidation MDA assay kit (Beyotime). The test working 
solution was added to the sample and mixed. The mix-
ture was heated at 100°C for 15 min. After centrifuga-
tion, the supernatants were collected. The absorbance was 
detected at a wavelength of 532 nm and the results were 
expressed as nmol/mg protein.

Total superoxide dismutase (SOD) content was de-
termined using a SOD assay kit (Beyotime), and the re-
sults were expressed as  U/mg protein. A  Cu/Zn-SOD 
inhibitor was added to the samples to inhibit the activ-
ity of  the Cu/Zn-SOD enzyme, followed by  incubation 
with the  WST-8/enzyme working solution at  37°C for 
30 min. The absorbance was detected at a wavelength 
of 450 nm. One SOD enzymatic activity unit (U) was de-
fined as the amount of sample needed to achieve a 50% 
inhibition rate of WST-8 formazan dye.

Catalase (CAT) content was tested using a CAT assay 
kit (Beyotime). Catalase detection buffer and hydrogen 
peroxide solution were added to  the  sample, and then 
incubated at 25°C for 5 min. The reaction stop solution 
was added to the mixture, then it was inverted and mixed 
to stop the reaction. After adding the detection buffer 
and chromogenic working buffer, the mixture was incu-
bated at 25°C for 15 min. The absorbance was detected 
at a wavelength of 520 nm, and the results were expressed 
as U/mg protein. All operations were performed in accor-
dance with the manufacturer’s instructions.

Measurement of apoptosis

Cells (1 × 106) were seeded and pretreated with or with-
out Ech for 12 h, followed by exposure to 100 µM H2O2 for 
24 h. Cells were fixed in 4% paraformaldehyde for 20 min 
at room temperature. The apoptosis of B3 cells was mea-
sured using the terminal deoxyribonucleotidyl transferase 
(TdT)-mediated dUTP nick end labeling (TUNEL) assay (Cell 
Death Detection Kit; Beyotime), according to the instruc-
tions of the manufacturer. The cells were visualized under 
a fluorescent microscope (Olympus Corp., Tokyo, Japan). 
Data were expressed as the ratio of TUNEL-positive cells 
to total cells.

Western blot assay

The protein expression in whole cell lysates or nuclear 
extracts was analyzed using western blot analysis. The ra-
dioimmunoprecipitation assay (RIPA) lysis buffer (Beyo-
time) was used to extract total protein from B3 cells. Next, 
a BCA protein assay kit (Beyotime) was used to quantify 
the proteins. Then, 30-µg protein samples were separated 
using 10% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) and transferred to polyvinylidene 
fluoride (PVDF) membranes (Merck Millipore, Darmstadt, 
Germany). The membranes were then blocked using 5% 
skimmed milk for 1 h at room temperature, followed by in-
cubation with primary antibodies against Bcl-2 (Abcam, 
Cambridge, USA), Bax (Abcam), Nrf2 (Cell Signaling Tech-
nology, Beverly, USA), HO-1 (Abcam), NQO1 (Cell Signal-
ing Technology), and GAPDH (Cell Signaling Technology) 
at 4°C overnight. Subsequently, the membranes were incu-
bated with horseradish peroxidase (HRP)-conjugated goat 
anti-rabbit secondary antibody (Abcam) for 1 h at room 
temperature, followed by exposure to the enhanced chemi-
luminescent reagent (Pierce, Rockford, USA). The intensity 
of proteins signals was quantified using Quantity One 
software v. 4.1.1 (Bio-Rad Laboratories, Hercules, USA).

Measurement of caspase-3 activity

As described previously,18 caspase-3 activity was mea-
sured using a caspase-3 activity assay kit (Beyotime) ac-
cording to the manufacturer’s protocol. For each sample, 
an  equal amount of  protein (200  µg) was mixed with 
reaction buffer (50 µL) and caspase-3 substrate (5 µL) 
in the dark at 37°C for 30 min. The absorbance at 485 nm 
was measured using a microplate reader.

Statistical analyses

Data are expressed as mean ± standard deviation (SD) 
from at least 3 independent experiments, and the results 
were analyzed using GraphPad Prism v. 8.0 (GraphPad 
Software, San Diego, USA). Data from individual groups 
were confirmed to  follow a  normal distribution using 
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the  Kolmogorov–Smirnov test. Comparisons between 
2 groups were analyzed using Student’s t-tests (Welch’s 
correction was used in cases of unequal variance), and 
comparisons among multiple groups were analyzed us-
ing one-way analysis of variance (ANOVA), followed 
by Tukey’s post hoc tests. A p-value of less than 0.05 was 
considered statistically significant.

Results

Echinatin attenuates the effects  
of H2O2 on viability of HLECs

We  performed a  MTT assay to  evaluate the  effects 
of H2O2 and Ech on the viability of B3 cells. The B3 cells 
were exposed to H2O2 (0–800 µM) for 24 h and the results 
showed that higher concentrations of H2O2 (100–800 µM) 
restrained cell viability in  a  dose-dependent manner 
(Fig. 1B). In view of the results that the treatment with 
100 µM H2O2 for 24 h could reduce cell viability to approx. 
50% compared to the control group, this concentration 
was chosen for subsequent experiments. Additionally, Ech 
(0–50 µM) did not affect the viability of HLECs (Fig. 1C). 
Moreover, the pretreatment with Ech (10–50 µM) illus-
trated a protective effect against H2O2-induced damage 
in a dose-dependent manner (Fig. 1D).

Echinatin reduces H2O2-induced  
oxidative damage in HLECs

Oxidative stress is  considered to  be an  early factor 
in the development of cataracts.19 B3 cells were treated with 
H2O2 for 24 h and exhibited the onset of oxidative stress 
manifested by the enhanced levels of ROS (Fig. 2A) and MDA 
(Fig. 2B), and suppressed levels of SOD (Fig. 2C) and CAT 
(Fig. 2D), compared to control cells. The cells pretreated with 
Ech restored levels similar to those of control cells in a dose-
dependent manner (Fig. 2A–D), indicating that Ech had 
a protective effect on oxidative damage in HLECs.

Ech reduces cell apoptosis  
induced by H2O2 in HLECs

Apoptosis of  LECs is  the  main cytological basis for 
the formation of various types cataract.2 Here, the TUNEL 
assay was used to measure HLEC apoptosis after exposure 
to Ech and/or H2O2. The results illustrated that H2O2 ex-
posure markedly induced apoptosis, compared to the con-
trol group (Fig. 3A,B). Additionally, Ech treatment could 
reduce HLEC apoptosis induced by  H2O2 in  a  dose-
dependent manner (Fig. 3A,B). Moreover, western blot 
analysis showed that the expression of the anti-apoptotic 
protein Bcl-2 was markedly suppressed, while the expres-
sion of the pro-apoptotic protein Bax was significantly 
enhanced after the exposure to H2O2, which could be 

reversed by Ech pretreatment (Fig. 3C,D). Furthermore, 
Ech pretreatment eliminated the increase in caspase-3 
activity induced by H2O2 (Fig. 3E).

Ech activates the Nrf2/HO-1 pathway 
in H2O2-treated HLECs

To  determine the  effects of  Nrf2 on  H2O2-induced 
HLECs, the expression levels of Nrf2 and its downstream 
targets (HO-1 and NQO1) were analyzed using the western 
blot assay. Since Nrf2 nuclear translocation is an essential 
step for activation of the Nrf2 pathway, the nuclear local-
ization of Nrf2 in B3 cells was also analyzed using the west-
ern blot assay. The results showed that H2O2 significantly 
reduced Nrf2 nuclear localization, which could be reversed 
with Ech pretreatment (Fig. 4A,B). Moreover, compared 
to the control group, the expression levels of HO-1 and 
NQO1 were decreased after the exposure to H2O2, which 
could be reversed with Ech pretreatment (Fig. 4C,D). These 
data demonstrate that Ech may activate the Nrf2/HO-1 
pathway in H2O2-treated HLECs.

Inhibition of Nrf2 by ML385 aggravates 
H2O2-induced oxidative damage  
and apoptosis in HLECs

We assessed the effect of ML385 (5 µM) alone on the via-
bility of B3 cells, and the results confirmed that ML385 had 

Fig. 2. Echinatin (Ech) alleviates H2O2-induced oxidative damage in human 
lens epithelial B3 cells (HLECs)

B3 cells were pretreated with Ech (10 μM, 20 μM and 50 μM) for 12 h, 
followed by exposure to H2O2 (100 µM) for 24 h. A. The levels of intracellular 
reactive oxygen species (ROS) were determined using the DCFHDA 
method; B. The content of malondialdehyde (MDA) was measured using 
a Lipid Peroxidation MDA Assay Kit; C. The levels of superoxide dismutase 
(SOD) were analyzed using a Total Superoxide Dismutase Assay Kit; 
D. The levels of catalase (CAT) were determined using a Catalase Assay Kit.  
****p < 0.0001, #p < 0.05, ##p < 0.01, ###p < 0.001, ####p < 0.0001.
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Fig. 4. Echinatin (Ech) activates 
the Nrf2/HO-1 pathway in H2O2-
treated human lens epithelial B3 
cells (HLECs)

B3 cells were pretreated with Ech 
(10 μM, 20 μM and 50 μM) for 12 h, 
followed by exposure to H2O2 
(100 µM) for 24 h. A. The expression 
of nuclear and cytosolic Nrf2 
was analyzed using the western 
blot assay; B. Quantitative results 
of Nrf2 levels; C. The expression 
of HO-1 and NQO1 was analyzed 
using the western blot assay; 
D. Quantitative results of HO-1 and 
NQO1 levels;  
****p < 0.0001, #p < 0.05, ##p < 0.01, 
###p < 0.001, ####p < 0.0001.

Fig. 3. Echinatin (Ech) reduces 
cell apoptosis induced by H2O2 
in human lens epithelial B3 cells 
(HLECs)

B3 cells were pretreated with Ech 
(10 μM, 20 μM and 50 μM) for 12 h, 
followed by exposure to H2O2 
(100 µM) for 24 h. A. The TUNEL assay 
was used to analyze the changes 
in apoptosis; B. Quantitative 
results of TUNEL-positive cells; 
C. The expression of Bcl-2 and Bax 
was analyzed using the western 
blot assay; D – Quantitative results 
of Bcl-2 and Bax levels; E. The activity 
of caspase-3 was analyzed using 
a corresponding kit;  
****p < 0.0001, #p < 0.05, ##p < 0.01, 
###p < 0.001, ####p < 0.0001.
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no effect on the viability of B3 cells, but aggravated the in-
hibitory effect of H2O2 on cell viability (Fig. 5A). Com-
pared with the control group, ML385 increased ROS and 
MDA levels, and decreased SOD and CAT levels in B3 
cells. Simultaneously, ML385 enhanced the  oxidative 
stress damage caused by H2O2 (Fig. 5B–E). There was no 
change in the apoptosis rate between the ML385 group 
and the control group. Importantly, inhibition of Nrf2 
by ML385 also exacerbated H2O2-induced cell apoptosis 
in HLECs (Fig. 5F).

ML385 attenuates the protective effect 
of Ech on H2O2-induced oxidative damage 
and apoptosis in HLECs

To confirm that Ech could resist H2O2-induced cell dam-
age by activating the Nrf2 pathway, B3 cells were pretreated 
with Ech (50 µM) and ML385 (5 µM) for 12 h, followed 
by exposure to H2O2 (100 µM) for 24 h. The results showed 
that Ech restrained the enhancement of ROS and MDA, 
and weakened SOD and CAT induced by H2O2, whereas 
ML385 abolished the effects of Ech on oxidative stress 
(Fig. 6A–D). Similarly, the anti-apoptotic effects of Ech 
on H2O2-induced B3 cells also could be blocked by ML385 
(Fig. 6E–G). These results reveal that Ech protected B3 
cells against H2O2-induced oxidative injury and apoptosis 
via activation of the Nrf2 pathway (Fig. 7).

Discussion

Oxidative stress has been proven to be an early factor 
in the development of cataracts,19 and drugs that prevent 
this event are needed to resist adverse cellular reactions.20 

Oxidative stress damage refers to the comprehensive ef-
fect of exogenous or endogenous ROS on the cell signal 
transduction system, or to damage to nucleic acids, pro-
teins and lipid molecules.21 Hydrogen peroxide can in-
duce the production of ROS in cells, leading to oxidative 
damage.22 Early studies confirmed that high concentra-
tions of H2O2 in the lens and aqueous humor can cause 
cataracts.23 Exogenous H2O2 treatment is a simple and fea-
sible cell model for studying LEC oxidative damage, which 
can effectively simulate the process of oxidative damage 
in LECs that results in cataracts.24 Therefore, in the pres-
ent study, 100 µM H2O2 was selected as an inducer of oxi-
dative damage in B3 cells.

Previous work has confirmed that the use of antioxi-
dants and certain metabolic receptor agonists can delay 
the occurrence of cataracts.20 For instance, glycyrrhizin, 
a  substance extracted from licorice, prevents sodium 
iodate-induced retinal pigment epithelium and retinal 
injury via the  inhibition of ROS.25 Echinatin has been 
shown to prevent or treat cardiovascular disease, tumors 
and diabetic nephropathy.26–28 Recently, the antioxidant 
properties of Ech have been confirmed.17 Kwak et al.28 
reported that Ech can exert anti-cancer effects by induc-
ing ROS/endoplasmic reticulum stress (ERS)-dependent 
apoptosis. Tian et  al.26 proposed that Ech improves 
myocardial injury caused by ischemia and reperfusion 
by reducing oxidative stress and apoptosis of cardiomyo-
cytes. However, the effects of Ech on the development 
of cataracts remain unclear. In the present study, Ech 
significantly improved the viability of H2O2-treated LECs. 
Simultaneously, Ech pretreatment prevented the produc-
tion of ROS and MDA, and enhanced the activity of SOD 
and CAT in LECs treated with H2O2. These data suggest 
that Ech can effectively prevent oxygen free radicals from 

Fig. 5. ML385 aggravates H2O2-induced oxidative 
damage and cell apoptosis in human lens 
epithelial B3 cells (HLECs)

B3 cells were pretreated with ML385 (5 µM) for 12 h, 
followed by exposure to H2O2 (100 µM) for 24 h; 
the viability of B3 cells was analyzed using the MTT 
assay (A); reactive oxygen species (ROS) (B), 
malondialdehyde (MDA) (C), superoxide dismutase 
(SOD) (D), and catalase (CAT) (E) levels were 
determined using corresponding kits; F. The TUNEL 
assay was used to analyze cell apoptosis;  
*p < 0.05, ****p < 0.0001, #p < 0.05, ##p < 0.01, 
###p < 0.001, ####p < 0.0001.
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entering the lens, and has a protective effect on the oxi-
dative damage of LECs induced by H2O2 by enhancing 
cell viability.

Studies on the prevention and treatment of primary or sub-
sequent cataracts mainly focus on how to control the apop-
tosis of LECs.29,30 Apoptosis is a type of programmed cell 
death different from cell necrosis,31 where the mitochondrial 
apoptotic pathway plays a key role. The Bcl-2 family and 
the caspase family play important roles in the mitochondrial 
pathway.32,33 Bcl-2 family members play a key role in main-
taining the integrity of the outer mitochondrial membrane 
and regulate the release of cytochrome C, which deter-
mines the direction of apoptosis regulation in the apopto-
sis pathway.34 Caspase is a protease system that can lead 
to the disintegration of apoptotic cells, among which cas-
pase-3 is the main executor of apoptosis.35,36 In addition 
to congenital cataracts, the apoptosis of LECs plays a vital 
role in the formation of other types of cataracts. Studies 
have shown that p53-dependent LECs can be induced to un-
dergo apoptosis by ultraviolet radiation, which further leads 
to the formation of cataracts.37,38 Tamada et al.39 found that 
apoptosis in selenite cataracts may be an early event, which 
is reflected in the increase of caspase-3 enzyme activity. 
Similar studies have found that high glucose can also induce 
the apoptosis of LECs, which is essential for the formation 
of cataracts.40,41 Moreover, cataracts are directly related 
to the apoptosis of LECs caused by oxygen free radicals.42,43

It has been reported that antioxidant genes and drugs 
can inhibit the oxidative damage caused by H2O2 by re-
ducing the activity of ROS.44,45 Lens epithelial cells initi-
ate apoptosis-related signal transduction pathways under 
oxidative stress, which mediates the apoptosis of LECs 
and promote the  development of  cataracts. Reactive 
oxygen species promote the entry of cytochrome C into 

Fig. 7. Schematic diagram of the protective effect of echinatin (Ech) 
on H2O2-induced oxidative damage and apoptosis in human lens 
epithelial B3 cells (HLECs)

Fig. 6. ML385 attenuates the protective effect of echinatin (Ech) on H2O2-induced oxidative damage and apoptosis in human lens epithelial B3 cells (HLECs)

B3 cells were pretreated with Ech (50 µM) and ML385 (5 µM; an inhibitor of Nrf2) for 12 h, followed by exposure to H2O2 (100 µM) for 24 h; reactive oxygen species 
(ROS) (A), malondialdehyde (MDA) (B), superoxide dismutase (SOD) (C), and catalase (CAT) (D) levels were determined using corresponding kits; E. The TUNEL 
assay was used to analyze the changes in apoptosis; F. The expression of Bcl-2 and Bax was analyzed using the western blot assay; G. The activity of caspase-3 
was analyzed using a corresponding kit; ***p < 0.001, ****p < 0.0001, ##p < 0.01, ###p < 0.001, ####p < 0.0001, &p < 0.05, &&p < 0.01.
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the cytoplasm by oxidizing the thiol group on the adenine 
nucleotide transporter, and induce the caspase cascade, 
which ultimately leads to irreversible cell apoptosis.46 Wu 
et al.47 reported that the ERS inhibitor, salubrinal, reduces 
the H2O2-induced oxidative stress damage in HepG2 cells 
by inhibiting cell apoptosis. Here, we analyzed the effect 
of Ech on the apoptosis of LECs treated with H2O2. Sim-
ilar to previous reports,48 this study showed that H2O2 
induced the apoptosis of HLECs, which may be an impor-
tant mechanism for the development of cataracts caused 
by oxidative stress. Additionally, Ech reduced the apopto-
sis of HLECs induced by H2O2 treatment. Echinatin also 
inhibited the levels of Bax and caspase-3, and promoted 
the expression of Bcl-2. These results indicate that Ech can 
protect HLECs from apoptosis caused by oxidative stress.

Nrf2 signal transduction is a pivotal mechanism to main-
tain oxidation and antioxidant homeostasis, and to re-
duce oxidative stress damage.49 Normally, Nrf2 is anchored 
in the cytoplasm through Keap1. Nrf2 is dissociated from 
Keap1 and transferred to the nucleus under the stimula-
tion of oxidative stress, phosphorylation or electrophiles.50 
HO-1 and NQO1 are the key downstream factors of Nrf2 
signal transduction, which are very important in protect-
ing cells from the oxidative damage.51,52 Recent studies have 
shown that trimetazidine can delay the formation of age-re-
lated cataracts by regulating the expression of Nrf2 and re-
ducing the production of ROS.53 Whitson et al.54 found that 
LECs lacking glutathione (GSH) depend on the activation 
of the Nrf2 signaling pathway to trigger oxidative stress. 
Moreover, Nrf2 inhibitors may increase the oxidative stress 
of the lens, and Nrf2 inducers can prevent cataract forma-
tion by reducing oxidative stress.55 Therefore, Nrf2 pathway 
activation can be used as a target for the prevention and 
treatment of age-related cataracts induced by oxidative 
stress. In the present study, we found that Ech abolished 
the inhibitory effect of H2O2 on Nrf2 nuclear translocation 
in B3 cells, as well as the expression of HO-1 and NQO1. 
Furthermore, administration of the Nrf2 inhibitor ML385 
could reverse the protective effect of Ech, suggesting that 
the potential antioxidant mechanism of Ech may include 
Nrf2 signal transduction. Importantly, it has been reported 
that Ech can inhibit activation of the NF-κB pathway56 and 
the AKT/mTOR pathway.57 Therefore, the protective effect 
of Ech may also involve other signal pathways, a hypothesis 
that needs further study. In addition, because the poten-
tial toxicity and side effects of Ech and its derivatives are 
still unclear, there is still a lot of research to be performed 
before this drug can be applied in the clinic.

Limitations

The therapeutic effect of Ech should be further identified 
in an animal model of cataracts. In addition, more work 
needs to be done to elucidate its underlying molecular 
mechanisms.

Conclusions

As far as we know, the present study is the first demon-
stration that Ech can protect HLECs from the oxidative 
stress damage caused by the exposure to H2O2. More im-
portantly, Ech pretreatment reduced cell apoptosis induced 
by H2O2, providing new directions in the search for novel 
drugs to prevent and treat cataracts.
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Abstract
Background. The detection of clinically significant antibodies to red blood cell antigens is important for 
the selection of compatible blood for patients. The conventional test tube technique (CTT) is commonly used 
as the gold standard test, but manual testing and visual detection of hemagglutination may produce errors. 
A more recently developed method, the column agglutination technique (CAT), facilitates ease of testing.

Objectives. To investigate the specificity and sensitivity of the CAT compared to the CTT for the screening 
of clinically significant antibodies from the Rh blood group.

Materials and methods. Standard antibodies to the Rh blood group, anti-D, -C and -E, were used as ex-
amples of clinically significant antibodies in transfusion science. The antibodies were serially diluted by two-
fold, then reacted with screening cells with different antigen expression. The hemagglutination reaction 
was investigated using both techniques, and the grades and scores of the reactions were used to analyze 
the sensitivity and specificity of the CTT and CAT.

Results. The CAT had a better sensitivity than the CTT. The lowest antibody dilution of 1:8192 could be 
detected using CAT, while a dilution of only 1:2048 could be detected with CTT. However, the CTT and CAT 
were equal in specificity. The 2 techniques specifically detected all antibodies to the screening cells.

Conclusions. Both the CAT and CTT showed 100% specificity. However, the CAT exhibited more sensitivity 
than the CTT, and can be used in substitution of, or in parallel with, the CTT technique for red blood cell 
phenotyping, antibody screening, identification, and crossmatching.

Key words: column agglutination technique, conventional test tube, antibody screening, Rh antibody, anti-D
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Background

Antibody screening in blood banking is used to detect 
unexpected antibodies to red blood cell antigens other than 
ABO antibodies, known as clinically significant antibodies.1 
These unexpected antibodies include minor blood groups 
antibodies, such as anti-Rh, -MNS, -P, -Lewis, -Kell, -Kidd, 
-Duffy, and -Diego.2 According to the AABB standard for 
Blood Bank and Transfusion Service, antibody screening 
is performed in 2 situations. First, it is used to screen do-
nor blood in order to prevent the passing of unexpected 
antibodies to patients and subsequent hemolytic transfu-
sion reactions (HTRs). Second, antibody screening is used 
pre-transfusion to test a transfusion recipient’s sample.3 
Positive antibody screening results in a donor’s plasma lead 
to the rejection of the plasma unit and, if the transfusion re-
cipient has unexpected antibodies, antibody identification 
and confirmation tests are necessary to select the antigen  
negative blood donor for compatibility testing.4

Unexpected antibodies can be divided into 2 types ac-
cording to the source of  immunization. Alloantibodies 
are produced by patient’s immunization by foreign red 
blood cell antigens encountered through blood transfu-
sion or pregnancy.5 Autoantibodies are produced after 
a patient’s immune system loses tolerance for self-antigens, 
which can occur with age and is associated with several 
diseases.6 Depending upon how immunization occurs, 
unexpected antibodies can also be divided into immune 
type and naturally occurring antibodies. Immune antibod-
ies, such as anti-Rh, -Kidd or -Duffy, are produced after 
immunization through blood transfusion or pregnancy.7 
These antibodies are mostly of the immunoglobulin G 
(IgG) type and react best at body temperature (37°C). 
Naturally occurring antibodies (e.g., anti-Lewis, -P) are 
not produced by immunization by red blood cell antigens, 
but by antigens that are structurally similar to those on red 
blood cells.8 These antibodies are mostly of the IgM type 
and react best at temperatures below body temperature 
(4–22°C). Clinically significant unexpected antibodies are 
also characterized according to their impact on donor red 
blood cells after blood transfusion. Highly significant IgG 
antibodies, such as anti-Rh, react at body temperature, and 
can strongly induce HTRs and produce hemolytic disease 
of the fetus and newborn (HDFN).9 The other type of un-
expected antibodies, IgMs such as anti-I, -M and -N, react 
at low temperatures and normally cause a positive result 
in the direct antiglobulin test without hemolysis.10

Antibody screening is performed by reacting patient’s 
or donor’s serum/plasma with screening cells made from 
pooled Type O cells that have different minor red blood 
cell antigens.11 Unexpected antibodies in the sample will 
bind to the corresponding antigens on the red blood cells 
and directly cause hemagglutination. For the IgG class 
of unexpected antibodies, the addition of secondary anti-
human globulins (AHG) is needed to crosslink the nearby 
sensitized red blood cells.

Different techniques can be used for antibody identifica-
tion and an ideal technique must be able to detect low levels 
of clinically significant antibodies, be easy to perform, and 
have a short turnaround time. The conventional test tube 
technique (CTT) uses a glass test tube as a container for 
the reaction. For this test, the serum sample is mixed with 
screening cells, incubated at room temperature (20–22°C) 
for the detection of IgM antibodies, and then incubated 
at body temperature (37°C) with AHG for the detection 
of IgG antibodies. The CTT is considered the gold stan-
dard for antibody screening, as it is easy to perform and 
it is cost effective.12 However, the grading of hemaggluti-
nation by eye and shaking the test tube by hand requires 
expertise, and false positive and false negatives can occur 
easily depending on individual techniques. The column 
agglutination technique (CAT) is an alternative method 
for antibody screening that uses a  microcolumn gel 
card as a container for the reaction. For this technique, 
the serum sample and cells are transferred and mixed 
in a column gel card, incubated at 37°C, and spun to read 
the hemagglutination reaction by visual inspection or use 
of an automated analyzer. The CAT is easier to carry out, 
more accurate and more precise than the CTT technique.13 
However, due to increased costs and the need for specific 
equipment, the CAT method is typically not used by small 
community hospitals.

Objectives

The aim of this study is to compare the CTT and CAT 
in terms of specificity, accuracy and precision for antibody 
screening. In order to find a suitable technique for the de-
tection of low antibody titers, clinically significant anti-
bodies of the Rh system (anti-D, -C, -E) were investigated.

Materials and methods

Reagents and equipment

Standard antibodies for Rh blood groups, anti-D, anti-C 
and anti-E, and antibody screening cells (lot: 62061) were 
purchased from the  National Blood Centre (Thai Red 
Cross Society, Bangkok, Thailand). The expression of Rh 
antigens on the antibody screening red blood cells used 
in this study is shown in Table 1. The column agglutination 
platform and the AHG/LISS gel cards were commercially 
purchased (Diagnostic Grifols, Barcelona, Spain).

Antibody dilution  
and antibody screening cells

Standard antibodies for Rh blood groups (anti-D, anti-C 
and anti-E) were two-fold diluted up to 1:16384. A total 
of  500  µL of  the  antibodies were serially diluted with 
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an equal volume of 0.9% NaCl (normal saline solution 
(NSS)) using glass test tubes and a mechanical automatic 
pipette. The types of screening cells used were based upon 
expression of the Rh blood group antigens on the cell sur-
face (Table 1). For the inspection of anti-D and anti-C, 
O1 or O2 screening cells were used. For the inspection 
of anti-E, only the O2 screening cells were used.

Antibody screening by CTT

The CTT for antibody screening was performed using 
the indirect antiglobulin test. First, 2 drops of diluted an-
tibody were added to a 10 × 75 mm glass test tube. Next, 
1 drop of a 3% screening cells suspension was added, and 
the solution was mixed and incubated at room temperature 
for 5 min. The tube was then centrifuged at 3000 rpm for 
15 s and gently shaken for the visual inspection of hemag-
glutination. The solution was then further incubated at 37°C 
for 30 min, centrifuged for 15 s, and inspected again for hem-
agglutination. Incubated screening cells were then washed 
3 times with NSS and the supernatant was completely dis-
carded. Two drops of AHG (Thai Red Cross Society) were 
added to the tube to crosslink antibody-sensitized screening 
cells. The solution was then centrifuged for 15 s for the in-
spection of hemagglutination in the AHG phase. The re-
actions were graded and scored according to the standard 
AABB guidelines.14

Antibody screening by CAT

The  antibody screening using CAT was performed 
according to  the  manufacturer’s instructions. Using 
an AHG/LISS microcolumn gel card, 50 µL of 1% screening 
cells in NSS were added, followed by 25 µL of diluted anti-
body. The solution was then incubated at 37°C for 15 min 
in a gel card incubator. The gel card was then centrifuged 
at 900 × g for 9 min using a specific gel card centrifuge. 
Hemagglutination was visually graded, scored and com-
pared with control.

Statistical analyses

This study compared the titer of antibodies that can be 
detected by antibody screening. The antibody titer range 
was the range of the two-fold diluted antibody. The mean 
titer was calculated by averaging the reacted antibody ti-
ters. The mean reaction score was calculated by averaging 
the reaction scores of the antibody tests for the screening 
of D, C or E antigens on screening red blood cells.

The Gaussian distribution of all data sets from the an-
tibody screenings were analyzed with column statistics 
using the D’Agostino–Pearson omnibus normality test. 
The antibody titers detected with the CTT and CAT were 
compared using paired t-tests (parametric, Gaussian dis-
tribution) or Wilcoxon matched-pairs signed-rank tests 
(non-parametric, non-Gaussian distribution). Correlations 
between the CTT and CAT were analyzed using Pearson’s 
correlations (parametric) or Spearman’s correlations (non-
parametric). The correlations between the CTT and CAT 
in the screening of unexpected antibodies were further 
analyzed with 2nd order polynomial (quadratic) to maxi-
mize the goodness of fit of the analyzed data. All statistical 
analyses were performed with a 95% confidence interval, 
p = 0.05, using GraphPad Prism v. 6.01 (GraphPad Soft-
ware, San Diego, USA).

The  sensitivity, specificity, accuracy, and precision 
of the CTT and CAT in the screening of anti-D, anti-C 
and anti-E were calculated using a confusion matrix.15

All methods and results are reported in agreement with 
the Standards for Quality Improvement Reporting Excel-
lence (SQUIRE) guidelines.16

Results

Specificity, accuracy and precision  
of CTT and CAT for antibody screening

The testing of the CTT and CAT for antibody screen-
ing was done by reacting diluted antibodies with screen-
ing cells. The screening cells expressed different antigens 
of  the  Rh blood group, with O1 cells expressing only 
D and C antigens and O2 cells expressing D, C and E an-
tigens (Table 1). The specificity of the antibody screen-
ing techniques was analyzed using the reaction between 
the screening cells and specific antibodies. The CTT and 
CAT both gave positive results for reactions between 
the O1 or O2 cells and anti-D and anti-C (Tables 2,3). 
The 2 techniques also gave negative results for the reac-
tion of O1 and positive results for the reaction of O2, when 
testing with anti-E (Table 4). These results show that both 
the CTT and CAT have equal specificity in the screening 
of clinically significant antibodies to D, C and E antigens. 
Due to the use of E antigen-negative cells in the screening 
test, the specificity of anti-E was also calculated (Table 5). 
The precision of the antibody screening results performed 
by the CAT was consistent when compared to the CTT and 
showed a high accuracy for all tested antibodies (Table 5).

Table 1. Expression of Rh antigens on antibody screening red blood cells

Screening cells
Rh

Wiener D C E c e

O1 R1R1 + + 0 0 +

O2 R1R2 + + + + +



N. Charong, N. Kooltheat, T. Plyduang. High sensitivity detection of Ab by CAT1208

Table 2. Reaction gradings and scores of anti-D screening using CTT and CAT

Anti-D

Dilution 
(titer 

range)

conventional test tube technique
(CTT)

column agglutination technique
(CAT)

reaction grading score reaction grading score

O1 O2 O1 O2 O1 O2 O1 O2

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

1:2 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:4 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:8 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:16 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:32 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:64 3+ 4+ 3+ 3+ 4+ 3+ 10 12 10 10 12 10 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:128 2+ 2+ 2+ 3+ 4+ 3+ 8 8 8 10 12 10 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:256 2+ 2+ 2+ 2+ 4+ 3+ 8 8 8 8 12 10 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:512 2+ 1+ 2+ 2+ 2+ 2+ 8 5 8 8 8 8 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:1024 2+ 1+ 2+ 1+ 1+ 1+ 8 5 8 5 5 5 3+ 4+ 3+ 3+ 4+ 4+ 10 12 10 10 12 12

1:2048 1+ 1+ 1+ 1+ 1+ 1+ 5 5 5 5 5 5 3+ 3+ 3+ 3+ 3+ 3+ 10 10 10 10 10 10

1:4096 0 0 0 0 0 0 2 2 2 2 2 2 2+ 2+ 2+ 2+ 2+ 2+ 8 8 8 8 8 8

1:8192 0 0 0 0 0 0 2 2 2 2 2 2 1+ 1+ 1+ 1+ 1+ 1+ 5 5 5 5 5 5

1:16384 0 0 0 0 0 0 2 2 2 2 2 2 0 0 0 0 0 0 2 2 2 2 2 2

Sum 113 109 113 112 120 114 Sum 143 145 143 143 145 145

Average 111.7 ±2.3 115.4 ±4.2 Average 143.7 ±1.2 144.3 ±1.2

Total (mean reaction score) 227.0 ±2.0 Total (mean reaction score) 288.0 ±2.0

Table 3. Reaction gradings and scores of anti-C screening using CTT and CAT

Anti-C

Dilution 
(titer 

range)

conventional test tube technique
(CTT)

column agglutination technique
(CAT)

reaction grading score reaction grading score

O1 O2 O1 O2 O1 O2 O1 O2

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

1:2 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:4 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:8 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:16 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12 4+ 4+ 4+ 4+ 4+ 4+ 12 12 12 12 12 12

1:32 4+ 3+ 3+ 2+ 2+ 2+ 12 10 10 8 8 8 4+ 4+ 4+ 4+ 3+ 4+ 12 12 12 12 10 12

1:64 3+ 4+ 3+ 2+ 1+ 2+ 10 12 10 10 5 8 4+ 4+ 4+ 4+ 3+ 4+ 12 12 12 12 10 12

1:128 2+ 2+ 2+ 1+ 1+ 1+ 8 8 8 5 5 5 4+ 4+ 4+ 2+ 3+ 2+ 12 12 12 8 10 8

1:256 2+ 2+ 1+ 1+ 1+ 1+ 8 8 5 5 5 5 3+ 4+ 3+ 1+ 2+ 2+ 10 12 10 5 8 8

1:512 1+ 2+ 1+ w+ 1+ 0 5 8 5 4 5 2 2+ 3+ 3+ 0 1+ 0 8 10 10 2 5 2

1:1024 w+ 1+ w+ w+ 0 0 4 5 4 4 2 2 1+ 2+ 2+ 0 1+ 0 5 8 8 2 5 5

1:2048 0 0 0 0 0 0 2 2 2 2 2 2 0 0 0 0 0 0 2 2 2 2 2 2

1:4096 0 0 0 0 0 0 2 2 2 2 2 2 0 0 0 0 0 0 2 2 2 2 2 2

1:8192 0 0 0 0 0 0 2 2 2 2 2 2 0 0 0 0 0 0 2 2 2 2 2 2

1:16384 0 0 0 0 0 0 2 2 2 2 2 2 0 0 0 0 0 0 2 2 2 2 2 2

Sum 103 107 98 92 86 86 Sum 115 122 120 97 104 103

Average 102.7 ±4.5 88.0 ±3.5 Average 119.0 ±3.6 101.3 ±3.8

Total (mean reaction score) 190.7 ±5.7 Total (mean reaction score) 220.3 ±7.4

w+ – weakly positive.
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Sensitivity of CTT and CAT  
for antibody screening

The screening of antibodies using CTT and CAT was 
performed according to the AABB standard protocols.4 
The  reaction of hemagglutination was visually graded 
as negative (0), weakly positive (w+) or positive (1+, 2+, 
3+, 4+). The same reaction was also scored as negative (2), 
weakly positive (4) or positive (5, 8, 10, 12).

The CTT detected anti-D, anti-C and anti-E at the lowest 
dilutions of 1:2048, 1:1024 and 1:2048, respectively. The re-
action scores for the  lowest dilutions of anti-D, anti-C 
and anti-E were 5, 4 and 4, respectively. The total scores 
for hemagglutination for anti-D, anti-C and anti-E were 

227.0 ±2.0, 190.70 ±5.70 and 138.30 ±2.50, respectively 
(Tables 2–4).

The CAT detected anti-D, anti-C and anti-E at the lowest 
dilutions of 1:8192, 1:1024 and 1:4096, respectively. Reac-
tion scores for the lowest dilutions of anti-D, anti-C and 
anti-E were all at 5. The total scores for hemagglutination 
for anti-D, anti-C and anti-E were 288.0 ±2.0, 220.3 ±7.4 
and 152.7 ±4.9, respectively (Tables 2–4).

Column statistics were calculated and the Gaussian dis-
tribution of all data sets was tested. Data from the anti-D 
screening with CTT, and the anti-E screening with CTT 
and CAT, were normally distributed (Table S1). Data from 
the anti-D screening with CAT, and the anti-C screen-
ing with CTT and CAT, were not normally distributed 

Table 4. Reaction gradings and scores of anti-E screening using CTT and CAT

Anti-E

Dilution 
(titer 

range)

conventional test tube technique
(CTT)

column agglutination technique
(CAT)

reaction grading score reaction grading score

O1 O2 O1 O2 O1 O2 O1 O2

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd

1:2 0 0 0 4+ 4+ 4+ 2 2 2 12 12 12 0 0 0 4+ 4+ 4+ 2 2 2 12 12 12

1:4 0 0 0 4+ 4+ 4+ 2 2 2 12 12 12 0 0 0 4+ 4+ 4+ 2 2 2 12 12 12

1:8 0 0 0 4+ 4+ 4+ 2 2 2 12 12 12 0 0 0 4+ 4+ 4+ 2 2 2 12 12 12

1:16 0 0 0 4+ 4+ 4+ 2 2 2 12 12 12 0 0 0 4+ 4+ 4+ 2 2 2 12 12 12

1:32 0 0 0 4+ 4+ 3+ 2 2 2 12 12 10 0 0 0 4+ 4+ 4+ 2 2 2 12 12 12

1:64 0 0 0 4+ 3+ 3+ 2 2 2 12 10 10 0 0 0 4+ 4+ 3+ 2 2 2 12 12 10

1:128 0 0 0 3+ 2+ 2+ 2 2 2 10 8 8 0 0 0 3+ 4+ 3+ 2 2 2 10 12 10

1:256 0 0 0 2+ 2+ 2+ 2 2 2 8 8 8 0 0 0 3+ 4+ 3+ 2 2 2 10 12 10

1:512 0 0 0 1+ 2+ 2+ 2 2 2 5 8 8 0 0 0 2+ 3+ 2+ 2 2 2 8 10 18

1:1024 0 0 0 1+ 2+ 1+ 2 2 2 5 8 5 0 0 0 1+ 2+ 1+ 2 2 2 5 8 5

1:2048 0 0 0 w+ 1+ 1+ 2 2 2 4 5 5 0 0 0 1+ 1+ 1+ 2 2 2 5 5 5

1:4096 0 0 0 0 0 0 2 2 2 2 2 2 0 0 0 1+ 1+ 1+ 2 2 2 5 5 5

1:8192 0 0 0 0 0 0 2 2 2 2 2 2 0 0 0 0 0 0 2 2 2 2 2 2

1:16384 0 0 0 0 0 0 2 2 2 2 2 2 0 0 0 0 0 0 2 2 2 2 2 2

Sum 28 28 28 110 113 108 Sum 28 28 28 119 128 127

Average 28.0 ±0.0 115.3 ±2.5 Average 28.0 ±0.0 124.7 ±4.9

Total (mean reaction score) 138.3 ±2.5 Total (mean reaction score) 152.7 ±4.9

w+ – weakly positive.

Table 5. Sensitivity, specificity, accuracy, and precision of CTT and CAT in the screening of anti-D, anti-C and anti-E

Measure
Conventional test tube technique (CTT) Column agglutination technique

(CAT)

anti-D anti-C anti-E anti-D anti-C anti-E

Sensitivity 0.7857 0.6786 0.7857 0.9286 0.6667 0.8571

Specificity – – 1 – – 1

Accuracy 0.8757 0.6786 0.8929 0.9286 0.6667 0.9286

Precision 1 1 1 1 1 1

Matthews correlation coefficient – – 0.8044 – – 0.866
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(Table S1). Thus, parametric tests were used for data sets 
from the anti-E screenings, while non-parametric tests 
were applied to data sets from anti-D and anti-C screenings.

The  results indicated that CAT had a  significantly 
higher sensitivity than CTT (0.0313 compared to 0.0285, 
respectively, p = 0.0078; Fig. 1A–Fig. 3A).

Titer range, mean titer and mean  
reaction scores of antibodies detected 
using CTT and CAT

The  sensitivity of  the CTT and CAT was compared 
by examining the mean reaction scores, titer ranges and 
the mean titers of detectable antibodies. The CTT had 

mean reaction scores for the screening of anti-D, anti-C 
and anti-E of 227.0 ±2.0, 190.70 ±5.70 and 138.30 ±2.50, 
respectively. The  antibody titer ranges detected using 
CTT for anti-D, anti-C and anti-E were all at 0–16387 
(Tables 2–4). The  CAT had mean reaction scores 
in the screening of anti-D, anti-C and anti-E of 288.0 ±2.0, 
220.3 ±7.4 and 152.7 ±4.9, respectively. The antibody titer 
ranges detected with CTT for anti-D, anti-C and anti-E 
were all at 0–16387 (Tables 2–4). The column agglutination 
technique had a better sensitivity in antibody screening 
than CAT (Fig. 1B–Fig. 3B).

Fig. 1. Sensitivity comparison of the conventional test tube (CTT) and column agglutination techniques (CAT) in the screening of anti-D. Anti-D was  
two-fold diluted from 1:2 to 1:16348 and then screened with O1 and O2 cells using CTT and CAT. The hemagglutination of each reaction was scored. 
A. Sensitivity of CTT and CAT was compared with Wilcoxon matched-pairs signed-rank test; B. Antibody titers ranging from 1-16384 for anti-D detection 
using CTT and CAT were used; C. Correlation between CTT and CAT was analyzed with Spearman’s correlation and non-linear curve fitting

Rs – Spearman’s correlation coefficient; Y – correlation curve in screening of anti-D; R2 – coefficient of determination.

Table S1. Statistical analyses of reaction score in screening of anti-D, anti-C and anti-E using conventional tube test technique (CTT) and column 
agglutination technique (CAT)

Parameter
Scrn. of anti-D Scrn. of anti-C Scrn. of anti-E

CTT CAT CTT CAT CTT CAT

Mean 8.107 10.29 6.810 7.869 7.881 8.905

Standard deviation 4.029 3.148 4.186 4.389 3.986 3.960

Standard error of mean 1.077 0.8414 1.119 1.173 1.065 1.058

Lower 95% CI of mean 5.781 8.468 4.392 5.335 5.579 6.618

Upper 95% CI of mean 10.43 12.10 9.227 10.40 10.18 11.19

D’Agostino–Pearson omnibus normality test

K2 3.087 13.12 6.095 6.398 3.269 3.136

p-value 0.2136 0.0014 0.0475 0.0408 0.1950 0.2085

Passed normality test? (alpha = 0.05) yes no no no yes yes

p-value summary ns ** * * ns ns

Coefficient of variation 49.69% 30.61% 61.48% 55.77% 50.58% 44.47%

* p < 0.05; ** p < 0.01; ns – not significant; Scrn. – screening.
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Differences between CTT and CAT 
in screening for unexpected clinically 
significant Rh antibodies

Differences in the screening of anti-D, anti-C and anti-E 
were observed, as CAT has a higher sensitivity than CTT. 
The screening of anti-D using CAT was significantly dif-
ferent from screening with CTT, with a p-value of 0.0078, 
a Spearman’s rank correlation coefficient of 0.8711 and 
a R-square of 0.8541 (Table 6, Fig. 1C). The screening 
of  anti-C using CAT was significantly different from 
screening with CTT, with a p-value of 0.0313, a Spearman’s 

rank correlation coefficient of  0.9988 and a  R-square 
of 0.9913 (Table 6, Fig. 2C). The screening of anti-E using 
CAT was significantly different from screening with CTT 
with a p-value of 0.0285, a Pearson’s correlation coefficient 
of 0.9234 and a R-square of 0.8919 (Table 6, Fig. 3C).

Discussion

The  CTT is  considered the  gold standard for tests 
in the blood bank laboratory, including for ABO, Rh typing, an-
tibody screening, antibody identification, and crossmatching.5 

Fig. 3. Sensitivity comparison of conventional test tube (CTT) and column agglutination techniques (CAT) in the screening of anti-E. Anti-E was two-fold 
diluted from 1:2 to 1:16348 then screened with O1 and O2 cells using CTT and CAT. The hemagglutination of each reaction was scored. A. Sensitivity of CTT 
and CAT was compared by matched-pairs t-test; B. Antibody titers ranging from 1 to 16384 for anti-E detection using CTT and CAT were used; C. Correlation 
between CTT and CAT was analyzed with Pearson’s correlation and non-linear curve fitting

Rs – Spearman’s correlation coefficient; Y – correlation curve in screening of anti-C; R2 – coefficient of determination.

Fig. 2. Sensitivity comparison of the conventional test tube (CTT) and column agglutination techniques (CAT) in the screening of anti-C. Anti-C was  
two-fold diluted from 1:2 to 1:16348 then screened with O1 and O2 cells using CTT and CAT. The hemagglutination of each reaction was scored. 
A. Sensitivity of CTT and CAT was compared with Wilcoxon matched-pairs signed-rank test; B. Antibody titers ranging from 1 to 16384 for anti-C detection 
using CTT and CAT were used; C. Correlation between CTT and CAT was analyzed with Spearman’s correlation and non-linear curve fitting

Rs – Spearman’s correlation coefficient; Y – correlation curve in screening of anti-C; R2 – coefficient of determination.
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This technique uses only basic equipment, is cost-effective 
and gives significant results in the reading of the reaction. 
In addition, antibodies of both the IgM and IgG classes can 
be detected in a single tube at different temperature phases. 
However, the CTT technique depends on manual testing and 
reading by the eyes, which may be subject to human error, 
especially under a high workload. Moreover, the techniques 
used for tube shaking to resuspend the red cell pellet for ob-
serving agglutination may vary among laboratory staff.

In 1985, Lapierre et al. developed a new technique, CAT, 
for detection of the reaction between red blood cell anti-
gens and antibodies for red blood cell phenotyping.17 This 
method uses a microcolumn packed with gel particles, spe-
cific antibodies, LISS buffer, and Coombs/AHG reagent. 
The Food and Drug Administration (FDA) issued the first 
gel technology license in 1994 to Micro Typing System un-
der the product name ID-MTS Card. The implementation 
of this technique in hospital laboratories and transfusion 
services within 5 years after the release of the first report 
indicated widespread satisfaction with the test.18,19 The CAT 
is particularly useful as it can eliminate many of the vari-
ables associated with manual testing and provides stable 
endpoint agglutination. The CAT also minimizes sample 
preparation as can be performed using an automated ana-
lyzer, and the results can be repeatedly verified.5

The implementation of the CAT for pretransfusion test-
ing was also reported in a community hospital, and indi-
cated an increase in the overall number of antibodies and 
clinically significant antibodies detected with CAT, as com-
pared to CTT, without significant differences in non-specific 

reactions.20 Earlier studies also compared the CAT with 
the  CTT in  terms of  ABO, Rh phenotyping, antibody 
screening, and crossmatching. A strong correlation between 
the CAT and CTT results for both anti-A and anti-B IgG 
titers was reported, but these authors suggested that the re-
lationship between CTT and CAT for the titration of other 
kinds of antibodies should be further analyzed.21 Another 
study also indicated that CAT results showed a high degree 
of concordance with the CTT, suggesting that the CAT could 
be brought into routine use. However, proper training and 
standardization are needed prior to the use of the CAT.22 
In addition, the costs associated with the CAT are increased 
compared to the CTT. In the current study, the cost per test 
for these 2 methods was calculated for a comparison, based 
on the estimated number of tests per day (10 tests/day) per-
formed by a blood bank in a general or community hospital 
(Table 7). Interestingly, the estimated cost for CAT is 100% 
higher than that for CTT. Thus, CAT should not be recom-
mended for routine use in the laboratory. However, using 
the CAT in parallel with the CTT for specific cases, as in-
dicated in Fig. 4, is suggested to reduce the adverse effects 
of transfusion due to the secondary immunization of alloan-
tibody (e.g., delayed hemolytic transfusion reaction (DHTR)).

Although many previous studies have reported 
on the advantages of using the CAT for detecting unex-
pected antibodies in terms of sensitivity and specificity, 
our study showed gaps in the antibody titers that can be 
detected with these methods. Frequently detectable an-
tibodies to the Rh blood group antigens, anti-D, anti-C 
and anti-E, were used as model antibodies, which can be 

Table 6. Differences between conventional test tube technique (CTT) and column agglutination technique (CAT) in screening of unexpected clinically 
significant Rh antibodies

Parameter
Screening of unexpected antibody

anti-D anti-C anti-E

Pared t-test

p-value – – 0.0285

t-statistic – – 2.463

Degrees of freedom (df ) – – 13

Mean of differences – – –0.5119

95% confidence interval – – –0.9608 to –0.06297

R-square – – 0.3182

Pearson correlation coefficient (r) – – 0.9234

p-value – – <0.0001

Wilcoxon matched-pairs signed-rank test

p-value 0.0078 0.0313 –

Sum of positive 0.0 0.0 –

Negative ranks –84.0 –69.0 –

Sum of signed ranks –84.0 –69.0 –

Median of differences –2.0 0.0 –

98.71% confidence interval –5.0 to 0.0 –2.5 to 0.0 –

Spearman’s rank correlation coefficient (Rs) 0.8711 0.9988 –

p-value <0.0001 <0.0001 –
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Fig. 4. Suggested guidelines for using column agglutination technique (CAT) in parallel with conventional tube test technique (CTT) in specific case 
of blood requesting

no

check
transfusion

history

yes column agglutination
technique (CAT)

conventional tube test
technique (CTT)

blood request
for patient

antibody screening
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unexpected
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select donor blood
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compatible
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Table 7. Cost comparison analysis of antibody screening by conventional tube test technique (CTT) and column agglutination technique (CAT)

Equipment/
reagent

CTT CAT

system cost*
[USD/year] system cost*

[USD/year]

Reaction 
container

10 × 75 Glass Test Tube (reusable)
(PYREX VISTA, Corning Inc., Glendale, USA)

(1000 tubes)

380
(0.38/Tube)

AHG/LISS Microcolumn (Disposable) 
(8 reactions/card, 50 cards/box)

(DG Gel Coombs, Grifols, S.A., Barcelona, Spain)
(19 boxes)

5947
(313/Box)

Screening cell
O1, O2 (25 µL/test, 10 mL/bottle/month)

(National Blood Centre, Bangkok, Thailand)
(12 bottles O1, 12 bottle O2)

28.8
(1.2/Bottle)

O1, O2 (25 µL/test, 10 mL/bottle/month)
(National Blood Centre, Bangkok, Thailand)

(12 bottles O1, 12 bottle O2)

28.8
(1.2/bottle)

Anti-human 
globulin reagent

AHG/Coomb’s (50 µL/test, 10 mL/bottle)
(National Blood Centre, Bangkok, Thailand)

(37 bottles)

118.4
(3.2/Bottle)

– –

Low ionic 
strength solution

LISS (100 µL/test, 10 mL/bottle)
(National Blood Centre, Bangkok, Thailand)

(74 bottles)

236.8
(3.2/Bottle)

– –

Incubator
Heat Block

(DVT-2B, BioVision Inc., Milpitas, USA)
360

Microcolumn Card Incubator
(DG Therm, Grifols, S.A., Barcelona, Spain)

1625

Centrifuge
Serofuge

(EBA 280 Serology Decanting Package 5, Andreas 
Hettich GmbH & Co. KG, Tuttlingen, Germany)

4481
Microcolumn Centrifuge

(DG Spin, Grifols, S.A., Barcelona, Spain)
5063

Tube cleaning 
cost

every week (48 ×10 USD) 480 – –

Total 7300 tests/year 6085 7300 tests/year 12663.8

Cost per 1 test 0.83 per 1 test 1.73

Difference
CTT compared to CAT 208.12%

CAT compared to CTT 48.05%

Cost analyzed from product supplied in Thailand. * 10 tests of antibody screening (O1, O2) per day, 7300 tests for 1 year.
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applied in the investigation of DHTR and HDFN in real-life 
situations. While the CAT was significantly comparable 
to the gold standard technique CTT (p < 0.01), the CAT had 
a higher sensitivity than the standard CTT, and the mean 
titer of CAT in the detection of anti-D, anti-C and anti-E 
was significantly higher than CTT (p < 0.01).

Thus, the use of CAT instead of CTT may be better in 
detecting lower-titer antibodies, especially for the clinically 
significant antibodies. In addition, to prevent DHTRs, CAT 
should be carried out for the detection of low-titer antibod-
ies that have been previously detected in a patient, but where 
no agglutination appeared with the CTT. Nevertheless, IgM 
class unexpected antibodies cannot be detected using CAT, 
as this technique does not have the ability to detect anti-
bodies at room temperature. Therefore, in the case of cold 
alloantibody detection, the use of CAT in pre-transfusion 
compatibility testing or crossmatching should be performed 
in parallel with CTT or using the neutral Gel card. Column 
agglutination technique has been reported to estimate anti 
A/B titer in an ABO incompatible kidney transplant, which 
indicated a sensitivity approx. 2.5-fold higher than CTT.23 
However, CAT was not suggested to determine a critical 
titer for anti-D titration, since it showed significantly higher 
titers than the CTT in all samples studied.24

Limitations

The  current study indicates the  superior sensitivity 
of the CAT technique with a wide-gap titer in the detec-
tion of commercially available antibodies to the Rh sys-
tem, compared with the CTT. However, applying the CAT 
to detect the presence of significant unexpected antibodies 
in clinical samples is needed to confirm the advantages 
of the CAT over the CTT. The simpler CAT technique 
minimizes turnaround time and workload while main-
taining standard operation and results, and can easily be 
performed by blood bank laboratory technologists.

Conclusions

The CAT can be used in substitution of, or in parallel 
with, the CTT for the screening of clinically significant 
antibodies (especially those with a low titer) to avoid sec-
ondary immunization of antibodies to minor red blood 
cell antigens after transfusion.
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