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Abstract
The majority of Americans, accounting for 51% of the population, take 2 or more drugs daily. Unfortunately, 
nearly 100,000 people die annually as a result of adverse drug reactions (ADRs), making it the 4th most com-
mon cause of mortality in the USA. Drug–drug interactions (DDIs) and their impact on patients represent 
critical challenges for the healthcare system. To reduce the incidence of ADRs, this study focuses on identifying 
DDIs using a machine-learning approach. Drug-related information was obtained from various free databases, 
including DrugBank, BioGRID and Comparative Toxicogenomics Database. Eight similarity matrices between 
drugs were created as covariates in the model in order to assess their influence on DDIs. Three distinct machine 
learning algorithms were considered, namely, logistic regression (LR), eXtreme Gradient Boosting (XGBoost) 
and neural network (NN). Our study examined 22 notable drugs and their interactions with 841 other drugs 
from DrugBank. The accuracy of the machine learning approaches ranged from 68% to 78%, while the F1 
scores ranged from 78% to 83%. Our study indicates that enzyme and target similarity are the most significant 
parameters in identifying DDIs. Finally, our data-driven approach reveals that machine learning methods can 
accurately predict DDIs and provide additional insights in a timely and cost-effective manner.

Key words: prediction, machine learning algorithms, drug–drug interaction, similarity matrices, biostatistics
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Introduction

A drug interaction occurs when one drug affects another 
drug by increasing or decreasing its effect. The manipu-
lated effect of the drug might cause unwanted and un-
expected side effects. Important pharmacological cycles 
that impact bioavailability, including assimilation, dis-
semination, digestion, and discharge, may be influenced 
by communication.1 Such associations can incorporate is-
sues like the organization of a medication that raises diges-
tive system motility and decreases the retention of other 
medications, as well as the rivalry for a similar plasma 
protein carrier, restraint of the activity of an administered 
medication, or a communication at the discharge level, 
which influences the end of one of the medications.2 Ad-
ditionally, pharmacodynamic interactions may take place 
at the pharmacological level when 2 drugs interact with 
the same protein, at the signal level involving different 
signaling pathways, or at the effector level where different 
pharmacological responses are elicited.3 Hence, it is not 
feasible to identify or predict all drug interactions. How-
ever, it is possible to evaluate and comprehend the most im-
portant features affecting drug–drug interactions (DDIs) 
using the approach proposed in our study. Our method 
provides satisfactory results and insight into which covari-
ates are most used while identifying DDIs.

Three types of approach are mainly implemented to pre-
dict DDI methods using machine learning approaches: 
1) a similarity-based approach, 2) a classification-based 
approach and 3) a text mining approach. Some examples 
of  these methods4 use similarity-based modeling with 
few similarity matrices such as 2D molecular structure, 
interaction profile, target, and side-effect similarities. 
On the other hand,5 some use a large-scale logistic regres-
sion (LR) model to predict potential DDIs. From the chem-
ical–protein interactome (CPI) profile-based similarity 
to MeSH-based similarity, 10 similarities were used.6 Wu 

et al. provided a 3-tiered hierarchical text mining approach 
for Drug-Drug Interaction (DDI) analysis, designed to label 
essential terms, sentences containing drug interactions, 
and pairs of interacting drugs.6 However, text mining was 
not preferred by researchers, as they used classification-
based approach7 to apply a new trend of similarity-based 
methods. Using the idea proposed by Vilar et al., a weighted 
similarity network was developed.2 Similarly, Rohani and 
Eslahchi used a feature matrix with only using one machine 
learning algorithm, a neural network (NN).7 Most of these 
classification-based machine learning algorithms only use 
either a predictor or multiple predictors which are similar 
to other researches with LR. We offer to use more predic-
tors with advanced machine learning algorithms.

Predicting DDIs can be investigated as a binary classifi-
cation problem,7,8 where the dependent variable is the in-
teraction or non-interaction; the goal is to correctly label 
the DDIs. Our method uses feature matrices with classifica-
tion-based machine learning algorithms, not only to com-
pare different algorithms but also to write and create our 
dataset, as explained in Feature matrices section. In Mate-
rials and methods section, we pointed out where the data 
was collected and which databases were used. Additionally, 
we briefly introduced the machine learning algorithms used 
in the paper. Sample feature matrices are shown in Table 1. 
The first 2 columns stand for drug 1 and drug 2 names, 
others represent 8 feature matrices. Each of them, indepen-
dently, shows how similar 2 drugs are based on a specific 
feature. Under the drug name, there is a code that stands 
for the DrugBank ID for that specific drug. It helps to work 
on drugs based on data structures such as split and merge. 
In Table 1, DB00176 stands for fluvoxamine which is a sero-
tonin reuptake inhibitor used to treat obsessive-compulsive 
disorder. Fluvoxamine is also one of the most used anti-
depressants with cardiovascular drugs.9 Therefore, it has 
been chosen for illustration purposes in Table 1. The drugs 
in the 2nd column were chosen randomly. For example, 

Table 1. Sample feature matrices

Drug 1, DrugBank 
ID

Drug 2, DrugBank 
ID Pathway MedDRA Molecular ATC Target Enzyme PPI Disease Y

Fluvoxamine
DB00176

norethisterone
DB00717

0.881 0.171 0.065 0.000 0.010 0.179 0.211 0.172 1

Fluvoxamine
DB00176

candesartan
DB13919

0.885 0.112 0.191 0.000 0.015 0.206 0.174 0.071 1

Fluvoxamine
DB00176

ergotamine
DB00696

0.894 0.145 0.141 0.122 0.018 0.318 0.129 0.237 1

Fluvoxamine
DB00176

aldosterone
DB04630

0.879 0.050 0.090 0.000 0.008 0.152 0.170 0.163 0

Fluvoxamine
DB00176

norfloxacin
DB001059

0.886 0.173 0.141 0.000 0.009 0.328 0.232 0.296 1

Fluvoxamine
DB00176

ropivacaine
DB00296

0.938 0.162 0.188 0.123 0.006 0.336 0.208 0.139 1

MedDRA – Medical Dictionary for Regulatory Activities; ATC – Anatomical Therapeutic Chemical; PPI – protein–protein interaction. The dataset contains 
11 columns, the first 2 are drug names. The next 8 columns are feature matrices that show similarities between 2 drugs in the sense of the concept. 
The final column, Y, shows whether or not 2 drugs are interacting: 1 corresponds to interactions and 0 corresponds to non-interactions.
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DB00717 stands for norethisterone, a progesterone used 
for birth control. The table can read Pathway similarities 
between them as 0.881, Medical Dictionary for Regula tory 
Activities (MedDRA) (side effect) similarities as 0.171, ATC 
similarities as 0.000, enzyme similarities as 0.179, and so on. 
Feature matrices section explains the methods used to com-
pute each column. In the Data analysis section, the methods 
of data analysis are described in detail. The data were fit-
ted using 3 machine learning algorithms and the obtained 
minimum accuracy was 68.64%, the minimum F1 score 
was 78.16% from LR, the maximum accuracy was 78.12%, 
and the maximum F1 score was 83.1% from eXtreme Gradi-
ent Boosting (XGBoost) (Table 2). In Conclusions section, 
the importance of features is explained, and the most im-
portant covariate for explaining DDIs is plotted for trained 
data. Finally, future work is discussed.

Materials and methods

When a patient takes numerous medications, clinical 
DDIs can develop. Clinical toxicity or treatment failures 
can be caused by these DDIs. Therefore, DDI evaluations 
are an important element of medication development and 
the risk–benefit analysis of novel treatments. In their DDI 
guidance documents, regulatory agencies such as the Food 
and Drug Administration (FDA) of the USA, the Phar-
maceuticals and Medical Devices Agency (PMDA) of Ja-
pan, and the European Medicines Agency (EMA) have 
recommended various methodologies (in vitro, clinical, 
and in silico) to examine DDI potentials, which can be uti-
lized with patient management strategies. In this project, 
we conducted non-clinical DDI testing. Therefore, in this 
paper, publicly available databases were used. The follow-
ing databases were used:

• DrugBank: A freely available database that stores drug 
information such as the Anatomical Therapeutic Chemi-
cal (ATC) codes enzymes, transporters and interactions;

• TwoSIDES: A freely available database with informa-
tion about adverse drug reactions, side effects and drug 
indications;

• BioGRID: A public database that stores and dissemi-
nates data on genetic and protein interactions in human 
models and organisms;

• PubChem: A reference database for drug structures;
• UniProt: A database of protein sequences and func-

tions that is open to the public.

Similarity metrics

Distance or similarity metrics were used in a broad range 
of applications, prompting evaluations of their effective-
ness in fields such as texture image retrieval, web page 
clustering and social media event detection.10 The 3 most 
common similarity metrics include the Tanimoto coef-
ficient, the Dice coefficient and the Cosine similarity.

The similarity values obtained using these methods were 
non-negative and included values between 0 to 1, includ-
ing 0 and 1. When there was no similarity, a value of 0 
was selected, and for many similarities, a value of 1 was 
chosen. The formulas compute these metrics and more 
can be found in Bajusz et. al.10 We mainly used Tanimoto 
similarity metrics while computing our feature matrices 
(Equation 1):

 
Tanimoto coefficient = T(A, B) = 

c
a + b – c  (1)

where a is the total number of objects in A, b is the total 
number of objects in B and c is the number of common 
objects between A and B, in which A and B stands for 
the features of drug 1 and drug 2.

Inverse document frequency

In the raw frequency, all terms are given equal impor-
tance.11 However, it  is known that some terms are re-
peated frequently, but they are not as important as once 
thought. Therefore, inverse document frequency (IDF) 
is a metric for determining whether a phrase is common 
or uncommon in a corpus of documents.12 For example, 
after applying IDF for side effect (MedDRA) similar-
ity, in the beginning, all of the reported side effects are 
counted, the number of unique side effects is identified, 
and a frequency table is created. Finally, the IDF of each 
unique side effect is computed using the following formula 
(Equation 2):

 
IDF(t, drugs) = log  

n
df (t, drugs)  (2)

where N is the total number of documents, t denotes the in-
terest, and df(t, drugs) denotes the number of medicines 
with the interest. If a side effect is reported frequently, 
it gets a smaller IDF number because of the natural loga-
rithm of the fraction.

Table 2. Comparison of the methods based on evaluation metrics

Algorithms Accuracy Sensitivity Specificity F1 Score Kappa

Logistic regression 0.6864 0.6837 0.6988 0.7816 0.2641

Neural network 0.7510 0.7501 0.7533 0.8137 0.4154

XGBoost 0.7812 0.7911 0.7613 0.8310 0.5508

XGBoost – eXtreme Gradient Boosting. The largest numbers are bolded.



I. Demirsoy, A. Karaibrahimoglu. Drug–drug interactions with machine learning832

XGBoost

The XGBoost is one of the most preferred classification 
methods. It  is not only computationally fast, but it also 
gives accurate results when compared to some other al-
gorithms.13 The XGBoost is a tree-based algorithm that 
is similar to a decision tree; however, it uses a parallel 
computing feature. The XGBoost uses base/weak learners, 
which are only slightly better than guessing, but combines 
a bunch of the weak learners to create a strong learner, 
which is a form of ensemble learning. It weighs each weak 
learner prediction based on its prediction performance.14 
The XGBoost uses 3 main forms of gradient boosting in-
side the algorithm. The learning rate is contained in gradi-
ent boosting, also known as the gradient boosting machine. 
For the training, test and validation sets, stochastic gradi-
ent boosting operates as a random sub-sample at the row 
and column level (if applicable). Finally, Regularized Gra-
dient Boosting contains both L1, also known as Lasso 
regularization, and L2, also known as Ridge regulariza-
tion. The XGBoost was chosen for this study because of its 
speed and excellent overall performance. The XGBoost 
constructs an ensemble of classification trees (as in clas-
sification and regression tree (CART)). When adding the tth 
tree to the ensemble, the objective function for XGBoost 
can be formulated as follows (Equation 3):

 Obj(θ) = L(θ) + Ω(θ) (3)

where L(θ) denotes the loss function and Ω(θ) denotes 
the regulation function. More details of XGBoost can be 
found in Chen et al.15

Neural network

An NN is a computer program that uses algorithms 
to find patterns in a group of data.16 It resembles the work 
of human brain which tries to find relationships between 
things. In this context, a NN is a type of nervous system 
that can be biological or artificial.

A simple NN contains 3 layers: input, hidden and output. 
A layer is a collection of neurons. Usually, the number 
of hidden layers defines the name of the network. More 
details about NNs can be found in many valuable sources, 
such as the study by Paul and Singh.17 Activation functions 
are a very important part of NNs since they play a critical 
role in learning and understanding non-linear relation-
ships between the input and output signals. The activation 
function in a NN receives a signal from the input, trans-
forms it into an output signal, and sends it to the next layer. 
Except for the output layer, the rectified linear unit (ReLU) 
is a piecewise linear function used as an activation func-
tion because it has constraints on weights. When the value 
is less than 0, it takes 0; otherwise, it takes the obtained 
value.18 There are a few advantages of using ReLUs. Because 
of the constraint, taking the inverse of the function is easy. 
Moreover, ReLU does not activate all neurons, which helps 

in fast computation. For the output layer, sigmoid function 
has been chosen (Equation 4):

 
Sigmoid = S(x) = 

1
1 + e–x  (4)

Sigmoid is mainly chosen because as an output we are 
interested in  interaction (1) and non-interaction (0).19 
In Equation 4, e stands for Euler’s number.

Logistic regression

Logistic regression is a statistical model in which de-
pendent variables are categorical and have only 2 levels, 
such as success/failure and interaction/non-interaction. 
Principally, LR is suitable to  test the hypothesis about 
relationships between a dichotomous response and one 
or more categorical or continuous explanatory variables.

Since LR can accommodate multiple-level categorical 
dependent variables, but we are interested in 2 levels only, 
we defined the basic LR form as follows (Equation 5):

 
logit(Y) = log ( ) = β0 + β1X

π
1 – π

 (5)

where π is the probability of the outcome of interest, β0 
is the intercept, β1 is the slope, and X is an arbitrary ex-
planatory variable.

The LR-fitted line plot has a sigmoid or S-shaped curve 
and misrepresents data when using the linear regression 
line. Hence, LR uses logit, which stands for natural loga-
rithm, to respond to variables. More details on LR can be 
found in the study by Peng et al.20

Feature matrices

The DDI data were collected from different sources. Drug-
Bank database v. 5.6. (https://go.drugbank.com; retrieved 
by June 2020) is a free drug information source that provides 
over 1.3 million accurate and updated DDIs covering all 
FDA- and Health Canada-approved drug sources from drug 
labels and references. Another free source, the Compara-
tive Toxicogenomics Database (http://ctdbase.org/down-
loads/; retrieved June 2020) is used for pathway and disease 
similarity. The TwoSIDES database (http://tatonettilab.org/
resources/nsides/; retrieved June 2020) includes the informa-
tion on adverse effects of the interacting drugs.

The DDI dataset, which was downloaded from Drug-
Bank, was transformed into a matrix with dichotomous 
values [0,1] representing the interaction between 2 drugs. 
The extra columns take values between 0 and 1, which 
shows the similarity between the 2 drugs based on spe-
cific features such as chemicals, enzymes and proteins. 
When it comes to predicting new interactions, our method 
provides DDI predictions using the similarity between 
known DDIs and new drug pairs. Our basic assumption 
is that if drug A has a known interaction with drug B and 

https://go.drugbank.com
http://ctdbase.org/downloads/
http://ctdbase.org/downloads/
http://tatonettilab.org/resources/nsides/
http://tatonettilab.org/resources/nsides/
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the similarity between drug B and new drug C is greater 
than a certain threshold, then drug A will interact with 
drug C. If the 2 drugs are known to interact, and there is an-
other drug that is comparable to one of the drugs in the DDI 
pair, the 3rd drug can cause a DDI.

Feature vectors

One of the most important aspects of any statistical 
learning method is the extraction of a meaningful collec-
tion of features. Classic prediction studies primarily con-
sider topological features. Ding et al. points that machine 
learning-based approaches can be divided into 3 groups.21 
We combined all these types to create a feature matrix that 
contains approaches from all these types. In these types 
of setups, each feature matrix is an explanatory variable. 
Therefore, it would be beneficial to have as many feature 
matrices as possible. After an extensive literature review, 
we found out that creating the following feature matrices 
is feasible and advantageous.

Molecular structure similarity

To begin with, we present a specified collection of chemi-
cals as simplified molecular-input line-entry system (SMILES) 
strings obtained from DrugBank. The  RDKit was used 
to transform the SMILES strings into molecular extended 
connectivity fingerprints (ECFP; Open-Source Cheminfor-
matics Software).22 The two-dimensional Tanimoto similar-
ity measure, also known as the Jaccard similarity measure 
of the fingerprints, was used to calculate the similarity scores 
between 2 drug molecules.

ATC similarity

The World Health Organization (WHO) uses the Ana-
tomical Therapeutic Chemical (ATC) classification sys-
tem, which is a hierarchical classification system that or-
ganizes medications by organ or system. The ATC codes 
were gathered from DrugBank. Rednik’s semantic similar-
ity algorithm was used to compute ATC similarity. This 
type of similarity was evaluated using ATC codes which are 
shown in Fig. 1. The ATC coding system partitions are based 
on the biological system or organ on which they target.

Target similarity

Drug targets, such as specific proteins and nucleic ac-
ids, are a type of biological macromolecule in the body that 
has a pharmacodynamic function through interacting with 
medicines. To predict drug–target interactions (DTIs), sev-
eral researchers used a single similarity measure for medica-
tions and targets, namely chemical structure similarity for 
pharmaceuticals and amino acid sequence similarity for 
targets. Amino acid sequences of the target proteins were 
obtained from the Universal Protein (UniProt) database. 

Then, the method suggested by Bleakley and Yamanishi23 
was used, namely the Smith–Waterman sequence alignment 
score between drug target genes computed with BLOSUM62 
substitution matrix.24 The scores’ geometric means were 
computed to normalize the score, which was obtained after 
aligning each sequence (Fig. 2).

Pathway similarity

A drug’s target proteins are found in a variety of path-
ways, which means that a single drug can affect numerous 
pathways and modify their activities. Pathway information 
on drugs was obtained from the Comparative Toxicoge-
nomics Database.

We combined this information with DrugBank data. 
The IDF was used to assign more weight, and the Tanimoto 
coefficient was utilized to compute pathway similarities 
between pairs of drugs.

Disease similarity

Identifying drug–disease associations is time-consum-
ing and expensive. Information on diseases associated with 
drugs was extracted from the Comparative Toxicogenomics 
Database, in which the diseases associated with drugs were 
used for representing drug molecules. Then, we combined 
disease information with the DrugBank database. Finally, 
IDF was used to assign more weight and Tanimoto similar-
ity was used to compute disease similarity between a pair 
of drugs.

MedDRA similarity

The MedDRA defines medical terminology to enable 
sharing of regulatory information. The terminology is used 
throughout the regulatory process, from pre-market to post-
market, as well as for data entry, consultation, evaluation, 
and presentation. In the feature matrix, MedDRA is used for 
side-effect similarities. The side-effect information is gath-
ered from TwoSIDES, which is a source of polypharmacy 

Fig. 1. The Anatomical Therapeutic Chemical (ATC) classification system
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ADRs for combinations of drugs gathered from FDA Ad-
verse Event Reporting System (FAERS) and the DrugBank. 
We have used IDF weight for the terms and computed Tani-
moto coefficient for similarities between pairs of drugs.

Enzyme similarity

Enzyme similarity was computed using the approach ap-
plied to target similarity. Amino acid sequences of the en-
zyme protein were obtained using the UniProt database, and 
the Smith–Waterman sequence alignment score between 
drug target genes was computed as suggested by Bleakley 
and Yamanishi.23 The geometric mean of the scores was 
calculated to normalize the score obtained from aligning 
each sequence.

PPI similarity

Proteins are in charge of all biological systems in a cell, 
and while many proteins operate on their own, the great ma-
jority of them interact with one another to ensure appropri-
ate biological activity. The protein–protein interaction (PPI) 
network was created, and the closest distance between pro-
teins was computed. Following the suggestions of Rohani 

and Eslahchi,7 the distances were converted to similarity 
measurements using the following equation (Equation 6):

 S(p1, p2) = A×e−D(p1, p2) (6)

where S(p1,p2) is the computed similarity value between 
2 proteins, D(p1,p2) is the shortest path between these pro-
teins in the PPI network, and A was chosen to be 0.9×exp(1). 
Figure 3 presents one-step interactions between proteins 
for illustration purposes.

Data analysis

This paper was intended to investigate major cardio-
vascular drugs and their interactions with other drugs. 
First, we took few well known drugs and their interaction 
to other available drugs. Then we added new drug and its 
interactions with other available. Finally, in the current 
study, we used 22 drugs in drug 1 column.  In the current 
study, we used 22 drugs as drug 1 and 841 drugs as drug 2, 
totaling 18,249 data points after removing duplicates. Sam-
ple data is shown in Table 1. During the analysis, we used 
R v. 4.0.2 software (R Foundation for Statistical Comput-
ing, Vienna, Austria).

Fig. 2. BLOSUM62 – replacement of amino acids
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Checking for multicollinearity is a vital step of data 
analysis. Multicollinearity indicates which independent 
variables are not independent of each other, and whether 
the high correlation between independent variables might 
cause problems with not only fitting but also interpreting 

the results. Therefore, in Fig. 4, the correlation matrix be-
tween 8 feature matrices can be observed. The highest 
correlation is 0.44 between Pathway similarity and Disease 
similarity. This is followed by a correlation 0.38 between 
Enzyme similarity and PPI similarity.

We checked the assumptions using LR and found that 
there were no highly influential outliers in the data. Cook’s 
distance was estimated to verify the finding. Linear rela-
tionships between each explanatory variable and the logit 
of the response variables were checked using the Box–Tidwell 
method. We have fitted a LR model, which contains both 
x and x*log(x) for all of our explanatory variables (x). We then 
added those interactions into a model and fitted it to LR. 
We found out that ATC, target, enzyme, and disease do 
not satisfy linearity assumptions. Their p-values were <2e-
16, <2e-16, <2e-16, and 0.01747, respectively. Later, we cre-
ated new variables using the square of ATC, target, enzyme, 
and disease. However, ATC was not significant. In the end, 
we used the square of the target, enzyme and disease vari-
ables, and the natural log of ATC. We checked all LR as-
sumptions for new variables and did not notice any problems. 
Since we have a large dataset, overfitting was not our primary 
issue. The goodness-of-fit of the LR model was evaluated 
by using Nagelkerke’s R2 from the fmsb R package and ob-
tained a value of 0.2199, showing a moderate relationship. 

Fig. 3. One-step protein–protein 
interactions

Fig. 4. Correlation matrix between explanatory variables
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On the other hand, the model summary presented in Table 3 
shows that all covariates are statistically significant.

Classification problems, especially with binary out-
comes, were labeled as positive or negative. The decision 
was made by using a confusion matrix or contingency 
table, which consist of 4 categories: 1) true positive (TP) 
occurs when the outcome is successfully classified as posi-
tive; 2) true neg ative (TN) occurs when the outcome is suc-
cessfully clas sified as negative; 3) false positive (FP) refers 
to an outcome as positive when the truth is negative; and 
4) false negative (FN) refers to an outcome as negative when 
the truth is positive.  Sensitivity refers to the ability of a test 
to correctly identify events related to a disease. Specificity, 
on the other hand, refers to the ability of a test to reli-
ably detect events that occur in the absence of disease. 
Equations 7–11 has been used to compute these values 
in Table 2.

 
TPR = recall = TP

TP + FN
 (7)

 
FPR = FP

FP + TN
 (8)

 
Precision = TP

TP + FP
 (9)

 
Accuracy = TP + TN

TP+TN+FP+FN
 (10)

 
F1 = 2 × Precision × Recall

Precision + Recall
 (11)

A confusion matrix can be obtained after fitting any 
machine learning algorithm and obtaining predictions 
on the test set. An accuracy of algorithm can be checked 
by computing some measures such as false positive rate 
(FPR) to indicate the fraction of negative groups which are 
incorrectly classified as positive. True positive rate  (TPR) 
indicates the fraction of positive groups that are success-
fully classified as positive. Precision indicates the measure 
of correctly spotted positive events out of the predicted 

positive events. Recall indicates the measure of correctly 
spotted positive events out of all the actual positive events. 
Accuracy indicates the measure of all the correctly spot-
ted events. When the ratio of the positive and negative 
events is close to each other, accuracy is a good indicator 
to consider. Although it is not always the case for equally 
numbered groups, in real datasets, mainly positive and 
negative events are not equal, which indicates imbalanced 
data. Therefore, an F1 score would be useful in the case 
of unequal groups and when FPs and FNs are being con-
sidered, since mislabeling interactions as non-interactions 
might cause patient’s death.

The dataset is split into branches (80% training and 20% 
testing). Three machine learning algorithms were used 
to fit the data in R software using the macOS Ventura 
13.3.1 operating system (Apple Inc., Cupertino, USA). Re-
sults are shown in Table 2. We used the xgboost package 
to fit XGBoost, Keras and Tensorflow packages for fitting 
the NN and, finally, the stats package was used for fitting 
the LR. A 10-fold cross-validation was carried out indepen-
dently for each algorithm to validate our models.

Conclusions

We have used 3 popular machine learning algorithms, 
LR, XGBoost and NN, for solving a classification problem. 
Each method has its strengths and weaknesses. Logistic 
regression is a simple algorithm that is easy to implement, 
interpret and explain. On the other hand, LR has limita-
tions in its ability to capture complex, non-linear relation-
ships between the dependent and independent variables. 
The XGBoost and NN are commonly preferred blackbox 
methods. They have high accuracy and power to handle 
larger datasets but time-consuming hyperparameter tun-
ing and difficult interpretations.

Following the results presented in Table 2, we could say 
that using XGBoost would be a good machine learning 
algorithm in this case. We achieved the highest accuracy 
among all algorithms using XGBoost (78%), which is not 
surprising because, as we pointed out before, XGBoost 

Table 3. Model summary of logistic regression

Parameter df Deviance Resid. Df Resid. Dev p-value (>χ)

NULL − − 14591 19336 −

Pathway 1 25.88 14590 19311 0.0046

MedDRA 1 473.24 14589 18837 0.0000

MolSim 1 1200.67 14588 17637 0.0000

ATCsim_ln 1 251.25 14587 17385 0.0000

Target2 1 323.50 14586 17062 0.0000

Enzyme2 1 275.20 14585 16787 0.0000

PPIsim 1 10.62 14584 16776 0.0022

Disease2 1 10.63 14583 16766 0.0012

df – degrees of freedom; Resid. Df – residual degree of freedom; Resid. Dev – residual deviance.
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uses gradient boosting inside the algorithm. Therefore, 
it is known to retrieve importance scores for each feature. 
In general, significance assigns a score to each feature that 
reflects how useful or important it was in the develop-
ment of the model’s enhanced decision trees. The higher 
the relative relevance of a characteristic, the more often 
it is used to make critical judgments with decision trees. 
After the training, xgb.importance was used to identify 
which features have higher importance.25 Feature selection 
is a widely used approach in machine learning.26,27 Enzyme 
similarity is the most important feature in the model, fol-
lowed by target similarity (Fig. 5). Finally, ATC similarity 
is the least important feature. Thus, even if some papers 
are only focused on molecular similarity, enzyme and tar-
get protein similarities are the most vital features when 
it comes to identifying DDIs.

Kappa is a statistical measure that evaluates the degree 
of agreement between predicted and actual values. It ranges 
from −1 to 1, with 1 indicating perfect agreement, 0 indi-
cating random agreement and −1 indicating complete dis-
agreement. Based on the kappa values reported in Table 2, 
it is apparent that the XGBoost model exhibits the high-
est agreement between predicted and actual values, with 
a kappa value of 0.5508. This finding suggests that the XG-
Boost model is capable of predicting outcomes more ac-
curately than the other 2 models. In contrast, the LR model 
reached the lowest kappa value of 0.2641. The NN model, 
with a kappa value of 0.4154, falls in between the values 
obtained for the XGBoost and LR models. These results 
suggest that the NN model is more accurate than the LR 
model but not as accurate as the XGBoost model in predict-
ing outcomes.

Creating a new feature matrix is computationally requir-
ing more powerful devices; therefore, using excessive fea-
ture matrices to identify DDIs in methods would would be 
interesting to investigate if the purpose is solely for feature 
selection in DDIs. However, we believe that after feature 
selection, the model would end up with 8 or 9 explanatory 
variables, which would be similar to the ones used in this 
paper. Additionally, we compared 3 machine learning al-
gorithms, but every other classification method available 

in R programming could be used. Finally, we used 22 drugs 
as drug 1 and 841 drugs as drug 2 (see Table 1), but it could 
be expanded to larger numbers with more powerful devices 
and extra time, as mentioned earlier. Our method cre-
ates feature matrices from raw data and is still faster than 
many other approaches. The method would be vital for 
scientists in drug development since this is a non-clinical 
and accurate approach. It would also lower Research and 
Development (R&D) expenses of pharmaceutical compa-
nies. A R-shiny app or another automation system can be 
created to obtain probability of DDI interaction for chosen 
drugs. This would help doctors when deciding which drugs 
to prescribe for a given patient.

Supplementary data

The Supplementary file has 22 folders for each drugs 
in a drug 1 column in Table 1. The R codes which is used 
to  fit all 3  machine learning algorithms can be found 
at https://github.com/iDemirsoy/Understanding-DDI-.
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Abstract
Which systemic therapy should be administered following sorafenib failure for patients with advanced 
hepatocellular carcinoma (HCC) is still a debated issue in clinical practice. This study aimed to compare 
regorafenib with nivolumab after sorafenib failure in patients with HCC. MEDLINE via PubMed, Scopus and 
Embase databases were searched for studies published until December 2021. The risk of bias (RoB) was 
evaluated using the Cochrane Collaboration tool for assessing risk of bias in randomized trials. From a total 
of 2120 articles, 3 papers were included in this meta-analysis. We found a statistically significant difference 
in the patient’s objective response rate between the regorafenib and nivolumab groups (odds ratio (OR): 
0.296, 95% confidence interval (95% CI): 0.161–0.544, p = 0.000). A statistically significant difference 
between regorafenib and nivolumab was not found for disease control rate after sorafenib failure in patients 
with advanced HCC (OR: 1.111, 95% CI: 0.793–1.557, p = 0.541) nor the number of progressive disease events 
(OR: 0.972, 95% CI: 0.693–1.362, p = 0.867). Overall survival (OS) and progression-free survival (PFS) were 
not calculable. The heterogeneity of the included data was low. Nivolumab monotherapy appears superior 
to regorafenib after sorafenib failure in patients with advanced HCC.

Key words: hepatocellular carcinoma, sorafenib, regorafenib, nivolumab, meta-analysis
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Introduction

Hepatocellular carcinoma (HCC) is the 6th most com-
mon type of malignancy and the most frequent type of liver 
cancer. It  is also the 3rd leading cause of cancer-related 
deaths worldwide, resulting in nearly 745,000 deaths annu-
ally.1 Hepatitis B virus (HBV), hepatitis C virus (HCV) and 
other non-viral chronic liver diseases leading to cirrhosis 
are the most well-known risk factors for HCC.2 Although 
factors such as alcohol use, diabetes and smoking are also 
considered risk factors for developing HCC, this is  less 
broadly accepted.2,3

Hepatocellular carcinoma is asymptomatic in the early 
stages; thus, most HCC cases are not recognized until 
advanced stages which renders this disease incurable 
in  clinical practice.4 The  best therapy for resectable 
HCC without portal hypertension is surgery.5 In patients 
who were not ideal candidates for resection according 
to the Barcelona Clinic Liver Cancer (BCLC) classifi-
cation, surgical resection was linked to higher survival 
than locoregional or systemic therapeutic strategies.6 
However, the majority of patients with HCC do not ben-
efit from surgery and will ultimately need further medi-
cal treatment. Sorafenib, a small-molecule multikinase 
inhibitor, is the most commonly used systemic therapy 
in patients with HCC. However, it improves the median 
overall sur vival (OS) for no more than 2–3 months.5,7 
Furthermore, at  least half of  the patients who receive 
sorafenib as a treatment fail to respond. The lack of sec-
ond-line treatment for these patients is  thus a serious 
issue.8

Multiple immunologic pathways contribute to  HCC 
development by impairing the antitumor immune sur-
veillance of the host.9 Nivolumab, a Programmed-Death-1 
(PD-1) immune checkpoint inhibitor, has modest single-
agent activity in advanced HCC with a favorable 6-month 
OS rate (72%) and without any significant side effects.10,11 
An objective response rate of 15–20% was achieved using 
nivolumab (as opposed to 2–3% in sorafenib) in patients 
with advanced HCC, irrespective of the line of therapy 
(CheckMate 040 study).12

The hypervascular nature of most HCC tumors and 
the  involvement of multiple angiogenic pathways sug-
gests that these mechanisms may be associated with 
the progression and pathogenesis of HCC.13 Regorafenib, 
an oral multikinase blocker, inhibits the protein kinases 
associated with oncogenesis, metastasis, angiogenesis, 
and tumor immunity.14 Moreover, regorafenib has 
a wider range of inhibitory effects compared to other ty-
rosine kinase inhibitors, and can alter the tumor micro-
environment.15 The RESORCE trial showed that treat-
ment of advanced HCC patients who failed to respond 
to  sorafenib with regorafenib improved median OS 
compared with placebo (10.6 compared to 7.8 months, 
respectively).16

Objectives

This meta-analysis aimed to assess the therapeutic ef-
fects of regorafenib compared to nivolumab after sorafenib 
failure in patients with HCC.

Methods

Data sources and searches

This meta-analysis was performed according to the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.17 An electronic search 
of MEDLINE via PubMed, Scopus and Embase databases 
was performed for studies published until December 
2021. The search terms were “regorafenib,” “STIVARGA,” 
“nivolumab,” “OPDIVO,” “hepatocellular carcinoma,” and 
“HCC”. The search strategy was as follows: TITLE-ABS-
KEY (regorafenib) OR TITLE-ABS-KEY (stivarga) AND 
TITLE-ABS-KEY (nivolumab) OR TITLE-ABS-KEY (op-
divo) AND TITLE-ABS-KEY (hepatocellular AND carci-
noma) OR TITLE-ABS-KEY (hcc) AND (LIMIT-TO (LAN-
GUAGE, “English”)) AND (LIMIT-TO (SRCTYPE, “j”)).

Study selection

The  inclusion criteria for the primary analysis were 
as follows: all clinical trials that were performed on hu-
mans and compared the effects of second-line regorafenib 
therapy with nivolumab therapy after failure of first-line 
sorafenib therapy in patients with advanced HCC. Because 
regorafenib is approved only for HCC patients who have 
tolerated first-line sorafenib, we only included studies 
in which such a criterion was considered. Studies that as-
sessed the effects of either only regorafenib or nivolumab 
therapy (and thus provided no comparison) in advanced 
HCC were excluded. All duplicate, non-English-language 
and animal (in vivo) or cell lines (in vitro) papers were ex-
cluded as well. Independent data collection was performed 
by 2 authors and all potentially relevant citations were 
retrieved in full. These citations were independently evalu-
ated by the same 2 authors for eligibility. Disagreement was 
resolved by consensus or consultation with the 3rd author.

Data extraction

Predesigned electronic forms were used to extract all 
the relevant data from the included articles. Last name 
of the first author, publication year, study design, mean age 
of the patients, sex, Child–Pugh class, study outcome(s), 
and related adverse events (grade III/IV) were extracted 
from the  included studies. The  p-value for complete 
response, partial response, stable disease, objective re-
sponse (complete response + partial response), progressive 



Adv Clin Exp Med. 2023;32(8):839–845 841

disease, disease control rate (complete response + partial 
response + stable disease), objective response rate, and 
odds ratios (ORs) and related 95% confidence intervals 
(95%  CIs) were also extracted. The  primary objective 
of this study was to compare the effects of regorafenib 
compared to nivolumab after sorafenib failure in patients 
with HCC using complete response, partial response stable 
disease, progressive disease, as well as objective response 
rate, and the secondary objective was to compare the side 
effects of these 2 regimens.

Study quality

The risk of bias (RoB) was evaluated using the Cochrane 
Collaboration tool for assessing risk of bias in randomized 
trials. This tool consists of performance, detection, selec-
tion, and attrition assessment, and of reporting bias items.18

Statistical analyses

All statistical analyses were conducted using Comprehen-
sive Meta-Analysis software v. 2 (Biostat Inc, Englewood, 
USA). A fixed-effects model was used to pool the study out-
comes. Median as well as 95% CI and response rates were 
used to report time-to-event data and categorical outcomes, 
respectively. The heterogeneity of the included publications 
was evaluated using χ2 and I2 tests. A value of I2 < 25% was 
considered as low-level heterogeneity. Funnel plots and 

Begg and Mazumdar’s test were not used to assess pub-
lication bias as the number of included studies was lower 
than 10. A two-tailed p-value of less than 0.05 was regarded 
as statistically significant for all comparisons.

Results

Search results

An initial electronic search of the included databases 
yielded a total of 2120 articles; as a first step of their evalu-
ation, 387 duplicate citations were excluded. Accordingly, 
the title, abstract and keywords of the remaining 1733 ar-
ticles were screened. This resulted in the exclusion of a fur-
ther 1700 publications. Finally, the full texts of the 33 re-
maining articles were screened and 3 papers were chosen 
for this meta-analysis (Fig. 1).

General study characteristics

The main characteristics of the included studies are pre-
sented in Table 1. All of the included studies were retrospec-
tive cohort studies. A total of 676 patients were included in this 
meta-analysis, with 140 males and 536 females; 383 patients 
received regorafenib and 230 patients received nivolumab. 
Most patients had a Child–Pugh class of A or B. The etiology 
of HCC was predominantly HBV and HCV.

Fig. 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flowchart of study inclusion (From: Page MJ, McKenzie JE, Bossuyt PM, 
Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews.  BMJ 2021;372:n71. 
doi:10.1136/bmj.n71. More information: http://www.prisma-statement.org/) 
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Regorafenib compared to nivolumab  
after sorafenib failure

Objective response

The objective response rate included complete response 
and partial response. We found a statistically significant 
difference in the patients’ objective response rate between 
the regorafenib and nivolumab groups, with regorafenib 
having a  better response. The  pooled OR was 0.296 
(95% CI: 0.161–0.544, p = 0.000; Fig. 2). The heterogene-
ity of the included articles was low (ϰ2 = 0.10, T2 = 0.000, 
df = 2, I2 = 0.00%, p = 0.951).

Disease control rate

Disease control rate included complete response, par-
tial response and stable disease. No statistically sig-
nificant difference in the patients’ disease control rate 

between the  regorafenib and nivolumab groups was 
found. The pooled OR was 1.111 (95% CI: 0.793–1.557, 
p = 0.541; Fig. 3). The heterogeneity of the included ar-
ticles was low (ϰ2 = 2.70, T2 = 0.041, df = 2, I2 = 26.04%, 
p = 0.259).

Progressive disease

No statistically significant difference between the groups 
based on the number of progressive disease events was 
found; the pooled OR was 0.972 (95% CI: 0.693–1.362, 
p = 0.867; Fig. 4). The heterogeneity of the included articles 
was low (ϰ2 = 1.47, T2 = 0.000, df = 2, I 2 =0.00%, p = 0.478).

Study quality

Due to  the nature of  included studies (retrospective 
cohort studies), none of these publications were random-
ized or blinded. Allocation concealment was not employed 

Table 1. Main characteristics of the included studies (all 3 were retrospective cohort studies)

Study Number 
of patients

Gender 
(male)

Regorafenib 
(nivolumab)

Child–Pugh 
class Etiology Outcome(s) Adverse events

Choi et al., 
202027 436 109 (327) 223 (150) A and B

mainly HBV 
and HCV

Survival outcomes in patients 
treated with regorafenib and 

nivolumab after sorafenib failure did 
not differ significantly.

NM

Lee et al., 
202028 150 28 (122) 102 (48) A, B and C mainly HBV

The use of nivolumab may be 
associated with improved OS and 

better objective response rate 
as compared to using regorafenib.

Both drugs were well 
tolerated.

Kuo et al., 
202129 90 23 (67) 58 (32) A and B

mainly HBV 
and HCV

After sorafenib failure, using 
nivolumab or regorafenib both 
resulted in promising treatment 

outcomes.

The most frequent related 
adverse event was hand 

to-food skin reaction.

Total 676 140 (536) 383 (230) – – – –

HBV – hepatitis B virus; HCV – hepatitis C virus; NM – not mentioned; OS – overall survival.

Fig. 3. Forest plot of standardized mean 
difference (SMD) for the disease control 
rate for regorafenib therapy compared 
to nivolumab therapy in patients with 
advanced hepatocellular carcinoma 
(HCC). The green diamond shows 
the overall pooled effect. Black 
squares indicate the SMD in each 
study. Horizontal lines represent 95% 
confidence interval (95% CI)

Fig. 2. Forest plot of standardized mean 
difference (SMD) for the objective 
response for regorafenib therapy 
compared to nivolumab therapy 
in patients with advanced hepatocellular 
carcinoma (HCC). The green diamond 
shows the overall pooled effect. Black 
squares indicate the SMD in each study. 
Horizontal lines represent 95% confidence 
interval (95% CI)
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in any of the analyzed papers. There was no evidence of at-
trition nor reporting bias in this set of articles (Fig. 5).

Discussion

This meta-analysis found that nivolumab monotherapy 
had an objective response rate superior to regorafenib 
monotherapy after sorafenib failure in patients with ad-
vanced HCC. However, we failed to find a difference in dis-
ease control rate between the 2 groups. Safety analysis 
of these medications could not be performed due to in-
complete data.

Hepatocellular carcinoma has a  poor prognosis be-
cause most patients are diagnosed in the advanced stages 
of  the  disease. These late diagnoses limit the  efficacy 

of locoregional therapies such as transarterial chemoem-
bolization (TACE), radiofrequency ablation (RFA) or he-
patic resection. Accordingly, systemic therapy is the main 
therapeutic strategy in this set of patients.19

The first agent that was approved for systemic therapy 
in  patients with advanced HCC was sorafenib, based 
on the results from 2 randomized, double-blind, phase III 
clinical trials.20,21 Sorafenib is a multi-targeted tyrosine 
kinase inhibitor (mTKI) that largely acts against vascular 
angiogenesis by inhibiting platelet-derived growth factor 
receptor (PDGFR) and vascular endothelial growth fac-
tor receptor (VEGFR). Tumor proliferation is also pro-
hibited by sorafenib through inhibition of Raf-1, B-Raf 
and kinase activity in the Ras/Raf/MEK/ERK signaling 
pathways.22 In 2017, 2 second-line medications, namely 
regorafenib (RESORCE trial) and nivolumab (CheckMate 
040), were approved for the treatment of patients who fail 
to respond to sorafenib as a first-line medication.12,16 Based 
on the RESORCE trial, in which 567 patients were random-
ized to regorafenib (n = 374) or placebo (n = 193) groups, se-
quential treatment with regorafenib after sorafenib failure 
improved OS (hazard ratio (HR) of 0.63 (95% CI: 0.50–0.79; 
one-sided p < 0.001)), and increased both median survival 
(26.0 months compared to 19.6 months) and progression-
free survival (PFS) (3.1 months compared to 1.5 months, 
p  <  0.001). The  most common treatment-related ad-
verse events were hypertension, hand-foot skin reaction 
(HFSR), fatigue, and diarrhea.16 The CheckMate 040 trial 
showed that sequential administration of nivolumab af-
ter sorafenib failure in patients with advanced HCC im-
proved PFS by 4.1 months. In the CheckMate 040 trial, 
the objective response rate was 20% and the disease con-
trol rate was 64%.12 These results were further replicated 
for other anti-PD-1 agents, namely pembrolizumab and 
tislelizumab. Patients with advanced HCC who had pre-
viously been treated with sorafenib both responded well 
to and tolerated pembrolizumab.23 Single-agent tisleli-
zumab also provided a clinically meaningful OS benefit 
over sorafenib, with a favorable safety profile as a first-line 
treatment option for patients with unresectable HCC.24 
Thus, both regorafenib and nivolumab have shown to be 
superior to placebo in HCC patients after sorafenib failure. 
When the results from the RESORCE and CheckMate 
040 studies were compared, it was found that the objec-
tive response in the regorafenib group (11%) was lower 
than in the nivolumab group (19%). Further, the disease 

Fig. 5. Different levels of risk of bias for each item in included studies. 
The risk of bias (RoB) was evaluated using the Cochrane Collaboration tool 
for assessing risk of bias in randomized trials

Fig. 4. Forest plot of standardized 
mean difference (SMD) for progressive 
disease for regorafenib therapy 
compared to nivolumab therapy 
in patients with advanced hepatocellular 
carcinoma (HCC). The green diamond 
shows the overall pooled effect. 
Black squares indicate the SMD in each 
study. Horizontal lines represent 95% 
confidence interval (95% CI)
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control rate for both medications in these 2 studies was 
almost the same (64% for nivolumab compared to 65% 
for regorafenib).12,16 These previous findings are in line 
with the results of our study. However, a question remains 
unanswered: Which treatment should be sequentially ad-
ministered in patients with sorafenib failure?

According to current guidelines, both regorafenib and 
nivolumab are approved only for HCC patients with Child–
Pugh B class. Presently, after sorafenib failure, the only sys-
temic therapy that provides efficacy and has an acceptable 
safety profile for patients with compromised liver function 
(Child–Pugh B class) is metronomic capecitabine.25,26

In a recent retrospective study by Choi et al., 373 pa-
tients with advanced HCC were enrolled, and the efficacy 
of regorafenib (n = 223) or nivolumab (n = 150) mono-
therapy was evaluated after sorafenib failure. That study 
found no significant difference in PFS, time to progression 
(TTP) and OS between these 2 treatment modalities. How-
ever, the objective response rate was significantly higher 
in patients treated with nivolumab than in those treated 
with regorafenib (13.3% compared to 4.0%; p = 0.002). 
Progression-free survival (p = 0.001), TTP (p < 0.001) and 
OS (p = 0.013) were significantly longer in the 59 nonpro-
gressors (patients who achieved complete response, partial 
response or stable disease after first response evaluation) 
following nivolumab administration than in the 104 non-
progressors to regorafenib.27

In  another recent study by  Lee et  al., performed 
on 150 patients (102 received regorafenib and 48 received 
nivolumab), it was found that nivolumab monotherapy 
was associated with a higher objective response rate com-
pared with regorafenib monotherapy (16.7% and 5.9%, 
respectively) in advanced HCC patients. Median OS and 
TTP were not significantly different between the treat-
ment groups.28 Another study by Kuo et al., in which 
90 patients were recruited (32 patients in the nivolumab 
group and 58 patients in the regorafenib group), no dif-
ference was found in the objective response rate, disease 
control rate, OS, and TTP between treatments. Improve-
ments in OS in patients with advanced HCC was simi-
larly observed in treatment modalities.29 The regorafenib 
group had significantly higher rates of treatment-related 
adverse events than the  nivolumab group (68% com-
pared to 37.5%, p = 0.006). The rate of adverse events 
did not significantly differ between treatment modalities 
in the study by Lee et al. (p = 0.34).28 The most common 
adverse events observed in patients who received rego-
rafenib were HFSR (in 23.8% of the patients), diarrhea, 
fatigue, and elevated alkaline aminotransferase (ALT) 
level, while 37.5% of patients who received nivolumab 
experienced a treatment-related adverse events, including 
fatigue in 12.1%, dermatitis in 9.3% and hyperbilirubine-
mia in 6.2%.29 It is unknown if prophylactic/therapeutic 
measures had been applied to prevent or treat these ad-
verse reactions.

Limitations

This meta-analysis was not previously registered and has 
no previously published protocols. It has several shortcom-
ings that should be addressed in future studies. First, this 
meta-analysis was only hypothesis-generating, meaning 
that it was based on the existing data. The main issue with 
the data used in this meta-analysis is that they are from ret-
rospective cohort studies. Due to this, several vital statistics 
could not be determined in the included studies, leading 
to significant bias in the selection of controls. The retro-
spective nature of these studies predisposes them also to se-
lection bias. Furthermore, there is an absence of common 
information on potential confounding factors in the in-
cluded studies. Thus, well-designed randomized clinical 
trials (RCTs) should be conducted to assess and compare 
the effects of regorafenib with nivolumab in patients with 
advanced HCC. Second, only a limited number of stud-
ies were included in this meta-analysis. With the comple-
tion of more research, future meta-analyses should include 
a higher number of publications to address this important 
issue. Third, the included papers were from Taiwan and 
South Korea (Eastern Asian race) and from a single center 
each. This limits the generalizability of the results. Fourth, 
the results of this study may not be generalizable to eti-
ologies other than HBV and HCV, as most of the patients 
in these studies had HCC due to these viruses. This may also 
worsen the prognosis of the disease and response to medi-
cations. Fifth, due to the lack of data, it was impossible 
to obtain accurate information about adverse events that oc-
curred during the study period and perform safety analysis. 
Sixth, if both treatments are available for particular patients, 
regorafenib is more likely to be used after sorafenib failure 
in patients with advanced HCC; this introduces an impor-
tant bias that should be addressed in future studies.

Conclusions

Both regorafenib and nivolumab have been shown 
to exhibit significant therapeutic efficacy compared with 
a placebo in patients with HCC. However, which systemic 
therapy should be administered following sorafenib failure 
for patients with advanced HCC is still unknown. This 
study showed that nivolumab is superior to regorafenib 
in terms of objective response rate after sorafenib failure 
in patients with advanced HCC. However, both treatments 
achieved similar disease control rate. Due to the retrospec-
tive nature of the studies and the limited number of studies 
included in this meta-analysis, future RCTs should be de-
signed to directly determine which treatment is superior.
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Abstract
Background. The relationship between tumor-infiltrating lymphocyte (TIL) levels and the prognosis of pa-
tients with non-small cell lung cancer (NSCLC) who receive neoadjuvant chemotherapy followed by surgery 
is a problem that requires more research.

Objectives. To evaluate the prognostic value of TIL levels in patients with NSCLC who received neoadjuvant 
chemotherapy followed by surgery.

Materials and methods. Patients with NSCLC who received neoadjuvant chemotherapy followed by sur-
gery in our hospital from December 2014 to December 2020 were selected for a retrospective analysis. Sections 
were stained with hematoxylin and eosin (H&E) to evaluate TIL levels in surgically-resected tumor tissues. 
Patients were divided into TIL− (low-level infiltration) and TIL+ (medium- to high-level infiltration) groups 
according to the recommended TIL evaluation criteria. Univariate (Kaplan–Meier) and multivariate (Cox) 
survival analyses were used to analyze the impact of clinicopathological features and TIL levels on prognosis.

Results. The study involved 137 patients, including 45 who were TIL− and 92 who were TIL+. The median 
overall survival (OS) and disease-free survival (DFS) of the TIL+ group were higher than those of the TIL− 
group. The univariate analysis showed that smoking, clinical and pathological stages, and TIL levels, were 
the factors influencing OS and DFS. The multivariate analysis showed that smoking (OS, hazard ratio (HR): 
1.881, 95% confidence interval (95% CI): 1.135–3.115, p = 0.014; DFS, HR: 1.820, 95% CI: 1.181–2.804, 
p = 0.007) and clinical stage III (DFS, HR: 2.316, 95% CI: 1.350–3.972, p = 0.002) were adverse factors af-
fecting the prognosis of patients with NSCLC who received neoadjuvant chemotherapy followed by surgery. 
At the same time, TIL+ status was an independent factor for a good prognosis in OS (HR: 0.547, 95% CI: 
0.335–0.894, p = 0.016) and DFS (HR: 0.445, 95% CI: 0.284–0.698, p = 0.001).

Conclusions. Medium to high levels of TILs were associated with a good prognosis in NSCLC patients who 
received neoadjuvant chemotherapy followed by surgery. The levels of TILs are of prognostic value in this 
population of patients.

Key words: non-small cell lung cancer, overall survival, neoadjuvant chemotherapy, disease-free survival, 
tumor-infiltrating lymphocyte
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Background

Lung cancer is one of the most common malignant tu-
mors in the world and the leading cause of cancer-related 
death.1 Non-small cell lung cancer (NSCLC) is the main 
form of lung cancer. If there are no contraindications and 
the prognosis is good, tumors in patients with stage I or II 
disease can be removed surgically.2 However, due to the low 
popularity of lung cancer screening, most patients with 
NSCLC are diagnosed with locally advanced or metastatic 
disease and lose the opportunity for radical surgery.3

Some studies have shown that preoperative neoadjuvant 
chemotherapy can reduce the staging of some stage III 
NSCLC patients with surgical indications, which increases 
the possibility of complete resection of tumor tissue.4–6 
Chemotherapy changes the tumor immune microenviron-
ment. Cancer patients who receive preoperative neoadju-
vant chemotherapy usually have a high level of T cells, which 
participate in the antitumor processes through a specific 
immune response. Indeed, the immune response has been 
shown to play an important role in the invasion, progres-
sion and metastasis of cancer.7 Previous studies have shown 
that the level of tumor-infiltrating lymphocytes (TILs), such 
as CD8+ T cells, is considered to be an expression of an im-
mune response. Such responses are related to survival rate 
and response to treatment in patients with a variety of solid 
tumors, and have an impact on the overall survival (OS) 
and disease-free survival (DFS) of these patients.8–11 Recent 
studies have demonstrated that patients with NSCLC who 
underwent early surgery had high levels of TILs in tumors, 
which were associated with an improvement in relapse-free 
survival rate and a decreased risk of systemic recurrence.8 
Additionally, Gataa et al. reported an association between 
TILs and the prognosis of patients with advanced NSCLC 
who were receiving immunotherapy.12

Objectives

This study aimed to evaluate the correlation between 
TIL levels and the prognosis of patients with NSCLC who 
received neoadjuvant chemotherapy followed by surgery.

Materials and methods

Patients

The  clinical and pathological data of  patients with 
NSCLC who underwent surgery after neoadjuvant che-
motherapy in the Second Affiliated Hospital of Guizhou 
Medical University (Guizhou, China) from December 2014 
to December 2020 were retrospectively analyzed. The fol-
lowing inclusion criteria were used: 1) patients diagnosed 
with NSCLC through pathological biopsy before neoad-
juvant therapy; 2) patients who had stage I–III NSCLC 

according to the American Joint Committee on Cancer 
Eighth Edition TNM Staging Manual Classifications for 
T2b and T3 NSCLC13; 3) patients whose operations were 
R0 resectioned; and 4) patients whose resected specimens 
were well preserved and could be stained with hematoxylin 
and eosin (H&E). The following exclusion criteria were 
used: 1) patients who received neoadjuvant chemotherapy 
combined with immunotherapy; 2) patients who received 
neoadjuvant immunotherapy.

This research complied with the Declaration of Hel-
sinki. The approval was granted by the Ethics Committee 
of the Second Affiliated Hospital of Guizhou Medical Uni-
versity (approval No. 2020-Ethical Review-03). The risks, 
benefits and goals of  the  study were briefly explained 
to each participant. In addition, all of the individuals gave 
signed informed consent. A total of 164 patients were in-
cluded in the study, though 10 samples could not be used. 
Additionally, there were 8 cases of R1 resection, 4 cases 
of mixed large and small cell types, and 5 cases lost on fol-
low-up. Therefore, 137 cases were included in the analy-
sis. Age of the patients ranged from 33 to 79 years, with 
a median age of 62 years. The last follow-up was in January 
2022, with a median follow-up of 32 months, a median 
DFS of 23 months and an unmet median OS. There were 
45 patients assessed as TIL− (low-level infiltration) and 
92 patients assessed as TIL+ (medium- and high-level 
infiltration).

Tumor-infiltrating lymphocyte assessment

Two pathologists evaluated the TIL level of hematoxylin 
and eosin (H&E)-stained postoperative tumor tissue sec-
tions. The levels of TIL assessed on each slide were used 
to divide patients into TIL− and TIL+ groups. It has been 
reported that low-level infiltration is indicated by a scat-
tered distribution of  lymphocytes in  the  stroma, and 
high-level infiltration by the presence of a large number 
of stromal lymphocytes and lymphocytes infiltrating be-
tween tumor cells.8 Medium-level infiltration is indicated 
by a small number of stromal lymphocytes in the absence 
of tumor nest infiltration.

Response assessment

The primary endpoints included OS and DFS. Overall 
survival was defined as the time from diagnosis until death 
from any cause, and DFS was defined as the time from radi-
cal surgery to disease recurrence or death from any cause.

Statistical analyses

The data were statistically analyzed using IBM SPSS v. 22.0 
software (IBM Corp., Armonk, USA). The general data were 
analyzed using descriptive analysis, and the baseline data 
of patients with various levels of TIL were compared using 
the χ2 test. The Kaplan–Meier curves and log-rank tests 
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were used for the survival analysis. Multivariate Cox propor-
tional hazards (PH) regression modeling was used to analyze 
the risk factors associated with survival. In Cox regression 
analysis, the univariate Cox analysis was initially performed 
on the variables, and then the variables with p < 0.05 were 
further analyzed with multifactor Cox analysis. The sur-
vival plot output (log of negative log), in which the abscissa 
is the log of time and the ordinate is the log of the survival 
function, was visually inspected. The judgment method was 
as follows: if the survival curves were roughly parallel, then 
the PH condition of Cox regression was considered valid; 
if the curves were not parallel and there was a crossover phe-
nomenon, the PH condition was considered not valid. It was 
found that the survival curves of all variables were roughly 
parallel. The evaluation indicators were hazard ratio (HR) 
and 95% confidence interval (95% CI). The value of p < 0.05 
was considered statistically significant.

Results

There was a relationship between levels of TILs and 
clinicopathological features in patients with NSCLC.

Table 1 lists the baseline characteristics of the 137 pa-
tients. Forty-five patients were classified as  TIL− and 
the remaining 92 patients were defined as TIL+. Compared 
with TIL−, more TIL+ patients had a lower pathological 
stage.

Univariate analysis of OS and DFS 
in patients with NSCLC

The univariate analysis showed that lower clinical and 
pathological stages, being TIL+ and never smoking were 
associated with better OS and DFS, as shown in Table 2 
and Fig. 1.

Multivariate analysis of OS and DFS 
in patients with NSCLC

Figure 2 presents the results of multivariate analysis 
on the relationship between clinicopathological variables 
and OS and DFS in patients with NSCLC. In the multivari-
ate survival analysis, being a current or ex-smoker was as-
sociated with poor OS and DFS, and clinical stage III was 
associated with poor DFS. However, TIL+ was a potentially 
positive prognostic factor for OS and DFS.

Discussion

Previous studies have confirmed that neoadjuvant che-
motherapy is beneficial to patients with NSCLC (stage 
IIIA). To some extent, neoadjuvant chemotherapy can 
change the tumor immune microenvironment and the lo-
cal infiltration of tumor cells to effectively achieve patho-
logical decline, improve R0 resection rate, inhibit disease 
progression, improve patient survival rate, and improve 
prognosis.14,15 Mounting evidence shows that there are 
dynamic and complex interactions between TILs and 
other immune and tumor cells, and that these interac-
tions closely controls tumor progression.16

Tumor-infiltrating lymphocyte level is a prognostic fac-
tor in patients with cancer. Indeed, the correlation between 
TIL levels and prognosis has been demonstrated in vari-
ous cancers.8–11 A large-scale study conducted by Feng et 
al. showed that TIL+ patients had better postoperative 
survival results compared with TIL– patients with patho-
logical stage IIIA (N2) NSCLC who underwent complete 
cancer resection (5-year OS of 35.6% compared to 34%).17 
However, there are few reports on the relationship be-
tween TILs and the prognosis of patients with NSCLC 
after neoadjuvant chemotherapy. Therefore, the current 

Table 1. Relationship between TIL levels and clinicopathologic features of NSCLC patients evaluated using the χ2 test

Characteristics Number of patients TIL−, n (%) TIL+, n (%) χ2 p-value

All patients 137 45 (32.8) 92 (67.2) – –

Gender
male

female
86
51

24 (27.9)
21 (41.2)

62 (72.1)
30 (58.8)

2.537 0.111

Age [years]
<60
≥60

54
83

17 (31.5)
28 (33.7)

37 (68.5)
55 (66.3)

0.075 0.784

Smoking status
never smoking

current or ex-smoker
59
78

23 (39.0)
22 (28.2)

36 (61.0)
56 (71.8)

1.756 0.185

Pathological pattern
adenocarcinoma

squamous carcinoma
78
59

24 (30.8)
21 (35.6)

54 (69.2)
38 (64.4)

0.352 0.553

Clinical stages
I–II
III

40
97

12 (30.0)
33 (34.0)

28 (70.0)
64 (66.0)

0.206 0.649

Pathological stages
I–II
III

82
55

20 (24.4)
25 (45.5)

62 (77.6)
30 (54.5)

6.574 0.010

Regimens
PP
GP
TP

62
44
31

17 (27.4)
17 (38.6)
11 (35.5)

45 (72.6)
27 (61.4)
20 (64.5)

1.594 0.451

NSCLC – non-small cell lung cancer; PP – pemetrexed + platinum; TP – paclitaxel + platinum; GP – gemcitabine + platinum; TIL – tumor-infiltrating lymphocyte.
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Fig. 1. Kaplan–Meier analysis 
of overall survival and disease-free 
survival in patients with non-small 
cell lung cancer
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study evaluated TIL levels in the tumor stroma of patients 
with NSCLC who were diagnosed and treated in a single 
medical institution to determine its effectiveness as a prog-
nostic factor for patients with NSCLC undergoing surgery 
after neoadjuvant chemotherapy.

An  intense spectrum of  TIL staining was observed 
in the tumor samples of patients with NSCLC who had 
received surgery after neoadjuvant chemotherapy. More 
than 60% of the samples were considered TIL+, suggest-
ing that high levels of TILs may be more common in pa-
tients with NSCLC who received surgery after neoadjuvant 
chemotherapy. However, the proportion of TIL+ patients 
in our cohort was higher than that found in NSCLC studies 
conducted by Horne et al., who used the same TIL evalu-
ation method.8 This could be attributed to the fact that 

neoadjuvant chemotherapy improves the tumor immune 
microenvironment, thereby increasing the density of TILs. 
Nonetheless, despite the possibility that the proportion 
of TIL+ patients and the neoadjuvant chemotherapy may 
be related, it is important to note that there was no sig-
nificant relationship between the TIL+ ratio and the neo-
adjuvant chemotherapy regimen. Studies have shown that 
there is a lower proportion of TIL+ patients in the cancer 
population with higher stages of the disease.16

The results of this study showed that the proportion 
of TIL+ patients in pathological stage I–II (77.6%) was 
significantly higher than it was for pathological stage III 
(54.5%), while TIL+ status was not related to gender, age 
stratification, smoking status, or  clinical stage, as has 
been reported by others.16–18 A study on NSCLC reported 

Fig. 2. Multivariate Cox regression analysis represented by a forest plot

TIL – tumor-infiltrating lymphocyte; HR – hazard ratio; 95% CI – 95% confidence interval.

Table 2. Univariate analysis of OS and DFS in patients with NSCLC using the log-rank test

Characteristics
OS DFS

MST [months] 5-year [%] χ2 p-value MST [months] 5-year [%] χ2 p-value

Gender
male

female
39
38

28.6
23.2

0.215 0.643
27
28

22.2
10.8

0.211 0.646

Age [years]
<60
≥60

50
36

30.5
26.8

1.550 0.213
29
27

21.8
15.0

1.059 0.303

Smoking 
status

never smoking
current or ex-smoker

56
36

35.9
20.7

4.018 0.045
34
23

17.3
16.4

4.378 0.036

Pathological 
pattern

adenocarcinoma
squamous carcinoma

38
39

30.9
26.0

0.003 0.952
25
30

17.3
18.7

0.419 0.517

Clinical 
stages

I–II
III

46
36

46.7
18.5

4.864 0.027
37
19

43.7
7.75

15.098 <0.001

Pathological 
stages

I–II
III

39
32

30.6
22.6

5.587 0.018
32
16

24.3
8.24

13.389 <0.001

Regimens
PP
GP
TP

36
50
39

32.7
30.9
29.6

0.924 0.630
23
25
32

12.3
25.3
20.2

1.778 0.411

TIL levels
TIL−
TIL+

36
50

11.4
34.3

6.747 0.009
17
31

0.00
24.2

15.414 <0.001

NSCLC – non-small cell lung cancer; OS – overall survival; DFS – disease-free survival; MST – median survival time; TIL – tumor-infiltrating lymphocyte.



Z. Hou et al. TIL and NSCLC852

that TILs had a higher infiltration frequency in  squa-
mous cell carcinoma due to the heterogeneity of tumor 
types.19 Notably, we observed that TIL+ results were not 
related to the histological type of NSCLC. This may be 
due to the  large number of adenocarcinomas included 
in the study or the different genetic backgrounds of the pa-
tients. However, these findings should be considered and 
validated in future TIL studies.

Our data showed that a TIL+ status improved the sur-
vival rate of patients with NSCLC who received surgery 
after neoadjuvant chemotherapy. This indicates that pa-
tients with high TIL levels may have a strong immune 
response to the tumor, resulting in a better prognosis. 
A study that evaluated the TIL levels in tumor tissues sur-
gically removed from 537 patients with stage I–III NSCLC 
found that the TIL level in tumor tissues was closely re-
lated to OS (HR: 0.51, 95% CI: 0.32–0.82) and DFS (HR: 
0.34, 95% CI: 0.19–0.64), and a higher TIL level was an in-
dependent indicator of a good prognosis.20 A similar result 
was obtained from the multivariate analysis in our study. 
In addition, higher levels of TIL in NSCLC are related 
to a better prognosis, which was confirmed in another 
comparative study.21 However, in  our study, variables 
in the multivariate analysis were derived from the univari-
ate analysis. Therefore, whether gender, pathological type 
or other variables play a role in prognosis in multivariate 
analysis is still unknown and should be given attention 
in future studies.

The antitumor mechanisms of TILs described by recent 
studies may include the following: 1)  lymphocytes me-
diate cell lysis and apoptosis by inhibiting the prolifera-
tion of regulatory T cells, increasing interferon gamma 
(IFN-γ) secretion and reducing the secretion of transform-
ing growth factor beta (TGF-β), interleukin 10 (IL-10) 
and IL-17. This pathway can kill target cells by releasing 
particles or through a direct cell contact22; 2)  lympho-
cytes bind to suicide-related factors on target cells, which 
mediates apoptosis23; 3) perforin or granzyme-mediated 
apoptosis.24 Although this study demonstrated that high 
levels of TILs improved the prognosis of patients with 
NSCLC who underwent surgery after neoadjuvant che-
motherapy, the challenges in the analysis of prognoses,25,26 
such as the activation status of TILs and their location and 
density in the tumor, still remain. Previous studies found 
that CD8+ T cells were more likely to play an antitumor role 
in tumors than in the matrix.26 Also, when CD8+ T cells 
are in a state of inhibition, focusing only on the number 
of cells may result in different conclusions.

In addition to the TIL level, the multivariate analysis sug-
gests that a history of smoking and a higher clinical stage 
may indicate a poor prognosis for patients with NSCLC 
who received surgery after neoadjuvant chemotherapy. 
Recent studies have also shown that NSCLC patients with 
higher smoking rates and those at advanced stages of dis-
ease have lower OS.27 The results of a large prospective co-
hort study by Fujiyoshi et al. showed that for TIL− cancers, 

the correlation between smoking status and colorectal 
cancer mortality was stronger when diagnosing colorectal 
cancer, indicating that there may be an interaction between 
smoking and the lymphocyte response in the colorectal 
cancer microenvironment.28 However, whether this rela-
tionship exists in NSCLC patients who received surgery 
after neoadjuvant chemotherapy remains unclear and fur-
ther studies are required.

Limitations

There were certain limitations to the present study. First 
of all, this was a single-center study. Similar studies should 
be conducted in the future to further verify the accuracy 
of the findings. In addition, because this was a retrospec-
tive study of outcomes related to a subjective assessment 
of pathological variables, we cannot be fully confident about 
the effects of TILs in patients with early-stage NSCLC.

Conclusions

This study confirmed that TILs in surgical specimens 
from NSCLC patients treated with neoadjuvant chemo-
therapy may be associated with prognosis. Therefore, low 
levels of TILs in tumor tissue sections after an operation 
indicate a poor prognosis, and the number of postoperative 
adjuvant chemotherapy should be strengthened, to im-
prove the therapeutic effect and prolong patients survival.
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Abstract
Background. Relapsed/refractory (r/r) central nervous system lymphoma (CNSL) exhibits aggressive 
behavior and poor outcomes. As an effective bruton tyrosine kinase (BTK) inhibitor, ibrutinib yields benefits 
in B-cell malignancies.

Objectives. We aimed to explore the efficacy of ibrutinib in treating r/r CNSL patients, and whether genomic 
variants impact treatment outcomes.

Materials and methods. The ibrutinib-based regimens in 12 r/r primary CNSL (PCNSL) and 2 secondary 
CNSL (SCNSL) patients were analyzed retrospectively. The impact of genetic variants on the effects of treat-
ments was examined using whole-exome sequencing (WES) technology.

Results. In PCNSL, the overall response rate was 75%, with median overall survival (OS) not reached (NR) 
and progression-free survival (PFS) of 4 months. Both SCNSL patients responded to ibrutinib, with median 
OS NR and PFS of 0.5–1.5 months. Infections were common during ibrutinib therapy (42.86%). The PCNSL 
patients harboring gene mutations in PIM1, MYD88 and CD79B, and the proximal BCR and nuclear factor 
kappa B (NF-κB) pathways responded to ibrutinib. Patients who harbored simple genetic variants and those 
with a low tumor mutation burden (TMB; 2.39–5.56/Mb) responded swiftly and maintained remission for 
more than 10 months. A patient with a TMB of 11/Mb responded to ibrutinib but continued to experience 
disease progression. In contrast, patients with complex genomic features, especially extremely high TMB 
(58.39/Mb), responded poorly to ibrutinib.

Conclusions. Our study demonstrates that ibrutinib-based therapy is effective and relatively safe for 
the treatment of r/r CNSL. Patients with less genomic complexity, especially with regard to TMB, might 
benefit more from ibrutinib regimens.

Key words: ibrutinib, tumor mutation burden, central nervous system lymphoma, relapsed/refractory, 
genomic variants
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Background

Central nervous system lymphoma (CNSL) is a  type 
of extra-nodal lymphoma that most commonly manifests 
as primary CNSL (PCNSL) and secondary CNSL (SCNSL). 
Primary CNSL is a rare and aggressive type of lymphoma, 
95% of which are diffuse large B cell lymphoma (DLBCL),1 
while SCNSL refers to systematic DLBCL that has spread 
to the CNS. The backbone of PCNSL treatment is high-
dose methotrexate (HD-MTX) in combination with other 
agents.2 However, due to  the  blood–brain barrier and 
the special immune microenvironment of the CNS, CNSL 
tends to show more aggressive behavior than systematic 
DLBCL, resulting in a poorer prognosis for relapsed/refrac-
tory (r/r) patients under standard treatments.3

Bruton tyrosine kinase (BTK), which mediates signals 
from the B-cell antigen receptor (BCR), toll-like receptor 
(TLR) and downstream pathways, plays an irreplaceable role 
in the survival of B cells.4 In recent years, the first-generation 
BTK inhibitor ibrutinib has been used to treat CNSL,5 yield-
ing promising results with an acceptable safety profile across 
its combination regimens and single-agent-targeted therapy 
for r/r CNSL. For patients who fail to respond to traditional 
treatments,6–9 this offers a great alternative treatment option.

Although mutations of MYD88 and CD79B are widely ac-
cepted as hallmarks of DLBCL in immune-privileged sites 
due to their key roles in the BCR and TLR signaling pathways, 
there has been no consensus regarding their effects on ibru-
tinib treatment.10,11 Some studies have claimed that CD79B 
mutations weaken the response to BTK inhibitors,9 while oth-
ers have reported that MYD88, CD79B or BCR pathway mu-
tations have no effects on the tumor response to ibrutinib.7,8

Based on the distinct molecular subtypes of DLBCL,12 
a massive prospective study has recently demonstrated that 
100% of MCD or N1 subtype DLBCL cases responded to R-
CHOP regimes combined with ibrutinib rather than pla-
cebo.13 This highlights the significant likelihood of a po-
tential relationship between genome variants and BTK 
inhibitor response.

Objectives

In this single-center retrospective study of a CNSL co-
hort, we aimed to evaluate the effectiveness and side effects 
of  ibrutinib-based regimens, and uncover relationships 
between clinical outcomes and genomic variants.

Materials and methods

Patients

The r/r CNSL patients who started ibrutinib-based regi-
mens at Huashan Hospital (Shanghai, China) from 2018 
to 2020 were enrolled in this single-center retrospective 

study. The study included 12 r/r PCNSL and 2 r/r SCNSL 
patients. All patients received enhanced brain magnetic 
resonance imaging (MRI), whole-body positron emis-
sion tomography (PET) or computed tomography (CT) 
scans, cerebral spinal fluid evaluation, and bone marrow 
aspiration to determine whether they had primary or sec-
ondary CNSL. The responses to treatments were evalu-
ated according to the International PCNSL Collaborative 
Group (IPCG) guidelines.14 The National Cancer Institute 
Common Terminology Criteria for Adverse Events (v. 5.0) 
were used to assess adverse events (AEs) during ibrutinib 
therapy. This retrospective cohort study was approved 
by the Institutional Review Board of Huashan Hospital 
(Shanghai, China; approval No. KY2020-879). The study 
complies with the  Declaration of  Helsinki (as  revised 
in 2013). Informed consent was obtained individually from 
the included patients.

Whole-exome sequencing  
and data processing

Exon regions were captured using SureSelect Exome ar-
rays (Agilent Technologies, Santa Clara, USA) and sequenced 
with Hiseq System (Illumina, San Diego, USA). Paired-end 
fastq reads were mapped to University of California Santa 
Cruz (UCSC) human genome hg19 using BWA software 
(https://hpc.nih.gov/apps/bwa.html).15 Mutations were called 
by the Genome Analysis Toolkit (GATK v. 4.1.2) and Mutect 
(v. 2) workflow (Broad Institute, Cambridge, USA).16 All muta-
tions were annotated by ANNOVAR software (http://annovar.
openbioinformatics.org).17 Facets software was used to calcu-
late somatic copy number variation (CNV).18 The R package 
“sigminer” (R Foundation for Statistical Computing, Vienna, 
Austria) was applied to analyze mutation signature.19

Pipeline filtering paired tumor samples had the  fol-
lowing characteristics: 1) at  least ×10 coverage, variant 
allele frequency (VAF) ≥ 5% and altered reads ≥3; 2) all 
variants had less than 0.0025 VAF in a matched normal 
sample; 3) variants located in exon or splice were retained; 
4) nonsynonymous somatic nucleotide variant (SNV) was 
required; 5) variants with a frequency over 1% in 1000G 
in the East Asian or East Asian of Genome Aggregation Da-
tabase (gnomAD_EAS) sites20,21 and not listed in the COS-
MIC v. 92 database were excluded.22

The  criteria for formalin-fixed paraffin-embedded 
(FFPE) samples were: 1) variants with at least ×20 cover-
age, VAF ≥ 5% and altered reads ≥3; 2) for variants reads 
ranging ×10–20, VAF must be higher than 0.2; 3) variants 
located in exon or splice were retained and nonsynony-
mous SNV was required; 4) germline variants were filtered 
including a) variants with a frequency over 1% in both 
1000G East Asian or gnomAD_EAS sites, and b) sites not 
included in COSMIC v. 92 but in the single nucleotide 
polymorphism database (dbSNP)150 or with VAF ≥ 80%; 
and 5) C > T and G > T base substitution with VAF < 15% 
were filtered out to avoid artifacts brought by formalin.23,24

https://hpc.nih.gov/apps/bwa.html
http://annovar.openbioinformatics.org
http://annovar.openbioinformatics.org
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Statistical analyses

To reflect the general survival and disease improvement, 
overall survival (OS) and progression-free survival (PFS) 
were both calculated. Overall survival was measured from 
the initiation of ibrutinib therapy until discontinuation 
or death. Progression-free survival was defined as the time 
elapsed from the initiation of ibrutinib therapy until dis-
ease progression, according to MRI assessment. Since 
the sample size was small in this cohort, the 95% con-
fidence interval (95% CI) of overall response rate (ORR) 
was estimated using the Clopper–Pearson method, which 
works when np  >  5 or  n(1−p)  >  5 (where n  –  number, 
p – probability).25,26 The OS and PFS rates with 95% CIs 
were calculated using the Kaplan–Meier method.8,9

Results

Characteristics of r/r patients treated 
with ibrutinib-based therapy

To investigate the clinical benefits of the BTK inhibitor, 
14 r/r CNSL patients treated with ibrutinib-based regimens 
were enrolled in this single-center study (12 PCNSL and 
2 SCNSL patients). The basic characteristics of these pa-
tients are listed in Table 1. The median age was 58 years 
at diagnosis (37–80 years), with 6 patients (42.86%) aged 
over 60 years. In the PCNSL cohort, 66.67% were refrac-
tory patients. Both SCNSL patients experienced recurrent 
disease. All patients received a median of 3 lines of therapy 
(range: 2–4) before being prescribed ibrutinib (Fig. 1A). 
In the PCNSL cohort, HD-MTX was administered to all 
12 patients, rituximab to 10 patients and radiotherapy 
to 5 patients. Both SCNSL patients received prior R-CHOP 
treatment. Combined with ibrutinib, 11 PCNSL and both 
SCNSL patients were treated with HD-MTX-based chemo-
therapy. One PCNSL patient (PCNSL #11) was not eligible 
for HD-MTX-based chemotherapy due to MTX-related 
myelosuppression, and was given ibrutinib combined with 
cytarabine. In the PCNSL cohort, the median time from 
the last treatment to ibrutinib initiation was 1.5 months 
(range: 0.5–5 months). For the 2 SCNSL patients, the in-
terval was 2.5 months and 3.5 months, respectively.

Response to ibrutinib-based treatment

The initial dose of  ibrutinib was 420 mg/day, and for 
4 patients this was later increased to 560 mg/day to ad-
dress progressive disease. Sulfamethoxazole was admin-
istered to prevent infections during ibrutinib treatment. 
Therapeutic responses were evaluated at a median follow-
up time of 6.5 months (range: 2.5–21 months). Among 
the 12 PCNSL cases, 6 patients achieved complete remis-
sion/unconfirmed complete remission (CR/CR(u); 50%) and 
3 patients achieved partial remission (PR; 25%) at their best 

responses (Fig. 1A), yielding an ORR of 75% (9/12; 95% CI: 
42.81–94.51%). Both SCNSL patients achieved CR/CR(u) 
during ibrutinib-based therapy, but the possibility of ca-
suistic information brought by  2  cases only cannot be 
excluded. Median OS was reached neither in PCNSL nor 
in SCNSL, as no death occurred during ibrutinib treatment. 
Median PFS was 4 months (range: 1–17 months, 95% CI, 
1.5 months – not reached) in PCNSL. Progression-free 
survival for the 2 SCNSL patients was 1.5 months and 

Table 1. Baseline characteristics of relapsed/refractory (r/r) patients before 
ibrutinib treatment

Characteristics Values

Age [years]

median 58

range 37–80

≥60 6 (42.86%)

Gender, n (%)
male 10 (71.43)

female 4 (28.57)

ECOG (range) 1 (1–2)

Status from 
previous 
treatment, 
n (%)

primary CNS lymphoma 12 (85.71)

refractory 8 (66.67)

recurrent 4 (33.33)

secondary CNS lymphoma 2 (14.28)

refractory 0

recurrent 2 (100)

CNS 
involvement, 
n (%)

brain 14 (100)

eye 1 (7.14)

cerebrospinal fluid 1 (7.14)

spinal cord 1 (7.14)

Previous 
regimens,  
n (%)

primary CNS lymphoma 12

HD-MTX 12 (100)

rituximab 10 (83.33)

radiation 5 (41.67)

WBRT 4 (80)

stem cell transplant 3 (25)

secondary CNS lymphoma 2

R-CHOP 2 (100)

stem cell transplant 1 (50)

radiation 1 (50)

Median number of prior treatments (range) 3 (2–4)

Ibrutinib-based 
treatments, 
n (%)

primary CNS lymphoma 12

HD-MTX 11 (91.67)

rituximab 3 (25)

chemotherapy 4 (33.33)

secondary CNS lymphoma 2

HD-MTX 2 (100)

rituximab 1 (50)

chemotherapy 1 (50)

ECOG – Eastern Cooperative Oncology Group; HD-MTX – high-dose 
methotrexate; CNS – central nervous system; WBRT – whole-brain 
radiotherapy.
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Fig. 1. Response to ibrutinib-based treatment in relapsed/refractory (r/r) primary central nervous system lymphoma (PCNSL) patients. A. Previous regimens 
before ibrutinib and best responses to ibrutinib-based treatments. Blue diamonds of each column in the light panel indicated therapies experienced 
(the corresponding column name). Negative bars represent tumor volume shrinkage; B. Response to and duration of ibrutinib-based treatment in a r/r CNSL 
cohort (n = 14) based on first disease evaluation. The colors of the bars represent the results of tumor assessment. The symbols represent different ibrutinib 
usage; C. Top gene mutations (over 30%) in PCNSL; D. Mutation profile of the B-cell antigen receptor (BCR) and nuclear factor kappa B (NF-κB) pathways. 
Each row represents 1 gene and each column represents 1 sample. Types of variants are indicated by different colors of each diamond

SCNSL – secondary central nervous system lymphoma; MTX – methotrexate; chemo – chemotherapy; R – rituximab; Rem – surgical removal; RT – radiation 
therapy; BMT – bone marrow transplantation; Lena – lenalidomide; CR – complete remission; CR(u) – complete remission unconfirmed; PR – partial 
remission; SD – stable disease; PD – progressive disease; TMB – tumor mutation burden.
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0.5 months, respectively. In the PCNSL cohort, the me-
dian time to  achieve response was 1.5  months (range: 
1–6.5 months). For the 2 SCNSLs, it took 4 and 5 months 
to respond, respectively. During the entire follow-up period, 
1/3 of the PCNSL cases and 1 SCNSL case experienced 
progressive disease (PD) after achieving response. Ibrutinib 
therapy for the 2 PCNSL cases was continued until the end 
of follow-up. No influence of previous regimens on the ef-
fects of ibrutinib were observed after combin ing the clinical 
information before and after the BTK in hibitor for each pa-
tient (Fig. 1A). Causes that warranted ibrutinib discontinu-
ation included infections (PCNSL #1, #4, #10), economic 
reasons (PCNSL #2, #6, #8) and disease progression (PCNSL 
#3, #10, #11, #12; SCNSL #1, #2). The evaluation of every 
patient’s response during follow-up is presented in Fig. 1B.

Adverse events after ibrutinib-based 
treatments

As PCNSL is more commonly found in elderly patients, 
special attention was paid to AEs related to ibrutinib in clin-
ical practice. All AEs that happened in this cohort are listed 
in Table 2. A total of 14 episodes of grade 3 events were 
observed. Anemia and low platelet count were the most 
common AEs (57.14%). Six patients experienced lung infec-
tion, 4 of whom were diagnosed with a fungal infection. 

Three patients discontinued ibrutinib due to persistent 
infections. One patient withdrew from ibrutinib therapy 
due to pancytopenia. Other events that occurred in over 
20% of patients included a decreased blood cell count (white 
blood cells and lymphocytes), metabolic disorders (Ca2+, K+ 
and glycemia) and liver insufficiency (increased gamma-
glutamyl transpeptidase (GGT) and alkaline phosphatase 
(ALP)). Neither grade 4 AEs nor atrial fibrillation events 
were observed during ibrutinib treatment.

Effects of genetic alterations  
on ibrutinib therapy

Available whole-exome sequencing (WES) data of 7 r/r 
PCNSL patients at  diagnosis were analyzed. Mutations 
of MYD88 (71%), PIM1 (71%), OSBPL10 (71%), BTG1 (57%), 
and KLHL14 (57%) were most frequently found in  this 
PCNSL cohort (Fig. 1C). Consistent with the  key roles 
of the BCR pathway and the downstream nuclear factor 
kappa B (NF-κB) pathway in the survival of DLBCL tu-
mor cells,11 mutations of the proximal BCR pathway and 
downstream NF-κB pathway were also identified in these 
7 PCNSL patients (Fig. 1D). The LymphGen algorithm was 
then applied to classify the individuals.12 Molecular subsets 
of MCD (subtype with MYD88 L265P and CD79B muta-
tions; 2 cases), BN2 (subtype with BCL6 translocations and 

Table 2. Adverse events during ibrutinib treatment (CTCAE v. 5.0)

Adverse events
Number of events (%)

grade 1–2 grade 3 grade 4 total

Anemia 7 (50) 1 (7.14) N/O 8 (57.14)

Platelet count decreased 6 (42.86) 3 (21.43) N/O 8 (57.14)

Lung infection N/O 6 (42.86) N/O 6 (42.86)

White blood cell decreased 3 (21.43) 2 (14.29) N/O 4 (28.57)

Hypocalcemia 4 (28.57) N/O N/O 4 (28.57)

Hyperglycemia 4 (28.57) N/O N/O 4 (28.57)

Lymphocyte count decreased 4 (28.57) N/O N/O 4 (28.57)

Hypokalemia 3 (21.43) 1 (7.14) N/O 4 (28.57)

GGT increased 3 (21.43) N/O N/O 3 (21.43)

ALP increased 3 (21.43) N/O N/O 3 (21.43)

Hematoma 2 (13.33) N/O N/O 2 (14.29)

Neutrophil count decreased 2 (14.29) N/O N/O 2 (14.29)

Hypoalbuminemia 2 (14.29) N/O N/O 2 (14.29)

Headache 1 (7.14) N/O N/O 1 (7.14)

Nausea 1 (7.14) N/O N/O 1 (7.14)

Diarrhea 1 (7.14) N/O N/O 1 (7.14)

Aspartate aminotransferase increased 1 (7.14) N/O N/O 1 (7.14)

Abdominal pain 1 (7.14) N/O N/O 1 (7.14)

Infectious enterocolitis N/O 1 (7.14) N/O 1 (7.14)

Sinus tachycardia 1 (7.14) N/O N/O 1 (7.14)

Hearing impaired 1 (7.14) N/O N/O 1 (7.14)

CTCAE – Common Terminology Criteria for Adverse Events; GGT – gamma-glutamyl transpeptidase; ALP – alkaline phosphatase; N/O – no occurrence.
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NOTCH2 mutations; 2 cases), complex phenotype (MCD/N1 
(subtype with NOTCH1 mutations), MCD/EZB (subtype 
with EZH2 mutations and BCL2 translocations)), and 1 un-
classified case were obtained using this algorithm (Table 3).

In addition, the relationships between the ibrutinib re-
sponse and genomic variants in these 7 r/r PCNSL patients 
were analyzed (Table 3). Patients who harbored mutations 
in PIM1, MYD88 and CD79B responded to ibrutinib-based 
therapy. Patients with mutations in other genes in the proxi-
mal BCR pathway and the NF-κB pathway (such as CARD11, 
SYK, MALT1, and BCL10) also responded to  ibrutinib. 
Based on the LymphGen classification, patients with MCD, 
BN2, composite (MCD/N1), and unclassified subtypes were 
all observed to respond to ibrutinib treatment.

Other than gene mutations, the impact of genomic com-
plexity on BTK inhibition was also analyzed, especially 
in patients with particularly favorable (Fig. 2A,B) and poor 
(Fig. 2C,D) outcomes. The PCNSL #2 achieved CR(u) soon 
after 7 weeks of ibrutinib initiation and maintained re-
mission for the entire follow-up (13.5 months; Fig. 2A). 
Although ibrutinib therapy was discontinued due to eco-
nomic reasons, the remission of the disease was maintained 
for another 16 months. The analysis of genomic variants 
showed a  low tumor mutation burden (TMB, 2.39/Mb; 
Fig. 3). Furthermore, high copy gains of epidermal growth 
factor receptor (EGFR) residing on 7p11.2 were also iden-
tified (Fig. 2B). Similarly, PCNSL #7 with a TMB of 5.56/
Mb maintained CR(u) for more than 10 months, but re-
quired a longer duration to achieve this response (Fig. 3). 
The PCNSL #6 and #8 harbored a low TMB (5.90/Mb and 
2.53/Mb, respectively), and achieved CR(u) to  ibrutinib 
which was maintained for 1 month only. This might have 

been due to the limited duration of the ibrutinib treatments 
(2.5 months and 3 months, respectively). For PCNSL #3, 
who harbored a TMB of 11.19/Mb, the CR response was 
only maintained for 1.5 months despite ibrutinib treatment 
being continued for 15 months (Fig. 3). The PCNSL #1, who 
received surgical resection at diagnosis, relapsed after being 
administered a rituximab combined with the HD-MTX reg-
imen, and continued to experience PD despite several lines 
of treatments, including whole-brain radiotherapy (WBRT). 
Unfortunately, ibrutinib-based therapy (420 mg/day and 
560 mg/day) yielded no improvements in his outcome. 
During the 5.5 months of ibrutinib treatment, a few new 
lesions emerged, while the original tumors shrank or per-
sisted. Finally, ibrutinib was discontinued due to a fungal 
lung infection (Fig. 2C). Whole-exome sequencing showed 
that this patient harbored a high genomic complexity with 
an extra high TMB of 58.39/Mb (Fig. 3). In addition to mul-
tiple alternations in the BCR and NF-κB pathways, this pa-
tient also presented a unique genomic signature, exhibiting 
ultra-hypermutations, similar to the error-prone polymerase 
POLE cancer signatures from the COSMIC database (https://
cancer.sanger.ac.uk/cosmic/signatures; Fig. 2D). The muta-
tions of genes involved in DNA repair (MSH4, MSH6 and 
POLE) were also identified in PCNSL #1.

Discussion

This is a retrospective single-center study examining 
ibrutinib-based regimens in CNSL and exploring the im-
pact of genomic variantson the outcomes of the treatment. 
In previous reports, the ORR for ibrutinib-based regimens 

Table 3. Molecular features of relapsed/refractory (r/r) patients treated with ibrutinib-based therapy

Patient PCNSL #2 PCNSL #7 PCNSL #3 PCNSL #6 PCNSL #8 PCNSL #12 PCNSL #1

Age 69 56 38 66 69 54 51

Ibrutinib duration [months] 15.5 17.5 15 2.5 3 3 5.5

Best response CR CR(u) CR(u) CR(u) CR(u) SD PD

Response duration [months] 13.5 11 1.5 1 1 – –

COO non-GCB non-GCB N/O non-GCB non-GCB GCB non-GCB

TMB [/Mb] 2.39 5.56 11.19 5.90 2.53 5.64 58.39

LymphGen unclassified MCD BN2 MCD/N1 BN2 MCD/EZB MCD

PIM1 WT WT MT MT MT MT MT

MYD88 WT
L265P
P258T

WT L265P
L142F
D148V

L265P L265P

CD79B G135A WT WT WT WT Y197C WT

Proximal BCR pathway WT WT SYK WT WT WT CSK

NF-κB pathway WT WT
CARD11
(C49Y)
MALT1

CARD11
(E588K)

BCL10 WT

CARD11
(S879L)
TNFAIP3
NFKBIA

PCNSL – primary central nervous system lymphoma; CR – complete remission; CR(u) – complete remission unconfirmed; SD – stable disease; PD – progressive 
disease; COO – cell of origin; GCB – germinal center B-cell like; N/O – no occurrence; TMB – tumor mutation burden; MT – mutation; WT – wild type; 
BCR – B-cell antigen receptor; NF-κB – nuclear factor kappa B; MCD – subtype with MYD88L265P and CD79B mutations; BN2 – subtype with BCL6 
translocations and NOTCH2 mutations; EZB – subtype with EZH2 mutations and BCL2 translocations; N1 – subtype with NOTCH1 mutations.

https://cancer.sanger.ac.uk/cosmic/signatures
https://cancer.sanger.ac.uk/cosmic/signatures


Fig. 2. Response to ibrutinib and genetic events in 2 primary central nervous system lymphoma (PCNSL) patients. A. Response to ibrutinib treatment was 
assessed using magnetic resonance imaging (MRI) in PCNSL patient #2; B. Log ratio of each chromosome of PCNSL #2. Chromosome numbers are labeled 
in chromosome cytoband at the bottom. Arrows indicate the location of epidermal growth factor receptor (EGFR). Tumor was assessed by enhanced MRI 
and is marked with red diamonds; C. Dynamic changes in the tumor lesion at different time points along with ibrutinib treatment in PCNSL #1; D. Mutational 
signature of PCNSL #1 according to 96 trinucleotide mutational patterns. The similarities with the COSMIC-defined signature are labeled. Base substitutions 
are labeled in different colors. Tumor was assessed using enhanced MRI and is marked with red diamonds. The MRI images obtained at different time 
points and at the same scanned level during ibrutinib therapy were piled together, including the centrum semiovale, periventricular, mesencephalon, and 
fourth ventricle from the top to bottom
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in r/r PCNSL ranged from 45% to 89%, and for ibrutinib 
monotherapy from 50% to 59%.6–8,27–30 Consistent with 
previous reports, the current response rate for the PCNSL 
cohort (75%) confirmed the effectiveness of ibrutinib for 
r/r cases in a real-world clinical setting. However, no rela-
tionship was found between the responses to ibrutinib and 
previous regimens, possibly due to the limited sample size.

Although encouraging remission was achieved by ibruti-
nib, the PD after remission revealed in this study (45%) and 
in prior reports (25–71%) indicates persisting challenges.7–9 
The newest regimens that have been explored in B-cell 
malignancies, such as combining a BTK inhibitor with 
CAR-T immunology therapy, may provide a promising 
potential for targeted therapy resistance patients.31

In line with previous reports, the safety profile of ibru-
tinib-based regimens was confirmed to be of low toxic-
ity to organs.7,9,32 However, incidences of  infection and 
the need to discontinue ibrutinib were observed in nearly 
half of  the  cohort, consistent with previous reports,6,8 
indicating significant problems during the therapy pro-
cess. A previous study suggests that the inhibition of BTK 
or interleukin 2-inducible T-cell kinase (ITK) can result 
in immune suppression, especially when corticosteroids 
are applied.33,34 According to the findings by Lionakis et al., 
in clinical cases and murine models, ibrutinib as a BTK in-
hibitor might also block macrophage activation in the im-
mune system during, especially fungal, infections.6 Hence, 
studies targeting optimized regimens and infection preven-
tion during ibrutinib therapy are needed.

Based on our limited patient sample, a preliminary relation-
ship between genomic alternations and the response to BTK 

inhibitors was indicated, which requires future validation. 
The effects of ibrutinib were found to be independent of mu-
tations in MYD88, PIM1, CD79B, and in the BCR or NF-κB 
pathways, which is in accordance with findings by Grommes 
et al. and Soussain et al. stating that the ibrutinib response 
would not be impacted by mutation.7,8 Wilson et al. indicated 
that both MCD and N1 subtypes could respond to ibrutinib-
based regimens.13 However, in this study, we observed that 
1 MCD case resisted ibrutinib due to complex genomic al-
terations (PCNSL #1). This case harbored highly complex ge-
nomic alterations and showed multiple recurrent intracranial 
tumors as well as multiresistance to therapeutic regimens, 
suggesting that the genomic features of ultra-hypermutations 
and mismatch repair deficiency may contribute to the effi-
cacy of ibrutinib more than molecular classification.35

In contrast, another unclassified patient under the Lym-
phGen system with low TMB and high copy gains of EGFR 
responded quickly to  ibrutinib, and his CR status was 
maintained for more than 2 years. Even though the off-
target effects of  ibrutinib on EGFR and ITK are recog-
nized as disadvantages in clinical applications,36,37 they 
might have played a role in suppressing the overexpression 
of EGFR to control the tumor in this patient. Although 
more cases and explorations are warranted to confirm this 
association, all of the above findings indicate that com-
prehensive genetic factors need to be considered for BTK 
inhibitor effects.

Overall, in  this retrospective single-center study, 
we summarized the clinical benefits, safety profile and 
the impact of genetic variants on ibrutinib-based regimens 
in r/r CNSL patients in a clinical setting.

Limitations

The empirical results reported here should be considered 
in the light of some limitations. As only 2 SCNSL patients 
were included in this study, the current results may deviate 
from real-world practice. More SCNSL cases need to be 
evaluated in future studies.7,27,28 The influences of genetic 
variants on ibrutinib therapies were examined in only 7 pa-
tients, thus the negative influences of genetic complexity 
need to be validated and further examined in a larger co-
hort. Additionally, as a retrospective study, heterogeneity 
in treatment regimens was unavoidable. Hence, a well-
designed prospective study is needed in the future.

Conclusions

In this study, we verified the low organ toxicity of ibru-
tinib-based regimens, and expounded the relationship 
between genomic alterations and responses to a BTK in-
hibitor. High genomic complexity (especially TMB) may 
negatively impact responses toward ibrutinib, suggesting 
that patients harboring less genetic events may benefit 
more from an ibrutinib regimen.

Fig. 3. Relationship between response to ibrutinib and tumor mutation 
burden (TMB). The height of each bar in the upper panel represents 
TMB (/Mb) and in the lower panel represents the response to ibrutinib 
(months) in 7 primary central nervous system lymphoma (PCNSL) patients 
with whole-exome sequencing (WES) data. Barcodes of samples are 
labeled at bottom. The distinct colors of the bars in the upper panel 
represent different levels of TMB. Different colors in the lower panel 
represent various disease stages. The symbols represent different ibrutinib 
usages: ongoing treatment (→); discontinued (I). In the left panel, 
TMB is illustrated by bars with different lengths and colors (red indicates 
TMB > 50/Mb, yellow indicates TMB > 10/Mb, blue indicates TMB < 10/Mb)

CR – complete remission; CR(u) – complete remission unconfirmed; PR 
– partial remission; SD – stable disease; PD – progressive disease.
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Our results are consistent with previous studies, indicat-
ing low organ toxicity and a high effectiveness for ibrutinib 
in r/r cases. Our results cast a new light on the response 
to ibrutinib-based regimens in patients possessing a low 
genomic complexity.
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Abstract
Background. Refractory abdominal wounds are commonly complicated by surgical site infections, which 
prolong hospital stays and increase medical costs. There is little clinical data on the use of allogeneic platelet 
gel (PG) therapy for refractory infected wounds.

Objectives. This study aimed to evaluate the efficacy and safety of allogeneic PGs in the treatment of refrac-
tory abdominal wounds.

Materials and methods. A prospective single-center study was performed in a national abdominal 
trauma referral center between June 2019 and June 2021. A total of 11 patients with refractory abdominal 
wounds were treated with allogeneic PGs after the failure of standard medical treatments. The PGs were 
derived from platelets collected from healthy donors using apheresis, and each PG was tested for platelet 
count, transfusion-related diseases, aerobic and anaerobic bacteria, and growth factor concentration. Clinical 
efficacy was evaluated by assessing the wound surface and observing the condition of the wound, including 
wound area and percentage of granulation.

Results. The median age of the patients was 37 years (1st quartile, 3rd quartile (Q1, Q3): 31–55 years), 
median (Q1, Q3) hemoglobin level was 95 g/L (78–120 g/L) and median (Q1, Q3) serum albumin level was 
39.9 g/L (34.9–42.7 g/L). The PG platelet count was 976.5 ±174.9×109/L. Results of transfusion-associated 
contagion tests for aerobic and anaerobic bacteria were negative. Growth factor contents (pg/mL) were: 
for transforming growth factor beta 1 (TGF-β1); 2542.39 ±430.60, for platelet-derived growth factor BB 
(PDGF-BB); 23230.03 ±4236.14 and FOR vascular endothelial growth factor (VEGF); 91.41 ±23.31. The rate 
of wound healing was 100%, and the median (Q1, Q3) healing time was 30 days (18–40 days). The follow-up 
period was 5–27 months, during which no recurrence of the wounds was found.

Conclusions. The present study demonstrated that allogeneic PGs are a safe and effective treatment for 
refractory abdominal wounds.

Key words: wound healing, growth factor, surgical site infection, allogeneic platelet gel, refractory abdominal 
wound
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Background

Surgical site infection (SSI) is a wound infection that 
occurs within 30 days of an operative procedure, or within 
1  year if  an  implant is  left in  place and the  infection 
is thought to be related to the operative procedure.1 Sur-
gical site infections increase the burden on the health-
care system and prolong the hospital stay by 7–10 days.2 
The  SSIs occur after 1–3% of  all surgical procedures3 
and are categorized as superficial, deep or organ/space, 
based on the depth of infection involvement.4 Abdomi-
nal surgeries are related to a high incidence of SSIs and 
are an independent risk factor for SSIs.5 Indeed, the in-
cidence of organ/intra-abdominal SSIs ranges from 2.9% 
to 22.1%,5–9 which is much higher than for other types 
of surgery. Furthermore, data indicate that 77% of deaths 
in patients with an SSI are directly related to the SSI.10 Cur-
rently, the management strategies for refractory wounds 
include the treatment of primary disease, wound treat-
ment, negative-pressure wound therapy, and wound dress-
ing.11,12 However, such therapies usually take a long time 
and the effects seem to be unsatisfactory, with many pa-
tients still suffering from wounds after SSI therapy. Thus, 
there is a growing need to develop new therapeutic options 
that can achieve better clinical outcomes.

Platelet-rich plasma (PRP) is a platelet derivative that 
contains a higher concentration of platelets than baseline 
and is capable of promoting wound healing.13 A platelet 
gel (PG) takes on a colloidal shape and is produced after 
PRP is activated by adding bovine thrombin or calcium.14,15 
The PG contents are released from α-granules16 and other 
granules, and they include various classes of bioactive me-
diators such as growth and clotting factors, chemokines, 
adhesion molecules, and integral membrane proteins, 
as well as immune mediators that are primed to respond 
to tissue injury.17 Once tissue injury occurs, all of the above 
contents are ready to respond. At present, PGs have been 
used in a variety of clinical conditions including dental 
applications,18 sports injuries19 and wound healing.15

Platelet-rich plasma is either autologous or allogeneic, 
the former of which makes up the majority. However, au-
tologous PRP use may be limited for some patients (e.g., 
patients in this study), for whom harvesting or administer-
ing derivatives is difficult or even dangerous. This includes 
patients from whom large quantities of platelets cannot be 
collected (such as those with thrombocytopenia, severe 
anemia or hypoproteinemia), the elderly, neonates, and 
severe trauma patients. Fortunately, PRP from allogeneic 
sources may help overcome the above problems.

Objectives

There is currently little experience with PG therapy for 
refractory abdominal wounds in SSI. Also, the patient’s 
condition often does not meet the  requirements for 

extracting autologous PG of sufficient quality and quan-
tity. Therefore, this study aimed to investigate the efficacy 
and safety of allogeneic PGs in the treatment of refractory 
abdominal wounds.

Materials and methods

Study design and setting

A single-arm pilot study was performed on patients with 
refractory abdominal wounds from June 2019 to June 2021 
at Jinling Hospital, a national abdominal trauma refer-
ral center in Nanjing, China. This study was approved 
by the local Institutional Review Board (Ethics Committee 
of Jinling Hospital, approval No. 2019(KY)-008). The study 
adhered to the Declaration of Helsinki.

Participants

Patient inclusion,20,21 exclusion and withdrawal crite-
ria are reported in Table 1. After obtaining written in-
formed consent, 11 patients were included. The number 
of participants included reflected the preliminary nature 
of the study.

Data sources and measurement

Preparation of allogeneic platelet-rich plasma

To prepare allogeneic PRP, platelets were obtained from 
healthy donors using apheresis (Jiangsu Province Blood 
Center, Nanjing, China). Each 250–300 mL donor unit 
had at least 2.5×1011 platelets suspended in donor plasma 

Table 1. Inclusion, exclusion and withdrawal criteria

Criteria Details

Inclusion 
criteria

refractory infectious wounds caused by SSIS, resistant 
to traditional treatment

duration > 6weeks

reached 1 or more of the following:
spontaneous wound dehiscence
necrotizing fasciitis
necrotic tissue with/without formation of purulent 

secretion

Exclusion 
criteria

patient’s age <18 years

cachectic or terminal patient

metastatic tumor, lesions with evidence or high risk 
of neoplastic degeneration

pregnant patient

patient with mental illness and unable to cooperate 
with treatment

Withdrawal 
criteria

patient’s condition turning for the worse

serious treatment-related adverse events

SSIS – surgical site infections.
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containing approx. 30 mL of anticoagulant citrate dextrose 
solution (formula A (ACD-A)) and was qualified by testing 
for hepatitis B surface antigen (HBsAg), hepatitis C virus 
(HCV), human immunodeficiency virus (HIV), treponema 
pallidum (TP), and alanine transaminase (ALT). Each unit 
was subdivided into 10–20-milliliter portions using a 4-bag 
system (Fresenius Kabi, Guangzhou, China). Next, all ali-
quots of PRP were frozen at −80°C22,23 until further use.

Platelet-rich plasma characterization

After PRP preparation, 0.5 mL of them was collected 
within 30 min and a platelet count was taken for each 
unit of PRP before cryopreservation, using the XE2100™ 
automatic hematology analyzer (Sysmex Corporation, 
Hyogo, Japan). Each unit of PRP was tested for the pres-
ence of aerobic and anaerobic bacteria using Plus Aerobic/F 
and Lytic/10 Anaerobic/F (9184994 and 0301023; BD Bio-
sciences, Franklin Lakes, USA), respectively. Calcium 
gluconate (10%) was added to each PRP sample at a ratio 
of 1:4 in a 37°C water bath. The PG formed within a few 
minutes. To isolate platelet growth factors (GFs), PG was 
ultracentrifuged at 10,000 × g for 15 min to eliminate fi-
brous protein and platelet debris,24 and the GF concen-
tration in the supernatant was measured. The following 
3 GFs were evaluated: transforming growth factor beta 1 
(TGF-β1), platelet-derived growth factor BB (PDGF-BB) 
and vascular endothelial growth factor (VEGF).15 
To change the latent form into an immune-reactive form, 
the content of TGF-β1 was tested after acidic activation 
and neutralization of the sample. The GF concentrations 
were measured using Human VEGF enzyme-linked immu-
nosorbent assay (ELISA) Kit (A18310135; Multi Sciences, 
Hangzhou, China), Human/Mouse/Rat TGF-β1 ELISA Kit 
(A98110121; Multi Sciences), and Human/Rat PDGF-BB 
ELISA Kit (A913700823; Multi Sciences), and were tested 
using Hamilton Microlab FAME (M8; Hamilton Corpo-
ration, Bonaduz, Switzerland). All of the above tests were 
performed before PG treatment.

Treatment procedure

To minimize the residual infection risk, a single unit 
of platelets was used to treat just 1 patient. A frozen PRP 
aliquot was thawed at 37°C for 15 min before use. The re-
fractory wounds were first debrided to remove the necrotic 
and infected tissues. Then, the wound area was thoroughly 
cleaned with iodine solution and 3% perhydrol liquid. Af-
ter that, the wound was rewashed with normal saline and 
dried with sterile gauze. Wound volume was calculated 
as lesion area × depth. Based on the wound size, the ap-
propriate volume of PRP was added to 10% calcium glu-
conate (PRP:calcium gluconate ratio of 4:1) with sufficient 
mixing, and the mixture was sprayed onto the wound. 
A PG was formed on the wound within 1–3 min, exploit-
ing the contact with body heat,25 and a vaseline gauze was 

used to cover the wound followed by a dry sterile gauze. 
The dressing was changed every day and wound healing 
was observed.

During the PRP therapy, the patient’s wounds were not 
treated with therapeutic agents containing basic fibroblast 
GFs or with negative pressure wound therapy.

At least 3 months after the last treatment, patient blood 
samples were tested for transfusion-related diseases. In ad-
dition, wounds were photographed before each treatment 
and during the follow-up visit using a digital camera, and 
examined for abnormalities such as bleeding, exudation, 
infection, and poor wound healing. These observational 
indexes were used to evaluate the safety of allogeneic PG 
therapy.

Several parameters were selected to evaluate the efficacy 
of PG therapy, including the presence of infection, granula-
tion growth in wounds, wound healing rate, and healing 
time. If the patient had a skin graft after PRP therapy, graft 
survival and graft edema were assessed after the trans-
plantation. The following formula was used to calculate 
the wound healing rate:

wound healing rate (%) = ((the original wound size 
− wound size)/(the original wound size)) × 100.

Statistical analyses

The IBM SPSS v. 25.0 software (IBM Corp., Armonk, 
USA) was used for statistical analysis. Data of patients 
are expressed as median (Q1–Q3), and PRP data (p > 0.09 
in the Kolmogorov–Smirnov normality test of the vari-
ables) are expressed as mean ± standard deviation (M ±SD). 
The statistical analysis of differences was not conducted 
because of the small number of patients enrolled.

Results

Patients

Eleven patients, having 1 or more wounds caused by SSI 
that had not healed after extensive conventional wound 
management, were included and treated with topical admin-
istration of an allogeneic PG. Their mean age was 37 years 
(range: 31–55  years), with mean hemoglobin of  95  g/L 
(78–120 g/L) and serum albumin of 39.9 g/L (34.9–42.7 g/L). 
The characteristics of patients are presented in Table 2.

Platelet-rich plasma characterization

The M ±SD platelet count of the PRP was 976.5 ±174.9×109/L, 
and M ±SD ALT was 19.00 ±5.60 U, while the results 
of  aerobic and anaerobic bacteria tests were negative. 
At  the  same time, testing for HBsAg, HCV, HIV, and 
TP also yielded negative results. The GF concentrations 
of PRP samples are shown in Table 3.
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Clinical efficacy and healing rate analysis

During the study period, no patients were found to have 
treatment-related adverse reactions or immune responses. 
Before the first treatment and after the last (the exact time 
was 4 (3–8) months after the  last treatment), patients’ 
blood samples tested negative for HBsAg, HCV, HIV, and 
TP. Each patient’s data and wound characteristics are re-
ported in Table 4. The mean number of PG treatments was 
8 (5–11), and the mean healing time was 30 (18–40) days 
(Fig. 1); the healing was observed as early as 10 days after 
PG application. One week after the PG treatment, small 
islands of granulation tissue appeared over the wound, 
and tissue granulation increased from 90% (33.84–95.00%) 
to 100% (98–100%). At the same time, the wound size was 
reduced by 67.82% (54.20–74.51%). Only 1 patient (pa-
tient number 2) underwent skin grafting after the last PG 
treatment. The follow-up period was 5–27 months, during 
which no recurrence of the wound was found.

Overall, the wound size was reduced and the wound 
healing rate was 100% in all of the treated patients. To de-
pict the reduction in wound size with time after PG ad-
ministration, Fig. 2–4 show pre-treatment and follow-up 
pictures of 3 patients (patients 1, 2 and 8).

Discussion

The current study is the first to characterize the safety 
and efficacy of allogeneic PGs in the treatment of refrac-
tory abdominal wounds after SSI. All patients achieved 
a 100% healing rate in a short time, and no treatment-
related adverse reactions or immune responses occurred 
during the treatment. This indicates that allogeneic PRP 
has low immunogenicity.

Refractory wounds are one of the outcomes of SSIs and 
are challenging to treat. Conventional treatment for refrac-
tory wounds includes control of infection, adequate debride-
ment, avoidance of excessive pressure, revascularization 
of ischemic tissue, changing the wound environment, and 
medical management of comorbidities.26,27 However, these 
treatments are ineffective. Wound healing involves the pha-
sic production of GFs and cytokines to progress the wound 
to a scar.27 In vitro and in vivo studies analyzing refractory 
wounds have demonstrated the deregulation of several GFs 
and indicated them as potential targets for therapy.28 Exog-
enous GFs and cytokines are used in a clinical setting to pro-
mote refractory wound healing. They have become a promis-
ing approach for the treatment of intractable wounds.

Platelet gels are colloidal in shape, and form after PRP 
is activated by calcium. This delays the loss of platelets 
and makes platelets secret GFs on the wound surface over 
a long period at a high concentration. With the deepening 
of PG research, PGs have been used as a new application 
to promote favorable wound healing.

The benefit of allogeneic PRP is that it can be collected 
from voluntary blood donors, and be ready to use at any time 
without having to collect any samples from the patient.17,29 
Moreover, it has been demonstrated that the potential 

Table 3. Platelet growth factor concentrations of PRP samples (M ±SD; n = 11)

Measure unit TGF-β1 VEGF PDGF-BB

pg/mL 2452.39 ±430.60 91.41 ±23.31 23230.03 ±4236.14

pg/109 platelets 2537.58 ±393.26 94.87 ±22.97 24495.91 ±6186.57

PRP – platelet-rich plasma; M ±SD – mean ± standard deviation; TGF-β1 – transforming growth factor-β1; VEGF – vascular endothelial growth factor; 
PDGF-BB – platelet-derived growth factor BB.

Table 2. Characteristics of the study population (n = 11)

Parameter Number of patients (n) Percentage

Age [years]

18–30 2 18.18

31–40 4 36.36

41–50 2 18.18

51–60 2 18.18

61–70 1 9.09

Gender 

Male 8 72.73

Female 3 27.27

Nutritional condition

Serum albumin >30 g/L 9 81.82

Serum albumin ≤30 g/L 2 18.18

Anemia 

No 3 27.27

Yes 8 72.73

Wound infection

No 4 36.36

Yes 7 63.64

Fig. 1. Distribution of cumulative wound healing following platelet gel 
treatment
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immunogenicity of  allogeneic PRP is not a  significant 
risk.30 There is a non-systematic review that discusses al-
logeneic PRP for wound treatment,17 including 3 case series 
and 5 randomized controlled trials. The refractory wound 
types included pressure sores,31 venous ulcers,32 diabetic 
lower limb ulcers,33,34 lower extremity ulcers,35 and ulcers 
of various etiologies.36–38 All of these studies, with or with-
out a control group, showed improvement in hard-to-heal 
wounds when treated with allogeneic PRP. There is scant 
literature on PRP as a treatment for refractory abdominal 
wounds after SSI, although in 1 case report, cord blood PG 

(CBPG) was used to enhance the healing of deep surgical 
site dehiscence.39 The CBPG was applied twice a week for 
4 weeks and then once a week for 4 weeks, which resulted 
in the cavities being completely filled.

In  this study, 8 out the of 11 patients were anemic, 
2 had hypoproteinemia, 7 had a wound infection, and 
5 had suffered from surgical wound dehiscence resulting 
from wound infection. Repeated blood sampling (approx. 
50 mL of whole blood is required for each 5 mL of PRP 
preparation) may have caused harm to these patients. 
The primary goal of any treatment is to achieve wound 

Fig. 4. Wound of patient 
No. 8. A. The wound size 
before treatment was 
10×7×4.6 cm. B. After 
2 weeks of platelet gel 
(PG) treatment, and also 
after the last treatment, 
the wound size was 
7.0×3.5×2.2 cm. C. After 
8 weeks of treatment with 
PG, the wound exhibited no 
ulceration or exudation

Fig. 3. Wound of patient 
No. 2. A. The wound size 
before treatment was 
18×8×1.8 cm;  
B. After 4 weeks of treatment 
with platelet gel (PG), and 
also after the last treatment, 
the wound size was 
10.5×4.3×0.5 cm, after which 
the patient underwent skin 
grafting; C. After 7 weeks 
of PG treatment, the wound 
exhibited no ulceration 
or exudation

Fig. 2. Wound of patient 
No. 1. A. The wound size 
before treatment was 
8.1×6.1×0.2 cm; B. After 
1 week of treatment with 
platelet gel (PG), and also 
after the last treatment, 
the wound size was 
5.7×2.7 cm; C. After 53 weeks 
of PG treatment, the wound 
exhibited no ulceration 
or exudation
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closure expeditiously. Herein, blood bank platelet con-
centrate was used as a source of allogeneic PRP. The ad-
vantages are as follows: 1) the characteristics of platelet 
concentrates from the blood bank are well specified, and 
residual white and red blood cell content is highly stan-
dardized38; 2)  the entire process of platelet collection 
is performed using a closed system and aseptic; 3) they are 
obtained without the need for a platelet separation sys-
tem, and the concentrations of GFs are within the range 
of clinical efficacy40; and 4) they are suitable for the re-
peated treatment of large-sized wounds.

To avoid blood-borne diseases and after tests for transfu-
sion-related diseases, the platelet concentrate from 1 donor 
was divided into several portions and used for 1 patient. 
Tests for transfusion-related diseases showed negative re-
sults for all patients after the last treatment of PRP.

To explore the mechanisms of wound healing promoted 
by  PGs, 3 representative GFs were selected for detec-
tion, and the results were comparable to those reported 
in the literature.41–45 However, the contents of GFs differed 
between various voluntary blood donors and blood bioma-
terials. As such, the relative amount of each factor may vary 
depending on donor characteristics, platelet count enrich-
ment, production methods, and thrombin preparation.46

In recent years, PRP has emerged as a potential option for 
the prevention and treatment of acute and chronic postop-
erative wound infections.47 In 7 patients with local infec-
tion, the results of bacterial culture were Staphylococcus 
epidermidis and/or Staphylococcus aureus. In the patients 
for whom conventional treatment was ineffective, necrotiz-
ing fasciitis may have been aggravated by the nonhealing 
wound. Therefore, to enhance wound healing, PG therapy 
was offered and the frequency varied from twice a week39 
to once a day. This provided adequate PRP and allowed for 
wounds to be cleaned every day, as well as gave the oppor-
tunity for the close inspection of the wounds.

Although our results showed that allogeneic PG ex-
hibited positive effects in refractory abdominal wounds, 
the  following aspects of  this product still need to be 
considered: 1)  to avoid the spread of blood-borne dis-
eases, the allogeneic PGs from donor blood must un-
dergo the same tests as platelets used for intravenous 
infusion; 2)  the process of PG extraction must follow 
the standard operating procedures of  the  institution; 
3) the PG process must adhere to the principles of ste-
rility; 4) if the wound is accompanied by a suppurative 
infection, anti-infection therapy should be applied ini-
tially; and 5) PGs may be combined with vacuum suction 
and wound skin grafting.

Limitations

In this study, it was difficult to recruit a large enough 
number of patients with comparable lesions that would 
have allowed for a classic case-control study. Therefore, 
this single-arm study was designed.

Conclusions

In  this study, the  treatment of  refractory abdominal 
wounds with allogeneic PGs achieved significant results 
in a short time. Allogeneic PGs are a feasible, effective 
and safe therapy for refractory abdominal wounds. More 
randomized controlled clinical trials should be conducted 
to bring more evidence of  the value of allogeneic PGs 
in treating refractory abdominal wounds.

ORCID iDs
Shujun Wang  https://orcid.org/0000-0001-9718-101X
Weiwei Ding  https://orcid.org/0000-0002-5026-689X
Ying Du  https://orcid.org/0000-0003-0467-4494
Qing Qi  https://orcid.org/0000-0002-4984-0874
Kaiyun Luo  https://orcid.org/0000-0002-0908-6766
Jianfeng Luan  https://orcid.org/0000-0002-6759-3678
Yanfei Shen  https://orcid.org/0000-0003-0369-5920
Baoan Chen  https://orcid.org/0000-0003-3978-7886

References
1. Horan TC, Andrus M, Dudeck MA. CDC/NHSN surveillance definition 

of health care-associated infection and criteria for specific types 
of infections in the acute care setting. Am J Infect Control. 2008;36(5): 
309–332. doi:10.1016/j.ajic.2008.03.002

2. Waltz PK, Zuckerbraun BS. Surgical site infections and associated 
operative characteristics. Surg Infect. 2017;18(4):447–450. doi:10.1089/
sur.2017.062

3. Durbin S, DeAngelis R, Peschman J, Milia D, Carver T, Dodgion C. 
Superficial surgical infections in operative abdominal trauma 
patients: A Trauma Quality Improvement Database analysis. J Surg Res.  
2019;243:496–502. doi:10.1016/j.jss.2019.06.101

4. Alkaaki A, Al-Radi OO, Khoja A, et al. Surgical site infection following 
abdominal surgery: A prospective cohort study. Can J Surg. 2019;62(2): 
111–117. doi:10.1503/cjs.004818

5. Aga E, Keinan-Boker L, Eithan A, Mais T, Rabinovich A, Nassar F. Surgi-
cal site infections after abdominal surgery: Incidence and risk factors. 
A prospective cohort study. Infect Dis. 2015;47(11):761–767. doi:10.3109 
/23744235.2015.1055587

6. Morales CH. Intra-abdominal infection in patients with abdominal 
trauma. Arch Surg. 2004;139(12):1278. doi:10.1001/archsurg.139.12.1278

7. Zhang XF, Chen J, Wang PG, et al. Surgical site infection after abdom-
inal surgery in China: A multicenter cross-sectional study [in Chi-
nese]. Zhonghua Wei Chang Wai Ke Za Zhi. 2020;23(11):1036–1042. 
doi:10.3760/cma.j.cn.441530-20200810-00470

8. Morales C. Surgical site infection in abdominal trauma patients: Risk 
prediction and performance of the NNIS and SENIC indexes. Can J Surg.  
2011;54(1):17–24. doi:10.1503/cjs.022109

9. Tabiri S, Yenli E, Kyere M, Anyomih TTK. Surgical site infections in 
emergency abdominal surgery at Tamale Teaching Hospital, Ghana. 
World J Surg. 2018;42(4):916–922. doi:10.1007/s00268-017-4241-y

10. Anderson DJ, Podgorny K, Berríos-Torres SI, et al. Strategies to pre-
vent surgical site infections in acute care hospitals: 2014 update. 
Infect Control Hosp Epidemiol. 2014;35(6):605–627. doi:10.1086/676022

11. Liu P, Liu Y, Ke CN, Li WS, Liu YM, Xu S. Therapeutic effect of autolo-
gous concentrated growth factor on lower-extremity chronic refrac-
tory wounds: A case report. World J Clin Cases. 2021;9(18):4797–4802. 
doi:10.12998/wjcc.v9.i18.4797

12. Lu Q, Yin Z, Shen X, et al. Clinical effects of high-intensity laser ther-
apy on patients with chronic refractory wounds: A randomised con-
trolled trial. BMJ Open. 2021;11(7):e045866. doi:10.1136/bmjopen- 
2020-045866

13. Alves R, Grimalt R. A review of platelet-rich plasma: History, biology,  
mechanism of action, and classification. Skin Appendage Disord. 2018; 
4(1):18–24. doi:10.1159/000477353

14. Piccin A, Di Pierro AM, Canzian L, et al. Platelet gel: A new thera-
peutic tool with great potential. Blood Transfus. 2016;15(4):333–340. 
doi:10.2450/2016.0038-16

https://www.doi.org/10.1016/j.ajic.2008.03.002
https://www.doi.org/10.1089/sur.2017.062
https://www.doi.org/10.1089/sur.2017.062
https://www.doi.org/10.1016/j.jss.2019.06.101
https://www.doi.org/10.1503/cjs.004818
https://www.doi.org/10.3109/23744235.2015.1055587
https://www.doi.org/10.3109/23744235.2015.1055587
https://www.doi.org/10.1001/archsurg.139.12.1278
https://www.doi.org/10.3760/cma.j.cn.441530-20200810-00470
https://www.doi.org/10.1503/cjs.022109
https://www.doi.org/10.1007/s00268-017-4241-y
https://www.doi.org/10.1086/676022
https://www.doi.org/10.12998/wjcc.v9.i18.4797
https://www.doi.org/10.1136/bmjopen-2020-045866
https://www.doi.org/10.1136/bmjopen-2020-045866
https://www.doi.org/10.1159/000477353
https://www.doi.org/10.2450/2016.0038-16


S. Wang et al. PG for refractory abdominal wound healing872

15. Wang S, Yang J, Zhao G, et al. Current applications of platelet gels 
in wound healing: A review. Wound Rep Reg. 2021;29(3):370–379. 
doi:10.1111/wrr.12896

16. Blair P, Flaumenhaft R. Platelet α-granules: Basic biology and clinical 
correlates. Blood Rev. 2009;23(4):177–189. doi:10.1016/j.blre.2009.04.001

17. Akbarzadeh S, McKenzie MB, Rahman MM, Cleland H. Allogene-
ic platelet-rich plasma: Is  it safe and effective for wound repair?  
Eur Surg Res. 2021;62(1):1–9. doi:10.1159/000514223

18. Anitua E, Fernández-de-Retana S, Alkhraisat MH. Platelet rich plas-
ma in oral and maxillofacial surgery from the perspective of com-
position. Platelets. 2021;32(2):174–182. doi:10.1080/09537104.2020. 
1856361

19. Bava ED, Barber FA. Platelet-rich plasma products in sports medicine. 
Phys Sportsmed. 2011;39(3):94–99. doi:10.3810/psm.2011.09.1925

20. Gupta P, Singh HS, Shukla VK, Nath G, Bhartiya SK. Bacteriophage 
therapy of chronic nonhealing wound: Clinical study. Int J Low Extrem 
Wounds. 2019;18(2):171–175. doi:10.1177/1534734619835115

21. Chen X, Liu L, Nie W, et al. Vacuum sealing drainage therapy for refracto-
ry infectious wound on 16 renal transplant recipients. Transplant Proc.  
2018;50(8):2479–2484. doi:10.1016/j.transproceed.2018.04.014

22. Huber SC, de Moraes Martinelli B, Quintero M, et al. A case series 
of platelet rich plasma in chronic venous ulcers. Regen Ther. 2021; 
18:51–58. doi:10.1016/j.reth.2021.03.005

23. Massara M, Pucci G, Stilo G, et al. The role of cord blood platelet gel in 
the management of a diabetic foot with tendon exposure. Regen Med.  
2021;16(12):1051–1056. doi:10.2217/rme-2021-0044

24. Weibrich G, Kleis WKG, Hitzler WE, Hafner G. Comparison of the plate-
let concentrate collection system with the plasma-rich-in-growth-
factors kit to produce platelet-rich plasma: A technical report.  
Int J Oral Maxillofac Implants. 2005;20(1):118–123. PMID:15747683.

25. Napolitano M, Matera S. Autologous platelet gel for tissue regenera-
tion in degenerative disorders of the knee. Blood Transfus. 2012;10(1): 
72–77. doi:10.2450/2011.0026-11

26. Suthar M, Gupta S, Bukhari S, Ponemone V. Treatment of chronic non-
healing ulcers using autologous platelet rich plasma: A case series. 
J Biomed Sci. 2017;24(1):16. doi:10.1186/s12929-017-0324-1

27. Berry-Kilgour C, Cabral J, Wise L. Advancements in the delivery 
of growth factors and cytokines for the treatment of cutaneous wound 
indications. Adv Wound Care. 2021;10(11):596–622. doi:10.1089/wound. 
2020.1183

28. Yamakawa S, Hayashida K. Advances in surgical applications of growth 
factors for wound healing. Burns Trauma. 2019;7:10. doi:10.1186/ 
s41038-019-0148-1

29. He M, Chen T, Lv Y, et al. The role of allogeneic platelet-rich plasma 
in patients with diabetic foot ulcer: Current perspectives and future 
challenges. Front Bioeng Biotechnol. 2022;10:993436. doi:10.3389/
fbioe.2022.993436.

30. Zhang ZY, Huang AW, Fan JJ, et al. The potential use of allogeneic 
platelet-rich plasma for large bone defect treatment: Immunoge-
nicity and defect healing efficacy. Cell Transplant. 2013;22(1):175–187. 
doi:10.3727/096368912X653183

31. Scevola S, Nicoletti G, Brenta F, Isernia P, Maestri M, Faga A. Allo-
genic platelet gel in the treatment of pressure sores: A pilot study.  
Int Wound J. 2010;7(3):184–190. doi:10.1111/j.1742-481X.2010.00671.x

32. de Oliveira MG, Abbade LPF, Miot HA, Ferreira RR, Deffune E. Pilot 
study of homologous platelet gel in venous ulcers. An Bras Dermatol.  
2017;92(4):499–504. doi:10.1590/abd1806-4841.20175496

33. Jeong SH, Han SK, Kim WK. Treatment of diabetic foot ulcers using 
a blood bank platelet concentrate. Plast Reconstr Surg. 2010;125(3): 
944–952. doi:10.1097/PRS.0b013e3181cb6589

34. Shan GQ, Zhang YN, Ma J, et al. Evaluation of the effects of homol-
ogous platelet gel on healing lower extremity wounds in patients 
with diabetes. Int J Low Extrem Wounds. 2013;12(1):22–29. doi:10.1177 
/1534734613477113

35. Chen TM, Tsai JC, Burnouf T. A novel technique combining platelet 
gel, skin graft, and fibrin glue for healing recalcitrant lower extrem-
ity ulcers. Dermatol Surg. 2010;36(4):453–460. doi:10.1111/j.1524-4725. 
2010.01480.x

36. Greppi N, Mazzucco L, Galetti G, et al. Treatment of recalcitrant ulcers 
with allogeneic platelet gel from pooled platelets in aged hypomo-
bile patients. Biologicals. 2011;39(2):73–80. doi:10.1016/j.biologicals. 
2011.01.002

37. Liao X, Liang JX, Li SH, et al. Allogeneic platelet-rich plasma therapy as 
an effective and safe adjuvant method for chronic wounds. J Surg Res.  
2020;246:284–291. doi:10.1016/j.jss.2019.09.019

38. Semenič D. Regeneration of chronic wounds with allogeneic platelet 
gel versus hydrogel treatment: A prospective study. Acta Clin Croat. 
2018;57(3):434–442. doi:10.20471/acc.2018.57.03.05

39. Volpe P, Pucci G, Stilo G, et al. Use of cord blood platelet gel to 
enhance healing of deep surgical site dehiscences after peripheral  
bypass. Regen Med. 2020;15(8):1951–1956. doi:10.2217/rme-2020-0034

40. Crovetti G, Martinelli G, Issi M, et al. Platelet gel for healing cutaneous 
chronic wounds. Transfus Apher Sci. 2004;30(2):145–151. doi:10.1016/j.
transci.2004.01.004

41. Dohan Ehrenfest DM, Bielecki T, Jimbo R, et al. Do the fibrin archi-
tecture and leukocyte content influence the growth factor release 
of platelet concentrates? An evidence-based answer comparing 
a pure platelet-rich plasma (P-PRP) gel and a leukocyte- and plate-
let-rich fibrin (L-PRF). Curr Pharm Biotechnol. 2012;13(7):1145–1152. 
doi:10.2174/138920112800624382

42. Castillo TN, Pouliot MA, Kim HJ, Dragoo JL. Comparison of growth 
factor and platelet concentration from commercial platelet-rich 
plasma separation systems. Am J Sports Med. 2011;39(2):266–271. 
doi:10.1177/0363546510387517

43. Eppley BL, Woodell JE, Higgins J. Platelet quantification and growth 
factor analysis from platelet-rich plasma: Implications for wound 
healing. Plast Reconstr Surg. 2004;114(6):1502–1508. doi:10.1097/01.
PRS.0000138251.07040.51

44. Everts PA, Brown Mahoney C, Hoffmann JJ, et al. Platelet-rich plasma 
preparation using three devices: Implications for platelet activation 
and platelet growth factor release. Growth Factors. 2006;24(3):165–171.  
doi:10.1080/08977190600821327

45. Jeong SH, Han SK, Kim WK. Treatment of diabetic foot ulcers using 
a blood bank platelet concentrate. Plast Reconstr Surg. 2010;125(3): 
944–952. doi:10.1097/PRS.0b013e3181cb6589

46. Burnouf T, Goubran HA, Chen TM, Ou KL, El-Ekiaby M, Radosevic M.  
Blood-derived biomaterials and platelet growth factors in regener-
ative medicine. Blood Rev. 2013;27(2):77–89. doi:10.1016/j.blre.2013. 
02.001

47. Sethi D, Martin KE, Shrotriya S, Brown BL. Systematic literature review 
evaluating evidence and mechanisms of action for platelet-rich plas-
ma as an antibacterial agent. J Cardiothorac Surg. 2021;16(1):277. 
doi:10.1186/s13019-021-01652-2

https://www.doi.org/10.1111/wrr.12896
https://www.doi.org/10.1016/j.blre.2009.04.001
https://www.doi.org/10.1159/000514223
https://www.doi.org/10.1080/09537104.2020.1856361
https://www.doi.org/10.1080/09537104.2020.1856361
https://www.doi.org/10.3810/psm.2011.09.1925
https://www.doi.org/10.1177/1534734619835115
https://www.doi.org/10.1016/j.transproceed.2018.04.014
https://www.doi.org/10.1016/j.reth.2021.03.005
https://www.doi.org/10.2217/rme-2021-0044
https://pubmed.ncbi.nlm.nih.gov/15747683
https://www.doi.org/10.2450/2011.0026-11
https://www.doi.org/10.1186/s12929-017-0324-1
https://www.doi.org/10.1089/wound.2020.1183
https://www.doi.org/10.1089/wound.2020.1183
https://www.doi.org/10.1186/s41038-019-0148-1
https://www.doi.org/10.1186/s41038-019-0148-1
https://www.doi.org/10.3389/fbioe.2022.993436.
https://www.doi.org/10.3389/fbioe.2022.993436.
https://www.doi.org/10.3727/096368912X653183
https://www.doi.org/10.1111/j.1742-481X.2010.00671.x
https://www.doi.org/10.1590/abd1806-4841.20175496
https://www.doi.org/10.1097/PRS.0b013e3181cb6589
https://www.doi.org/10.1177/1534734613477113
https://www.doi.org/10.1177/1534734613477113
https://www.doi.org/10.1111/j.1524-4725.2010.01480.x
https://www.doi.org/10.1111/j.1524-4725.2010.01480.x
https://www.doi.org/10.1016/j.biologicals.2011.01.002
https://www.doi.org/10.1016/j.biologicals.2011.01.002
https://www.doi.org/10.1016/j.jss.2019.09.019
https://www.doi.org/10.20471/acc.2018.57.03.05
https://www.doi.org/10.2217/rme-2020-0034
https://www.doi.org/10.1016/j.transci.2004.01.004
https://www.doi.org/10.1016/j.transci.2004.01.004
https://www.doi.org/10.2174/138920112800624382
https://www.doi.org/10.1177/0363546510387517
https://www.doi.org/10.1097/01.PRS.0000138251.07040.51
https://www.doi.org/10.1097/01.PRS.0000138251.07040.51
https://www.doi.org/10.1080/08977190600821327
https://www.doi.org/10.1097/PRS.0b013e3181cb6589
https://www.doi.org/10.1016/j.blre.2013.02.001
https://www.doi.org/10.1016/j.blre.2013.02.001
https://www.doi.org/10.1186/s13019-021-01652-2


Cite as
Li L, Wu X, He L, Luo R, Lou L. Serum levels of SOCS6  
are decreased in diabetic retinopathy and are related to 
severity of the disease. Adv Clin Exp Med. 2023;32(8):873–880.  
doi:10.17219/acem/159215

DOI
10.17219/acem/159215

Copyright
Copyright by Author(s) 
This is an article distributed under the terms of the
Creative Commons Attribution 3.0 Unported (CC BY 3.0)
(https://creativecommons.org/licenses/by/3.0/)

Address for correspondence
LiQiong Lou
E-mail: louliqiongtt@163.com

Funding sources
None declared

Conflict of interest
None declared

Received on April 20, 2022
Reviewed on August 30, 2022
Accepted on January 11, 2023

Published online on August 17, 2023

Abstract
Background. Diabetic retinopathy (DR) is one of the most common microvascular complications of dia-
betes mellitus (DM). A recent in vitro study found that the suppressor of cytokine signaling 6 (SOCS6) plays 
a protective role in DR and DM. However, to date, no clinical studies have focused on the role of SOSC6 in DR 
development.

Objectives. The present study aimed to investigate the expression and clinical significance of serum SOCS6 
in DR.

Materials and methods. A total of 159 DR patients were enrolled in the study. Additionally, 156 type 2 DM 
(T2DM) patients without DR were recruited as controls. Serum levels of SOCS6, C-reactive protein (CRP), 
interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), vascular endothelial growth 
factor (VEGF), and angiopoietin-2 (ANG-2) were measured using enzyme-linked immunosorbent assay 
(ELISA). Demographic and clinical data were collected.

Results. Age, the course of DM, systolic blood pressure (SBP), diastolic blood pressure (DBP), and the levels 
of low-density lipoprotein cholesterol (LDL-C) and total cholesterol (TC) were significantly higher in prolifera-
tive DR (PDR) patients. Serum SOCS6 levels in PDR patients were remarkably lower than in non-PDR patients 
or non-DR T2DM patients. The Pearson’s analysis showed that SOCS6 was negatively correlated with CRP, IL-6, 
TNF-α, IL-1β, VEGF, and ANG-2. The serum levels of CRP, IL-6, TNF-α, IL-1β, VEGF, and ANG-2 in the SOCS6 low 
expression group were significantly increased compared to patients with high SOCS6 levels. Receiver operating 
characteristic (ROC) curves showed that SOCS6 could be a potential diagnostic biomarker for DR. For logistic 
regression, 3 models were used. It was found that SOCS6, the course of DM, SBP and DBP in model 1, IL-1β 
and TNF-α in model 2, and VEGF and ANG-2 in model 3 were risk factors for DR.

Conclusions. The SOCS6 is decreased in DR patients and is related to severity and clinical outcomes, including 
inflammatory and angiogenic factors.

Key words: inflammatory factors, angiogenic factors, SOCS6, diabetic retinopathy
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Background

Diabetes mellitus (DM) is a metabolic disease character-
ized by hyperglycemia. Type 2 DM (T2DM) is currently 
the most common type of the disease, accounting for 95% 
of total DM cases.1,2 In 2021, DM was estimated to affect 
10.5% (536.6 million) of individuals aged 20–79 years old, 
worldwide.3 China is the country with the greatest number 
of DM cases in the world. Over the past 30 years, the preva-
lence of DM in China has increased by about 10 times.4,5

Diabetic retinopathy (DR) is one of the most common 
microvascular complications of DM, with a global preva-
lence rate of about 27%.6 Diabetic retinopathy is divided 
into 2  types, namely nonproliferative DR (NPDR) and 
proliferative DR (PDR), which are classified from low 
to high, according to severity.7 Diabetic retinopathy is one 
of the main causes of visual impairment and blindness 
in adults, with studies reporting that DR accounts for 4.8% 
of cases of blindness around the world.8 Many risk factors 
are reported to be associated with DR, including DM, in-
creased blood pressure, elevated blood glucose levels, and 
impaired kidney function.9 However, deeper insights are 
still needed to predict DR onset and clinical outcomes.

As a member of the suppressor of cytokine family of pro-
teins, suppressor of cytokine signaling 6 (SOCS6) is gen-
erally considered to regulate bacterial infection-induced 
inflammation.10 Studies have suggested that SOCS6 can 
regulate a variety of physiological and pathological pro-
cesses, including inflammation, cell proliferation, apop-
tosis, and angiogenesis.11–13 In the pathogenesis of DR, 
it is thought that neuroinflammation, oxidative stress and 
vascular-related risk factors play central roles.14–16 A recent 
in vitro study found that SOCS6 plays a protective role 
in DR and DM.12 However, to date, no clinical studies have 
focused on the role of SOSC6 in the development of DR.

Objectives

In this prospective observational study, we aimed to ex-
plore the expression of SOCS6 in DR patients and to ex-
amine its correlation with clinical results. The study may 
reveal the clinical significance of SOCS6 in patients with 
DR and provide novel targets for DR treatment.

Materials and methods

Patients

A total of 159 DR patients who were admitted to Jiangxi 
Provincial People’s Hospital between March 2019 and De-
cember 2021 were enrolled in the study. The diagnosis 
of T2DM was in line with the guidelines for the prevention 
and treatment of T2DM in China (2017 edition),17 includ-
ing 1) typical diabetes symptoms (polydipsia, polyuria, 

hyperphagia, unexplained weight loss) and 2)  fasting 
plasma glucose concentration higher than 7.0 mmol/L, 
plasma glucose concentration higher than 11.1 mmol/L, 
or oral glucose tolerance test 2-hour plasma glucose con-
centration higher than 11.1 mmol/L. Diabetic retinopathy 
was diagnosed with fundus photography with dilated pu-
pils using a retinograph (CR-2 AF Digital Retinal Camera; 
Canon Inc., Tokyo, Japan), and all patients were diagnosed 
and classified according to the international clinical DR 
severity scales.18

The criteria for inclusion were as follows: 1) patients di-
agnosed with DR according to the above guidelines; and 
2) patients ≥18 years old. The exclusion criteria were: 1) di-
agnosis of type 1 DM, gestational DM or another special 
type of DM; 2) presence of diabetic ketoacidosis, hyperos-
molar nonketotic diabetic coma or other acute DM compli-
cations; 3) presence of cataracts, glaucoma, uveitis, retinal 
detachment, optic nerve disease, high myopia, and other 
diseases significantly affecting the fundus examination; 
and 4) presence of serious infection, malignancy, or severe 
liver, renal or cardiovascular dysfunction. All patients who 
met the above criteria were consecutively enrolled.

The DR patients were further divided into: 1) patients 
with no fundus abnormalities; 2) NPDR patients, includ-
ing patients with microaneurysms, hard exudates, retinal 
hemorrhages, and intraretinal microvascular abnormali-
ties; and 3) PDR patients, including patients with neovas-
cularization, fibrous tissue or hemorrhages in the vitreous 
body. Additionally, 156 T2DM patients without retinopa-
thy were recruited during the same period. The inclusion 
and exclusion criteria for T2DM patients were the same 
as the diagnostic criteria for T2DM listed above.

For sample size calculations, the following formula2 was 
used1,2 (Equation 1): 

 
n =

(Zα + Zβ)2 × σ2

d2  
(1)

According to  previous studies, δ  =  2, σ  =  7 and 
Z1−α/2 = 1.96 (δ – tolerance error; σ – standard deviation, 
1–α – confidence level), and the minimal sample size was 
48. All patients signed a written informed consent form. 
The study was approved by the Ethical Committee of Ji-
angxi Provincial People’s Hospital (approval No. 2021007).

Blood sampling and ELISA

Serum levels of SOCS6, C-reactive protein (CRP), in-
terleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α), 
interleukin-1β (IL-1β), vascular endothelial growth factor 
(VEGF), and angiopoietin-2 (ANG-2) were measured us-
ing enzyme-linked immunosorbent assay (ELISA). Briefly, 
fasting cubital venous blood (5 mL) was collected from 
all patients within 24  h of admission. The blood samples 
were centrifuged at 2000 g for 15  min. After centrifuga-
tion, the levels of SOCS6, CRP, IL-6, TNF-α, IL-1β, VEGF, 
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and ANG-2 were measured using commercially available 
ELISA kits (SOCS6: MBS2610988 (MyBioSource, San 
Diego, USA),  detection range 0.156–10  ng/mL; CRP: 
EK1316, detection range 312–20000 pg/mL; IL-6: EK0410, 
detection range 4.69–300 pg/mL; TNF-α: EK0525, detec-
tion range 15.6–1000 pg/mL; IL-1β: EK0392, detection 
range 3.9–250 pg/mL; VEGF: EK0539, detection range 
31.2–2000 pg/mL; ANG-2: EK0657, detection range 156–
10000 pg/mL), according to the manufacturer’s (unless 
stated otherwise: Boster Bio-Engineering, Wuhan, China) 
instructions.

Patient data collection

Demographic and clinical data were collected from 
all patients, including age, body mass index (BMI), sex, 
the course of DM, systolic blood pressure (SBP), diastolic 
blood pressure (DBP), use of tobacco, etc. Whole blood 
testing was performed using an automatic biochemical 
analyzer (Hitachi 7600; Hitachi Corp., Tokyo, Japan), and 
the levels of fasting plasma glucose (FPG), total cholesterol 
(TC), triglycerides (TG), high-density lipoprotein choles-
terol (HDL-C), and low-density lipoprotein cholesterol 
(LDL-C) were recorded.

Statistical analyses

Continuous data are presented as mean ± standard de-
viation (M ±SD) for normally-distributed data or median 
(minimum to maximum) for non-normally-distributed 
data (confirmed with Kolmogorov–Smirnov test). For 
non-normally distributed data, Mann–Whitney U test 
was used for comparisons between the 2 groups. For nor-
mally distributed data, comparisons between the 2 groups 
were conducted using Student’s t-test. The χ2 test was used 
to  analyze the  rates. The  correlations among SOCS6, 
inflammatory factors and angiogenic factors were de-
termined with Pearson’s rank correlation analysis. Re-
ceiver operating characteristic (ROC) curves were used 
for the analysis of SOCS6 in DR patients. The  logistic 
regression was conducted for DR risk factors. The Hos-
mer–Lemeshow test and the Nagelkerke’s R2 were used 
for the goodness-of-fit analysis. A value of p < 0.05 was 
considered statistically significant. The SPSS v. 18.0 soft-
ware (SPSS Inc., Chicago, USA) was used for all statistical 
analyses.

Results

Basic patient characteristics

This study included 159 DR patients – 81 NPDR patients 
and 78 PDR patients. The course of DM was significantly 
longer, and the age, SBP, DBP, and the levels of LDL-C and 
TC were significantly higher in PDR patients compared 

to the NPDR patients (p < 0.05). Compared to the T2DM 
patients without retinopathy (n = 156), the course of DM 
was significantly longer, and the  age, SBP, DBP, ratio 
of smokers, and the levels of LDL-C and TC were markedly 
higher in the DR patients (Table 1). No other significant 
differences were found.

Expression of SOCS6

Next, the expression levels of serum SOCS6 were de-
termined. The DR patients showed significantly lower 
SOCS6 levels compared to the T2DM patients without 
retinopathy (Fig. 1). In addition, the serum SOCS6 levels 
in PDR patients were remarkably lower than in NPDR 
patients, suggesting that SOCS6 is associated with the se-
verity of DR.

Correlations between SOCS6 and 
angiogenic and inflammatory factors

The IL-6, TNF-α, IL-1β, VEGF, and ANG-2 levels in PDR 
patients were remarkably higher than in NPDR patients 
(Fig. 2). Comparisons with T2DM patients without reti-
nopathy showed that the CRP, IL-6, TNF-α, IL-1β, VEGF, 
and ANG-2 levels in DR patients were also pronouncedly 
higher. The Pearson’s analyses showed that SOCS6 levels 
correlated negatively with CRP, IL-6, TNF-α, IL-1β, VEGF, 
and ANG-2 (Table 2).

Correlations between serum SOCS6 levels 
and T2DM patients’ clinical outcomes

Next, all patients were divided into SOCS6 high-expres-
sion and low-expression groups according to the mean 
value (4.15 ng/mL), and the clinical characteristics be-
tween these groups were compared. As  summarized 

Fig. 1. Serum levels of suppressor of cytokine signaling 6 (SOCS6) in all 
patients. In the boxplots, the data are expressed as medians (minimum 
to maximum). The continuous data were compared using Student’s t-test. 
All data are normally distributed

DR – diabetic retinopathy; NPDR – nonproliferative DR; PDR – proliferative DR.
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Table 1. Basic clinical characteristics of all patients

Variables Non-retinopathy 
T2DM (n = 156) All DR (n = 165) NPDR (n = 87) PDR (n = 78) U/χ2 p1 U/χ2 p2

Age [years] 58 (44–74) 62 (46–75) 62 (46–75) 62 (51–73) 10228.00 0.010 3296.00 0.751

Female, n (%) 70 (44.87) 72 (43.63) 38 (43.68) 34 (43.59) 0.031 0.999 <0.001 0.999

BMI
25.24 

(21.02–29.32)
25.12 

(20.95–29.23)
25.39 

(20.95–29.21)
24.42 

(20.96–29.23)
12485.00 0.643 2885.00 0.097

Current smoker, n (%) 31 (19.87) 70 (42.42) 37 (42.53) 33 (42.31) 13.816 0.010 0.001 0.999

Course of DM [years] 8 (1–15) 15 (7–22) 14 (7–20) 16 (10–22) 3958.00 <0.001 2029.00 <0.001

Complications

Serum uric acid, n (%) 18 (11.54) 21 (12.74) 9 (10.34) 13 (16.67) 0.068 0.999 1.715 0.214

Diabetic nephropathy, n (%) 35 (22.44) 52 (31.52) 24 (27.59) 28 (35.90) 2.092 0.151 1.594 0.289

Coronary disease, n (%) 41 (26.28) 57 (35.55) 27 (31.03) 30 (38.46) 2.012 0.219 1.217 0.372

SBP [mm Hg]
127.45 

(107.12–144.96)
139.15 

(117.88–157.90)
135.12 

(117.88–148.47)
143.86 

(124.61–157.90)
5616.00 <0.001 1583.00 <0.001

DBP [mm Hg]
83.86 

(71.41–94.21)
95.43 

(82.98–103.45)
91.66 

(82.98–99.69)
97.52 

(89.74–103.45)
2549.00 <0.001 1236.00 <0.001

FBG [mmol/L]
8.31 

(7.23–9.33)
8.28 

(7.22–9.33)
8.38 

(7.23–9.33)
8.23 

(7.22–9.33)
12541.50 0.693 3259.00 0.662

TC [mmol/L]
4.86 

(3.36–6.09)
5.13 

(3.34–7.65)
4.63 

(3.34–6.09)
5.83 

(3.49–7.65)
10425.50 0.030 1473.50 <0.001

TG [mmol/L]
1.49 

(0.68–2.35)
1.62 

(0.71–2.36)
1.57 

(0.71–2.35)
1.74 

(0.78–2.36)
11159.50 0.400 2938.50 0.138

HDL-C [mmol/L]
1.02 

(0.48–1.52)
1.00 

(0.50–1.52)
1.03 

(0.50–1.52)
0.99 

(0.50–1.52)
12694.00 0.832 3207.50 0.545

LDL-C [mmol/L]
3.00 

(1.89–3.75)
3.30 

(1.85–4.98)
2.93 

(1.85–3.75)
3.90 

(2.53–4.98)
9227.00 <0.001 897.50 <0.001

DR – diabetic retinopathy; NPDR – nonproliferative DR; PDR – proliferative DR; BMI – body mass index; T2DM – type 2 diabetes mellitus; SBP – systolic 
blood pressure; DBP – diastolic blood pressure; FBG – fasting plasma glucose; TC – total cholesterol; TG – triglycerides; HDL-C – high-density lipoprotein 
cholesterol; LDL-C – low-density lipoprotein cholesterol; p1 – comparison between non-retinopathy T2DM patients and all DR patients; p2 – comparison 
between NPDR patients and PDR patients. All continuous data were non-normally distributed (age, BMI, course of DM, SBP, DBP, FBG, TC, TG, HDL-C, 
and LDL-C), and were expressed as median (minimum to maximum). The comparisons between the 2 groups were analyzed using the Mann–Whitney 
U test. The χ2 test was used for comparing rates (sex, current smoker, serum uric acid, diabetic nephropathy, coronary artery disease (CAD)). U/χ2 – levels 
of U in Mann–Whitney U test or χ2 in χ2 test.

Fig. 2. Serum levels of C-reactive protein (CRP), interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), vascular endothelial growth 
factor (VEGF), and angiopoietin-2 (ANG-2) in all patients. In the boxplots, data are expressed as medians (minimum to maximum). The continuous data were 
compared using Student’s t-test. All data are normally distributed

DR – diabetic retinopathy; NPDR – nonproliferative DR; PDR – proliferative DR.
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in Table 3, the serum levels of IL-6, TNF-α, IL-1β, VEGF, 
and ANG-2 in the SOCS6 low-expression group were sig-
nificantly higher compared to those in the SOCS6 high-
expression group (p  <  0.05). In  addition, compared 

to the SOCS6 high-expression group, the course of DM 
was significantly prolonged, and the age SBP, DBP, as well 
as the levels of LDL-C and TC were significantly increased 
in the SOCS6 low-expression group. These results suggest 

Table 3. Comparison of clinical outcomes between patients with high and low expression of SOCS6

Variables High SOCS6 (n = 79) Low SOCS6 (n = 86) U/t/χ2 p-value

Age [years] 62 (46–75) 62 (48–75) 3272.50 0.684

Female, n (%) 31 (39.24) 41 (47.67) 1.436 0.254

Course of DM [years] 14 (7–22) 15 (7–22) 2608.00 0.010

Current smoker, n (%) 35 (40.70) 35 (44.30) 0.270 0.775

BMI 25.72 (20.95–29.21) 24.48 (20.96–29.23) 2852.50 0.076

FBG [mmol/L] 8.29 (7.22–9.33) 8.26 (7.23–9.33) 3218.00 0.559

SBP [mm Hg] 136.30 (117.88–154.50) 142.66 (120.08–157.90) 2436.00 0.002

DBP [mm Hg] 93.62 (82.98–102.99) 96.06 (84.63–103.45) 2333.50 0.001

TC [mmol/L] 4.90 (3.34–7.55) 5.48 (3.38–7.65) 2500.50 0.003

TG [mmol/L] 1.60 (0.71–2.35) 1.65 (0.78–2.36) 3299.50 0.750

HDL-C [mmol/L] 1.03 (0.52–1.52) 0.99 (0.50–1.52) 3028.50 0.229

LDL-C [mmol/L] 3.11 (1.85–4.85) 3.60 (1.85–4.98) 2206.00 <0.001

CRP [pg/mL] 1692.76 ±193.27 1707.83 ±212.66 0.475 0.635

IL-6 [pg/mL] 27.96 ±10.32 37.11 ±11.51 5.382 <0.001

TNF-α [pg/mL] 123.34 ±28.82 142.69 ±27.76 4.391 <0.001

IL-1β [pg/mL] 25.19 ±8.53 30.86 ±9.22 4.094 <0.001

VEGF [pg/mL] 120.84 ±12.03 132.88 ±13.86 5.968 <0.001

ANG-2 [pg/mL] 1117.45 ±210.79 1319.58 ±195.02 6.398 <0.001

SOCS6 – suppressor of cytokine signaling 6; BMI – body mass index; DM – diabetes mellitus; SBP – systolic blood pressure; DBP – diastolic blood pressure; 
FBG – fasting plasma glucose; TC – total cholesterol; TG – triglycerides; HDL-C – high-density lipoprotein cholesterol; LDL-C – low-density lipoprotein 
cholesterol; CRP – C-reactive protein; IL-6 – interleukin-6; TNF-α – tumor necrosis factor alpha; IL-1β – interleukin-1β; VEGF – vascular endothelial growth 
factor; ANG-2 – angiopoietin-2. The comparison between high and low SOCS6 groups is expressed by p-values. Continuous data that were non-normally 
distributed (age, BMI, course of DM, SBP, DBP, FBG, TC, TG, HDL-C, and LDL-C) are expressed as median (minimum to maximum) and analyzed with 
Mann–Whitney U test. Continuous data that were normally distributed (CRP, IL-6, TNF-α, IL-1β, VEGF, and ANG-2) are expressed as mean ± standard deviation 
(M ±SD) and analyzed using Student’s t-test. The χ2 test was used for rates (gender and current smoker). U/χ2 – levels of U in Mann–Whitney U test or χ2 
in χ2 test.

Table 2. Correlation analysis of SOCS6, angiogenic factors and inflammatory factors

Variables and Pearson's correlation SOCS6 CRP IL-6 TNF-α IL-1β VEGF ANG-2

SOCS6
Pearson’s correlation 1 −0.373 −0.592 −0.627 −0.561 −0.597 −0.646

p-value – <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

CRP
Pearson’s correlation −0.373 1 0.378 0.454 0.401 0.491 0.459

p-value <0.001 – <0.001 <0.001 <0.001 <0.001 <0.001

IL-6
Pearson’s correlation −0.592 0.378 1 0.781 0.682 0.754 0.820

p-value <0.001 <0.001 – <0.001 <0.001 <0.001 <0.001

TNF-α
Pearson’s correlation −0.627 0.454 0.781 1 0.729 0.758 0.818

p-value <0.001 <0.001 <0.001 – <0.001 <0.001 <0.001

IL-1β
Pearson’s correlation −0.561 0.401 0.682 0.729 1 0.658 0.749

p-value <0.001 <0.001 <0.001 <0.001 – <0.001 <0.001

VEGF
Pearson’s correlation −0.597 0.491 0.754 0.758 0.658 1 0.794

p-value <0.001 <0.001 <0.001 <0.001 <0.001 – <0.001

ANG-2
Pearson’s correlation −0.646 0.459 0.820 0.818 0.749 0.794 1

p-value <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 –

SOCS6 – suppressor of cytokine signaling 6; CRP – C-reactive protein; IL-6 – interleukin-6; TNF-α – tumor necrosis factor alpha; IL-1β – interleukin-1β; 
VEGF – vascular endothelial growth factor; ANG-2 – angiopoietin-2.
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that SOCS6 is associated with clinical outcomes and sever-
ity in T2DM patients.

Diagnostic value of SOCS6 and angiogenic 
and inflammatory factors for DR

The ROC curves were constructed to evaluate the diag-
nostic value of SOCS6 in DR patients. The results showed 
that SOCS6 could be a potential diagnostic biomarker for 
DR (Fig. 3). The area under the curve (AUC) for SOCS6 
was 0.871 and the cutoff value was 4.61 ng/mL, with a sen-
sitivity of 85% and a specificity of 69%. The SOCS6 could 

also be used as a biomarker for NPDR or PDR patients. 
As shown in Fig. 3, the AUC for SOCS6 was 0.825, with 
a cutoff value of 3.66 ng/mL, a sensitivity of 79%, and 
a specificity of 64%.

Logistic regression for risk factors for DR

Finally, we used the logistic regression to identify the risk 
factors for DR. For logistic regression, we used 3 mod-
els for the entry method. In model 1 (age, BMI, course 
of DM, SBP, DBP, TC, TG, HDL-C, LDL-C, and SOCS6), 
the results of the Hosmer–Lemeshow test (p = 0.139) and 

Fig. 3. Receiver operating characteristic (ROC) curves for the diagnostic value of suppressor of cytokine signaling 6 (SOCS6) for diabetic retinopathy (DR) 
or proliferative DR (PDR)

NPDR – nonproliferative DR.

Table 4. Logistic regression for risk factors of DR

Model Variables H–L test Nagelkerke R2 Wald OR 95% CI p-value

Model 1

age

0.139 0.844

2.926 1.051 0.993–1.113 0.087

BMI 0.372 1.066 0.869–1.308 0.542

course of DM 23.433 1.387 1.215–1.584 <0.001

SBP 12.756 1.098 1.043–1.156 <0.001

DBP 27.846 1.316 1.189–1.458 <0.001

TC 5.416 0.508 0.287–0.899 <0.001

TG 1.645 1.983 0.696–5.645 0.200

LDL-C 0.123 1.155 0.516–2.586 0.726

HDL-C 0.005 0.945 0.179–4.971 0.945

SOCS6 19.253 0.410 0.275–0.610 <0.001

Model 2

CRP

0.999 0.981

1.714 1.008 0.996–1.102 0.190

IL-6 2.721 1.479 0.929–2.355 0.099

TNF-α 5.216 1.548 1.064–2.253 0.022

IL-1β 5.003 2.238 1.105–4.532 0.025

Model 3
VEGF

1.000 0.981
8.112 1.725 1.185–2.510 0.004

ANG-2 7.438 1.049 1.014–1.086 0.006

DR – diabetic retinopathy; H–L – Hosmer–Lemeshow test; OR – odds ratio; 95% CI – 95% confidence interval; BMI – body mass index; DM – diabetes 
mellitus; SBP – systolic blood pressure; DBP – diastolic blood pressure; TC – total cholesterol; TG – triglycerides; LDL-C – low-density lipoprotein cholesterol; 
HDL-C – high-density lipoprotein cholesterol; SOCS6 – suppressor of cytokine signaling 6; CRP – C-reactive protein; IL-6 – interleukin-6; TNF-α – tumor 
necrosis factor alpha; IL-1β – interleukin-1β; VEGF – vascular endothelial growth factor; ANG-2 – angiopoietin-2.
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the Nagelkerke’s R2 (0.844) showed adequate goodness-of-
fit, with SOCS6, the course of DM, SBP, and DBP identified 
as risk factors for DR (Table 4). In model 2 (inflamma-
tory factors CRP, IL-6, TNF-α, and IL-1β), the Hosmer–
Lemeshow test (p = 0.999) and the Nagelkerke’s R2 (0.981) 
showed adequate goodness-of-fit, and IL-1β and TNF-α 
were identified as risk factors for DR. In model 3 (angio-
genesis factors VEGF and ANG-2), the Hosmer–Lemeshow 
test (p = 1.000) and the Nagelkerke’s R2 (0.981) showed 
adequate goodness-of-fit, with both VEGF and ANG-2 
identified as risk factors for DR.

Discussion

Globally, it  is estimated that the number of DR cases 
will grow to 191 million by 2030, with vision-threatening 
DR patients numbering over 56 million.19 Despite the de-
velopment of  DR diagnostic and treatment strategies, 
DR is still the leading cause of blindness in working-age 
population. However, at present, DR is diagnosed using 
fundus photography with dilated pupils20 and lacks specific 
biomarkers. Thus, it is urgent to develop new biomarkers 
and comprehensive approaches to reduce the risk of vi-
sion loss by prompt diagnosis and early treatment of DR. 
In the present study, we showed that serum SOCS6 levels 
were decreased in DR patients and were associated with 
clinical outcomes and severity.

A number of studies have indicated that cytokines, an-
giogenic markers and some clinical biomarker changes 
may cause DR. For example, a prospective study by Muni 
et al. found that serum high-sensitivity CRP is significantly 
correlated with the risk for DR.21 In addition, a case-control 
study by Churchill et al. confirmed that VEGF is associated 
with the severity of DR.22 In the current study, we found 
that the inflammatory factors CRP, IL-6, IL-1β, and TNF-α 
were elevated in DR patients. These results are consistent 
with several previous studies.23–25 Changes in several clini-
cal biomarkers are also associated with DR. For example, 
a 3-year prospective study in Taiwan showed that serum 
uric acid levels are associated with DR.9 Gao et al. reported 
that there may be a significant correlation between serum 
thyroglobulin antibody levels and the severity of DR.26 
However, at present, there are no specific biomarkers for 
the diagnosis of DR.

The SOCS6 is  an anti-inflammatory factor in many 
diseases, including DM. It has been previously reported 
that the inhibition of SOCS6 causes a significant increase 
in cell permeability and inflammation, and that overex-
pressing SOCS6 reverses cell permeability and the inflam-
matory response.27 Chen et al. found that the upregulation 
of lncRNA FGD5-AS1 could protect against periodonti-
tis through enhancing the levels of SOCS6.11 Meng et al. 
showed that the knockdown of miR-16-5p could suppress 
cell proliferation and accelerate the apoptosis of fibroblast-
like synoviocytes through targeting SOCS6.28 In addition, 

Xue et al. reported that miR-494-3p facilitated high glu-
cose-induced renal fibrosis through the promotion of cell 
apoptosis and epithelial–mesenchymal transformation via 
targeting SOCS6.29 The SOCS6 is also correlated with an-
giogenic markers. Yuan et al. confirmed that the upregula-
tion of SOCS6 inhibits angiogenesis and tumor xenograft 
growth, and is significantly associated with the prognosis 
of human prostate cancer.30

The SOCS proteins improve glucose metabolism, re-
duce the deleterious effects of  inflammation and pro-
mote neuroprotection. Most of the known SOCS proteins 
are involved in the regulation of insulin resistance, β-cell 
failure and the eventual development of DM.31 Several 
studies have also focused on the molecular mechanis-
tic effects of SOCS6 in DM. Luo et al. confirmed that 
SOCS6 could regulate inflammation, oxidative stress 
and apoptosis in retinal epithelial cells, and attenuate 
DR in a  rat model.32 In addition, Liu et al. suggested 
that the constitutive expression of the SOCS6 protein 
in retinal neurons improves glucose metabolism in vivo 
and in vitro.33 Xiao et al. confirmed that MEG3 targets 
the miR-19b/SOCS6 axis in order to inhibit high glucose-
induced human retinal microvascular endothelial cells 
apoptosis, while increasing the expression of SOCS6 and 
benefiting DR.12

As inflammation and vascular risk factors play important 
roles in the pathogenesis of DR, we inferred that SOCS6 
may also influence DR development through the regula-
tion of inflammation and angiogenesis. However, there 
is a lack of relevant reports regarding the role of SOCS6 
in DR. In the present study, we found that the expression 
of serum SOCS6 is decreased in DR and DM patients, and 
is correlated with the severity of multiple clinical features, 
including inflammatory and angiogenic factors.

Limitations

The present study has some limitations. First, we only in-
cluded a small sample of the study population. In addition, 
we examined a relatively small number of inflammatory 
and angiogenic factors. Finally, the molecular mechanisms 
of SOCS6 that influence DR development were not examined.

Conclusions

This study showed that the serum levels of SOCS6 are 
decreased in DR patients. Serum SOCS6 levels were also 
related to DR severity and clinical outcomes, including 
inflammatory and angiogenic factors. Thus, this study 
provides more evidence for the role of SOCS6 in DR.

Data availability

All data can be obtained from the corresponding author 
by reasonable request.
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Abstract
Background. Favipiravir is very effective in the treatment of many viral infections, especially at high doses. 
It was used at such doses to treat coronavirus disease 2019 (COVID-19) during the pandemic. However, liver 
damage was reported in patients undergoing such treatment.

Objectives. This study aimed to investigate the effects of low and high doses of favipiravir on the liver 
of rats, using biochemical and histopathological methods.

Materials and methods. Wistar albino rats were allocated to one of 3 groups, namely a healthy group 
(HG), a 100 mg/kg favipiravir (FAV-100) group and a 400 mg/kg favipiravir (FAV-400) group. Favipiravir was 
administered orally at 100 mg/kg and 400 mg/kg doses to the FAV-100 (n = 6) and FAV-400 (n = 6) groups, 
respectively. Distilled water was administered orally (1 mL) using the same method to the HG (n = 6). This 
procedure was repeated twice a day for 1 week. At the end of this period, the animals were euthanized with 
a high dose of thiopental anesthesia (50 mg/kg) and their liver tissues were removed.

Results. Favipiravir caused an increase in malondialdehyde (MDA), nuclear factor kappa B (NF-κB) and 
interleukin 6 (IL-6) levels in the liver tissue, as well as elevated alanine aminotransaminase (ALT) and aspartate 
aminotransferase (AST) levels in the blood. Moreover, favipiravir caused a decrease in total glutathione (tGSH), 
superoxide dismutase (SOD) and catalase (CAT) levels. In addition, severe edema, lymphocyte infiltration and 
hydropic degeneration were observed in the liver tissue of the FAV-400.

Conclusions. High-dose favipiravir caused more significant oxidative and inflammatory damage in the liver 
tissue of rats than low-dose favipiravir.

Key words: inflammation, rat, hydropic degeneration, favipiravir
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Background

Favipiravir is an antiviral drug that has been tested for use 
against coronavirus disease 2019 (COVID-19).1 It has also 
been found to be effective in treating influenza and severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2).2 
Favipiravir is effective against RNA viruses such as human 
rhinovirus, respiratory syncytial virus, metapneumovirus, 
and parainfluenza, and has been considered a candidate for 
the treatment of hantavirus-induced infections.3 The drug 
is converted to the active favipiravir-ribofuranosyl-50-tri-
phosphate metabolite through phosphorylation and ribosyl-
ation in tissues.4 The antiviral effects of favipiravir depend 
on blocking the inward and outward movements of viruses 
by the drug.5 The action is achieved through the inhibition 
of RNA-dependent RNA polymerase (RdRp).6 Favipiravir 
has been found to be effective against these infections 
at high doses.7 Two doses of 2400–3000 mg every 12 h have 
been recommended for the treatment of COVID-19, fol-
lowed by 1200–1800 mg every 12 h.8,9 However, favipiravir 
can cause toxic effects at high doses.10

The most frequent toxic effects of favipiravir are diarrhea, 
nephrotoxicity, increased serum uric acid and transami-
nase levels, decreased white blood cell count and neutrophil 
level, nausea, vomiting, abdominal pain, skin rash, itching, 
delirium, hallucinations, and convulsions.11,12 Moreover, 
liver damage has been reported in patients undergoing fa-
vipiravir treatment.13 This was also shown experimentally, 
with favipiravir causing hepatic dysfunction and vacuoliza-
tion in hepatocytes.13,14 Furthermore, favipiravir treatment 
was shown to cause an increase in liver enzymes and oxi-
dative and histopathological damage in rats. Recent study 
reported that endogenous oxidants and antioxidants such 
as superoxide dismutase (SOD), catalase (CAT), malondial-
dehyde (MDA), and total glutathione (tGSH) played a criti-
cal role in the pathogenesis of favipiravir hepatotoxicity.15 
These data indicated that oxidative stress was responsible 
for favipiravir-induced hepatotoxicity. However, no studies 
investigated the effects of favipiravir on the liver of animals 
treated with low and high doses of this drug.

Objectives

The purpose of the study was to examine the biochemi-
cal and histopathological effects of different doses of fa-
vipiravir on rat liver.

Materials and methods

Animals

Rats were obtained from Medical Experimental Ap-
plication and Research Center (Erzincan Binali Yıldırım 

University, Erzincan, Turkey). In total, 18 albino male Wi-
star rats weighing 280–290 g were included in the study. 
Before the commencement of  the study, the rats were 
housed at room temperature (22°C) in a 12-hour light/
dark cycle. The animals were fed with normal tap wa-
ter and pellet food. The  procedures were approved 
by  the  Animal Experiments Local Ethics Commit-
tee (September 29, 2022, meeting No. 09/46, approval 
No.  E-85748827-050.01.04-204261)

Chemicals

The thiopental sodium was procured from a commercial 
supplier (IE Ulagay, Istanbul, Turkey), and the favipiravir 
was obtained from the Education and Research Hospital 
(Erzincan, Turkey) affiliated with the Ministry of Health.

Animal groups

The rats were randomly assigned to one of 3 groups 
(n = 6/group), namely a healthy group (HG), a 100 mg/kg 
favipiravir (FAV-100) group and a 400 mg/kg favipiravir 
(FAV-400) group.

Experimental procedure

Favipiravir was given orally at  doses of  100  mg/kg 
or 400 mg/kg to the FAV-100 and FAV-400 animal groups, 
respectively. Distilled water was administered orally (1 mL) 
to the HG using the same method. This practice was con-
tinued twice a day for 1 week. At the end of the 1st week, 
the rats were euthanized with a high dose of thiopental 
anesthesia (50 mg/kg), and their liver tissues were excised. 
The MDA, tGSH, SOD, and CAT levels in liver tissues were 
measured. In addition, serum alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) activities 
were determined in blood samples taken from the rats be-
fore they were euthanized. The liver tissues were assessed 
biochemically and histopathologically. All experimental 
results were analyzed by comparing the groups.

Biochemical analyses

Malondialdehyde, glutathione, superoxide dismutase, 
catalase, and protein determination in tissue

The  concentration of SOD, tGSH and MDA in  liver 
tissues of the experimental animals was evaluated using 
commercially available enzyme-linked immunosorbent 
assay (ELISA) kits (cat. No. 706002, 703002 and 10009055, 
respectively) according to the kit instructions (Cayman 
Chemical Company, Ann Arbor, USA). The determination 
of CAT was performed according to the method described 
by Góth.16 The protein analysis was performed according 
to the Bradford method.17
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Nuclear factor kappa B and interleukin 6 analysis 
in tissues

The samples were weighed and all tissues was sepa-
rated, snap-frozen using liquid nitrogen, and homogenized 
with a mortar. After the samples were melted, they were 
stored at 2–8°C as a standard. Phosphate-buffered saline 
(PBS) (pH 7.4, 1/10 w/v) was added to the samples, which 
were then vortexed for 10 s and centrifuged for 20 min 
at 10,000 × g. Nuclear factor kappa B (NF-κB; pg/L) was as-
sayed using a rat NF-κB ELISA immunoassay kit (Shanghai 
Sunred Biological Technology Co., Ltd., Shanghai, China) 
and the levels of interleukin 6 (IL-6; ng/L) were assayed 
using a commercial ELISA kit (Hangzhou Eastbiopharm 
Co., Ltd., Hangzhou, China).

Alanine aminotransferase and aspartate 
aminotransferase analysis in tissues

Serum AST and ALT activities were measured with 
commercially available kits (Roche Diagnostics GmbH, 
Mannheim, Germany) to assess liver function. Samples 
were analyzed spectrophotometrically using a cobas® 8000 
auto-analyzer (Roche Diagnostics GmbH).

Histopathological analyses

Sections of liver tissue were stained with hematoxylin and 
eosin (H&E) and examined using an Olympus BX51 fluo-
rescence microscope (Olympus Corp., Tokyo, Japan). Histo-
pathological severity of damage was evaluated as normal (0), 
mild injury (1), moderate injury (2), or severe injury (3).

Statistical analyses

The experimental results are presented as mean ± stan-
dard deviation (M  ±SD) and 95% confidence interval 
(95% CI) of the mean. The Shapiro–Wilk test was used 
to determine whether the data were distributed normally, 
and the homogeneity of variances was determined with 

the Levene’s test. Since the data were normally distrib-
uted, one-way analysis of variance (ANOVA) was chosen 
for statistical analysis. Subsequently, the Tukey’s honest 
significant difference (HSD) and Games–Howell post hoc 
tests were performed after ANOVA. GraphPad Prism v. 8 
software (GraphPad Software, San Diego, USA) was used 
to create the images. Biochemical findings were analyzed 
with IBM SPSS v. 25.0 software (IBM Corp., Armonk, USA). 
A value of p < 0.05 was considered statistically significant.

Results

Biochemical findings

Oxidative and antioxidant findings in liver tissue

Favipiravir increased MDA levels more significantly 
at a dose of 400 mg/kg and decreased tGSH levels more 
significantly at a dose of 100 mg/kg (Fig. 1). Also, favipi-
ravir decreased SOD and CAT activity more significantly 
at a dose of 400 mg/kg compared to a dose of 100 mg/kg 
(Fig. 2).

Nuclear factor kappa B and interleukin 6 findings 
in liver tissues

We found that levels of NF-kB and IL-6 in  liver tis-
sue were significantly increased at  a  favipiravir dose 
of 400 mg/kg compared to the 100 mg/kg dose (Fig. 3).

Alanine aminotransferase and aspartate 
aminotransferase findings in the blood

Favipiravir significantly increased ALT and AST activity 
in comparison to the HG (p < 0.001). The ALT and AST ac-
tivities were higher in the FAV-400 group than in the FAV-
100 group (p < 0.001; Fig. 4). Biochemical parameters are 
presented in Table 1.

Fig. 1. Malondialdehyde (MDA) 
and total glutathione (tGSH) 
analysis of liver tissue

HG – healthy group;  
FAV-100 – favipiravir 100 mg/kg 
group; FAV-400 – favipiravir 
400 mg/kg group. Mean values 
and 95% confidence intervals 
(95% CIs) are presented.
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Histopathological findings

As shown in Fig. 5A, no microscopic pathological find-
ings were found in the HG. However, moderate edema and 
lymphocyte infiltration were found in the FAV-100 group 
(Fig. 5B). Moreover, severe edema, lymphocyte infiltration 
and hydropic degeneration were observed in the FAV-400 
group (Fig. 5C).

Discussion

Favipiravir has been used at high doses for the treatment 
of COVID-19 as its antiviral efficacy is known to be greater 
at such doses.18 In this study, the effects of low and high 
doses of favipiravir on the liver were analyzed biochemically 
and histopathologically. The biochemical tests revealed that 
a high dose of favipiravir significantly increased MDA, NF-
kB, IL-6, ALT, and AST levels when compared to the low 
dose. A high dose also decreased the levels of antioxidants, 

Fig. 4. Alanine aminotransferase 
(ALT) and aspartate 
aminotransferase (AST) analysis 
of blood

HG – healthy group;  
FAV-100 – favipiravir 100 mg/kg 
group; FAV-400 – favipiravir 
400 mg/kg group. Mean values 
and 95% confidence intervals 
(95% CIs) are presented.

Fig. 3. Nuclear factor kappa-B 
(NF-κB) and interleukin 6 (IL-6) 
analysis of liver tissue

HG – healthy group;  
FAV-100 – favipiravir 100 mg/kg 
group; FAV-400 – favipiravir 
400 mg/kg group. Mean values 
and 95% confidence intervals 
(95% CIs) are presented.

Fig. 2. Superoxide dismutase 
(SOD) and catalase (CAT) analysis 
of liver tissue

HG – healthy group;  
FAV-100 – favipiravir 100 mg/kg 
group; FAV-400 – favipiravir 
400 mg/kg group. Mean values 
and 95% confidence intervals 
(95% CIs) are presented.
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including tGSH, SOD and CAT. The MDA is known to be 
one of the most important indicators of oxidative damage 
and is the final product of lipid peroxidation (LPO),19 a pro-
cess that is associated with tissue damage.20

In healthy tissues, a  small portion of oxygen is con-
verted to reactive oxygen species (ROS) during metabolism 
in the mitochondria and other cellular compartments. 
The  primary ROS include hydrogen peroxide (H2O2), 

Table 1. Results and analysis of biochemical parameters

Variables
MDA 

[µmol/g 
protein]

tGSH 
[nmol/g 
protein]

SOD 
[U/g protein]

CAT  
[U/g protein]

NF-κB 
[pg/L] IL-6 [ng/L] ALT [U/L] AST [U/L]

Groups 
(M ±SD)

HG 2.08 ±0.05 5.73 ±0.42 7.58 ±0.06 8.18 ±0.05 2.40 ±0.05 2.19 ±0.06 31.83 ±1.66 34.17 ±1.01

FAV-100 3.75 ±0.08 3.80 ±0.03 5.58 ±0.04 6.17 ±0.04 3.90 ±0.03 3.84 ±0.02 60.67 ±1.52 65.00 ±1.98

FAV-400 5.04 ±0.11 2.26 ±0.04 3.48 ±0.04 4.34 ±0.06 5.31 ±0.05 5.01 ±0.09 112.33 ±2.67 128.83 ±3.81

95% CI for 
the mean 
change

HG
lower 1.9456 5.6264 7.4242 8.0537 2.2832 2.0269 27.5619 31.5606

upper 2.2211 5.8403 7.7358 8.3029 2.5201 2.3431 36.1048 36.7727

FAV-100
lower 3.5322 3.7285 5.4740 6.0701 3.8342 3.7914 56.7588 59.9019

upper 3.9645 3.8715 5.6860 6.2632 3.9625 3.8920 64.5746 70.0981

FAV-400
lower 4.7629 2.1667 3.3836 4.1804 5.1779 4.7821 105.4784 119.0467

upper 5.3105 3.3466 3.5697 4.4896 5.4321 5.2432 119.1882 138.6199

p-values

HG vs. FAV-100 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

HG vs. FAV-400 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

FAV-100 vs. FAV-400 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

F value 309.002 2441.326 1889.563 1502.463 1218.373 492.657 409.619 359.465

df (df1/df2) 2/15 2/15 2/15 2/15 2/15 2/15 2/15 2/15

HG – healthy group; FAV-100 – 100 mg/kg favipiravir group; FAV-400 – 400 mg/kg favipiravir group; MDA – malondialdehyde; tGSH – total glutathione; 
SOD – superoxide dismutase; CAT – catalase; NF-κB – nuclear factor kappa B; IL-6 – interleukin 6; ALT – alanine aminotransferase; AST – aspartate 
aminotransferase;  M ±SD – mean ± standard deviation. The Tukey’s honest significant difference and the Games–Howell post hoc tests were performed 
following analysis of variance (ANOVA) (F (2,15)).

Fig. 5. A. Liver tissue of a healthy rat. No microscopic pathological changes were found in the liver tissue of the animals in the healthy group (HG); B. Liver 
tissue of the favipiravir 100 mg/kg (FAV-100) group. Moderate-level edema and lymphocyte infiltration were observed in the liver tissue of the FAV-100 
group; C. Liver tissue of the favipiravir 400 mg/kg (FAV-400) group. Severe edema, lymphocyte infiltration and hydropic degeneration were observed 
in the liver tissue of the FAV-400 group
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superoxide radical (O2
⋅−) and hydroxyl radical (OH•).19 

Excessive ROS formation causes inflammatory diseases,21 
oxidative stress, and damage at a molecular and cellular 
level.22 Results of this study, as well as information de-
rived from other studies, indicate that favipiravir causes 
oxidative damage at low and high doses. Indeed, recent 
study showed that favipiravir caused oxidative damage 
by increasing MDA levels in liver tissue.15 Another study 
demonstrated that side effects increased as the dose of fa-
vipiravir increased, which is in agreement with our bio-
chemical findings.10

Antioxidants are known to protect liver tissue from 
oxidative damage.23 Therefore, we performed antioxidant 
measurements to analyze liver injury. The tGSH levels 
in the liver tissue of animals treated with a 400 mg/kg 
dose of favipiravir were found to be significantly lower 
than in those treated with a 100 mg/kg dose. The GSH 
is a tripeptide that includes L-glutamate, L-cysteine and 
glycine, and it is one of the most remarkable antioxidants.24 
Indeed, in living tissues, GSH detoxifies ROS reactions and 
protects cells from ROS toxicity.25 The decrease in tGSH 
levels in the liver tissue of animals administered favipi-
ravir indicated that the oxidant/antioxidant balance had 
changed in favor of oxidants, which was determined to be 
oxidative stress.26 Similar results were found in another 
study, in which it was observed that the GSH levels of cells 
decreased after favipiravir treatment.27

Other parameters used to evaluate oxidative stress in-
cluded SOD and CAT levels.28 Normal levels of SOD and 
CAT help maintain tissue integrity and function by neu-
tralizing overproduced ROS.29 Our experimental results 
showed a decrease in the levels of the enzymatic antioxi-
dants SOD and CAT in groups treated with favipiravir. 
Similarly, Kara et al. showed that SOD and CAT levels 
decreased in lung and liver tissue groups treated with fa-
vipiravir compared to healthy tissues,15 which is consistent 
with our experimental results.

The levels of the pro-inflammatory cytokines NF-κB 
and IL-6 were found to be increased in the liver tissue 
of animals treated with favipiravir. The NF-κB plays an im-
portant role in mediating the cellular response to damage, 
stress and inflammation.30 According to previous studies, 
favipiravir increased NF-κB and IL-6 levels in the liver,15 
and increased NF-κB in primary intervertebral disc tis-
sue cell cultures.31 At the same time, Zhao et al. also re-
ported that favipiravir increased levels of IL-6.32 In other 
words, favipiravir plays an important role in inflamma-
tion by causing an increase in pro-inflammatory cytokine 
production.

Increased serum transaminase, an important indicator 
of hepatocellular damage, occurs in 8% of the population.33 
In this study, favipiravir significantly increased ALT and 
AST levels at a dose of 100 mg/kg and 400 mg/kg. Bayram 
et al. found that serum ALT and AST levels were elevated 
in  patients treated with favipiravir.34 Another study 
showed that ALT and AST levels increased in patients 

administered favipiravir for the treatment of COVID-19, 
which caused hepatotoxicity.13 Furthermore, a study by Izci 
Cetinkaya et al. showed a significant increase in ALT and 
AST levels in patients treated with favipiravir.35

The biochemical results obtained from the liver tissues 
of animals in  this study aligned with the histopatho-
logical findings. Severe edema (grade 3), lymphocyte 
infiltration and hydropic degeneration were observed 
in the liver tissues of the FAV-400 group, which also had 
high oxidant and low antioxidant levels. However, only 
moderate edema (grade 2) and lymphocyte infiltration 
were observed in the FAV-100 group. These results in-
dicate that increasing the dose of favipiravir increased 
hepatic edema, lymphocyte infiltration and hydropic 
degeneration. It has been reported that hydropic degen-
eration is associated with oxidative liver injury.36 In ad-
dition, it was shown that increased inflammatory cells 
and pro-inflammatory mediators were associated with 
ROS production.37

Limitations

The study did not investigate the effects of favipiravir 
in combination with other drugs in the treatment of CO-
VID-19 or other infections. This should be clarified in fu-
ture studies. Due to a very small sample size used, it is im-
possible to reliably verify the statistical test assumptions; 
therefore, the calculated p-values need to be interpreted 
with caution.

Conclusions

In conclusion, high dose of favipiravir caused signifi-
cantly more oxidative and inflammatory injury in liver 
tissue compared to the low dose. Indeed, animals admin-
istered a high dose (400 mg/kg) of favipiravir had higher 
levels of oxidants and pro-inflammatory cytokines, as well 
as hydropic degeneration of the liver. This is the first study 
to show hydropic degeneration of the liver with the use 
of favipiravir. Therefore, hydropic degeneration may be 
associated with the excessive production of oxidants and 
pro-inflammatory cytokines. Due to its adverse effects 
on the liver, close and frequent follow-up of liver biopa-
rameters during favipiravir therapy would be beneficial for 
predicting the occurrence of complications.
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Abstract
Background. Studies indicate a relationship between a high-fat diet (HFD) and sperm quality. However, 
the time-dependent adverse effects of a HFD on sperm parameters and the underlying mechanisms remain 
unclear.

Objectives. The present study was designed to determine the effects of a HFD on sperm quality at various 
time points in order to assess whether a HFD causes cumulative damage to sperm.

Materials and methods. Male C57BL/6 mice were fed a normal diet (the ND group) or a HFD (the HFD 
group) for 16, 30 or 42 weeks (n = 6 for each group). Body weight, lipid profile, sperm parameters, testicular 
morphology, and testicular oxidative stress levels were evaluated alongside the proliferation, DNA damage 
and rate of germ cell apoptosis.

Results. Sperm quality was reduced in HFD-fed animals in a time-dependent manner, which was demon-
strated by a decline in sperm density, motility and progressive motility. Further analysis showed a progressive 
deterioration of the testicular histoarchitecture of HFD-fed mice, which was accompanied by a decrease 
in DEAD-box helicase 4 (DDX4) expression and superoxide dismutase (SOD) levels, increased malondialdehyde 
(MDA) levels and gamma-H2A histone family member X (γ-H2AX) expression, and increased apoptosis 
of germ cells.

Conclusions. These findings demonstrate that a HFD exerted adverse effects on sperm quality, and the de-
teriorating effect was progressive with long-term feeding. The inhibited proliferation and apoptosis of germ 
cells, and the increased oxidative stress levels and DNA damage may be the underlying mechanisms.

Key words: adverse effects, high-fat diet, sperm parameters, time-dependent manner
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Background

With the rapid development of society, an unhealthy 
high-fat diet (HFD) has become a common dietary prob-
lem.1 In  both clinical and animal studies, HFD leads 
to the occurrence and development of obesity and a se-
ries of diseases, including diabetes and cardiovascular 
disease (CVD).2–4 Moreover, the adverse effects of a HFD 
on the quality of male sperm are gradually being recog-
nized.5–7 Numerous studies have demonstrated that HFD 
results in a reduced sperm quality.8 Furthermore, a clini-
cal study showed that a diet containing palmitic acid (PA) 
may contribute to asthenozoospermia in males.9 Animal 
studies have reported a decreasing trend in sperm motil-
ity in animals fed a HFD.10,11 However, whether the HFD 
has time-dependent adverse effects on  sperm quality 
remains controversial. Fernandez et al. found that con-
suming a HFD for 16 or 45 weeks did not impair sperm 
quality, but only reduced the number of ejaculations.12 
Moreover, recent studies found an increase in sperm con-
centration in mice treated with a HFD for 30 weeks.11,12 
These conflicting findings suggest that a dynamic analy-
sis of the cumulative effects of a HFD is required to un-
derstand the impact of a HFD on sperm quality.

The molecular mechanisms of HFD-induced sperm 
alterations remain uncharted to a large extent. Numer-
ous studies have demonstrated a link between the inhi-
bition of the proliferation of germ cells and the cessa-
tion of spermatogenesis. It has also been reported that 
DEAD-box helicase 4 (DDX4) has a vital role in the pro-
liferation of germ cells and that the expression of DDX4 
decreased in the testes of mice and rats.13,14 In addition, 
a previous report provided evidence that a HFD may 
decrease fertility through oxidative stress.13 A recent 
study reported that oxidative stress led to DNA double-
strand breaks (DSBs), which can be detected as a phos-
phorylation of gamma-H2A histone family member X 
(γ-H2AX) foci in  cells.15,16 If  DSBs are not correctly 
repaired, γ-H2AX will be expressed continuously and 
germ cells will gradually undergo apoptosis.17,18 However, 
the effects of a HFD on the expression of γ-H2AX and 
the proliferation of germ cells remain unclear.

Objectives

The aim of the study was to assess whether a HFD al-
ters sperm quality, and whether a HFD could be the cause 
of cumulative sperm damage, as well as to pinpoint the un-
derlying mechanisms. The present study investigated al-
terations in murine sperm quality induced by a HFD over 
various timeframes.

Materials and methods

Animals and diets

This study was approved by the Animal Ethics Commit-
tee of Shandong Provincial Hospital (Jinan, China; approval 
No. NSFC: NO.2019-243 issued on February 22, 2019). 
Male 8-week-old C57BL/6 mice (n = 32) were purchased 
from the Vital River Laboratory Animal Technology Co. 
Ltd. (Beijing, China). The animals were adapted to a 12-
hour light/dark cycle at 22–25°C. They were randomly split 
into 2 groups (n = 24 per group) and were fed a normal diet 
(ND) containing 10 kcal% fat (D12450B; Research Diets, 
New Brunswick, USA)19 or a HFD containing 60 kcal% fat 
(D12492; Research Diets)20 for 16, 30 or 42 weeks (n = 6 for 
each group at each different time). Mice from each group 
were euthanized at the end of 16, 30 and 42 weeks of diet 
intervention.

After 8-hour fasting, all mice were anesthetized with 
pentobarbital sodium and weighed. Then, sperm was col-
lected immediately from the epididymal cauda. Blood 
samples were drawn from the retro-orbital vein and stored 
at −80°C, and the testes and epididymal fat were separated 
and weighed. The testis coefficient was calculated by divid-
ing the weight of the testis by body weight. The testes were 
rapidly preserved in liquid nitrogen for Oil Red O staining 
and protein analysis, or in modified Davidson’s fluid (mDF) 
for morphological analysis.21,22

Measurement of lipid profile

The serum levels of glucose (GLU), low-density lipo-
protein cholesterol (LDL-C), total cholesterol (TC), and 
triglycerides (TG) were evaluated using Mindray Auto-
matic biochemical analyzer BS-830 (Mindray Bio-Medical 
Electronics Co., Ltd., Shenzhen, China).21,22

Detection of sperm parameters

The  epididymal cauda of  the  mice were transferred 
to a Petri dish containing HyClone™ Medium 199 (Cy-
tiva, Marlborough, USA) and 0.5% bovine serum albumin 
(BSA). Using sharp surgical scissors, multiple incisions 
were made in the epididymal cauda to facilitate sperm sus-
pension in the culture medium. Suspensions were then 
placed in an incubator (37°C, 5% CO2) for 5 min to maxi-
mize sperm drainage. Subsequently, 10 µL of diluted sperm 
suspension (1:20) was transferred to a sperm counting plate 
of the computer-assisted semen analyzer (CASA) IVOS II 
(Hamilton-Thorne Bioscience, Beverly, USA) for the auto-
mated analysis.22 This analysis included sperm concentra-
tion and progressive and nonprogressive motility, as well 
as characterizing movement as rapid, moderate or static. 
Sperm velocity was also assessed, including average path 
velocity (VAP), linear velocity (VSL) and curvilinear veloc-
ity (VCL).
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Hematoxylin and eosin staining

Testis samples that had been fixed in mDF for 24 h were 
embedded in paraffin, and then sectioned at a thickness 
of 5 μm. Sections were deparaffinized, rehydrated, stained 
with hematoxylin and eosin (H&E), and then scanned with 
the  Aperio VERSA light microscopy scanning system 
(Leica Biosystems, Richmond, USA).22 Damage to semi-
niferous tubules and spermatogenesis were evaluated 
according to the Cosentino’s scoring system: 1. Normal 
testicular architecture with an orderly arrangement of ger-
minal cells; 2. Injury showed less orderly, non-cohesive 
germinal cells and closely packed seminiferous tubules; 
3. Injury exhibited disordered sloughed germinal cells, 
with reduced size of pyknotic nuclei and less distinct semi-
niferous tubule borders; 4. Injury exhibited seminiferous 
tubules that were closely packed with coagulative necrosis 
of the germinal cells.

Oil Red O staining

Frozen testis sections (7-μm thick) were sunk in 95% 
alcohol for 15 s, stained with Oil Red O (Beyotime Bio-
technology, Shanghai, China) for 15 min in the dark, and 
counterstained with hematoxylin for 3 min.22 The speci-
mens were then imaged using the Aperio VERSA light 
microscopy scanning system (Leica Biosystems).

Malondialdehyde and superoxide 
dismutase measurements

The malondialdehyde (MDA) content (STA-330; Cell 
Biolabs Inc., San Diego, USA) and superoxide dismutase 
(SOD) levels (S0087; Beyotime Biotechnology) of  tes-
tes were evaluated using commercially available kits 
(MDA: STA-330; Cell Biolabs Inc.; SOD: S0087; Beyo-
time Biotechnology) according to  the manufacturer’s 
instructions.

Immunofluorescence

Paraffin-embedded testis sections (5-μm thick) were 
deparaffinized, immersed in citrate buffer antigen retrieval 
solution and heated in a microwave oven for 20 min. Then, 
they were cooled for 60 min and incubated in 5% BSA for 
60 min at room temperature. Afterward, sections were in-
cubated overnight at 4°C with rabbit polyclonal anti-DDX4 
(ab13840, 1:200) or recombinant anti-γ-H2AX (ab81299, 
1:200) primary antibodies (Abcam, Cambridge, UK). 
The negative control was incubated without a primary 
antibody. On the next day, sections were incubated with 
a secondary antibody (1:1000; Thermo Fisher Scientific, 
Waltham, USA). The nuclei were then stained with 4’,6-di-
amidino-2-phenylindole (DAPI).21 Images were acquired 
with a Nikon AX confocal microscope (Nikon Corp., To-
kyo, Japan), equipped with a ×40 objective. Images were 

merged and processed using Nikon confocal analysis soft-
ware. For descriptive analyses, each sample was examined 
at least 3 times.

Terminal deoxynucleotidyl transferase 
dUTP nick end labeling

Paraffin-embedded testis sections (5-μm thick) were 
stained using a  terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) assay kit (KGA704-1; 
Keygen Biotech Co., Ltd., Nanjing, China) according 
to  the  manufacturer’s protocol. The  cell nuclei were 
stained with DAPI and the sections were observed us-
ing the Aperio VERSA light microscopy scanning system 
(Leica Biosystems). Using ImageJ software (National Insti-
tutes of Health, Bethesda, USA), the number of TUNEL-
positive (TUNEL+) cells/high power field (HPF) was cal-
culated. Each sample was assessed at least 3 times.

Statistical analyses

Outliers were removed by  the  robust regression fol-
lowed by outlier identification (ROUT) method, using 
GraphPad Prism 9 (GraphPad Software Inc., San Diego, 
USA). Data were analyzed using two-way analysis of vari-
ance (ANOVA) followed by the Tukey’s post hoc test for 
the between-diet per period and between-period per diet. 
A value of p < 0.05 was considered statistically significant.

Results

Characterization of mice fed a high-fat diet

To evaluate the effect of a HFD on body weight and 
metabolic parameters, the relevant values were examined. 
Throughout the course of the study, body weight, testis 
weight, testis coefficient, epididymal adipose weight, and 
TC were significantly higher in the mice fed a HFD com-
pared to the mice fed a ND, at all timepoints (16 weeks 
(w): p < 0.05; 30 w: p < 0.05; 42 w: p < 0.05). Glucose levels 
were similar at 16 and 42 weeks and increased at 30 weeks 
(p < 0.05; Fig. 1). Total TG and LDL-C levels were similar 
between the groups at 16 weeks but increased at 30 weeks 
(p < 0.05) and 42 weeks (p < 0.05). Furthermore, the body 
weight (16 w compared to 42 w: p < 0.05), testis coefficient 
(16 w compared to 42 w: p < 0.05), GLU (16 w compared 
to 30 w: p < 0.05; 16 w compared to 42 w: p < 0.05; 30 w 
compared to 42 w: p < 0.05), TC (16 w compared to 30 w: 
p < 0.05; 16 w compared to 42 w: p < 0.05), and LDL-C 
(16 w compared to 42 w: p < 0.05; 30 w compared to 42 w: 
p < 0.05) were elevated significantly in a time-dependent 
manner in mice fed a HFD, while only GLU (16 w com-
pared to 42 w: p < 0.05; 30 w compared to 42 w: p < 0.05) 
and TC (30 w compared to 42 w: p < 0.05) were elevated 
over time in mice fed ND. These results indicated that 
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the high-fat model was successfully established. The high-
fat model tended to  have more metabolic disorders 
the longer the mice were fed a HFD.

Alteration of sperm parameters  
induced by a high-fat diet

To  confirm the  effects of  a  HFD on  sperm quality, 
sperm parameters in the epididymal cauda were eval-
uated with a  CASA after different feeding intervals. 
The  CASA evaluation revealed that striking changes 
occurred in the sperm of all of  the HFD groups com-
pared to the control groups (Fig. 2). It was found that 
16 weeks on a HFD did not cause any significant change 
in the sperm parameters, although sperm concentration 
was reduced by approx. 20%. Continuous feeding with 
a  HFD for 30 and 42  weeks caused increasing sperm 
dysfunction, including a  lowered sperm concentration 
and decreased motility. Indeed, there was a significant 
decrease in the progressive motility of sperm at 42 weeks 
(p < 0.05). Furthermore, when animals fed the HFD for 
different periods were compared, a time-dependent im-
pairment was found for all parameters except for VAP, 
VSL and VCL, and all of  the damaging changes were 
statistically significant (sperm density: 16 w compared 
to 42 w: p < 0.05; static sperm: 30 w compared to 42 w: 
p  <  0.05; sperm motility, rapid sperm and moderate 
sperm: 16 w compared to 42 w: p < 0.05; sperm progres-
sive motility: 16 w compared to 30 w: p < 0.05, and 16 w 

compared to 42 w: p < 0.05). Conversely, there was only 
a  time-dependent difference in  sperm concentration 
in the ND groups (16 w compared to 42 w: p < 0.05; 30 w 
compared to 42 w: p < 0.05), and there were no differ-
ences in sperm parameters related to motility. These re-
sults demonstrate that sperm parameters were adversely 
affected by a HFD and these adverse effects were most 
severe in the mice fed a HFD for 42 weeks.

Alterations of testicular histoarchitecture 
induced by a high-fat diet

To investigate changes in the seminiferous tubules after 
HFD exposure, testicular morphology was analyzed using 
H&E staining for the 3 feeding intervals (Fig. 3A). Normal 
histological features were observed in all 3 ND groups 
(Fig. 3A). Conversely, seminiferous tubules were loosely 
arranged in the mice fed a HFD for 16 weeks. The changes 
in histoarchitecture were more evident in the 30-week 
group, with distinct structural disorganization and in-
creased vacuolization in  both seminiferous tubules 
and interstitial spaces. Drastic structural alterations, 
characterized by  obvi ous tubular degeneration and 
prominent vacuolization, were no ticed after 42 weeks. 
Figure 3B shows the Cosentino’s scores obtained after 
the histopathological examination of each group. There 
were significant increases in  both scores in  the  HFD 
mice after 30 and 42 weeks compared to the ND group 
(30 w: p < 0.05; 42 w: p < 0.05). Furthermore, the scores 

Fig. 1. General conditions induced by a high-fat diet (HFD). Comparison of body weight between the normal diet (ND) and HFD groups (A). Testicular 
weight (B), testis coefficient (C) and epididymal fat (D) in the ND group and the HFD group (n = 6 for each group). Comparison of the levels of serum glucose 
(GLU) (E), total serum cholesterol (TC) (F), triglycerides (TG) (G), and low-density lipoprotein cholesterol (LDL-C) (H), between the ND and HFD groups 
(n = 6 for each group). The capital letters refer to the comparison between the ND and HFD groups at the same feeding time, while lowercase letters refer 
to the comparisons between different feeding times. Different letters indicate a significant difference (p < 0.05)
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increased in a time-dependent manner in mice fed a HFD 
(16 w compared to 30 w: p < 0.05; 16 w compared to 42 w: 
p < 0.05).

To  evaluate ectopic lipid deposition in  the  testes 
of mice fed a HFD, testicular morphology was analyzed 
using Oil Red O staining at 16, 30 and 42 weeks (Fig. 3C). 
Ectopic lipid deposition was increased in all HFD groups 
compared with the ND groups (Fig. 3B). Interestingly, 
while frozen sections from the group fed a ND exhib-
ited progressive ectopic lipid deposition in  the  testes 
with time, a more obvious progressive deposition was 
observed with prolonged time in the testes of the mice 
fed a HFD. These results indicate that the short-term 
influence of a HFD on testicular histoarchitecture may 
not be obvious; however, long-term effects may mean 
distinct damage.

High-fat diet inhibited  
the proliferation of germ cells

While conventional sperm analysis can determine 
the sperm quality to a certain extent, it may not display 
potential defects such as the inhibition of proliferation. 
To evaluate the proliferation of germ cells, DDX4 was 

detected in mouse testes by means of  immunofluores-
cent staining (Fig. 4). Compared with the correspond-
ing ND groups, a considerable decrease in the number 
of DDX4-positive cells was observed in all of the HFD 
groups. Interestingly, in the HFD groups, DDX4 decreased 
with time and reached a minimum expression at 42 weeks. 
These findings highlight the deleterious role a HFD has 
in testicular injury, which most likely occurred through 
the inhibition of the proliferation of germ cells, and this 
inhibition worsened with time.

High-fat diet exposure  
induced oxidative stress in testes

To evaluate whether a HFD influences sperm quality 
by aggravating oxidative stress, the testicular oxidative 
stress-related index was assessed, and the levels of the an-
tioxidative enzyme SOD and pro-oxidative by-product 
MDA were determined (Fig. 5A,B). At the end of the ex-
perimental procedure, the MDA concentration tended 
to increase while the SOD concentration tended to de-
crease in all HFD groups. However, none of the changes 
were significantly different, except for the MDA concen-
tration at 42 weeks (p < 0.05). The MDA concentration 

Fig. 2. Sperm parameter changes induced 
by a high-fat diet (HFD). Comparison 
of sperm concentration (A), sperm 
motility (B), sperm progressive motility (C), 
rapid sperm (D), moderate sperm (E), static 
sperm (F), average path velocity (VAP) (G), 
linear velocity (VSL) (H), and curvilinear 
velocity (VCL) (I) between the normal diet 
(ND) and HFD groups (n = 6 for each group). 
The capital letters refer to comparisons 
between ND and HFD groups at the same 
feeding time, while lowercase letters refer 
to comparisons between different feeding 
times. Different letters indicate a significant 
difference (p < 0.05)
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increased significantly with time (16 w compared to 42 w: 
p < 0.05), and the SOD concentration tended to decrease 
over time in the HFD group. The results indicate that 
the level of testicular oxidative stress in obese mice in-
creased, which may result in a reduced sperm quality.

High-fat diet exposure  
induced the apoptosis of germ cells

To  further assess whether the  decreased epididy-
mal sperm quality was a result of germ cell apoptosis, 
TUNEL staining was performed on the mouse testes 
(Fig. 5C,D). A  considerable increase in  the  number 
of TUNEL+ cells was observed at 30 and 42 weeks (30 w: 
p < 0.05; 42 w: p < 0.05). When animals fed the HFD for 
different periods were compared, a time-dependent in-
crease in the number of TUNEL+ cells was found (16 w 
compared to 30 w: p < 0.05; 16 w compared to 42 w: 
p < 0.05). These findings demonstrate the deleterious 
role of a HFD in inducing injury to the testes through 
the initiation of apoptosis in germ cells, and this activa-
tion increases with time.

High-fat diet exposure  
induced DNA damage in mouse testes

To detect DNA damage in the testes, the expression 
of  γ-H2AX was evaluated using immunofluorescence. 
As shown in Fig. 6, the HFD groups had a significantly 
higher γ-H2AX expression in comparison with the ND 
groups. More interestingly, the  expression of  γ-H2AX 
increased in a time-dependent manner for both the ND 
groups and the  HFD groups. These results indicate 
that DNA damage was induced by the HFD, which may 
be an  underlying mechanism of  the  decreased sperm 
parameters.

Discussion

The relationship between a HFD and HFD-related disor-
ders such as obesity, CVD and cancers has been recognized 
for a long time.14 Recently, a great deal of evidence has come 
to light showing that a HFD can also exert a profound 
impact on sperm quality. However, the cumulative effects 

Fig. 3. Testicular morphological changes 
and lipid deposition induced by a high-
fat diet (HFD). A. Representative pictures 
of testicular hematoxylin and eosin 
(H&E) staining (n = 3 for each group); 
B. Grade of Cosentino’s scoring (n = 3 for 
each group, each sample was assessed 
at least 2 times); C. Representative 
pictures of testicular Oil Red O staining 
(n = 3 for each group). The capital letters 
refer to comparisons between normal 
diet (ND) and HFD groups at the same 
feeding time, while lowercase letters 
refer to comparisons between different 
feeding times. Different letters indicate 
a significant difference (p < 0.05)
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Fig. 4. Inhibition of germ cell proliferation induced with a HFD. Representative images of DEAD-box helicase 4 (DDX4) staining in the testes of mice fed 
a HFD for 8, 16 or 42 weeks (n = 3 for each group)

ND – normal diet; HFD – high-fat diet.
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of a HFD on sperm quality are controversial and there 
is currently a lack of in-depth investigations in this area. 
In this study, by developing a HFD-related model, it was 
demonstrated that a HFD reduced sperm quality. Also, 
HFD-induced sperm damage may be cumulative and occur 
in a time-dependent manner. The inhibited proliferation 
of germ cells, increased oxidative stress levels in the testes, 
increased DNA damage, and the promotion of apoptosis 
may be the underlying mechanisms.

In  this study, mice exposed to  a  HFD for 16, 30 
or 42 weeks experienced weight gain, testicular weight 
gain and epididymal adipose weight gain. Abnormal lipid 
and GLU metabolism were also observed at different in-
tervals in the HFD group, including increased GLU, TC, 
TG, and LDL-C. These results demonstrate that the HFD-
related model was successfully established. Moreover, body 
weight, GLU, TC, and LDL-C increased in a time-depen-
dent manner in the HFD groups, while only epididymal fat 
deposits and GLU increased in a time-dependent manner 
in the ND groups.

The ability of sperm to fertilize the ovum partly depends 
on its concentration and kinematics, both of which affect 
the fertility of males from a wide range of animals, such 
as fish, birds and mammals.23,24 Therefore, the concen-
tration of sperm present and the kinematic parameters, 
including sperm motility, sperm progressive motility, and 

the VCL, VSL and VAP in the epididymal cauda are vital 
indicators of sperm quality. Furthermore, a series of stud-
ies have shown that sperm motility and sperm progressive 
motility signify the function of mitochondria and energy 
status, which have been associated with fertility.25,26 Stud-
ies have also shown that the VCL reflects the high-energy 
state of sperm and hyperactivated motility, which are es-
sential for successful fertilization.27,28 However, to a large 
extent, the short-term and cumulative effects of a HFD 
on these sperm parameters are controversial. A previous 
study found that sperm concentration tended to reduce 
after 8 weeks of a HFD,29 while another study reported that 
sperm quality was not impaired in mice fed a HFD for 16 
or 45 weeks. Furthermore, a recent study demonstrated 
that feeding a HFD from 12 to 24 weeks did not influ-
ence any of the motility parameters or the concentration 
of sperm in the epididymal cauda.30

The current study aimed to reveal the short-term and cu-
mulative effects of a HFD on sperm parameters. There was 
a trend of decreased sperm concentration after 42 weeks 
of exposure to a HFD, which is consistent with our previ-
ous work. When sperm motility parameters were com-
pared between different time points, the differences were 
found in the mice fed a HFD but not in the mice fed a ND. 
This may not only be due to the aging process but also due 
to the reproductive toxicity induced by the HFD. These 

Fig. 5. Oxidative stress and apoptosis induced with a high-fat diet (HFD). Malondialdehyde (MDA) concentration (A) and testicular superoxide dismutase 
(SOD) concentration (B) (n = 3/4 for each group); C. Representative pictures of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
staining; D. TUNEL-positive germ cells/high power field (n = 3 for each group, each sample was assessed at least 2 times). The capital letters refer 
to comparisons between normal diet (ND) and HFD groups at the same feeding time, while lowercase letters refer to comparisons between different 
feeding times. Different letters indicate a significant difference (p < 0.05)
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Fig. 6. Increased DNA damage induced with HFD. Representative images of gamma-H2A histone family member X (γ-H2AX) staining in the testes of mice 
fed a HFD for 8, 16 or 42 weeks (n = 3 for each group)

ND – normal diet; HFD – high-fat diet.
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results showed that sperm parameters were adversely af-
fected by a HFD and tended to be more severe over time.

Spermatogenesis is a complex process that produces 
sperm in the seminiferous tubules of the mammalian tes-
tes. When the structure of the seminiferous tubules is dam-
aged, spermatogenesis is impaired.31–33 Numerous studies, 
including those by Fan et al.34 and Hammami et al.11 have 
shown that the seminiferous epithelia become atrophied 
in mice fed a HFD. In contrast, Gómez-Elías et al. showed 
normal histological results in mice fed a HFD.35 Although 
the histological results were varied, the histological analy-
sis could explain the variations in the sperm parameters 
in all cases. In this study, the alterations in the relative 
sperm parameters in mice fed a HFD were also supported 
by histological changes. Indeed, distinct structural dis-
organization, loose seminiferous tubules and a decreased 
number of mature sperm provide distinct evidence that 
spermatogenesis was impaired and restricted in mice fed 
a HFD. Furthermore, the tissue damage induced by a HFD 
was shown to occur in a time-dependent manner, and in-
cluded partial to complete atrophy of tubules and increased 
vacuolization within tubules.

Apart from the  distinct structural disorganization 
of the testes of male mice, ectopic deposition of lipids was 
found. In the testes of animals fed a HFD, a large volume 
of lipid accumulation was deposited in the testicular in-
terstitium, compared with the control animals, and this 
accumulation reached its maximum with a  prolonged 
HFD. These results suggest that the testes and seminifer-
ous tubules were damaged after the intervention of a HFD, 
which led to impaired spermatogenesis.

Spermatogenesis is  responsible for producing sperm 
and passing genetic information to the next generation. 
The germ cell-specific gene, DDX4, is crucial for the prolif-
eration and survival of germ cells, both of which play a crit-
ical role in spermatogenesis.13 The expression of DDX4 has 
been reported in undifferentiated seminiferous tubule cells 
(spermatogonia and spermatocytes), while no DDX4 ex-
pression was detected in the sperm.36 In the present study, 
immunofluorescence results indicated that the expression 
of DDX4 was positive in spermatogonia and spermato-
cytes, which is consistent with previous studies. Further 
analysis showed that the level of DDX4 was higher in mice 
fed a HFD than in those fed a ND. This indicates that 
the damaging role of a HFD on the quality of sperm most 
likely occurred through the inhibition of the germ cell 
proliferation. Similarly, Khanlarkhani et al. reported that 
there was a link between the inhibition of the prolifera-
tion of germ cells and the cessation of spermatogenesis. 
There was also a relationship between the arrest of pro-
liferation and sterility.37 Notably, the inhibition worsened 
with time in groups consuming a HFD. This indicates that 
a long-term and continuous HFD has a more serious effect 
on sperm quality.

Oxidative stress is highly correlated with a wide range 
of metabolic disease states, including metabolic disorders 

induced by  a  HFD.38,39 Oxidative stress is  a  process 
in which free radicals, which are inadequately neutral-
ized by antioxidants, cause cumulative damage, and this 
damage is aggravated by the reduced activity of antioxi-
dative enzymes, such as SOD.40 Numerous studies have 
reported that there are many sources of oxidative stress 
in  animals fed a  HFD. Furthermore, strong evidence 
showing that increased levels of oxidative stress in testes 
may impact sperm quality was demonstrated in previous 
studies.10,41,42 In the present study, the testicular levels 
of SOD and MDA were evaluated to determine the effects 
of a HFD on the levels of oxidative stress. It was found 
that the HFD downregulated SOD and upregulated MDA 
in testicular tissues, which suggests that the HFD leads 
to increased levels of oxidative stress in the testes. These 
results indicate that oxidative stress may be an underly-
ing mechanism responsible for the reduced sperm quality 
induced by a HFD.

Numerous recent studies have reported that increased 
oxidative stress along with decreased antioxidant defense 
may result in sperm DNA damage. One study reported 
that fluoride exposure generated reactive oxygen species 
(ROS) followed by  H2AX phosphorylation (γ-H2AX), 
which is a marker of DSB and can be used to monitor DNA 
repair.15 Another recent study reported that significant 
negative correlations were found between γ-H2AX, sperm 
concentration and kinematic parameters, such as sperm 
motility and sperm progressive motility.16 Consequently, 
in this study, the number of γ-H2AX-positive cells was 
assessed using immunofluorescence. A higher number 
of γ-H2AX-positive germ cells was observed in the tes-
tes of mice fed a HFD, compared with those fed a ND. 
In the HFD groups, the number of γ-H2AX-positive germ 
cells was higher at 30 and 42 weeks than at 16 weeks. 
The results demonstrate that γ-H2AX is negatively cor-
related with sperm quality, which is  in agreement with 
the aforementioned study.

It  has been demonstrated that the  accumulation 
of  γ-H2AX indicates that the  incidence of  unrepaired 
DNA breaks has increased. Without repair of these DSBs, 
this condition would be accompanied by  the apoptosis 
of the germ cell.17,18 In this study, apoptosis was evaluated 
in testis sections from various groups using TUNEL stain-
ing. There was an increase in the number of apoptotic germ 
cells in all HFD groups compared with the ND groups. 
A further analysis revealed that there was also a  time-
dependent increase in TUNEL+ nuclei and seminiferous 
tubules. Additionally, an obvious increase in the number 
of γ-H2AX-positive germ cells was paralleled by a strong 
increase in the number of TUNEL+ cells, suggesting that 
DNA DSBs did not repair appropriately, which resulted 
in the apoptosis of the germ cells. Studies have shown that 
apoptosis under physiological conditions can maintain 
the number of germ cells in a balanced state to ensure ad-
equate production of sperm.43–45 However, an increased 
number of apoptotic germ cells is one of the most vital 
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mechanisms underlying the decreased number of sperm 
in mice fed a HFD.46–48 Therefore, the combination of el-
evated oxidative stress in the testes increased DNA damage, 
and the initiation of apoptosis of germ cells may have led 
to a significant decline in sperm quality.

Limitations

Several limitations of the present study should be men-
tioned. No information was obtained about sex hormones 
that can affect sperm quality, such as testosterone lev-
els.49,50 At the same time, conclusions could only be drawn 
on  the association between a HFD and sperm quality, 
but not the association between a HFD and fertility.51,52 
Further studies are needed to validate this relationship. 
Moreover, some details, such as data on food and water 
intake, were not measured. Furthermore, even though 
the distribution of the data cannot be convincingly de-
termined for very small samples, the authors assume that 
the observations came from a normal distribution, and 
agree that if this assumption is not true, the reported p-
values and confidence intervals are unreliable, and must 
be interpreted with caution. Additional research will be 
carried out to add more details, which will make future 
studies more rigorous and accurate.

Conclusions

In summary, the results reported in the study demon-
strate that not only did a HFD have short-term deteriorative 
impact on sperm quality but also resulted in a progressive 
deterioration of sperm quality over an extended period. 
Mice fed a HFD had histological changes, inhibited prolif-
eration of germ cells, increased testicular oxidative stress 
levels, increased DNA damage, and an increased number 
of apoptotic germ cells. These findings reinforce the need 
for maintaining vigilance against high-fat diets and under-
score the importance of improving dietetic habits as soon 
as possible. As obesity is a growing health problem, more 
research is needed to investigate the relationship between 
obesity and male fertility in a greater depth.
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Abstract
Background. Human embryonic stem cells (hESCs) have the unique ability to differentiate into any cell type 
in the human body and to proliferate indefinitely. Cell therapies involving hESC have shown very promising 
results for the treatment of certain diseases and confirmed the safety of hESC-derived cells for humans. They 
are used in cell therapy, mainly in targeted therapy of diseases that are currently incurable.

Objectives. The aim of this study was the derivation of clinical-grade hESCs usable in drug development, 
non-native medicine and cell therapy.

Materials and methods. Embryos were thawed, cultivated to the blastocyst stage if necessary, and assisted 
hatching was subsequently performed. Embryoblasts were mechanically isolated using narrow needles. Each 
line was kept as a separate batch. The derived hESCs were cultured under hypoxic culture conditions (5% O2, 
5% CO2, 37°C) in a NutriStem® hPSC XF Medium with a daily medium change.

Results. From January 2018 to July 2020, 138 selected clients were asked for consent to donate embryos, 
of whom 52 did not respond, 19 terminated the storage of their embryos and 29 extended the storage. Only 
38 clients (27.5%) agreed to donate embryos for the derivation of hESCs. At the same time, personal com-
munication with clients took place and another 17 embryo donors were recruited. A total of 160 embryos from 
55 donors aged 26–42 years were collected. The embryos were frozen at the blastocyst (33.1%) or morula 
(46.3%) stage. After the preparation of 64 embryos, embryoblasts were isolated and cultured. Finally, 7 hESC 
lines were obtained, 4 research-grade and 3 clinical-grade, the first in the Czech Republic.

Conclusions. We established a current good manufacturing practice (cGMP)-defined xeno-free and feeder-
free system for the derivation, culture and banking of clinical-grade hESC lines that are suitable for preclinical 
and clinical trials. The quality control testing with criteria concerning sterility, safety and characterization 
according to cGMP ensured the clinical-grade quality of hESC lines.

Key words: stem cells, IVF, human, embryo, hESC
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Background

Stem cell research is a promising field of medical sci-
ence. Contemporary medicine is increasingly dealing with 
the problems of chronic diseases or diseases for which 
there is no permanent cure. The potential of stem cells 
is enormous because the replacement of damaged cells 
with newly created ones would provide solutions to a whole 
range of diseases and economic issues associated with 
healthcare in the 21st century.

Freedom of research, protection of life, new treatment 
methods, economic disputes, and ethics are the topics col-
liding in the discussion. Due to different cultural back-
grounds and the level of research, nearly every country 
has a different approach to the topic. This is demonstrated 
by the differences in legislation regulating the acquisition 
of stem cells and research concerning them.1

Human embryonic stem cells (hESCs), contrary to so-
matic stem cells, have a unique ability to differentiate into 
every cell type of the human body. This ability makes them 
a tremendous cell source for regenerative medicine. More-
over, pluripotent hESCs have an unlimited self-renewal 
capacity. These features are used in cell therapy to replace 
missing or damaged cells in the human body. The goal 
is to enable targeted therapy for currently incurable dis-
eases such as diabetes mellitus,2 spinal cord injury or Par-
kinson’s disease.3 Therapeutic approaches using hESCs 
bring promising results, especially in age-related macu-
lar degeneration.4 However, there are several technical 
problems. One of the most important issues is to avoid 
possible teratoma/tumor formation that can arise from 
all redundant undifferentiated stem cells.5 For prevention 
of differentiation to tumor cells, the residual ESCs need 
to be eliminated using magnetic or fluorescence-activated 
cell sorting (MACS or FACS)6 or with antibodies against 
undifferentiated hESCs.7 Another problem with the clini-
cal application of ESCs is the allogenic immune rejection 
of the hESC cells by the recipient. Current immune sup-
pression systems effectively prevent allogenic immune re-
jection but persistent use of immune suppressants is toxic 
for patients and increases the risk of infection or cancer, 
mainly in patients with cytomegalovirus or herpes virus.8 
Despite these shortcomings, treatments using ESC cells 
are promising for the therapy of a wide range of diseases. 
The derivation of clinical-grade quality hESC lines enables 
their application in preclinical and clinical studies.

Objectives

The aim of this study was the derivation of clinical-grade 
hESCs, usable in drug development, non-native medicine 
and cell therapy. The use of these methods will increase 
the quality of life of treated individuals.9–11

The task of the clinical part of the project was to se-
lect and ensure a sufficient number of donated embryos. 

Research activities using human embryos in the Czech Re-
public are regulated by Act No. 227/2006 Coll. on Research 
on Human Embryonic Stem Cells and Related Activities 
and Act No. 373/2011 Coll. on Specific Health Services.12,13

The methods of isolation and cultivation of hESCs are 
subject to strict regulations issued by the Ministry of Edu-
cation, Youth and Sports of the Czech Republic (Minis-
terstvo školství, mládeže a tělovýchovy České republiky 
(MŠMT)), and its approval (No. MŠMT-2922/2020-14) was 
a precondition for initiating our project. A condition for 
the successful implementation of the project was an inter-
disciplinary team managing the medical, technological, 
and instrumental procedures and protocols necessary for 
the proposed research.

The study was conducted in accordance with the Dec-
laration of Helsinki, and approved by the Ethical Com-
mittee of the University Hospital Brno, Czech Republic, 
on June 26, 2017 (approval No. 16/2017). Written informed 
consent was obtained from all participants included 
in the study.

Materials and methods

The derivation of hESCs must be performed in ac-
cordance to the legislation of the Czech Republic and 
the European Union. An  informed consent form was 
developed by us for the donors regarding the donation 
of discarded embryos that are not suitable for in vitro 
fertilization treatment according to Directive 2004/23/
EC. Center of Assisted Reproduction (CAR) of the Uni-
versity Hospital Brno was involved in oocyte collec-
tion; culture and cryopreservation of embryos; com-
munication with clients; and ensuring informed consent 
of embryo donors. A handover protocol and transfer 
of the thawed embryos with the original numerical code 
were developed in cooperation with the Cell and Tis-
sue Engineering Facility (CTEF) of St. Anne’s Univer-
sity Hospital Brno. Before the embryos were handed 
over to  the  CTEF, they were thawed and cultivated 
to  the blastocyst stage if necessary. Subsequently, as-
sisted hatching was performed.

Embryo selection aspects

Embryo selection began by reviewing CAR laboratory 
protocols for the  cryopreservation of  embryos. It  was 
necessary to check the addresses of the clients, including 
a relatively complex tracing of the storage fee, and the cur-
rent number and stage of the embryos. A basic database 
of potential donors was created and included contact de-
tails of patients, patient age, date of freezing, number and 
stage of embryos, number of embryos in each tube, and 
information on genetic testing.

Creation of the  informed consent form required co-
operation with a  lawyer and approval by  the  Ethical 
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Committee of the University Hospital Brno and the Fac-
ulty of  Medicine of  Masaryk University, Brno. Then, 
the Czech and English versions were prepared. A letter 
with basic information and a request for a decision on how 
to handle the cryopreserved embryos was sent together 
with a return envelope. Subsequent communication took 
place through telephone calls, e-mails, letters, and per-
sonal meetings.

Under Act No. 373/2011 Coll. on Specific Health Ser-
vices, embryos can be treated as follows:

1) stored for further use by the recipient, i.e., the storage 
of embryos is extended at the request of both partners;

2) used for research on human embryonic stem cells with 
a granted informed consent to their usage;

3) destroyed with written consent (upon consent, the em-
bryos are subsequently thawed and destroyed).

Embryo preparation

Embryos intended for the specified date of  transfer 
to CTEF were thawed using Warm Cleave or Warm Blast 
media (Vitrolife, Västra Frölunda, Sweden) depend-
ing on the stages at which they had been frozen.14 For 
the earlier stages, we performed cultivation to the blas-
tocyst stage in medium (Blastocyst Medium; Cook Medi-
cal, Bloomington, USA) on  the  premises of  the  CAR 
of the University Hospital Brno embryological laboratory. 
After reaching the blastocyst stage, assisted hatching 
was performed using a laser (OCTAX NaviLase; Vitro-
life) (Fig. 1).

Embryo transfer  
and embryoblast isolation at CTEF

The prepared embryos in the hatched blastocyst stage were 
placed in the transport medium and transferred to the CTEF 
laboratory using a temperature-controlled transport incu-
bator at 37°C (ICT-P portable incubator; Falc Intruments, 
Treviglio, Italy).15 Immediately afterwards, the embryoblast 
was isolated, followed by cultivation of the hESC line 8.

The embryoblast was mechanically isolated using a mi-
croscope (Nikon Eclipse Ti; Nikon Corp., Tokyo, Japan) with 
attached micromanipulators (Eppendorf, Hamburg, Ger-
many) and an oil and air microinjector (CellTram® 4r Air/
Oil; Eppendorf). Prior to the isolation of the embryoblast, 
the blastocyst was placed in medium (Sydney IVF Gamete 
Buffer; Cook Medical) covered with culture oil (Sydney 
IVF Culture Oil; Cook Medical) using denudation micropi-
pettes (Microtech IVF, Brno, Czech Republic). A biopsy and 
fixation micropipette (Microtech IVF) was used for subse-
quent isolation. Each embryoblast was isolated separately 
and aseptically, and detailed records were kept describing 
the derivation and all subsequent preparation steps.

Derivation of hESCs

The derivation of hESCs was carried out in the clean-
rooms of the CTEF department in purity class A against 
the background of purity class B, according to current 
good manufacturing practice (cGMP). The manufacturing 
process was undertaken according to standard operating 
procedures; microbiological and particle monitoring was 
performed in cleanrooms. Each line was kept as a separate 
batch, which was controlled during production and as a fi-
nal product by quality control staff for sterility, quality, 
safety, and other critical parameters. An analytical certifi-
cate was created for each final product, i.e., the hESC line 
in clinical-grade quality.

Embryoblast was mechanically isolated using narrow 
needles. The derived hESCs were cultured under hypoxic 
culture conditions (5% O2, 5% CO2, 37°C) in NutriStem® 
hPSC XF Medium (Biological Indutries, Kibbutz Beit-
Haemek, Israel) with a daily medium change.

Results

Between January 2018 and July 2020, 138 suitable clients 
whose embryos were frozen in the years 2014–2017| were 
asked for consent to donate embryos. Of those, 52 (37.7%) 
did not respond, 19 (13.8%) terminated the embryo storage 
and 29 (21.0%) extended the storage (Table 1, column n1). 
Only 38 clients (27.5%) agreed for the use of their embryos 
for the derivation of hESCs.

At the same time, personal communication with suitable 
CAR clients took place. Out of 22 personally contacted cou-
ples at CAR, with embryos frozen between January 2018 and 

Fig. 1. Preparation of the donated embryos prior to isolation 
of embryoblasts and cultivation of human embryonic stem cells (hESC) 
lines. A. A morula stage embryo after thawing; B. A blastocyst after 
cultivation; C. A blastocyst after assisted hatching
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July 2020, another 17 embryo donors were recruited (77.3%) 
(Table 1, column n2). A significantly higher proportion of do-
nors from directly contacted clients compared to the group 
contacted by mail (27.5%) were influenced in their decision 
by a personal discussion with the selected group of cou-
ples, especially in cases with genetically examined embryos 
unsuitable for transfer (6  pairs, 27.3%). The  remaining 
donors were recruited from clients who did not consider 
cryopreservation of all embryos (6 pairs, 27.3%) or wanted 
to terminate their embryos (10 pairs, 45.4%). The time lag, 
and the development of an opinion on the need for medi-
cal research can also have a significant impact on the total 
number of recruited embryos. Following personal commu-
nication with 22 couples, cryopreservation was terminated 
in 5 cases (22.7%) by thawing and disposal of embryos. A to-
tal of 160 embryos were obtained from 55 donors aged 26–
42 years. Most often, the embryos were frozen at blastocyst 
(53 embryos (33.1%)) or morula (74 embryos (46.3%)) stages. 
The composition of embryo stages is presented in Table 2. 
The number of frozen embryos in each tube was 1 or 2 ac-
cording to the patient’s wishes. Our recommended standard 
is 1 embryo per tube and 61.2% of embryos (98 tubes) were 
frozen individually in our group. The other 62 (38.8%) em-
bryos were frozen in pairs (31 patients).

Of the 29 genetically examined  embryos, there were 
5  euploid embryos (17.2%), 2  mosaic embryos (7.9%), 

16  aneuploid embryos (55.2%), and 6  embryos with 
a translocation or carrying a monogenic defect (20.7%) 
(Table 3). The relatively small number of genetically ex-
amined embryos from the whole group (18.1%) is due 
to predominance of healthy embryos in the whole group 
of donated embryos. Even so, this share is higher than 
the average at the CAR of the University Hospital Brno. 
In 2021, 64 embryos were transferred to the CTEF for 
further processing, from which 7 hESC lines were ob-
tained: 3 clinical-grade lines (MUCG01, MUCG02 and 
MUCG03) and 4 research-grade lines (MUES 10, MUES 
11, MUES 12, and MUES 13) (Fig. 2). Laminin 521 (Bio-
Lamina AB, Sundybyberg, Sweden) was used in com-
bination with NutriStem hPSC XF Medium (Biologi-
cal Industries), human serum albumin and E-cadherin 
for mechanical derivation. The hESCs were cultured 
on Laminin 521  in  the NutriStem hPSC XF Medium. 
The isolated lines were frozen according to the proce-
dure described by Souralova et al.16

After thawing, the cell lines were tested using a cell vi-
ability test. Cell attachment was examined 2 days after 
thawing by counting the number of colonies. Growth was 
assessed by a change in confluency between days 2 and 5 
after thawing. The cells were counted, and viability was 
measured during the first passage after thawing using cell 
counter Countess III (Thermo Fisher Scientific, Waltham, 
USA). The isolated hESC lines underwent mycoplasma ex-
amination, karyotype determination and genetic analyses, 
and the pluripotency markers were established using flow 
cytometry and immunocytochemistry.16

Table 1. Composition of embryo donors contacted between January 2018 and July 2020

Embryo donors
Contacted Personal communication 

n1 2013 2014 2015 2016 2017 n2 2018 2019 2020

Number of donors 138 3 27 29 34 45 22 8 9 5

No reply 52 2 13 10 12 15  – – – –

Terminated storage 19 1 4 7 5 2  – – – –

Extended storage 29 0 4 3 8 14  – – – –

Embryos donated for research 38 0 6 9 9 14 17 6 7 4

Frozen embryos/year

Total number of embryos 107 0 15 27 20 45 53  16 26 11 

Embryos/patient 2.8 0 2.5 3.0 2,2 3.2 3.1 2.7 3.7 2.8

Table 2. Composition of the stages of the frozen donated embryos 
in 2014–2020

Stage of frozen embryos n %

Blastocyst 53 33.1

Morula 74 46.3

10-cell 6 3.8

8-cell 13 8,1

6-cell 6 3.8

5-cell 1 0.6

4-cell 5 3.1

3-cell 1 0.6

Pronuclei 1 0.6

Total 160 100.0

Table 3. Genetic testing results of donated embryos

Genetic state n %

Euploid embryo 5 17.2

Mosaic 2 6.9

Aneuploid embryo 16 55.2

Translocation 4 13.8

PGT-M (SURF1 gene) 2 6.9

Total 29 100.0

PGT-M – preimplantation genetic testing for monogenic disorders.
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Discussion

Research on stem cells of an adult organism usually does 
not raise ethical problems. Use of fetal tissues is mostly ac-
ceptable, or even completely legal in countries where abor-
tion is permitted. A problem arises with the acquisition 
of stem cells from human embryos, which brings several 
questions based mainly on moral and religious principles. 
International Consortium on Stem Cells, Ethics and Law 
divides countries into 4 groups according to the extent 
to which their national legislation restricts stem cell re-
search. The groups are 1) countries with a liberal policy; 
2) countries with a compromise liberal policy; 3) coun-
tries with a compromise restrictive policy; and 4) countries 
with a restrictive policy.1 The Czech Republic is among 
the states with a compromise liberal policy.

Research on hESC is controversial in some countries be-
cause it involves the destruction of human early embryos. 
Several people believe that human life begins at conception 
and that an embryo is a person.17 On the other hand, many 
excess early human embryos are unnecessarily stored 
or discarded without further use. Senator Hatch says: “I 
believe that human life begins in the womb, not in a Petri 
dish or refrigerator… To me, the morality of the situation 
dictates that these embryos, which are routinely discarded, 
be used to improve and save lives. The tragedy would be 

in not using these embryos to save lives when the alterna-
tive is that they would be discarded”.18 We agree with this 
opinion and do not see a problem with the use of hESCs 
for research purposes to bring more effective therapeutic 
methods for incurable diseases. In these cases, we talk 
about embryos that are on the verge of being either dis-
carded or used for research, i.e., about isolation of embry-
onic cells in vitro conditions. This means a continuous 
monolayer of embryonic cells, which does not resemble 
a human embryo or a person. In this study, we worked only 
with unwanted embryos and these embryos were primarily 
produced for infertility therapy and are not desired any-
more, perhaps because the reproductive wish of the par-
ents has been either fulfilled or abandoned.

A condition for the successful implementation of our 
project was the creation of a fully operational team, cover-
ing medical, technological and instrumental aspects that 
are necessary for the proposed research and development. 
These include: 1) proven expertise in hESCs derivation; 
2) direct access to cGMP facilities with relevant expertise 
in advanced therapy medicinal products (ATMP) medical 
application development; and 3) CAR involvement with 
expertise in human embryo handling and access to po-
tential donors.19,20

Czech Act 227/2006 Coll. on Research on Human Em-
bryonic Stem Cells and Related Activities states that:

Fig. 2. Isolated embryos and corresponding derived human embryonic stem cells (hESC) clinical-grade lines MUCG01-03
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– only research carried out on hESC lines is allowed 
(§2a);

– hESC lines are all hESCs that are stored in cultures 
or are subsequently stored in cryopreserved form (§2c);

– hESCs are all pluripotent stem cells derived from hu-
man preimplantation embryos created extracorporeally 
(§2b);

– only embryos that are not older than 7 days (without 
cryopreservation period) can be used (§8/3).

Convention on Human Rights and Biomedicine (In vitro 
embryo research: Article 18/1 “If the law allows for in vitro 
embryo research, adequate embryo protection must be 
provided by law.”) does not distinguish between embryos 
and hESCs; it only requires legal embryo protection within 
the permitted research. The Explanatory Memorandum 
to the Human Embryonic Stem Cell Research Act states 
that “the draft law does not concern embryo stem cell 
research but only human embryonic stem cell research, 
in line with the principles of the Convention on Human 
Rights and Biomedicine”.13

In previous studies, we have dealt with the issue of thaw-
ing embryos in different culture conditions according 
to stages at which they were frozen.13,21,22 The oldest em-
bryos suitable for donation for basic research we have are 
from 1997. The problem is that most donors from this pe-
riod have ceased communicating with CAR and do not pay 
for embryo storage. However, not all ethical aspects have 
been resolved so far, and the Ethical Committee of the Uni-
versity Hospital Brno has not approved the termination 
of storage for these embryos.

Almost 38% of respondents did not reply to the letter. 
Approximately 20% of clients responded positively, did not 
want to lose the embryos and wanted to arrange a transfer 
date. A relatively large proportion of the contacted clients 
(14%) wanted to end storage without participating in a re-
search project. For some couples, this information has 
provoked conflicting reactions and conflicts of opinion 
between the partners on which option to choose.

In personal communication, the 2 most important rea-
sons for donating embryos for research purposes were 
mentioned. The 1st was the view that it was better to use 
the embryos for research than to destroy or waste them. 
Many respondents were in favor and made positive general 
statements about the research. The 2nd reason was altru-
ism, expressed as a desire to help other infertile couples 
and to contribute to the development of scientific and 
medical knowledge.

There are many reasons for refusing to use stem cells 
and embryos for research purposes.12 The use of stem cells 
is  increasing in clinical therapy, from chronic diseases 
to plastic and esthetic surgery.23–25 The most common 
view is that of the embryo as a potential child. Some pa-
tients had a strong emotional reaction to the idea of em-
bryo donation for medical research, and others referred 
to the children that the embryos can become. These rea-
sons are common and similar to those reported by patients 

in  previous studies.26 In  an  Australian study, parents 
of 5-year-old children conceived after in vitro fertiliza-
tion (IVF), who were asked about the use of frozen embryos 
for research purposes, often referred to these embryos 
as siblings of the children born and commented on the psy-
chological implications of manipulating embryos under 
a microscope.27

Limitations of the study

First, we are limited by the number of infertile couples 
willing to donate redundant embryos for research pur-
poses. Second, due to the ongoing COVID-19 pandemic, 
personal contact with clients was minimized, with a nega-
tive impact on the number of embryos donated for research 
purposes.

Conclusions

Based on the signed informed consent, a total of 160 do-
nated embryos were obtained from patients. A transfer 
protocol and embryo transfer methodology were devel-
oped. The delivery plan for thawed anonymized embryos 
included approx. 5 thawed blastocysts per week with as-
sisted hatching. Subsequently, embryos were prepared and 
64 embryos were transferred. After their transfer, embryo-
blasts were isolated and subsequently cultured. Finally, 
3 clinical-grade quality hESC lines were obtained, the first 
created in the Czech Republic, respecting the requirements 
for ATMP.
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Abstract
Background. Alpha-solanine (α-solanine) is the main glycoalkaloid in potato plants. It possesses anticar-
cinogenic properties and exerts toxic effects. Alpha-solanine can regulate the nuclear factor kappa B (NF-κB) 
signaling pathway in cancer cells and macrophages. However, little is known about the anti-inflammatory 
effects and the related molecular mechanisms of α-solanine on endothelial cells.

Objectives. This study aims to examine the effects of α-solanine on endothelial inflammation in vitro, and 
to evaluate its influence on regulating the NF-κB signaling pathway.

Materials and methods. Tumor necrosis factor alpha (TNF-α)-pcDNA3.1(+) plasmid vector was con-
structed and transfected into human umbilical vein endothelial cells (HUVECs). The expression of TNF-α 
was examined with quantitative reverse transcription polymerase chain reaction (qRT-PCR) and western 
blot. Following treatment with α-solanine or the specific NF-κB inhibitor SN50 for 24 h, cell viability was 
detected using Cell Counting Kit-8 (CCK-8) assay. Interleukin 6 (IL-6) and TNF-α levels in cell supernatant 
were detected using enzyme-linked immunosorbent assay (ELISA). The relative protein levels of phospho-P65 
(p-P65), phospho-inhibitor of NF-κBα (p-IκBα) and IκB kinase (IKK) α/β were examined with western blot.

Results. The α-solanine inhibits TNF-α-induced inflammatory injury in HUVECs. Compared with control cells, 
the cell viability was significantly decreased, the levels of TNF-α and IL-6 were significantly increased, and 
the relative protein levels of p-P65, p-IκBα and IKKα/β were significantly upregulated in TNF-α-overexpressed 
cells. The treatment with α-solanine or SN50 decreased the levels of TNF-α and IL-6, and downregulated 
the relative protein levels of p-P65, p-IκBα and IKKα/β in TNF-α-overexpressed HUVECs.

Conclusions. This study demonstrated for the first time that α-solanine inhibits endothelial inflammation 
through the NF-κB signaling pathway. The α-solanine was suggested to be an inhibitor of the NF-κB signaling 
pathway in endothelial cells. The anti-inflammatory effect of α-solanine may provide a new perspective for 
the prevention and treatment of phlebitis.

Key words: TNF-α, NF-κB signaling pathway, inflammatory reaction, α-solanine
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Background

Peripheral intravenous infusion is widely used in modern 
medical practice. Phlebitis is a common complication as-
sociated with intravenous therapies.1 The incidence of phle-
bitis with peripheral intravenous catheter use is  10.5% 
in hospitalized adult patients in China,1 whereas it is as high 
as 53% in hospitalized pediatric patients in Jordan.2 Phle-
bitis is a chemical or mechanical inflammation caused 
by a long-term intravenous infusion of high-concentration, 
highly irritant drugs or placement of irritant interventional 
catheters.1,3–5 The routine treatments for phlebitis, such 
as the external application of magnesium sulfate or mu-
copolysaccharide polysulfate cream, are unsatisfactory.6–8 
Therefore, developing new strategies for the prevention 
and treatment of phlebitis caused by intravenous infusion 
is needed. Potato glycoalkaloids, the naturally occurring 
steroidal glycoalkaloids, are well known for their toxicity 
and antimicrobial activity.9–13 Alpha-solanine (α-solanine) 
is one of the major glycoalkaloids in potato plants.10 Previ-
ous studies about α-solanine mostly center on its anticar-
cinogenic properties and toxicant effects.14–16 It has been 
reported that α-solanine could promote tumor cell apopto-
sis, inhibit cell proliferation and suppress angiogenesis.17–22 
In addition, α-solanine plays important roles in chemical 
protection and chemotherapy.23–25 Shin et al. investigated 
the anti-inflammatory effect of α-solanine on cultured mac-
rophages in a mouse model of endotoxenia, and the results 
suggested that α-solanine may be a promising therapeutic 
agent against inflammatory diseases.26

It has been indicated that the role of α-solanine in cancer 
cells and macrophages is associated with the nuclear factor 
kappa B (NF-κB) signaling pathway.26–28 It is a prototypical 
pro-inflammatory signaling pathway that can be activated 
by various cytokines, including tumor necrosis factor al-
pha (TNF-α).29 The NF-κB family consists of 5 proteins: 
p65, cRel, RelB, p50, and p52. Among them, p65 possesses 
a transactivation domain and therefore can affect transcrip-
tion. In resting cells, NF-κB proteins exist in the cytoplasm 
as inactive forms by binding to their inhibitory proteins 
IκBs. The IκBα is the prototypical member of the IκB family. 
The activation of NF-κB depends on IκBα phosphorylation. 
The IκBα phosphorylation can stimulate ubiquitination and 
proteasomal degradation, leading to the nuclear transloca-
tion of liberated NF-κB, and subsequently the transcription 
of inflammatory molecules. The phosphorylation of IκB pro-
teins is regulated by IκB kinases (IKK): IKKα and IKKβ.30,31 
Dysregulated NF-κB signaling can cause an  imbalance 
of immune homeostasis, leading to autoimmune diseases, 
chronic inflammatory diseases and cancers.32–34 In addition, 
the activation of the NF-κB signaling pathway is involved 
in the inflammation-induced activation of the tryptophan-
kynurenine metabolic system and mitochondrial impair-
ment, which is implicated in neurodegenerative diseases 
and psychiatric disorders.35–45 The SN50 is a specific NF-κB 
inhibitor that could suppress the translocation of the NF-κB 

active complex into the nucleus.46,47 It has been reported 
that SN50 can attenuate inflammation in lung injury and 
traumatic brain injury.48,49

The anti-inflammatory effect of α-solanine has been 
reported in macrophages; however, the effect of α-solanine 
on endothelial inflammation and the related mechanisms 
have not been reported until now. Elucidating the effects 
of α-solanine on endothelial inflammation in vitro as well 
as evaluating its influence on the NF-κB signaling path-
way could provide an experimental basis for the clinical 
management of phlebitis.

Objectives

This study aims to examine the effects of α-solanine 
on endothelial inflammation in TNF-α-overexpressed hu-
man umbilical vein endothelial cells (HUVECs). Further-
more, whether α-solanine regulates the TNF-α-induced 
NF-κB signaling pathway was explored.

Materials and methods

Cells and transfection

The HUVECs (BNCC249736) were provided by Beijing 
Beina Chuanglian Institute of Biotechnology (Beijing, China) 
and cultured in Endothelial Cell Medium (1001; ScienCell™, 
Carlsbad, USA). The cells were incubated at 37°C in a hu-
midified atmosphere of 5% CO2. The α-solanine (20562-02-1) 
was purchased from Shanghai Yuanye Bio-Technology Co., 
Ltd. (Shanghai, China), and SN50 (HY-P0151) from MedChe-
mExpress (Monmouth Junction, USA). The pcDNA3.1(+) 
(P0157) was provided by Wuhan Miaoling Biotechnology 
Co., Ltd. (Wuhan, China). Before transfection, the TNF-α 
overexpression vector (TNF-α-pcDNA3.1(+) plasmid vector) 
was prepared. The pcDNA3.1(+) plasmid vector was digested 
with XhoI (ER0691; Thermo Fisher Scientific, Waltham, 
USA). The sequences of  the TNF-α gene were amplified 
and inserted into the pcDNA3.1(+) vector. The ligated vec-
tor was transformed into Trans5α Chemically Competent 
Cell (CD201-01; TransGen Biotech Co., Ltd.) and the posi-
tive clones were selected. The  TNF-α-pcDNA3.1(+) and 
pcDNA3.1(+) plasmids were extracted using the Endo-free 
Plasmid Mini Kit II (D6950-01; Omega Bio-Tek, Norcross, 
USA) and verified through enzyme digestion. Cell transfec-
tion was performed using Lipofectamine 3000 (L3000015; 
Thermo Fisher Scientific).50,51 The HUVECs were seeded 
in 6-well plates at a density of 5×105 cells per well and allowed 
to grow to 70% confluence. Then, the cells were incubated 
in fresh medium without serum. Next, 5 μL Lipofectamine 
3000 was diluted with 125 μL opti-MEM medium and incu-
bated with the diluted plasmid (2.5 μg plasmid DNA diluted 
in 125 μL opti-MEM medium (Thermo Fisher Scientific) and 
5 μL Lipofectamine 3000) for 15 min at room temperature. 
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The HUVECs were incubated with 250 μL DNA-liposome 
complexes (containing 10 µL Lipofectamine 3000 and 2.5 µg 
plasmid DNA) at 37°C for 4 h, and then the medium was re-
freshed. At 48 h following transfection, the cells were treated 
with 10 μg/mL α-solanine or 5 mg/mL SN50 for 24 h.52,53 Cells 
transfected with the empty plasmid vector pcDNA3.1(+) were 
called the vector group.

Quantitative reverse transcription 
polymerase chain reaction (qRT-PCR)

Ultrapure RNA Kit (CW0581M; CWBIO, Beijing, China) 
was used for RNA extraction. The RNA concentrations were 
measured under an ultraviolet spectrophotometer (NP80, 
NanoPhotometer; Implen GmbH, Munich, Germany). Re-
verse transcription was performed to synthesize cDNA us-
ing a commercial kit (R223-0; Vazyme Biotech Co., Ltd., 
Nanjing, China) and qRT-PCR was performed with SYBR 
Green reagents (A4004M; LifeInt, Xiamen, China). The re-
action system contained 1 μL cDNA, 10 μL 2×SYBR Green 
PCR Master Mix, 0.4 μL upstream and downstream prim-
ers, and 8.2 μL dH2O without RNase. Cycling parameters 
were 10 min at 95°C for initial denaturation, then 40 cycles 
of 10 s at 95°C for denaturation, 30 s at 58°C for annealing, and 
30 s at 72°C for extension. The primer sequences of TNF-α 
were 5’-CGAGTGACAAGCCTGTAGCC-3’ (upstream) 
and 5’-TGAAGAGGACCTGGGAGTAG-3’ (downstream). 
The primer sequences of β-actin were 5’-TGGCACCCAG-
CACAATGAA-3’ (upstream) and 5’-CTAAGTCAGATTC-
CGCTAGAGAAGCA-3’ (downstream). Relative TNF-α 
mRNA expression levels were calculated using the 2−ΔΔCq 
method.54 The β-actin was used as the housekeeping gene.

Western blot

The  cells were lysed with radioimmunoprecipitation 
assay (RIPA) Lysis Buffer (C1053; Applygen Technologies 
Inc., Beijing, China) and incubated on ice for 20 min. After 
centrifugation at 12,000 rpm for 10 min, the concentration 
of proteins in the supernatant was determined using a bicin-
choninic acid (BCA) kit. Equal amounts of protein were 
separated using sodium dodecyl-sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE), followed by transferring onto 
a polyvinylidene fluoride (PVDF) membrane (IPVH00010; 
Millipore, Boston, USA). The  membrane was blocked 
in nonfat milk and incubated overnight with the specific 
antibody at 4°C. Mouse monoclonal anti-actin (TA-09) was 
purchased from Zhongshan Jinqiao Biotechnology Co., Ltd. 
(Beijing, China). Rabbit anti-P65 (10745-1-ap) and rabbit 
anti-inhibitor of NF-κB (anti-IκBα) (10268-1-ap) were ob-
tained from Proteintech Group Inc. (Chicago, USA). Rabbit 
anti-phospho-P65 (af2006), rabbit anti-IκB kinase (IKK) 
α/β (af6014), and rabbit anti-phospho-IκBα (af2002) were 
purchased from Affinity Biosciences (Cincinnati, USA). 
These antibodies were used at a dilution of 1:1000. After 
washing with Tris-buffered saline with Tween 20 (TBST), 

the membrane was incubated with the secondary anti-
body, including peroxidase-conjugated goat anti-mouse 
IgG (H+L) (ZB-2305) and peroxidase-conjugated goat 
anti-rabbit IgG (H+L) (ZB-2301) at a 1:2000 dilution for 
2 h at room temperature. These secondary antibodies were 
from Zhongshan Jinqiao Biotechnology Co., Ltd (Beijing, 
China). The signals were visualized by the hypersensitive 
luminescent solution (RJ239676; Thermo Fisher Scientific) 
with a chemiluminescence imaging system (ChemiDoc™ 
XRS+; Bio-Rad, Hercules, USA).

CCK-8 assay

Cell Counting Kit-8 (CCK-8) assay was performed to ex-
amine cell viability. This assay uses a tetrazolium salt WST-8 
(water-soluble tetrazolium 8), which produces the orange-
colored formazan when 2 electrons are received from viable 
cells through an electron mediator, 1-Methoxy phenazinium 
methylsulfate (PMS), by nicotinamide adenine dinucleotide 
(NADH) and nicotinamide adenine dinucleotide phosphate 
(NADPH). The amount of formazan is dependent on the num-
ber of living cells. After washing with phosphate-buffered 
saline (PBS), 5×103 cells were plated into the 96-well plate. 
The α-solanine was dissolved in absolute ethanol. The next 
day, 1, 3, 6, 9, or 12 μL of α-solanine (1 mg/mL) were added 
to treat the cells for 24 h. The medium was then refreshed 
and 10 μL of CCK-8 was added into the wells and incubated 
for 2 h at 37°C. Optical densities were measured with an au-
tomatic microplate reader (WD-2102B; Beijing Liuyi Biotech-
nology Co., Ltd., Beijing, China) at a wavelength of 450 nm.

ELISA

The TNF-α and IL-6 concentrations in cell supernatant 
were measured with the Human TNF-α enzyme-linked 
immunosorbent assay (ELISA) Kit (MM-0122H1; Jiangsu 
Meimian Industrial Co., Ltd., Yancheng, China) and Human 
IL-6 ELISA Kit (MM-0049H1; Jiangsu Meimian Industrial 
Co., Ltd.), respectively, following the manufacturer’s proto-
cols. Briefly, 50 μL standards with different concentrations 
or 50 μL samples were added to the wells. Then, 100 μL 
of enzyme-labeled reagents were added to each well, except 
for the blank well, and incubated at 37°C for 60 min. After 
washing with washing buffer 5 times, 50 μL substrates A and 
B were added and the plates were incubated in the dark 
at 37°C for 15 min. Then, 50 μL termination solution was 
added to each well and the optical density (OD) values 
at a wavelength of 450 nm were measured within 15 min.

Statistical analyses

The IBM SPSS v. 20.0 software (IBM Corp., Armonk, 
USA) was used to analyze statistical data. Each sample 
was selected independently. Kruskal–Wallis H test (K–W 
test) followed by Dunn–Bonferroni test (D–B test) was 
performed to compare the differences between multiple 
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groups. All the statistical values of pairwise comparisons 
between the groups using D–B test for post hoc testing 
are shown in Table 1. Statistical significance was defined 
as p < 0.05.

Results

Effect of different concentrations 
of α-solanine on the viability of HUVECs

Different concentrations of α-solanine were used to treat 
HUVECs for 24 h. Then, the cell viabilities were mea-
sured using the CCK-8 assay. As shown in Fig. 1A, HUVEC 
viability was significantly decreased by treatment with 

30 μg/mL, 60 μg/mL, 90 μg/mL, and 120 μg/mL α-solanine 
(K–W test: H = 44.802, df = 5, p < 0.001). Cell viability 
was not affected by treatment with 10 μg/mL α-solanine 
(D–B test, p = 1.000). Therefore, we chose α-solanine 
at the concentration of 10 μg/mL to conduct the follow-
ing experiments.

Effect of α-solanine on cell viability  
of TNF-α-overexpressed HUVECs

The TNF-α overexpression vector was constructed and 
transfected into HUVECs, and TNF-α expression levels 
in HUVECs were examined with western blot and qRT-
PCR. The results in Fig. 1B show that, compared with 
the TNF-α negative control vector (pcDNA3.1(+) plasmid 

Fig. 1. Effects of α-solanine on cell viability of tumor necrosis factor alpha (TNF-α)-overexpressed human umbilical vein endothelial cells (HUVECs). 
A. Cell viability of HUVECs under the treatment of different concentrations of α-solanine. Data were analyzed with Kruskal–Wallis H (K–W) test followed 
by Dunn–Bonferroni (D–B) test (K–W test: H = 44.802, degrees of freedom (df) = 5, p < 0.001; * p < 0.05 compared to 0 μg/mL, n = 5); B. TNF-α relative 
mRNA expression level and TNF-α relative protein expression level in HUVECs after the transfection of the pcDNA3.1(+) plasmid vector or the TNF-α 
overexpression vector. Data were analyzed using K–W test followed by D–B test (K–W test: mRNA, H = 23.143, df = 2, p < 0.001; protein, H = 11.439, df = 2, 
p = 0.003; * p < 0.05 compared to vector; # p < 0.05 compared to TNF-α, n = 3); C. Effects of α-solanine treatment on the cell viability of HUVECs transfected 
with TNF-α vector. Data were analyzed with K–W test followed by D–B test (K–W test: H = 46.700, df = 5, p < 0.001; * p < 0.05 compared to control; # p < 0.05 
compared to vector; n = 5)
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vector)-transfected cells, both the TNF-α relative mRNA 
expression level (D–B test, p  =  0.048) and the  TNF-α 
relative protein expression level (D–B test, p  =  0.010) 
in  the  TNF-α overexpression vector-transfected cells 
were significantly increased. The CCK-8 assay demon-
strated that, compared with the vector group, cell viabil-
ity was significantly decreased in the TNF-α group (D–B 
test, p = 0.009). The difference in cell viability between 
the TNF-α + α-solanine group and the TNF-α group was 
not significant (D–B test, p = 1.000) (Fig. 1C).

Effect of α-solanine on TNF-α  
and IL-6 protein levels  
in TNF-α-overexpressed HUVECs

An ELISA was used to detect TNF-α and interleukin 6 
(IL-6) protein levels in the cell supernatant of HUVECs. 
The results presented in Fig. 2 show that, compared with 
the vector group, TNF-α (D–B test, p < 0.001) and IL-6 
protein levels (D–B test, p < 0.001) were significantly in-
creased in the TNF-α group. In TNF-α-overexpressed cells, 
α-solanine significantly decreased the elevated protein levels 
of TNF-α (D–B test, p = 0.015) and IL-6 (D–B test, p = 0.001).

Effect of α-solanine on phospho-inhibitor 
of NF-κBα (p-IκBα), phospho-P65 (p-P65) 
and IKKα/β relative protein expression 
levels in TNF-α-overexpressed HUVECs

The  p-IκBα, p-P65 and IKKα/β relative protein ex-
pression levels in TNF-α-overexpressed HUVECs were 
determined using western blot assay. We  found that 
the relative protein expression levels of p-IκBα (D–B test, 
p < 0.001), p-P65 (D–B test, p = 0.001) and IKKα/β (D–B 

test, p = 0.018) were significantly increased in the TNF-α 
group compared with the vector group. However, in TNF-
α-overexpressed HUVECs, the increased p-IκBα (D–B test, 
p = 0.032), p-P65 (D–B test, p = 0.021) and IKKα/β (D–B 
test, p = 0.001) relative protein expression levels were sig-
nificantly suppressed by treatment with α-solanine (Fig. 3).

Effect of SN50 on cell viability,  
as well as IL-6 and TNF-α levels  
in TNF-α-overexpressed HUVECs

The SN50 is a specific NF-κB inhibitor that could sup-
press the translocation of the NF-κB active complex into 
the nucleus. To evaluate whether α-solanine has a simi-
lar function to that of SN50, the cells were treated with 
5 mg/mL SN50 for 24 h. As shown in Fig. 4A, SN50 did 
not affect the cell viability of TNF-α-overexpressed HU-
VECs (D–B test, p = 1.000). As shown in Fig. 4B, both 
the TNF-α level (D–B test, p < 0.001) and the IL-6 level 
(D–B test, p = 0.005) were significantly increased in TNF-
α-overexpressed HUVECs; however, SN50 treatment sup-
pressed the elevated TNF-α (D–B test, p = 0.002) and IL-6 
(D–B test, p < 0.001) levels.

Effect of SN50 on p-IκBα, p-P65  
and IKKα/β relative protein expression 
levels in TNF-α-overexpressed HUVECs

The results presented in Fig. 5 demonstrate that p-IκBα 
(D–B test, p = 0.001), p-P65 (D–B test, p = 0.043) and 
IKKα/β (D–B test, p  =  0.001) relative protein expres-
sion levels were increased in the cells transfected with 
the TNF-α vector compared with the cells transfected 
with the  pcDNA3.1(+) vector. The  SN50 treatment 

Fig. 2. Effects 
of α-solanine on tumor 
necrosis factor 
alpha (TNF-α) and 
interleukin 6 (IL-6) 
protein levels in TNF-α-
overexpressed cells. 
Data were analyzed 
with Kruskal–Wallis H 
(K–W) test followed 
by Dunn–Bonferroni 
test (K–W test: 
TNF-α, H = 42.863, 
degrees of freedom 
(df) = 5, p < 0.001; 
IL-6, H = 46.571, df = 5, 
p < 0.001; * p < 0.05 
compared to control; 
# p < 0.05 compared 
to vector; @ p < 0.05 
compared to TNF-α; 
n = 3)
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significantly suppressed the increased p-IκBα (D–B test, 
p = 0.048), p-P65 (D–B test, p = 0.041) and IKKα/β (D–B 
test, p = 0.004) relative protein expression levels in TNF-α-
overexpressed HUVECs.

Discussion

The present study demonstrated the effects of α-solanine 
on inflammation in HUVECs. The α-solanine inhibited 

Fig. 3. Effect of α-solanine on phospho-inhibitor of NF-κBα (p-IκBα), phospho-P65 (p-P65) and IκB kinase (IKK) α/β relative protein expression levels 
in tumor necrosis factor alpha (TNF-α)-overexpressed cells. Data were analyzed with Kruskal–Wallis H (K–W) test followed by Dunn–Bonferroni test (K–W 
test: p-IκBα, H = 29.841, degrees of freedom (df) = 5, p < 0.001; p-P65, H = 28.052, df = 5, p < 0.001; IKKα/β, H = 25.441, df = 5, p < 0.001; * p < 0.05 compared 
to control; # p < 0.05 compared to vector; @ p < 0.05 compared to TNF-α; n = 3)
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the expression of TNF-α and IL-6 in TNF-α-overexpressed 
HUVECs, and these effects were related to the suppression 
of the NF-κB signaling pathway.

Phlebitis is an inflammation of the vein. Vascular en-
dothelial cells make up the innermost surface of blood 
vessels. Inflammatory injury and apoptosis of endothelial 
cells are observed in many human diseases, including phle-
bitis.55–57 In the present study, TNF-α was overexpressed 
in HUVECs to establish a model of venous endothelial in-
flammation. Consistent with the previous report revealing 
that TNF-α can induce inflammatory injury,58 our study 
showed that TNF-α increased IL-6 expression, activated 
the NF-κB signaling pathway and inhibited the prolifera-
tion of HUVECs. These results demonstrated that TNF-α 
can induce inflammation injury in endothelial cells.

A large number of  studies have confirmed the  toxic 
effects of α-solanine on cancers.14–16,23,24 Only a limited 
number of studies investigated the anti-inflammatory ef-
fect of α-solanine on macrophages and in endotoxemia 
model mice.26,59 Kenny et  al. reported that α-solanine 
possesses anti-inflammatory properties in lipopolysac-
charide (LPS)-induced Raw264.7 macrophages59 by re-
ducing the production of nitric oxide (NO) and decreas-
ing the levels of pro-inflammatory cytokines. This study 
provided more evidence for the anti-inflammatory effect 
of α-solanine. We investigated the anti-inflammatory ef-
fect of α-solanine in endothelial cells. Similar to the effects 
in LPS-induced macrophages, α-solanine inhibited the ex-
pression of the pro-inflammatory mediators TNF-α and 
IL-6 in TNF-α-overexpressed endothelial cells. The sup-
pression of TNF-α and IL-6 can prevent inflammatory 
injury and apoptosis of HUVECs.60,61 Taken together, this 
evidence suggests that α-solanine can inhibit inflamma-
tory injury of HUVECs. It is noteworthy that the levels 

of IL-6 and TNF-α in the TNF-α + α-solanine group were 
significantly higher than in the control group, suggesting 
that α-solanine may not eliminate the effect of TNF-α 
overexpression on IL-6 and TNF-α elevation in HUVECs. 
However, α-solanine could alleviate endothelial inflam-
mation, thus showing a  positive role in  the  treatment 
of phlebitis.

The NF-κB pathway is considered the most typical in-
flammatory pathway, and many inflammatory mediators 
are found downstream of NF-κB.62,63 The study by Lu et al. 
showed that α-solanine downregulates the nuclear content 
of NF-κB in human melanoma cells.28 In human hepatocel-
lular carcinoma HepG2 cells, α-solanine-induced oxidative 
stress is associated with the NF-κB pathway.27 Natural 
or synthetic NF-κB inhibitors could prevent LPS-induced 
injury in endothelial cells by decreasing the levels of in-
flammatory factors.64,65 In the current study, we investi-
gated the effect of α-solanine on the NF-κB signaling path-
way in endothelial cells and found that α-solanine inhibited 
TNF-α-induced NF-κB signaling pathway activation 
in HUVECs by decreasing p-IκBα, p-P65 and IKKα/β rela-
tive protein expression levels. Our results were consistent 
with the reports on LPS-induced macrophages and endo-
toxemia model mice which demonstrated that α-solanine 
abrogates inflammatory responses by inhibiting the NF-κB 
signaling pathway. We  found that p-IκBα was not sig-
nificantly decreased in  the TNF-α + α-solanine group 
compared with the control group. However, p-IκBα was 
significantly decreased in the TNF-α + α-solanine group 
compared with the TNF-α group. These results indicate 
that α-solanine may not eliminate the effect of TNF-α over-
expression on IκBα phosphorylation in HUVECs. However, 
α-solanine shows an inhibitory effect on the phosphory-
lation of IκBα in TNF-α-overexpressed HUVECs. Taken 

Fig. 4. Effects of SN50 on (A) cell viability (data were analyzed with Kruskal–Wallis H (K–W) test followed by Dunn–Bonferroni test (K–W test: H = 38.110, 
df = 4, p < 0.001)), as well as (B) the protein levels of tumor necrosis factor alpha (TNF-α) and interleukin 6 (IL-6) in TNF-α-overexpressed cells (data were 
analyzed with K–W test followed by Dunn–Bonferroni test (K–W test: TNF-α, H = 35.143, degrees of freedom (df) = 4, p < 0.001; IL-6, H = 36.906, df = 4, 
p < 0.001; * p < 0.05 compared to control; # p < 0.05 compared to vector; @ p < 0.05 compared to TNF-α; n = 5 for cell viability and n = 3 for TNF-α and IL-6 
protein levels))
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together, this evidence suggests that α-solanine protects 
against inflammatory diseases via NF-κB suppression. Pre-
vious studies have shown other molecules and signaling 
pathways that were regulated by α-solanine, such as ma-
trix metalloproteinases (MMPs), Akt/mTOR signaling 

pathway, STAT3 signaling pathway, and ERK and PI3K/Akt 
signaling pathways.20,28,66–68 Whether these molecules and 
signaling pathways are involved in the effect of α-solanine 
on protecting against endothelial inflammation is still un-
known. The molecular mechanisms underlying the effect 

Fig. 5. Effect of SN50 on phospho-inhibitor of NF-κBα (p-IκBα), phospho-P65 (p-P65) and IκB kinase (IKK) α/β relative protein expression levels in tumor 
necrosis factor alpha (TNF-α)-overexpressed cells. Data were analyzed with Kruskal–Wallis H (K–W) test followed by Dunn–Bonferroni test (K–W test: p-IκBα, 
H = 25.011, degrees of freedom (df) = 4, p < 0.001; p-P65, H = 24.030, df = 4, p < 0.001; IKKα/β, H = 23.140, df = 4, p < 0.001; * p < 0.05 compared to control; 
# p < 0.05 compared to vector; @ p < 0.05 compared to TNF-α; n = 3)

p-P65 – phospho-P65; p-IκBα – phospho-inhibitor of NF-κB α; IKK – IκB kinase
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of α-solanine on endothelial inflammation need to be fur-
ther explored.

In  the  present study, we  found that the  effects 
of α-solanine on TNF-α-overexpressed HUVECs seem 
to be similar to that of SN50. The activation of the NF-κB 
pathway leads to the nuclear translocation of NF-κB pro-
tein and the activation of downstream genes.69 The SN50 
is a specific NF-κB inhibitor that could suppress the trans-
location of the NF-κB active complex into the nucleus. 
We  demonstrated that both α-solanine and SN50 
could decrease the relative expression levels of proteins 
in the NF-κB signaling pathway, such as p-IκBα, p-P65 and 
IKKα/β. These results suggested that α-solanine can act 
as an NF-κB inhibitor in the process of inflammatory in-
jury in HUVECs. However, we did not examine the nuclear 
translocation of NF-κB proteins. To confirm the possibility 
of α-solanine as an NF-κB inhibitor, a study investigating 
the effect of α-solanine on NF-κB nuclear translocation 
will be carried out in the future.

This study demonstrated the  inhibitory effect 
of α-solanine on endothelial inflammation in vitro. Further 
studies need to be performed on phlebitis animal models 
and phlebitis patients to confirm the anti-inflammatory 
effect of α-solanine in vivo. Expanding the application 
of  α-solanine on  other inflammatory diseases may be 
a good research direction in the future. Potato glycoside 
alkaloids are a group of easily obtained natural steroid 
compounds. Studies on the function of α-solanine in in-
flammation will provide a new perspective for the preven-
tion and treatment of phlebitis, as well as new ideas for 
the research and development of potato glycoside alkaloids.

Limitations

There are 3 major limitations to this study. First, we only 
investigated the anti-inflammatory effects of α-solanine 
in vitro. The  therapeutic effect of α-solanine on phle-
bitis in vivo needs to be confirmed on animal models 
in our further studies. Second, to fully elucidate the ef-
fect of α-solanine on inflammatory response in HUVECs, 
more inflammatory factors and mechanisms that are re-
lated to inflammation need to be examined. Third, TNF-
α-transfected cells are not a good model of inflammation. 
The use of endotoxin or inflammatory agents will better 
induce inflammation.

Conclusions

This is  the  first in  vitro study demonstrating that 
α-solanine inhibits endothelial inflammation through 
the NF-κB signaling pathway. The findings support the po-
tential application of α-solanine for the clinical manage-
ment of phlebitis and describe the molecular mechanism 
underlying the protective function of α-solanine against 
endothelial inflammation.
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Abstract
Three-dimensional bioprinting technology appears to be a promising solution for the treatment and recon-
struction of a wide range of maxillofacial bone defects. In this review, the authors discuss different bioprinting 
solutions and options in the context of the 4 factors of bone healing: structures or scaffolds, osteogenic cells, 
growth factors, and stabilization (diamond concept of healing), as well as the influence of a 5th factor – vascu-
larization. Bone is a complex tissue; hence, bone bioprinting may require different technical approaches and 
mixed methods. Ultraviolet (UV) crosslinkable hydrogels, such as gelatin methacryloyl (GelMA), are among 
the most promising bioinks; they are enhanced by hydroxyapatite or 1–2.5 mm beta-tricalcium phosphate 
(β-TCP) granules and porous scaffolds with recommended pore sizes greater than 300 µm. The advantages 
of mesenchymal stem cells (MSCs) are their significant availability, low tumorigenicity, and great potential for 
differentiation into osteoblasts or endothelial cells (ECs). Although growth factors require advanced delivery 
systems, they provide excellent improvement in the functionality of printed tissues. A proper vasculature 
system supplies cells with oxygen and nutrients, removes waste products, promotes osteogenesis, prevents 
ischemic necrosis, and improves the mechanical properties of bone. With all of these aspects perfectly bal-
anced and working in synergy, the clinical use of bioprinting is only a matter of time.

Key words: bioprinting, augmentation, tissue engineering, regenerative dentistry, regenerative medicine
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Introduction

Three-dimensional (3D) printing has long been used 
in efforts to not only achieve bone regeneration but also 
restore lost dentition. Computer-aided design and com-
puter-aided manufacturing (CAD/CAM)-produced ti-
tanium mesh can be used for guided bone regeneration 
procedures, allowing for more predictable outcomes.1,2 
Furthermore, 3D technology can be used to manufacture 
custom-made, precisely fitting scaffolds out of porous hy-
droxyapatite blocks.3 Titanium dental implants created 
through the process of direct laser metal forming, a par-
ticular method of additive manufacturing, have already 
proven to be predictable. Moreover, although their prop-
erties still need to be confirmed, they could potentially 
surpass conventional, machined dental implants in many 
ways.4–10

Since its inception over a decade ago, the  “diamond 
concept”, a conceptual framework of what is necessary 
to achieve successful bone healing, has been acknowl-
edged. This framework includes the following: 1) suffi-
cient mechanical stabilization and biological competence 
of the organism; 2) osteogenic cells; 3) osteoconductive 
structures or scaffolds; and 4) growth factors.11,12 Addi-
tionally, sufficient vascularization of newly formed tissue 
should be considered a 5th element required for successful 
bone regeneration (Fig. 1).

Autogenous grafts are considered the “gold standard” 
in bone tissue regeneration due to their osteogenic, os-
teoconductive and osteoinductive properties.13 Unfortu-
nately, harvesting autogenous bone grafts usually causes 
pain at  the donor site. It may also result in other, less 
frequently encountered complications, including nerve 
injury, hematoma, infection, and damage to neighboring 
tissues.14 An emerging solution to this problem is 3D bio-
printing technology, which has the ability to create living 
autogenous grafts that are designed and manufactured 
in adequate form and dimensions to perfectly fit the shape 
of the defect. The creation of 3D tissue constructs is achiev-
able using bioink deposition (specifically, jetting, extrusion 

or laser-assisted evaporation) and then crosslinking with 
a 3D bioprinter. This technology facilitates the design 
of complex constructs – individualized forms and shapes 
of the target tissue structure that simultaneously contain 
multiple cell types.15

Objectives

The available scientific literature is relatively lacking 
in original studies and review articles on the use of bio-
printing in dental procedures. Nevertheless, knowledge 
of this topic is important to refine the practice and de-
velopment of this technology. This review aims to sum-
marize the current state of knowledge on contemporary 
bioprinting treatment in dentistry. Current regenerative 
practices and studies in the field of regenerative dentistry 
are also discussed.

Methods

An  electronic database search was conducted using 
MEDLINE via PubMed and Google Scholar. The data-
base was searched for in vitro and in vivo studies involving 
different approaches to certain topics (i.e., types of cells, 
bioinks, growth factors, and answers to vascularization 
needs). The especially valued studies were those that con-
tradicted or proved the limitations of factors and methods 
used in previous studies.

The search terms included all combinations of the fol-
lowing keywords: bioprinting OR 3D bioprinting OR stem 
cells OR mesenchymal stem cells OR growth factors OR 
GelMA AND bone regeneration OR bone OR clinical use 
OR regenerative medicine OR regenerative dentistry. Since 
3D bioprinting refers to a variety of scientific fields, the fol-
lowing exclusion criteria were applied: 1) 3D printing not 
related to medicine; 2) 3D printing of medical materials; 
3) studies related to hard tissues other than bone; 4) stud-
ies on bone regenerated with different techniques; and 
5) other 3D applications in medicine.

Two researchers (KO and MC) independently reviewed 
the titles and abstracts to determine whether they met 
the inclusion and exclusion criteria. Disagreements were 
resolved via consensus. Collected titles and corresponding 
abstracts without duplicates were imported into Sciwheel 
citation manager program (Sciwheel Ltd., London, UK). 
The reference lists of the imported articles were screened 
for other relevant studies (Fig. 2). In turn, the collected 
studies were screened to search for bias in article selection. 
They were then grouped into the following 5 categories 
depending on the type of experiment conducted: 1) scaf-
fold and bioinks; 2) stem cells; 3) growth factors and dif-
ferentiation factors; 4) vasculature; and 5) stabilization. 
Although some studies addressed 2 or more categories, 
the authors tried to cite the results in such a way that 

Fig. 1. Diagram of 5 elements promoting successful bone tissue 
regeneration
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the main points and significance of the results could be 
easily understood. Sometimes, one study was mentioned 
multiple times, as it pointed to various findings.

Scaffolds and bioinks

Bioprinting offers the possibility of printing cell sus-
pensions into a tissue construct, regardless of the pres-
ence of a scaffold support. The most common bioinks are 
cell-laden hydrogels, decellularized extracellular matrix 
(dECM)-based solutions and cell suspensions.16 When 
choosing a suitable bioink, certain technical aspects must 
be considered, as it should: 1) provide chemical conditions 
mimicking those of the targeted tissue; 2) be biocompat-
ible; 3) have controlled biodegradability to allow for cellular 
remodeling; 4) present shear-thinning behavior that allows 
extrusion with minimal stress to the encapsulated cells; 
5) enable sol–gel transition; 6) be able to be extruded with-
out clogging the nozzle; 7) provide suitable durability and 
stiffness; 8) provide adequate shape fidelity with proper 
stacking ability; and 9) feature proper density and poros-
ity for the diffusion of gasses and nutrients.17 No perfect, 
flawless bioink exists; the compromise between suitability 
for fabrication and ability to accommodate encapsulated 
cells should be established. This compromise is known 
as the “biofabrication window”.18 Bioprinting of bone re-
quires the use of bioinks with the ability to transform from 
a liquid state to a more dense structure while simultane-
ously preserving cell viability and bioactivity.19 Moreover, 
the density of the newly formed construct has an impact 
not only on the durability of the scaffold itself but also 
directly influences the activity of the cells.20 Precalcified 

bone with a maximum stiffness of approx. 50 kPa is the 
most rigid matrix that can host stem cells,21 which is still 
over 10,000 times less rigid than mature calcified bone.22 
Bone marrow mesenchymal stem cells (MSCs) are the soft-
est stem cell niche,23 with a nearly liquid extracellular 
space and elasticity of 0.3 kPa.20 Such a difference may be 
overcome in vitro, but it presents a challenge for in vivo 
experiments. A promising solution seems to be integrating 
different technical approaches for different bone compart-
ments (i.e., scaffold-based and non-scaffolding methods).15

The biomaterials currently used in 3D bioprinting can 
be assigned to one of 3 main categories: 1) non-hygroscopic 
polymers; 2) hydrogels; and 3) dECM.19

Curable polymers comprise the 1st category; they display 
good durability and mechanical properties suitable for ad-
equate structure and scaffolding. Processing of this kind 
of material, however, requires extraordinary conditions, in-
cluding high temperature or the presence of toxic solvents, 
which mostly excludes them from being printed collectively 
with cells. Therefore, these materials are usually used for 
scaffold production, with cells seeded upon the surface.24

The 2nd category consists of hydrogels, i.e., soft bioma-
terials that can absorb and maintain large loads of wa-
ter.25 These can be made of synthetic or natural polymers 
and do not present the same levels of mechanical features 
as curable support polymers, although cells are capable 
of  residing within them.24 Synthetic hydrogels include 
polyethylene glycol (PEG)-based materials, such as PEG 
diacrylate, and polyacrylamide-based gels. Naturally de-
rived hydrogels, which employ polymers, are often poly-
saccharides obtained and purified from natural sources. 
Additionally, they can be composed of peptides or proteins. 
Hydrogels commonly used in laboratories include collagen, 

Fig. 2. Flowchart of the search 
strategy, exclusion criteria and study 
selectionStudies identified through database search and after duplicates removal (n = 451)

Studies excluded (n = 345)

• 3D printing not related to medicine
• 3D printing of medical materials
• related to other hard tissues
• bone regenerated with different techniques
• other 3D applications in medicineTitles and abstracts screened 

(n = 106)

excluded

Full-text screend (n = 76) Studies identified through 
other sources (n = 17)

Studies ultimately included (n = 93)
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hyaluronic acid, alginate, agarose, chitosan, fibrin, and 
Matrigel.19,24

As the majority of bone tissue’s extracellular matrix 
(ECM) (approx. 95%) consists of collagen (COL) type I,26 
and since collagen is one of  the most widely available 
bioinks, it might seem to be a logical initial choice from 
the viewpoint of bone bioprinting.27 Although not ideal, 
COL has the qualities to be a potential bioprinting mate-
rial. It has a variety of different characteristics, including 
being liquid at low temperatures; when faced with an in-
crease in temperature or neutral pH, it creates a fibrous 
structure.25 As a consequence of losing its typical, orga-
nized structure, COL becomes gelatin (denatured COL).28

Gelatin, being the degraded form of collagen, contains 
many arginine–glycine–aspartic acid sequences, which 
display cell-responsive properties,29 as well as the target se-
quences of matrix metalloproteinases (MMPs) responsible 
for tissue and cell remodeling.30 Pore sizes greater than 
300 µm are recommended, as they enhance the forma-
tion of bone tissue and capillaries. Larger pores are better 
vascularized and cause immediate osteogenesis, with-
out the preceding formation of cartilage. Smaller pores, 
on the other hand, tend to cause hypoxic conditions and 
favor osteochondral formation. In addition, gelatin is easily 
soluble and less antigenous than collagen.31

Gelatin methacryloyl (GelMA) is a synthetically modi-
fied gelatin-based material containing methacrylamide 
groups and methacrylate groups.32 Most importantly, 
GelMA is an inexpensive, cell-responsive hydrogel utilized 
to create cell-laden microtissues and microfluidic devices. 
Synthetically derived hydrogels have the advantage of al-
lowing easy modification of their mechanical features and 
having cell-adhesive properties.33 Gelatin methacryloyl hy-
drogels could be useful for creating complex, cell-respon-
sive microtissues with endothelialized microvasculature. 
They have been patterned down to 100 μm resolution and 
proven to have accuracy and functionality similar to other 
commonly used hydrogels. However, unlike other syn-
thetic ultraviolet (UV) crosslinkable hydrogels, they have 
been shown to have cell-adhesive properties; cells adhere 
to them, migrate within them, proliferate, and organize 
in both 2D and 3D in GelMA micropatterns. These data 
suggest possible applications in creating endothelial-lined 
vasculature within engineered tissues.33

Conveniently, methacryloyl substituent groups provide 
gelatin with the ability to photo-cross-link when exposed 
to light and a photoinitiator.34 This process of polymeriza-
tion does not require extraordinary conditions and allows 
a certain level of control over the reaction. For this reason, 
the photo-curing properties of hydrogels are considered 
a significant upgrade compared to other common materials. 
Gao et al. created a particular bioink composed of GelMA 
hydrogel cross-linked with PEG-gelatin and MSCs incor-
porated within its structure as a way to obtain mechani-
cal properties ideal for creating bone and cartilage.35 Af-
ter 21 days, different types of constructs were compared: 

human MSC-PEG-GelMA and cell-laden PEG or GelMA. 
The first type demonstrated an elastic modulus improve-
ment of 100% compared to the others. The authors proved 
that multimaterial hydrogels with photo-cross-linking fea-
tures may introduce new solutions and promising advances 
in the composition of bioinks, in particular in the context 
of producing cartilage and bone substitutes.19 Additionally, 
GelMA has already been used in several studies on printing 
functioning vascular networks and bone-tissue substitutes, 
which will be discussed later in this article.36–38

The 3rd category of biomaterials is dECM, which has 
the native ECM components retained. Its premanufac-
turing requires all cells to be removed from a tissue while 
preserving only the ECM. This is achieved through a series 
of chemical and enzymatic processes.39 The dECM is then 
solubilized to a desired concentration until a gel-like sub-
stance appropriate for 3D bioprinting is obtained.19 Once 
isolated, bone dECM can be co-printed with biocompatible 
hydrogels or molecules.40–42 Moreover, in order to promote 
osteogenesis, small particles of hydroxyapatite or beta-
tricalcium phosphate (β-TCP) can be dispersed in the hy-
drogel-based bioink.43

Factors such as the macrostructural and geometrical prop-
erties of a material have a major impact on more than just 
the resilience of a scaffold. Studies have shown that materials 
characterized by numerous pores of variable sizes and con-
nectivities facilitate the passage of oxygen, nutrients and cel-
lular wastes.19 As porosity promotes the oxygenation of MSCs 
in printed hydrogel scaffolds, it also supports their viability 
and osteogenic differentiation.44 Lower porosity has been 
shown to suppress cell proliferation and force cell aggrega-
tion in vitro, thus stimulating osteogenesis. On the contrary, 
significantly greater ingrowth of bone tissue can be achieved 
in vivo, thanks to larger pore size and higher porosity. How-
ever, the increased size and number of pores results in wors-
ened mechanical properties. This fact sets an upper limit 
to pore size and porosity.45 Pore sizes greater than 300 µm 
are recommended, as they enhance the formation of bone 
tissue and capillaries. Larger pores are better vascularized 
and cause immediate osteogenesis, without the preceding 
cartilage formation. Smaller pores, on the other hand, tend 
to cause hypoxic conditions and favor osteochondral forma-
tion.45 A study by Lee et al. compared porosity of and cell 
cultures on 3 different scaffolds: COL, COL/dECM (CE) and 
COL/dECM/silk fibroin (CES). After 7 days, scanning elec-
tron microscope (SEM) images showed the highest concen-
tration of cells on CES, followed by a medium concentration 
on CE and comparatively the lowest concentration on pure 
COL. Furthermore, the researchers analyzed the pore as-
pect ratio (length/width), and almost 100% of CES pores had 
a ratio of less than 3. In the case of CE, approx. 70% of pores 
had a ratio lower than 3, 20% had a ratio of 3–6 and 10% had 
a ratio greater than 6. The majority of pure COL pores had 
a ratio of 3–6. In light of these data, it seems that longer and 
narrower pores provide inferior conditions for cell cultures 
compared to more proportional ones.42
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Stem cells

Stem cells have major advantages over adult cells (i.e., 
self-renewing potential and ability to differentiate when ex-
posed to specific stimuli).46 Tissue engineering and regen-
erative medicine need to embrace these abilities to fulfill 
the following tasks: such as: 1) providing architectural and 
hierarchical arrangement of the cell–biomaterial complex; 
2) patterning living cells in 3D; and 3) mimicking the com-
plex patterns of  tissue organization.47 Before selecting 
stem cells for a bioprinted model, their experimental and 
therapeutic boundaries, origin, immunocompetence, and 
long-term engraftment potential dictated by the potency 
of the cell must be taken into consideration.48

Three major classes of stem cells can be distinguished: 
1) induced pluripotent stem cells (iPSCs), which can be re-
programmed from somatic cells isolated from the patient’s 
tissue with ease of access; 2) embryonic stem cells (ESCs), 
which originate from the inner cell mass of blastocysts and 
have the potential to differentiate into any cell type; and 
3) adult stem cells, which are located in specific tissues 
and take an active role in repair processes.47

The initial creation of iPSCs was accomplished through 
the ectopic expression of 4 specific genes (OCT4, KLF4, 
SOX2, and c-Myc; all 4 are abbreviated as OSKM). Thus 
far, iPSCs have been successfully acquired from a variety 
of different cell types and species, suggesting a universal 
molecular mechanism. The abundance of sources of iPSCs 
in contrast to other pluripotent stem cell sources may sug-
gest their forthcoming usefulness in the development of tis-
sues and organs.49 Moreover, autologous iPSCs provide cells 
considered the least dangerous in terms of the risk of im-
mune rejection. However, in research into age-related macu-
lar degeneration therapy, 2 major drawbacks were encoun-
tered: financial limitations and the duration of treatment. 
The process of generating iPSCs, confirming their safety and 
differentiating them into retinal cells used for transplanta-
tion took approx. 1 year and cost almost 1 million USD.49

In the 2nd group are ESCs, which provide extraordinary 
proliferative potential and are directly responsible for 
the formation and growth of the embryo and the 3 dif-
ferent germ layers – ectoderm, endoderm and mesoderm 
– which are essentially employed in the formation and 
generation of any type of tissue.47 There has been exten-
sive research on utilizing ESCs to achieve regeneration 
of bone tissue. However, due to the risk of immune rejec-
tion and existing ethical issues, the application of ESCs 
under nonlethal orthopedic conditions is considerably 
limited.50 Furthermore, ESCs isolated from mice and then 
later from humans featured not only pluripotency but also 
tumorigenicity.51 In the context of regenerative medicine, 
the extent of their application for printing tissue constructs 
is largely limited by their low approachability, questionable 
safety and ethical issues.52

Unlike ESCs, MSCs have the advantage of being avail-
able throughout the entire life of an individual and at all 

stages of development, including adulthood. Moreover, 
they may also be obtained as a result of differentiation 
of other types of stem cells (iPSCs and ESCs).53 A meta-
analysis by Wang et al. showed that tumorigenesis, which 
might potentially occur in MSC therapy, has rarely been 
reported.54 The MSCs constitute a class of cells display-
ing significant heterogeneity and the possibility to be iso-
lated from many different sites, including adipose tissue, 
the umbilical cord and the placenta,54 as well as from bone 
marrow in the form of an aspirate.45 One of the natural 
pathways for the development of MSCs is differentiation 
into osteoblasts, although this requires key differentia-
tion factors, such as ascorbic acid, β-glycerophosphate, 
dexamethasone/vitamin D3, and galectins. This process 
results in the expression of certain markers, including 
an increase in alkaline phosphatase, calcium accumula-
tion and RUNX2.53 However, research on the potential 
of MSCs in scaffold models should concentrate not only 
on osteogenic capabilities, as they can actually play 2 dif-
ferent roles. The first and most obvious role is as a source 
of a specific type of cell, which in this case means subse-
quent differentiation into osteoblasts. An alternative role 
of MSCs is as a supplemental population of cells, either 
as a native population or as an additional population that 
can be recruited to the tissue in order to perform a differ-
ent function. In osteochondral constructs within the same 
model, MSCs are meant to differentiate into bone lineages 
and cartilage.53 Cidonio et al. highlighted that the pattern-
ing of endothelial cells (ECs) and using MSCs for printing 
are crucial for the proper functioning of engineered bone 
tissue,  while new clinical solutions targeting bone defects 
may fail due to poor interconnection between the graft 
and host tissues and possible necrosis of the graft caused 
by  insufficient nutrient supplies.55 An  in  vitro study 
by Wang et al. demonstrated successful MSC differentia-
tion into ECs. Factors such as vascular endothelial growth 
factor (VEGF), basic fibroblast growth factor, insulin-like 
growth factor (IGF), epidermal growth factor, ascorbic 
acid, and heparin were used to  impact MSCs. In addi-
tion, real-time quantitative polymerase chain reaction 
(qPCR) showed elevated expression of certain indicators, 
such as vascular endothelial cadherin, von Willebrand 
factor and VEGF receptor-2, in an induced MSC group 
compared with an uninduced MSC group.56 The ability 
of MSCs to create vasculature was examined in a recent 
in vivo study of canines by producing small artificial ves-
sels. The researchers employed autologous MSCs of bone 
marrow origin and biodegradable polycaprolactone (PCL). 
After MSC culturing and confirmation of differentia-
tion into endothelial-like cells, 3-layered artificial vessels 
were created and subsequently implanted into the arter-
ies of the canines. In comparison to the control vessels, 
the cell-derived vessels showed that their inner surfaces 
were covered with more ECs, whereas fibrinous clots ex-
hibited little to even no inflammation. The authors of that 
study suggested that the immune system only minimally 
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rejected these artificial vessels due to the autologous origin 
of the MSCs.57

Although the presented studies depict MSCs as cur-
rently the best candidate for tissue engineering and re-
generative medicine, there are always drawbacks. In this 
case, more research needs to be conducted on the exact 
mechanism of differentiation into other cell types, as this 
process remains unknown.53

Growth and differentiation factors

Growth factors are endogenous signaling molecules 
that regulate the cellular responses required for wound 
healing processes, including migration, proliferation and 
differentiation.58,59

These signaling molecules can be divided into 3 groups: 
1) pro-inflammatory cytokines; 2) transforming growth 
factor beta (TGF-β) superfamily and other growth factors; 
and 3) metalloproteinases and angiogenic factors.60

All of these molecules, including the interleukins (IL-1 
and IL-6), tumor necrosis factor alpha (TNF-α), fibroblast 
growth factor, IGF, platelet-derived growth factor, and 
VEGF, are naturally found in abundant quantities in a frac-
ture hematoma. These biologically active molecules are 
secreted not only by a variety of cell types, including ECs, 
platelets, macrophages, and monocytes, but also MSCs. 
Bone morphogenetic proteins (BMPs) are well-known sig-
naling molecules that possess osteoinductive properties.12 
Bone morphogenetic protein 2 and BMP-7 are already ap-
proved for clinical use in orthopedic and trauma surgery.61 
Additionally, the activity of BMPs and other proteins that 
triggers cell differentiation into osteoblasts, which in turn 
results in bone formation, is also affected by the micro- and 
nanostructural properties of the scaffold used.62

Vascular endothelial growth factor is known to be a key 
regulator of physiological angiogenesis during embryo-
genesis.63 This makes it one of the best examined growth 
factors in regard to this topic. In fact, a different approach 
to promoting vascularization is to enrich 3D constructs 
with growth factors, thus causing the fabrication of a vas-
cular network in tissue-engineered bone.64 Unfortunately, 
growth factors display very low in vivo stability, which sig-
nificantly reduces their effectiveness in clinical settings.58 
The effective use of growth factors is highly dependent 
on available delivery systems. Some researchers have tar-
geted this aspect of therapy with novel delivery platforms, 
such as polymer gels, coated dressings, chamber devices, 
and nanoparticles.65,66

Gelatin microparticles have been tested as a way of con-
trolling the release of VEGF so that it is active for a lon-
ger period of time at a specific part of the 3D-bioprinted 
scaffold. Gelatin microparticles enabled the prolonged 
release of VEGF during 3 weeks of in vitro studies. Per-
haps more importantly, with the help of human endothelial 
progenitor cells, the bioactivity of VEGF was successfully 

confirmed. Moreover, in vivo experiments on mice com-
pared Matrigel scaffolds containing endothelial progenitor 
cells and VEGF that were released in one of 2 ways – fast 
or sustained – through the application of gelatin mic-
roparticles. The results after 7 days showed significantly 
higher levels of vessel formation in the sustained-release 
VEGF group compared to the fast-release VEGF group.67 
A study by Kim et al. tested the chitosan gel/gelatin mi-
crosphere dual delivery system as a method of enhancing 
osteoblast differentiation through the sequential release 
of 2 osteogenetically important molecules – BMP-2 and 
IGF-1. In their research, BMP-2 was released at the begin-
ning, with a succeeding sustained slow release of IGF-1. 
Significantly higher alkaline phosphatase activity, which 
is usually associated with ongoing osteoblast activity, was 
observed among cells that received the sequential delivery 
system when compared with cells that underwent other 
treatment methods (p < 0.05).68

A study by Jeon et al. examined the effect of transform-
ing growth factor beta 1 (TGF-β1) and angiopoietin (Ang-1) 
on human bone marrow-derived MSCs, both in monocul-
ture and in direct contact with ECs. They demonstrated 
that the effect of these molecules is dependent on direct 
heterotypic cell–cell contact. Furthermore, they found a sig-
nificant increase in the amount of α-smooth muscle actin 
in microvascular networks with added VEGF and TGF-β1 
or VEGF and Ang-1 compared to networks with added 
VEGF alone. The addition of Ang-1 resulted in the creation 
of fully functional networks, while the microvasculature ini-
tiated by TGF-β1 lacked interconnections and thus was not 
satisfactory. The addition of Ang-1 to human bone marrow-
derived MSCs caused an increase in the number of network 
branches and a reduction in mean vessel diameter compared 
to EC-only vasculature.69 In conclusion, more actin-rich 
networks originated with VEGF + TGF-β1 or VEGF + Ang-1 
compared to VEGF alone; in particular, Ang-1 developed 
more complex networks than TGF-β1.

Platelet-rich fibrin, with its advantage of being of au-
tologous origin, does not face the legal problems of  its 
predecessors and has been applied for a variety of different 
surgical indications.70

A recent study by Lafiti et al. showed that platelet rich 
plasma/heparin sulfate (PRP/HS) improved adipose MSC 
differentiation and accelerated osteoblast differentiation, 
regardless of the presence of an osteogenic medium. More-
over, HS has a positive effect on the induction of osteoblast 
differentiation. Hydroxyapatite, PRP and HS showed syn-
ergistic effects on the formation of a 3D scaffold, especially 
in the presence of chemical induction. The ZrO2 increased 
mechanical strength without any detrimental effects 
on bone formation. All things considered, it seems that 
hydroxyapatite/ZrO2/PRP/HS scaffolds provide a better 
osteoconductive microenvironment for stem cells to dif-
ferentiate into osteoblasts.71

Bone morphogenetic proteins provide proper stimula-
tion for osteoblasts or progenitor cells toward osteogenic 
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differentiation. However, some biomaterials can induce 
intrinsic osteoinduction, in  which MSCs differentiate 
into osteoblasts, even without the contribution of BMPs, 
thereby avoiding the potential adverse effects of BMP 
treatment.19

The process of osteogenic differentiation may be di-
rectly triggered by surface topography and inorganic ion 
release (in the case of calcium phosphate-based ceram-
ics).62 When implanted within a coralline hydroxyapatite 
scaffold, adipose tissue-derived MSCs promoted the for-
mation of new bone and enhanced bone healing of crit-
ical-size defects in rat mandibles. Descriptive histology 
and histomorphometry revealed a significant (p < 0.05) 
increase in bone regeneration values in the cell-treated 
defects at 3 and 6 weeks.72

An in vitro study by Gao et al. demonstrated that β-TCP 
granules affected bone mesenchymal stem cells (BMSCs) 
by  improving their proliferation and osteogenic genes 
through promoting their expression and the formation 
of  related proteins. Additionally, the  1–2.5-millime-
ter granule scaffolds exhibited superior function com-
pared to the 1-millimeter β-TCP granules. Furthermore, 
an in vivo study demonstrated that the 1–2.5-millimeter 
β-TCP granules facilitated new bone formation without 
the application of any exogenous cells or growth factors.43

Another cell line that plays an important role in bone tis-
sue regeneration is macrophages. Studies on animal mod-
els have proven that macrophage–MSC communication 
is essential for bone regeneration, and that macrophages 
probably play the most important role during the early 
stages of fracture healing.73 However, many studies have 
shown seemingly contradictory results, which is suggested 
to be the result of technical differences among the studies 
(i.e., different sources of cells, maturity of the monocytes/
macrophages, and specific co-culture conditions). In point 
of fact, all subpopulations of monocytes and macrophages 
have the ability to promote MSC-mediated osteogenesis, 
although their relevance fluctuates depending on the am-
bient physiological conditions: while M0 macrophages are 
the most important in physiological bone homeostasis, M1 
and M2 macrophages show greater significance in particu-
lar stages of fracture healing. Presumably, the timing and 
duration of the M1 macrophage-mediated inflammatory 
reaction is a critical determinant in the outcome of sub-
sequent bone regeneration.73

Vasculature

Since free grafts do not have a proper vascular con-
nection with the rest of the host, and oxygen diffusion 
reaches only cells located 100–200 µm from blood ves-
sels, fabricated constructs may face oxygenation problems 
if the layer between vessels is thicker than 400 µm. Ob-
servations following in vivo implantations have shown 
relatively slow and insufficient capillary ingrowth into 

thick constructs.74 Therefore, tissue engineers must first 
create functional vasculatures into the engineered tissue 
to provide nutrient and oxygen supply, as well as to effec-
tively remove waste products.75 Highly developed vascular-
ization in engineered bone tissue was shown to positively 
impact osteogenesis, lower the risk of ischemic necrosis 
and enhance mechanical properties.76 Additionally, ad-
equate vascularization promoted successive recruitment, 
differentiation and proliferation of osteoprogenitor cells 
as well as efficient gas exchange with subsequent bone 
homeostasis.77

The creation of new blood vessels is possible through 
2 processes. First, angiogenesis is the formation of new 
capillaries from existing blood vessels.64 Vasculogenesis, 
on the other hand, is the formation of a primitive vascular 
network by differentiation of endothelial progenitor cells 
or angioblastic progenitor cells into ECs.78

The maturation of newly formed vasculature through 
angiogenesis or vasculogenesis requires meeting certain 
conditions: 1) recruitment of mural cells; 2) generation 
of an ECM; and 3) specialization of the vessel wall for struc-
tural support and regulation of vessel function. In addition, 
parenchymal cells require an adequate nutrient supply, 
which can only be achieved when there is proper organi-
zation of the vascular network. All of these processes are 
finely regulated by a variety of receptors and ligands and 
their expression or concentration, as well as the influence 
of physical forces. Physical or biochemical disturbances 
of these factors result in abnormal vasculature, which may 
underlie future pathologies.79

As mentioned earlier in  this review, there are many 
different ways to ameliorate vasculature nascence and 
growth. Angiogenesis can be promoted through the in-
fluence of MSCs, as they cause an increase in the number 
of vascular branches.53

An in vitro and in vivo study by Temple et al. tested 
varying internal porosities in anatomically shaped PCL 
scaffolds. The properties of these scaffolds were compared 
in terms of influencing human adipose-derived stem cells 
into producing vasculature and bone, which are 2 essential 
elements of bone tissue. The researchers demonstrated 
large scaffolds of maxillary and mandibular bone printed 
with precise details gathered from patients’ computed to-
mography (CT) scans.80 As another construct example, 
a functioning model of a fabricated vascular network was 
created with GelMA hydrogels. The authors of that study 
confirmed that the channels they produced were lined 
with endothelial monolayers. This suggests that GelMA 
is  potentially an  adequate substance for printing vas-
cular networks.36 Byambaa et al. gave another example 
of GelMA application in constructing whole vasculature 
within large-scale 3D-printed constructs. The co-culture 
of human bone marrow-derived MSCs and human umbili-
cal vein endothelial cells (HUVECs) was integrated into 
bone-like tissue matrices with a perfusable vascular lumen. 
In order to print perfusable vessels within the construct, 
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the authors formed a cylinder with 5% GelMA hydrogel 
at low methacryloyl substitution (GelMALOW). They also 
loaded GelMA hydrogel with silicate nanoplatelets to in-
duce osteogenesis, and synthesized hydrogel formulations 
with chemically conjugated VEGF to promote vascular 
spreading. The whole construct successfully supported 
proliferation and cell survival and remained structurally 
stable for 21 days of in vitro tests.37 Anada et al. bioprinted 
2 GelMA rings, creating a vascularized bone-mimetic con-
struct with a central ring and peripheral ring to mimic 
bone marrow and cortical bone, respectively. The cen-
tral ring contained HUVEC spheroids, and the peripheral 
ring contained octacalcium phosphate. As a result, octa-
calcium phosphate induced osteoblastic differentiation 
of the MSCs, while in the center, the HUVEC spheroids 
stimulated capillary network formation. In conclusion, 
both osteoblastic and angiogenic differentiation can be 
successfully achieved in the hydrogel environment.38

As for directly printing vasculature, Dolati et al. printed 
conduits with carbon nanotubes as an additional mechani-
cal reinforcement and a way to improve bioprintability. 
Their study became the foundation for more advanced con-
structs where, instead of carbon nanotubes, natural protein 
nanofibers could be used in large-scale tissue fabrication.81

Jusoh et al. prepared a vascularized bone tissue model 
made of ECM with incorporated hydroxyapatite. Not only 
did various hydroxyapatite concentrations in the ECM re-
sult in varying mechanical properties, but mechanically 
modulated hydroxyapatite–ECM interactions affected 
sprouting angiogenesis. Furthermore, hydroxyapatite im-
proved not only sprouting speed but also lumen diameter, 
length and number of newly formed vessels.82

Not only chemical particles but also physical factors af-
fect vascularization. A study by Kuss et al. regarding the in-
fluence of oxygen levels showed that long-term hypoxia re-
sulted in less vascularization and lower cell viability, while 
short-term hypoxia promoted vascularization-related gene 
expression. Experiments were conducted on stromal vas-
cular fraction-derived cell (SVFC)-laden hydrogels and 
3D- bioprinted composite scaffolds with polycaprolac-
tone/hydroxyapatite (PCL/HAp). The results proved that 
short-term hypoxia accelerated microvessel development 
both in vitro and in vivo and helped merge with the host 
vasculature, although no osteogenic effect on SVFCs was 
proven. This effect could be embraced to promote in vi-
tro prevascularization in order to rapidly achieve in vivo 
anastomosis.83

Another aspect worth considering is  the application 
of spheroids. Spheroids can contain high concentrations 
of cells from the outset, while encapsulated cells require 
time to proliferate.84 This could be incredibly useful in re-
gard to printing complex vascular networks. Norotte et al. 
successfully 3D-printed tubular vascular scaffold-free 
grafts with multicellular spheroids. Closely placed spher-
oids, used as building blocks, were assembled, fused and 
used to create a branched vascular tree. Moreover, when 

comparing tissue spheroids and multicellular cylinders, 
the latter showed improved precision of the construct over 
a shorter period of time.85

Stabilization

Bone grafts should be designed to adapt precisely to the re-
cipient site. Importantly, in order to increase blood supply 
for the graft, it is recommended to perforate the recipient 
site with a round bur of 1.0 mm in diameter.86 Afterwards, 
the bone block can be placed in a passive manner and fixed 
without any excessive tension to the alveolar bone, usually 
with titanium miniscrews. The length and number of screws 
depended greatly on the clinical situation, such as recipient 
bone conditions and the thickness of the block.87 Improper 
fixation of the graft may cause tension within forming tis-
sues and eventually constrain bone healing. A thorough 
surgical procedure strategy and fine management of soft 
tissues, including adequate flap design, are essential for os-
seointegration and more predictable wound healing.86

Currently, titanium osteosynthesis and screws are 
the default choice in orthognathic surgery and maxillo-
facial traumatology.88–90

Alternatively, resorbable pins can be used.91 Biodegrad-
able systems reduce the number of necessary surgical inter-
ventions, as there is no need to remove them after the initial 
procedure. However, it has been reported that the degrada-
tion products of these systems may cause adverse tissue 
reactions.90 Additionally, prolonged resorption time and 
greater screw diameter should be taken into consideration.87

As bioprinting technology offers new regeneration pos-
sibilities, it may also introduce new solutions for fixation 
that are different from screws.

Discussion

The clinical use of 3D bioprinting is another step for-
ward toward personalized medicine. This blend of differ-
ent areas of sciences, such as engineering, biotechnology, 
medicine, and material sciences, is persistently being de-
veloped, as each of them presents new discoveries every day 
that can escalate the progress of the others. With innova-
tive solutions, tissue engineering may be able to lower its 
costs, which is a necessary condition for achieving broad 
public access to this technology. Hopefully, patients with 
maxillofacial bone defects, tumor diseases, bone fractures, 
or alveolar atrophy will soon be easily able to benefit from 
the potential of 3D bioprinting.

Limitations

A possible limitation of  this study is  selection bias. 
The  process of  choosing the  articles to  be included 
in the paper was conducted independently by 2 researchers. 
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Despite the steps taken to prevent it, it is possible that some 
studies that deserved to be included in this review may 
have been omitted.

Conclusions

All crucial elements of the diamond concept of healing 
are achievable through the use of 3D bioprinting, which has 
been both discussed theoretically and applied clinically with 
promising outcomes. Among the most promising scaffolds 
and bioinks are COL I, GelMA and dECM. The most acces-
sible and suitable stem cells are MSCs. As for growth factors 
and differentiation factors, various substances and particles 
may empower the final results, such as VEGF, TGF-β1, Ang-
1, hydroxyapatite, and β-TCP. In order to build functioning 
vasculature, researchers have used GelMA hydrogel scaf-
folds, carbon nanotubes, hydroxyapatite properties, different 
oxygen levels, and spheroids as building blocks. The stabi-
lization issue is still to be resolved, and the newly created 
tissue should be precisely fitted and fixed without excessive 
tension (i.e., using titanium miniscrews or resorbable pins). 
Despite these advances, as this study shows, there is still 
room for improvement in all aspects of clinical bioprinting.
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