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Abstract
Introduction. Astrocytes react to microenvironmental changes. Their reactivity is manifested by an increase in 
glial fibrillary acidic protein (GFAP) and S100b protein levels, hypertrophy and hyperplasia. The aim of the 
study was to analyse immunoreactive GFAP (GFAP-IR) and S100b (S100b-IR) astrocytes of hippocampal CA1 
area in adult rats intragastrically (i.g.) treated with habanero peppers. 
Material and methods. Brains from 10 control rats (group C) and 10 rats receiving oil suspension of habanero 
fruits for 7 days (group I-7) or 28 days (group II-28) were used. Antibodies against GFAP and S100b were used 
for immunohistochemistry. Morphology and distribution of astrocytes was evaluated under light microscope 
and their density was quantitatively analysed. 
Results. In the CA1 hippocampal area of group II-28 rats, GFAP-IR cells with numerous, branched processes were 
observed. S100b-IR astrocytes had delicate, single processes in comparison with cells without processes observed 
in groups I-7 and C. In groups I-7 and II-28, GFAP-IR astrocytes’ density significantly increased in SR — stratum 
radiatum of hippocampal CA1 area. In group I-7, a density of cells with the expression of S100b was significantly 
increased in SO — stratum oriens layer. In group II-28, the density of S100b-IR astrocytes was decreased. 
Conclusions. Habanero peppers administrated to rats, especially for a longer time, caused reactive changes in the 
astrocytes in hippocampal CA1 area, and thus these glial cells may protect neurons against excitotoxic damage. 
(Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 1, 1–7)
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Introduction

Astrocytes of the central nervous system (CNS) are 
necessary for the proper functioning of the brain. 
These cells are the structural and metabolic support 
for neurons. They regulate the extracellular concen-
tration of ions, metabolites, and neurotransmitters in 
the CNS. Astroglia is also the source of many com-

pounds that affect neuronal and synaptic plasticity, 
e.g. during the induction of long-term potentiation 
(LTP). In addition, it plays an important role in neu-
rogenesis and synaptogenesis [1–4]. In the course of 
physiological and pathological processes astrocytes 
dynamically react to changes in their microenviron-
ment. Their reactivity is manifested by increased ex-
pression and synthesis of various proteins, e.g. the glial 
fibrillary acidic protein (GFAP) and S100b protein. 
Furthermore, overgrowth of cell bodies and cytoplas-
mic processes (hypertrophy), and glial proliferation 
(hyperplasia) are observed [5, 6]. Many different 
endogenous and exogenous factors lead to the reac-
tivity of the astrocytes. Stimulation of the glia is also 
influenced by diet and living conditions of animals 
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[7, 8]. In the CA1 area of the hippocampus of mice 
housed for 8 weeks in the enriched environment, 
e.g. with various toys, tunnels, hideouts, astroglial 
hypertrophy was observed [8]. Increased synthesis 
of GFAP and glutamine synthetase (GS) has been 
shown in the arcuate nucleus and the median emi-
nence in rats treated subcutaneously with capsaicin 
(CAP) [9]. CAP is an alkaloid contained in haba-
nero peppers (Capsicum chinense Jacq.) which, due 
to spicy taste, are often used as culinary additive. 
Capsaicin has analgesic, antibacterial and antioxi-
dant characteristics. At low doses, it is characterized 
by low toxicity, but in large amounts it can have an 
adverse effect on the body. After intravenous or 
subcutaneous administration, this alkaloid can be 
detected in an unchanged form in the CNS. CAP 
binds to neuronal receptors and astrocytic vanil-
loid 1 receptor (TRPV1). Some authors suggested 
that TRPV1 affects the synaptic plasticity in the 
hippocampal CA1 area [10–13]. Furthermore, it 
was found that the stimulation of TRPV1 receptor 
can lead to excessive activity of pyramidal neurons 
and the induction of seizures. Such a phenomenon 
is observed in response to a high temperature that 
activates TRPV1 during fever [11].
The hippocampus controls various mechanisms that 
affect the animal behaviour. This brain area is involved 
in learning and memory processes, which depend on 
inter alia induction of LTP. Neurons of hippocampal 
CA1 area form a characteristic, four-layered arrange-
ment. Stratum oriens (SO) contains basket cells and 
axons of pyramidal neurons which bodies are present 
in the stratum pyramidale (SP), dendrites in the stra-
tum radiatum (SR), and their endings are located in 
the stratum lacunosum moleculare (SLM) [14, 15].
So far, intragastric (i.g.) administration of habanero 
peppers, as well as the CAP, has not been studied in 
hippocampal astroglia. The aim of the study was to 
carry out morphological and quantitative analyses of 
GFAP-immunoreactive (GFAP-IR) and S100b-im-
munoreactive (S100b -IR) astrocytes of hippocampal 
CA1 area of rats treated intragastrically with habanero 
peppers at various periods of time.

Material and methods

The experiments were approved by the Second Local Eth-
ics Committee in Lublin (No. 21/2013). A total of 20 male 
Wistar rats (120–125 g) were used for the study. Animals 
were housed in an air-conditioned room with a relative 
humidity of 45–47% and a temperature of 22–23°C in 12 h  
light/12 h dark cycles. Rats were fed with commercial 
feed for laboratory animals (LSM, Agropol Motycz 
Poland) with permanent access to water ad libitum. The 

period of acclimatization before experiments was 16 days, 
and the duration of experiment was 7 or 28 days. The 
animals were randomly divided into two study groups 
which received habanero peppers, i.e. I-7 and II-28,  
and their respective controls (C-7, C-28). Every 12 h, 
approx. 0.5 ml of pure peanut oil was administrated to 
rats in the control groups and rats from groups I-7 and 
II-28 received the oily suspension of the grounded dried 
habanero peppers (containing 7.64 mg/d.m. capsaicin and 
dihydrocapsaicin) at a dose of 0.08 g d.m./kg b.w. After 
the experiment, all animals were euthanized. Then, the 
brains were dissected and fixed in buffered 10% formalin 
(pH 7.0) for 12 h at 4°C. The material was embedded in 
paraffin blocks using routine histological techniques. For 
further analyses frontal 6 µm-thick sections containing 
hippocampus were used (A 4230 µm — A 3750 µm, ac-
cording to the atlas by König and Klippel) [16].

Staining by the indirect peroxidase-antiperoxidase (PAP) 
method. Immunochemical reactions were performed on 
deparaffinised and rehydrated sections prepared from 
each animal. For the inhibition of the reactivity of endog-
enous peroxidase 3% H2O2 was used for 30 min at room 
temperature (RT). Then, in order to remove background 
colouring, sections were treated with 10% goat serum 
(G9023; SigmaAldrich, St. Louis, MO, USA) for 20 min. 
A set of antibodies (SigmaAldrich) and reagents diluted 
in 0.5 M TRIS buffer (TBS) at pH 7.6 according to the 
manufacturer’s instructions were used for the immunos-
taining. To reveal astrocytic proteins a monoclonal rabbit 
anti-glial fibrillary acidic protein (GFAP, 1:400 G9269 Sig-
maAldrich) antibody and mouse anti-S100b protein (1:1000 
S2532; SigmaAldrich) antibody were used. Incubation of 
the material with these antibodies was carried out for 24 h 
at 4°C. Afterwards, species appropriate secondary IgG — 
peroxidase antibody (1:400 A9169 SigmaAldrich) was used 
for 1 h at RT. Diaminobenzidine (DAB, SigmaAldrich) 
was used as chromogen. Successively, the preparations 
were counterstained with Mayer’s haematoxylin. GFAP-IR 
and S100b-IR astrocytes of CA1 area were observed and 
photographed under light microscope Olympus BX 51 
(Olympus, Tokyo, Japan) with Olympus Color View IIIu 
digital camera. Based on the immunoreactivity for GFAP 
and S100b the morphology of the astrocytes and their dis-
tribution in the different layers of the hippocampal CA1 
area were analysed [17].

Quantitative and statistical analyses. The mean density 
of GFAP and S100b immunopositive cells were analysed 
in layers of hippocampal CA1 area using Cell^D pro-
gramme (Olympus). For each examined protein, 5 sections 
from each animal were randomly selected. Next, two pho-
tomicrographs of the hippocampal CA1 area were taken 
from each section. A grid of squares of 150 μm × 150 μm  
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A

(22.5 × 10-3 mm2) was imposed on the photographs. The 
size of the squares was selected in a way that the test area 
was the same for all layers of the studied regions. Only the 
squares which entirely covered the studied layer were cho-
sen for counting. GFAP-IR and S100b-IR astrocytes were 
counted in two randomly chosen squares of the grid. Finally, 
100 measurements of GFAP-IR and S100b-IR astrocytes 
density were collected from each group. Statistical analyses 
were performed using R 3.0.2 programme. Means were 
compared by the one-way analysis of variance (ANOVA) 
and the Tukey HSD post hoc test. The normal distribution 
of data was assessed using the Shapiro-Wilk test. The data 
that did not meet the condition of normal distribution was 
compared using the non-parametric Kruskall-Wallis test. 
The significance factor of all tests was set to a = 0.05.

Results

Microscopic analysis of the GFAP-IR and S100b-IR  
astrocytes of the hippocampal CA1 area
The duration of the experiment had no effect on 
the results obtained in the control groups; hence, 
the data obtained for groups C-7 and C-28 were 
consolidated and presented together as one con-
trol group (C). In the hippocampal CA1 area, all 
the examined groups of animals (C, I-7 and II-28) 
showed GFAP-IR and S100b-IR cells. The greatest 
accumulation of astrocytes expressing both proteins 
was observed in the SLM (Figs. 1 A–C, 2 A–C). In 
group II-28 in all layers of the CA1 area GFAP-IR 
astrocytes were characterized by numerous and 

branched processes (Fig. 1C). In groups C and I-7 
S100b-IR astrocytes without processes were ob-
served in the SO, SP, SR, and SLM of hippocampal 
CA1 area (Fig. 2 A, B). However, in the group II-28 
some part of S100b-IR astrocytes were similar to 
those observed in groups C and I-7, and the rest of 
cells had a delicate, branched processes extending 
from their bodies (Fig. 2C).

Quantitative analyses of GFAP-IR and S100b-IR 
astrocytes of the hippocampal CA1 area
The density of GFAP-IR astrocytes did not differ 
significantly between control and I-7, II-28 groups 
of animals in most layers of the CA1 area of the hip-
pocampus. A statistically significant increase in cell 
density was demonstrated only in SR of CA1 area in 
both I-7 and II-28 groups (Fig. 3).
The density of S100b-IR astrocytes was comparable 
in SP and SR layers of CA1 area in all examined in-
dividuals. The density of S100b-IR astrocytes in SO 
of hippocampal CA1 area was significantly increased 
in group I-7 rats. However, in the SLM the number 
of S100b-IR astrocytes significantly decreased in the 
studied group II-28 of animals (Fig. 4).

Discussion

These studies, carried out with use of antibodies 
against GFAP and S100b, demonstrated differential 
reactivity of glia in the hippocampal CA1 area of 
rats after 7 and 28 days of treatment with habanero 

Figure 1. The GFAP-immunoreactive (-IR) astrocytes in rat hippocampal CA1 area of control (C), and animals which 
received habanero pepper for 7 or 28 days (groups I-7, II-28, respectively). SO — stratum oriens, SP — stratum pyramidale, 
SR — stratum radiatum, SLM — stratum lacunosum moleculare. Magnification approx. 200×.

B C
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Figure 2. The S100b-IR astrocytes in rat hippocampal CA1 area of control (C), I-7 and II-28 groups; Abbreviations as in the 
legends of Figure 1. Magnification approx. 200×.

Figure 3. The density of GFAP-IR cells in CA1 area of hippocampus in control (C) and experimental (I-7, II-28) rats. Data 
shows mean density of GFAP-immunopositive cells in the area of 2.5 × 10–3 mm2 as described in Methods. Bars represent 
standard deviation; **p < 0.05, statistically significant difference between control group and experimental groups (I-7, II-28)  
(Kruskal-Wallis test). Abbreviations as in the legends of Figure 1.

peppers. The most significant alterations were seen in 
hippocampal GFAP-IR astrocytes in animals of group 
II-28. In all layers of CA1 area most cells demonstrat-
ed stellate shapes and branched processes. In addi-
tion, morphological changes were accompanied by an 
increase in the density of GFAP-IR astrocytes in layer 
SR, which was also observed in animals treated with 
habanero peppers for 7 days. This increase may be a 
result of the modification of the phenotypic astrocytes 
in which an overproduction of GFAP, increased for-

mation of intermediate glial filaments and stability of 
lengthening processes occurred. GFAP is a marker for 
nearly all of the reactive cells. Nonreactive astroglia 
contains this protein at a level which is undetectable 
by immunohistochemical methods [18]. The observed 
overgrowth of astrocytic processes may be associated 
with increased activity of CA1 pyramidal neurons. Nu-
merous studies have shown that capsaicin modulates 
synaptic plasticity of CA1 area pyramidal neurons by 
the activation of TRPV1 receptors in neurons of CA3 

A B C
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Figure 4. The density of S100b-IR cells in CA1 area of hippocampus in control (C) and experimental (I-7, II-28) rats. Data 
shows mean density of S100b-IR cells in the area of 2.5 × 10-3 mm2 as described in Methods. Bars represent standard devia-
tion; statistically significant difference between control group and experimental groups (I-7, II-28) related to the same layer:  

*p < 0.05 (ANOVA), **p < 0.05 (Kruskal-Wallis). Abbreviations as in the legend to Figure 1.

area. Schaffer’s collaterals contact with the dendrites 
of the major cells and interneurons in SR of CA1 
area. CAP inhibits the release of glutamate (Glu) 
from the CA3 neurons to interneurons. However, 
this alkaloid does not affect the synapses located 
between the main cells. Therefore, administration of 
TRPV1 agonists results in a disinhibition of CA1 area 
pyramidal neurons, an increase in their activation, and 
thus enhanced induction of LTP [10, 19, 20]. LTP is 
one of the forms of synaptic plasticity. Initiation and 
maintenance of LTP are associated with an increase 
in dendritic branching. Increasing the receptive sur-
face of neurons contributes to the strengthening of 
excitatory transmission in pyramidal neurons of the 
CA1 area [21, 22]. 
Intense neuronal activity leads to an increase in 
GFAP mRNA and the expression of this protein in 
astrocytes [23]. GFAP plays an important role in the 
interactions between astroglia and neuronal cells. 
Changes in its production affect synaptic functions, 
Glu and glutamine metabolism, and the concentra-
tion of ions [24]. Astrocytic processes limit the spread 
of neurotransmitters released into the synaptic clefts 
thereby maintaining proper neurotransmission. 
Moreover, they are highly mobile and are able to 
extend in the direction of the newly formed or ex-
isting synapses releasing Glu [25]. Synaptogenesis 
and hyperplasia of glial processes were observed 
in the rat hippocampal CA1 area, among others, in 
invoked convulsions model [26]. An abnormal syn-
aptic plasticity which was accompanied by increased 

activation of astrocytes was shown during the for-
mation of epileptic focus [26–28]. This is probably 
related to the necessity of excessive Glu uptake in 
order to protection of other nerve structures against 
exitotoxic damage. Transport of glutamate is carried 
out through specific glial transporter. Some results 
indicate the colocalization of glial glutamate trans-
porter (GLT-1) with intermediate glial filaments 
of the astroglia, as well as participation of the cyto-
skeleton in movement of the transporter along the 
extensions of the astrocytes [29, 30]. Furthermore, 
GFAP is involved in anchoring glial glutamate and 
aspartate transporter (GLAST) in the cell membrane 
of astrocytes. Hence, it plays an important role in 
strengthening the transport of glutamate [31]. Glu 
uptake from the synaptic cleft is modulated, among 
others, by S100b protein present in the extracellular 
space and produced by reactive astrocytes [32, 33]. 
Active release of this protein takes place, e.g. via 
stimulation of the Glu metabotropic receptors from 
group II (mGluR 3), as shown in the hippocampus of 
a mouse epilepsy model [34]. Increased secretion of 
S100b protein to the extracellular space results in a 
decrease in the number of cells immunoreactive for 
the protein. This can explain the decreased density 
of astrocytes observed in our study in the SLM layer 
of the hippocampal CA1area of group II-28 of rats. 
This reaction may be due to the initiation of the 
mechanisms enhancing the removal of excess gluta-
mate from the newly formed and existing synaptic 
connections, most likely for neuroprotection [35–38].
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To summarise, our findings provide evidence that 
the habanero pepper administered intragastrically, 
especially for a longer period of time, affects the 
activity of hippocampal astrocytes. Increased ex-
pression of GFAP and hypertrophy of astrocytic 
processes is a sign of glial reactivity. This phenom-
enon may be a part of the mechanisms which allow 
astrocytes to better control and regulate synaptic 
microenvironment, and thus protect neurons from 
excitotoxicity. Structural changes in the astrocytic 
network could, therefore, play a role in hippocampal 
synaptic plasticity in animals after the administra-
tion of habanero pepper.
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Abstract
Introduction. Extracellular matrix (ECM) proteins have been associated with atherosclerotic complications, 
such as plaque rupture, calcification and aneurysm. It is not clear what role different types of collagen play in 
the pathomechanism of atherosclerosis. The aim of the study was to analyze the content of elastin and major 
types of collagen in the aortic wall and how they associated are with course of atherosclerosis.
Material and methods. In this work we present six biochemical parameters related to ECM proteins and collagen-spe-
cific amino acids (collagen type I, III, and IV, elastin, proline and hydroxyproline) analyzed in 106 patients’ aortic 
wall specimens characterized by different degree of atherosclerosis. Liquid Chromatography Electrospray Ionization 
Tandem Mass Spectrometry (LC/ESI-MS/MS), ELISA and immunohistochemical methods were used. The severity of 
atherosclerosis was assessed on the six-point scale of the American Heart Association, taking into account the number 
and location of foam cells, the presence of a fatty core, calcium deposits and other characteristic atherosclerotic features.
Results. The results show that there is a relationship between the content of collagen-specific amino acids and devel-
opment of atherosclerosis. The degree of atherosclerotic lesions was negatively correlated with the content of proline, 
hydroxyproline and the ratio of these two amino acids. Calcium deposits and surrounding tissue were compared and 
it was demonstrated that the ratio of type I collagen to type III collagen was higher in the aortic tissue than in aortic 
calcification areas, while the ratio of collagen type III to elastin was smaller in the artery than in the calcium deposits. 
Conclusions. We suggest that increase in collagen type III presence in the calcification matrix may stem from 
disorders in the structure of the type I and III collagen fibers. These anomalous fibers are likely to favor ac-
cumulation of the calcium salts, an important feature of the process of atheromatosis. (Folia Histochemica et 
Cytobiologica 2021, Vol. 59, No. 1, 8–21)

Key words: atherosclerosis; calcification; collagen type I, III, IV; elastin; proline, hydroxyproline; ELISA;  
LC/ESI-MS/MS; IHC 

Introduction 

The extracellular matrix (ECM) is a complex net-
work of extracellular molecules, mainly proteins and 
polysaccharides, interacting with each other and in 
contact with the majority of cells. Collagen is a struc-

This article is available in open access under Creative Common Attribution-Non-Commercial-No Derivatives 4.0 International (CC BY-NC-ND 4.0) license, allowing to 
download articles and share them with others as long as they credit the authors and the publisher, but without permission to change them in any way or use them commercially.
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tural and stable protein, with a long half-life span. 
This protein defines biomechanical properties of the 
tissues, e.g. tensile strength of arteries subjected to  
a high blood pressure. At the same time it is a protein 
that is being constantly modified and it is interact-
ing with other tissue proteins. These features are 
important to providing homeostasis in the arteries 
and any alteration in that equilibrium can lead to 
the development of atherosclerosis. Contribution of 
collagen to the onset of atherosclerosis is complex. 
It includes formation of the scaffolds for modified 
lipoproteins, growth factors, advanced glycation end 
products, it is required for macrophage accumula-
tion, proliferation and migration of smooth muscle 
cells or clot formation [1, 2]. Collagen molecules 
are constantly undergoing degradation by matrix 
metalloproteases (MMPs), released among others 
by macrophages located in atheromatous plaques, 
weakening structure of the arteries. Its production 
may be stimulated or inhibited. Excessive metallo-
proteinases lead to atherosclerotic plaques being 
unstable, but their under-expression may lead to 
collagen accumulating in the form of fibrous caps, 
which has a significant impact on stiffening of the 
artery structure [2]. Twenty-eight types of collagen 
have been identified and described. The types I, 
III, and IV of collagen were selected here for their 
predominant presence and for functional importance 
in formation of the extracellular matrix. 
Elastin is another key building block in the connec-
tive tissue, particularly important for the arteries’ 
elasticity, allowing their return to original shape 
after stretching of the blood vessels. Such properties 
are determined by the presence of intramolecular 
desmosine bonds formed from three aldehyde de-
rivatives of lysines with unchanged lysine residue. 
Elastin, in contrast to collagen, represents one genetic 
type; also, no elastin posttranslational modifications 
such as hydroxylation of lysines or glycosylation were 
observed [1].
There has been ongoing effort to establish what 
role specific types of collagen play and how the 
ECM proteins contribute to cardiovascular physi-
ology and pathophysiology, particularly within the 
pathomechanism of atherosclerosis. The reports 

on ECM’s role and on how the content of collagen 
and elastin in the arteries affects the severity of 
the atherosclerosis are inconclusive; it is not even 
clear whether the amount of collagen and elastin 
increases or decreases with the development of 
atherosclerosis [3–10]. The aim of this study was 
to define relationships between different types of 
collagen (I, III, IV) and elastin in arteries at various 
stages of atherosclerosis. 

Material and methods

Human samples and their classification. The studied biolog-
ical material consisted of 106 fragments of the abdominal or 
thoracic aorta sections collected during forensic and medical 
autopsies performed at the Department of Forensic Medicine 
of Wroclaw Medical University, Poland. Each sample was 
from a different patient. The samples came from people 
who died suddenly, aged 55 ± 15 years (mean ± SD); 73% 
of them were men and 27% women. A formal requirement 
for the consent was met and the study was approved by the 
Bioethics Committee of the Wroclaw Medical University 
(No 220/2010). The probes were divided into six stages of 
atherosclerosis, following the American Heart Association 
scale of Atherosclerosis [11–13]. The classification was carried 
out independently by two Co-authors (A. K. and A. Ch.). The 
stages were defined as: I — early lesions, II — fatty streaks, 
III — pre-atheroma, IV — atheroma, V — fibroatheroma, VI 
— ruptured lesion, calcified lesion or fibrotic lesion. Samples 
were subdivided into those in which macroscopically visible 
calcification were observed (n = 31) and to samples with 
no visible calcification (n = 49) (in the remaining 26 cases, 
there were no calcification data available, so they were not 
analyzed in this respect). Examples of an uncalcified aorta 
calcified aorta, and an isolated calcium deposit are shown 
in Figure 1. In the group of calcified samples, in 16 of them  
a large deposit of calcium was visible so that it was prepared 
and analyzed independently of the rest of the samples. Sam-
ples were subjected to qualitative immunochemical (IHC) 
staining and quantitative analysis by ELISA (enzyme-linked 
immunosorbent assay) and liquid chromatography combined 
with tandem mass spectrometry (LC-ESI-MS/ MS). Reagents, 
unless indicated otherwise in the text, were purchased from 
POCH (Gliwice, Poland) and SigmaAldrich (Saint Louis, 
MO, USA).

Figure 1. Macroscopic view of an uncalcified wall of aorta (A), a calcified wall of aorta (B) and the isolated calcium deposit (C).
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Quantification of collagens type I, type III, type IV and 
elastin content in aortas’ fragments by ELISA. The sam-
ples about 5 mm × 5 mm × 3 mm were homogenized in 
extraction buffer (10 mM Tris, 5 mM EDTA, 0.2 M NaCl, 
pH 7.5) using a homogenizer FastPrep-24® (MP Biomedi-
cals, Santa Ana, CA, USA) and the weight to buffer volume 
ratio of 100 mg/1 ml was kept constant. The 96-well Maxi-
sorp plates (Nunc®, SigmaAldrich, Darmstadt, Germany) 
were coated with the homogenates. Standard solutions of 
collagen type I (Millipore, Billerica, MA, USA, cat. no.: 
CC050), collagen type III (Millipore, cat. no.: CC054), 
collagen type IV (Millipore, cat. no.: CC076), elastin (Sig-
maAldrich, cat. no.: E6902) were tested for the reference. 
The coating was carried out for 24 h at 4oC. Next, the plates 
were blocked with 10% skim milk in PBST (PBS — phos-
phate buffered saline, 0.1% Tween 20) overnight at 4oC. 
To detect collagens and elastin corresponding antibodies 
were applied: mouse monoclonal IgG1anti-collagen type I  
(Novus Biologicals, Abingdon, UK, clone COL1, cat. no.: 
NB600-450, 1:2000), mouse monoclonal anti-collagen type III  
(SigmaAldrich, clone FH-7A, cat. no.: C7805, 1:4000), 
mouse monoclonal anti-collagen type IV (SigmaAldrich, 
clone COL-94 cat. no.: C1926, 1:2000) or rabbit policlonal 
anti-elastin (Santa Cruz, Santa Clara, USA, clone H-300, 
cat. no.: sc-25736, 1:4000). After 2 h incubation secondary 
monoclonal anti-mouse IgG-HRP (H+L) (JacsonImmu-
no Research, West Grove, USA, cat. no.: 309-035-082, 
1:5000) or anti-rabbit IgG-HRP (H+L) (JacsonImmuno 
Research, cat. no.: 111-035-045, 1:3000) was applied. After 
1.5 h incubation the colorimetric reaction was developed 
using o-phenylenediamine (SigmaAldrich) and absorbance 
measured at 450 nm on EnSpire Multimode Plate Reader 
(Perkin Elmer, Waltham, MA, USA). The concentration 
of proteins in the homogenates was calculated from the 
standard curves obtained for individual standard solutions 
of collagens and elastin.

Immunohistochemistry. Tissue and isolated purified calcium 
deposit samples were fixed in 4% paraformaldehyde and 
embedded in paraffin. The paraffin blocks were cut into 5 µm-
thick sections. They were next deparaffinized by immersing 
them in xylene, followed by washing the slides with a series of 
alcohol dilutions (100%–50% ethanol). To expose the antigen 
the slides were incubated with proteinase K (Dako, Santa 
Clara, CA, USA, cat. no.: S3020) for 10 min at 37oC and treat-
ed with Real Peroxidase-Blocking Solution (Dako, cat. no.: 
S2023) for 10 min and Protein Block (Dako, cat. no.: X0909) 
for 15 minutes. In the following step solutions of antibodies 
were applied: mouse monoclonal IgG1anti-collagen type I 
(Novus Biologicals, clone COL1, cat. no.: NB600-450, 1:2000), 
mouse monoclonal anti-collagen type III antibody (Santa 
Cruz, clone 3A1, cat. no.: sc-271249, 1:50), mouse monoclonal 
anti-collagen type IV (SigmaAldrich, clone COL94, cat. no.: 
C1926, 1:1000), mouse monoclonal anti-elastin (Santa Cruz, 

clone BA-4, cat. no.: sc-58756, 1:50), and slides incubated 
overnight at 4oC in a humid glass chambers. Finally, the im-
munocomplexes were visualized using the DAKO LSAB kit + 
System-HRP), successively with Biotynylated Link Universal, 
Streptavidin-HRP, DAB (diaminobenzidine) + substrate 
buffer with DAB + Chromogen, and following the general 
method guidelines. Delafield hematoxylin was used as the 
counterstain. Then the slides were immersed and closed with 
the glass coverslip using DPX (Aqua Medica, Lodz, Poland). 
The samples were analyzed with the light-field Olympus 
BX51 microscope (Olympus, Tokyo, Japan). For control of 
unspecific binding of secondary antibodies we made control 
incubations by omitting the primary antibody. These control 
experiments were negative. 

Liquid chromatography electrospray ionization tandem 
mass spectrometry (LC-ESI-MS/MS) analysis. Lipids were 
removed from the aortic samples by incubating them in the 
mixture of 30 μL of water and 300 μL of methanol-chloro-
form (2:1 v/v) and centrifugation at 15 811 rpm, 15 min, 4oC. 
The precipitate was treated with 380 μL methanol-chloro-
form-0.2 M HCl (2:1:0.8), followed by centrifugation and 
lyophilization. Precipitate was suspended in 500 μL of 6M 
HCl and incubated at 116oC for 18 h. After the hydrolysis 
samples were dried with nitrogen and the precipitate was 
triturated with methanol, followed by drying with a stream of 
nitrogen. The resulting pellets were resuspended in 200 μL  
of acetonitrile-water (1:1) containing 0.5 μg/mL glycyl-
phenylalanine used as internal standard and centrifuged 
at 12000 rpm (7 min, 20oC). The supernatant was filtered 
through 0.2 μm syringe filters and then diluted 10-fold with 
acetonitrile-water (1:1) to reduce the possibility of interfac-
ing the analyte with the matrix. Quantitative measurements 
of proline (Pro) and hydroxyproline (ProOH) were made 
using a set of Acquity nanoUPLC Liquid Chromatographs 
equipped with Waters’ Xevo G2 Q-TOF mass spectrometer 
(Waters, Milford, MA, USA). For the separation of samples, 
a HSS T3 column (1 × 50 mm; 1.8 μm particle size) was used 
(Waters). The chromatographic separation was carried out 
at 80 μL/min. The column was thermostated at 40oC. The 
total chromatographic separation time, together with the 
time needed to regenerate the column, was 3 min. The mo-
bile phase components were 0.1% formic acid in acetonitrile 
(component A) and 0.1% formic acid in water (component B).  
Spectrometric measurements were performed using an 
electrospray ion source, in positive ionization mode, and in 
function MS/MS in high resolution. In order to ensure high 
accuracy of molecular mass readings, leucine enkephalin was 
used as internal standard. During the analysis of the fragmen-
tation spectra, the characteristic daughter ions were sought: 
70.06 m/z for proline (parent ion: 116.07 m/z; collision energy: 
12.5 eV); 86.06 m/z for hydroxyproline (parent ion: 132.06 m/z, 
collision energy: 12.5 eV) and 120.08 m/z for glycyl-L-phe-
nylalanine (parent ion: 223.10 m/z, collision energy: 19 eV).
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Statistical analysis. The statistical analysis was performed 
using statistical package R for Windows (version 3.1.2)  
(R Core Team, Vienna, Austria). Correlations of individ-
ual parameters were calculated by Spearman correlation 
method. The Mann-Whitney test was used to investigate 
the association of individual atherosclerotic scales with 
protein content. Kruskall-Wallis test with post-hoc analysis 
of multiple repetitions with Bonferroni correction was 
used to analyze the association of atherosclerosis with all 
analyzed biochemical parameters. To compare the average 
protein content in calcium deposits and arteries, the Fisher 
test and Student’s t-student tests were used. Wilcoxon test 
was carried out to compare paired data — calcium deposits 
and non-calcined parts from the same aorta. The analysis 
of the influence of sex on biochemical parameters was per-
formed using the Mann-Whitney test, and the analysis of 
the difference between sex and severity of atherosclerosis 
was performed using a c2 test. Significance in all cases was 
assumed at p < 0.05. 

Results

Distribution of the studied ECM proteins in aortic 
wall
Analysis of microscopic specimens with immunohis-
tochemically stained collagen types and elastin (Figs. 
2–5) showed localization of the studied proteins. 

Type I collagen occurs in all three layers of the aortic 
wall in patients with lower stages of atherosclerosis, 
presenting fibers locating between cells (Fig. 2b, c). 
In samples that originated from people with more 
advanced atherosclerosis, type I collagen shows the 
tendency to concentrate, in some samples along the 
entire width of the artery (Fig. 2h) and in others in 
the inner layer of the artery (not shown). Similar 
localization and characteristics can be attributed to 
type III collagen (Fig. 3). In advanced atherosclerotic 
plaques type III and IV collagen was found in dense 
deposits in fibrous cap (Fig. 3g and 4f, g). 
In arteries collagen type IV is the major component 
of the basement membrane of vascular smooth mus-
cle cells (VSMCs) and forms network connecting 
ECM collagens to these cells. The protein occurs 
both in the media and intima (Fig. 4). No collagen 
type IV was observed in tunica adventitia with an 
exception of the wall of smaller vessels (vasa vaso-
rum) (Fig. 4a, b). 
In aorta at stage I of atherosclerosis elastin forms 
strong and pronounced inner or/and outer elas-
tic membranes (Fig. 5, b and c). In third stage of 
atherosclerosis, called pre-atheroma, and in IV 
stage of atherosclerosis, the width of the intima is 
strongly broadened and clear boundary between the 
intima and the media disappears, as a result of lack 

Figure 2. Localization of collagen type I in the wall of aortas at different stages of atherosclerosis. (a) Negative control without 
primary antibody, stage II; (b, c) Stage I of atherosclerosis; (d, e) III/IV stage of atherosclerosis; (f) calcium deposit; (g, h) 
V/VI stage of atherosclerosis. Collagen type I was detected by immunohistochemistry and sections were counterstained with 
hematoxylin (blue-purple) as described in Methods. Abbreviations: I — intima, M — media, A — adventitia, CD — calcium 
deposit. Scale bars: 1000 µm (a, c, e, f, h) and 200 µm (b, d, g).
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Figure 3. Localization of collagen type III in in the wall of aortas at different stages of atherosclerosis. Immunohistochem-
istry of representative sections with anti-collagen type III antibody (DAB, brown) and with hematoxylin counterstaining 
(blue-purple). (a–c) I stage of atherosclerosis; (d, e) III/IV stage of atherosclerosis; (f) calcium deposit; (g, h) V/VI stage of 
atherosclerosis. Abbreviations: I — intima, M — media, A — adventitia, CD — calcium deposit, VV — vasa vasorum. Scale 
bars 1000 µm (b, e, f, g) and 200 µm (a, c, d, h).

Figure 4. Localization of collagen type IV in the wall of aortas at different stages of atherosclerosis. Immunohistochem-
istry of representative sections with anti-collagen type IV antibody (DAB, brown) and with hematoxylin counterstaining 
(blue-purple). (a, b) I stage of atherosclerosis; (c, d) III/IV stage of atherosclerosis; (e) calcium deposit; (f, g) V/VI stage of 
atherosclerosis. Abbreviations: I — intima, M — media, A — adventitia, CD — calcium deposit, VV — vasa vasorum. Scale 
bars 1000 µm (b, c, e, f) and 200 µm (a, d, g).

of prominent internal elastic membrane (Fig. 5d). 
In more advanced stages of atherosclerosis elastin 
forms pseudomembranes passing between the cells, 
especially in the media (Fig. 5h, i). 

Sections of aortic wall with calcium deposits (Fig. 2f, 
4e, 5f) show a trace presence of type I collagen, type 
IV collagen and elastin; however, type III collagen 
fibers (Fig. 3f) are present in a relatively large amount.
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Figure 5. Localization of elastin in the wall of aortas at different stages of atherosclerosis. Immunohistochemistry of rep-
resentative sections with anti-elastin antibody (DAB, brown) and with hematoxylin counterstaining (blue-purple). (a–c)  
I stage of atherosclerosis; (d, e) III/IV stage of atherosclerosis; (f) VI stage of atherosclerosis with space formed after 
preparation-related crushing of calcium deposit; (g–i) V/VI stage of atherosclerosis. Abbreviations: I — intima, M — media,  
A — adventitia. Scale bars: 1000 µm (b, d, f, h), 200 µm (a, e, g, i) and 100 µm (c). 

Analysis of correlations between stage  
of atherosclerosis and biochemical parameters
We have determined correlations between stage 
of atherosclerosis and the measured biochemical 
parameters: as well as between the content of type 
I and type III collagen, between type I and type IV 
collagen, between type I collagen and elastin, between 
type IV collagen and elastin and between type III and 
type IV collagens. All correlation coefficients were 
determined as positive and at medium strength (Table 
1). We have also observed weak positive correlations 
between hydroxyproline and type I collagen content 
and hydroxyproline and total collagen content sum 
(Table 1). 
Consequently, it was expected that the results ob-
tained by ELISA and the LC-ESI-MS/MS methods 
would converge. 
The proline and hydroxyproline concentration in aor-
tic tissue was determined by liquid chromatography 
coupled with mass spectrometry (LC-ESI-MS/ MS), 
followed by statistical analysis with both qualitative 
(Spearman’s correlation method, Table 1) and quan-
titative (Kruskall-Wallis test with repeated post-hoc 
analysis with Bonferroni correction, Table 2). There 
were statistically significant associations between de-
gree of atherosclerosis and concentration in arterial 
tissue of proline content (very weak negative corre-
lation, r = –0.0436), hydroxyproline (weak negative 
correlation, r = –0.224), proline to hydroxyproline 

ratio (weak negative correlation, r = –0.391) and 
age (weak positive correlation, r = –0.353) (Table 1).  
These data indicate that as the disease progresses, 
the amino acids present in the collagen, and thus the 
protein content itself, fall. No statistically significant 
correlation was observed between the collagen types 
or elastin and degree of atherosclerosis (Table 1). 

Analysis of the influence of sex on biochemical  
parameters and advanced degree of atherosclerosis
No relationship was observed between the gender and 
the content of the analyzed ECM proteins. Also, no 
difference was found between the degree of athero-
sclerosis between women and men (data not shown).

Analysis of correlations between individual  
parameters
We have determined a correlation between the follow-
ing biochemical parameters, i.e. between type I and 
type III collagen, between type I and type IV collagen, 
between type I collagen and elastin, between type IV 
collagen and elastin and between type III and type IV 
collagens. All correlation coefficients were determined 
as positive and at medium strength (Table 1). We have 
also observed weak positive correlations between hy-
droxyproline and type I collagen content and hydroxy-
proline and collagen sum (Table 1). Consequently, it 
was expected that the results obtained by ELISA and 
the LC-ESI-MS/MS methods would converge.
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Table 1. Spearman correlation analysis between the studied biochemical parameters in aortic samples and between stage of 
atherosclerosis (n = 106) as well as between pairs of indicated parameters. Statistically significant results are marked by an 
asterisk. The levels of collagen type I, III, IV and elastin were measured by ELISA, and the levels of proline and hydroxy-
proline by LC-ESI-MS/MS.

Pair of parameters r p

Collage type I: collagen type III 0.619 < 0.0001*

Collagen type I: collagen IV 0.437 < 0.0001*

Collagen type I: elastin 0.527 < 0.0001*

Collagen type IV: elastin 0.357 0.0002*

Collagen type III: collagen IV 0.612 < 0.0001*

Collagen type III: elastin 0.543 < 0.0001*

Collagen type I: hydroxyproline 0.237 0.0259*

Collagen type III: hydroxyproline 0.175 0.1046

Collagen type IV: hydroxyproline 0.059 0.5822

Elastin: hydroxyproline 0.109 0.322

Sum of the collagens: hydroxyproline 0.214 0.0455*

Collagen type I: stage of atherosclerosis 0.00918 0.9270 

Collagen type III: stage of atherosclerosis –0.178 0.0753 

Collagen type IV: stage of atherosclerosis –0.0915 0.3606 

Elastin: stage of atherosclerosis –0.043 0.6708 

Proline: degree of atherosclerosis –0.0436 < 0.0001*

Hydroxyproline: degree of atherosclerosis –0.224 0.0391* 

Pro/ProOHa ratio:degree of atherosclerosis of atherosclerosis –0.391 0.0002*

Age: degree of atherosclerosis 0.353 0.0003*
aPro, proline, ProOH, hydroxyproline

Comparison of parameters between isolated  
calcium deposits and uncalcified aortic tissue 
The collagens and elastin contents in the sections of 
the arteries and in the calcium deposits were deter-
mined by ELISA and summarized in Table 3. It is 
noteworthy that in calcium deposits the determined 
values are several times lower than in arteries, al-
though the percentage content of individual collagens 
and elastin for both groups of samples remains largely 
similar (Table 3). Differences in mean values between 
aortic walls and calcium deposits in the case of individ-
ual analyzed parameters are statistically significant ex-
cept for the difference in the average collagen type III  
content (Table 3). The greatest difference is observed 
for type IV collagen — in calcium deposits its percent-
age is several times lower than in the artery.

Comparison of parameters between calcified  
samples with and without signs of calcification
In addition to the analysis of depleted calcium de-
posits, a division was also made between arterial 
samples based on whether they were calcified or 

not. We have found that the samples with calcifica-
tions are characterized by significantly lower pro-
line content and ratio of proline to hydroxyproline 
(Table 4). Calcified samples were also derived from 
significantly older individuals and more advanced 
atherosclerosis than samples without calcification 
(Table 4). Comparison of calcium deposits with sur-
rounding tissue revealed that calcium deposits had 
lower content of the extracellular matrix proteins 
(collagen type I, IV, elastin) and lower ratio of type 
I collagen to type III collagen (Table 5). However, 
in samples with calcium deposits three parameters 
are statistically higher than in surrounding tissues. 
They are: the ratio of collagen type I to elastin, the 
ratio of type III to type IV collagen and the ratio of 
type III collagen to elastin (Table 5).

Discussion

The structure of collagen and elastin shows a high 
degree of organization, which in turn determines the 
biological properties of these proteins. Even a small 
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Table 2. Results of analysis differences between mean values of the analyzed parameters in aortic samples depending on the 
severity of atherosclerosis (Kruskall-Wallis test with post-hoc analysis of multiple repetitions with Bonferroni correction). 
Statistically significant results are marked by an asterisk. The levels of collagen type I, III, IV and elastin were measured by 
ELISA, and the levels of proline and hydroxyproline by LC-ESI-MS/MS.

Stage of athero
sclerosisis

1 2 3 4 5 6

N 16 22 24 17 14 9

Age [years]

Mean ± SD 37.19 ± 14.72 54.91± 14.80 58.00± 12.33 65.24± 13.34 54.71± 15.69 61.44± 11.49

p 0.000*

Collagen type I [µg/mg of tissue]

Mean ± SD 15.24 ± 9.31 12.77± 5.95 12.86± 6.97 11.73± 7.35 16.06± 9.09 13.92± 5.90

p 0.672

Collagen type III [µg/mg of tissue]

Mean ± SD 4.45 ± 3.02 3.04 ± 1.60 2.94 ± 1.98 2.87 ± 1.53 3.09 ± 1.50 2.35 ± 0.96

p 0.284

Collagen type IV [µg/mg of tissue]

Mean ± SD 3.61± 2.75 3.03± 2.72 2.15± 2.25 2.45± 1.33 2.75± 1.58 2.43± 1.54

p 0.199

Elastin [µg/mg of tissue]

Mean ± SD 18.93 ± 8.74 12.73 ± 6.70 15.97 ± 6.95 15.53 ± 12.24 20.87 ± 16.52 14.14 ± 7.40

p 0.314

Sum of collagens type I, III and IV [µg/ml of tissue]

Mean ± SD 23.57 ± 12.60 19.03 ± 9.00 18.05 ± 9.86 17.38 ± 8.73 22.24 ± 11.01 19.05 ± 7.48

p 0.567

Proline (Pro) [µg/mg of tissue]

Mean ± SD 11.32 ± 3.58 13.04 ± 5.25 9.15 ± 3.84 7.87 ± 4.47 8.05 ± 5.46 6.11 ± 4.21

p 0.002 (2 vs. 5 p = 0.037; 2 vs. 6 p = 0.037)*

Hydroxyproline (ProOH) [µg/mg of tissue]

Mean ± SD 5.75 ± 2.45 6.55 ± 3.21 4.62 ± 2.13 4.20 ± 2.20 5.05 ± 3.45 4.13 ± 2.89

p 0.21

Ratio Pro/ProOH

Mean ± SD 2.11 ± 0.53 2.08 ± 0.40 2.03 ± 0.36 1.81 ± 0.42 1.67 ± 0.44 1.59 ± 0.45

p 0.008 (2 vs. 5 p = 0.11; 2 vs. 6 p = 0.12)*

The results are mean ± SD. The concentration of the studied compound was studied in aortic wall samples as described in Methods.

change in protein structure or in the expression of 
one of the ECM component, may change the ratio 
between individual proteins and lead to significant 
physiological disturbances. It has been postulated that 
especially aberrations in the structure and amount of 
collagen types I and III can result in atherosclerosis 
or hypertensive heart disease [14–17] while changes 
within the elastin fibers may lead to supraventricular 
stenosis, hypertension or aneurysm [14]. Our previous 
study referred to the role of collagen in the arteries in 
the context of glycation [18] and another one shows 

that there is a relationship between the content of type 
II collagen and the degree of atherosclerosis [19]. In 
the present study the object of interest are other types 
of fibrillar collagens, i.e. type I and type III, type IV 
collagen and elastin.
Progression of the atherosclerosis, the loss of elastic-
ity and stiffness of the arterial walls, increases with 
age. These events are probably caused by increase 
in collagen content in the arteries and loss of elastin 
[20]. Unfortunately, this hypothesis has not been un-
equivocally verified. In the literature on the subject 
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Table 4. Comparison of the patients’ age, stage of atherosclerosis, content of extracellular matrix proteins and ratios of 
selected parameters between aortic samples without with calcium deposits.

  Samples without calcium 
deposits (n = 49)

Samples with calcium 
deposits (n = 31)

p

Age [years] 49.56 ± 15.07 61.23 ± 12.61 0.00*

Stage of atherosclerosis [I–VI] 2.44 ± 1.29 4.39 ± 1.17 0.00*

Collagen type I [µg/mg of tissue] 13.97 ± 7.77 14.06 ± 7.97 0.99

Collagen type III [µg/mg of tissue] 3.53 ± 2.46 2.78 ± 1.28 0.36

Collagen type IV [µg/mg of tissue] 2.90 ± 2.39 2.28 ± 1.55 0.41

Elastin [µg/mg of tissue] 15.57 ± 8.53 17.94 ± 13.11 0.66

Collagen type I/collagen type III ratio 4.70 ± 2.50 5.39 ± 2.11 0.07

Collagen type I/collagen type IV ratio 7.42 ± 6.66 9.48 ± 9.79 0.25

Collagen type I/elastin ratio 1.69 ± 4.22 1.93 ± 4.03 0.48

Collagen type III/collagen type IV ratio 1.67 ± 1.24 1.67 ± 1.45 0.83

Collagen type III/elastin ratio 0.38 ± 0.75 0.34 ± 0.66 0.02*

Collagen type IV/elastin ratio 0.41 ± 1.33 0.26 ± 0.40 0.14

Proline [µg/mg of tissue] 10.76 ± 4.36 8.17 ± 5.17 0.02*

Hydroksyproline [µg/mg of tissue] 5.65 ± 2.72 4.76 ± 2.84 0.26

Pro/ProOH ratio 1.99 ± 0.39 1.69 ± 0.42 0.00*

The results are mean ± SD. The content of the studied compounds is expressed as µg/mg of tissue. Statistically significant results are marked by an 
asterisk.

Table 3. Mean content of collagens type I, III, IV and elastin in the samples of aortic wall and in isolated calcium deposits. 
The levels of collagen type I, III, IV and elastin were measured by ELISA, and the levels of proline and hydroxyproline by 
LC-ESI-MS/MS.

Aorta (n = 106) Calcium deposit (n = 16) p

Content [μg/mg  
of tissue] 

% of the measured 
proteins 

Content [μg/mg  
of tissue] 

% of the measured 
proteins

Collagen type I 13.3 ± 7.44 38.05 7.32 ± 4.57 45.47 0.000*

Collagen type III 3.11 ± 1.97 8.90 2.29 ±1.51 14.22 0.086

Collagen type IV 2.69 ± 2.17 7.70 0.08 ±0.76 0.50 0.000*

Elastin 15.85 ± 10.12 45.35 6.41 ±7.36 39.81 0.000*

Collagen to elastin ratioa 1.21:1 1.51:1

The results are mean ± SD. The content of the studied compound was determined in aortic wall samples as described in Methods. Statistically 
significant results refer to the difference between arteries and calcium deposits are marked by an asterisk. aRatio of the sum of average collagens’ 
content to average elastin content in aortic wall. 

there are contradicting reports, some are showing 
that with progression of the atherosclerosis collagen 
concentration increases [3–5], while the other reports 
describe decreased content of this protein [6, 21]. 
Such large differences between the results described 
in the literature are probably due to the fact that each 
project analyzed a different study group using a variety 
of methods. It is likely that these differences are also 
the result of a statistical error related to too small size 
of a study group. Our study group was exceptionally 
large for a postmortem human study, so we conclude 
that the results are reliable. In the present study no 

particular collagen type has been demonstrated to 
correlate with atheromatosis (although the data sug-
gests that one of the analyzed type — type III — may 
be associated with calcification, which sometimes 
accompanies atherogenesis). The data presented here 
indicate that there is a negative correlation between 
the hydroxyproline content, and thus collagen, and 
degree of atheromatosis. This is a novel observation, 
as no publication has been found that described the 
analysis of the content of proline and hydroxyproline 
in human aortas depending on the degree of ather-
osclerosis. Only a report by Abdelhalim et al. found  
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Table 5. Comparative analysis of the content of the studied proteins in calcium deposits and surrounding tissue in samples 
taken from the same vascular wall.

Parameter Mean ± SD p

Collagen type I 
[µg/mg of tissue]

Aorta (n = 16) 16.327 ± 9.1889 0.0093*

Deposit (n = 16) 6.854 ± 4.5622

Collagen type III 
[µg/mg of tissue]

Aorta (n = 16) 3.068 ± 1.3926 0.065

Deposit (n = 16) 2.301 ± 1.5976

Collagen type IV 
[µg/mg of tissue]

Aorta (n = 16) 2.622 ± 1.7534 0.0021*

Deposit (n = 16) 0.885 ± 0.7587

Elastin 
[µg/mg of tissue]

Aorta (n = 16) 23.682 ± 14.6907 0.0001*

Deposit (n = 16) 6.149 ± 7.2043

Collagen type I/III ratio Aorta (n = 16) 5.828 ± 2.2741 0.018*

Deposit (n = 16) 3.352 ± 1.8551

Collagen type I/IV ratio Aorta (n = 16) 11.108 ± 12.4396 0.71

Deposit (n = 16) 15.682 ± 30.5617

Collagen type I/elastin ratio Aorta (n = 16) 0.766 ± 0.3757 0.015*

Deposit (n = 16) 12.653 ± 30.9017

Collagen type III/IV ratio Aorta (n = 16) 1.701 ± 1.8122 0.0042*

Deposit (n = 16) 4.726 ± 5.2757

Collagen type III/elastin ratio Aorta (n = 16) 0.135 ± 0.06409 0.0012*

Deposit (n = 16) 4.667 ± 8.2404

Collagen type IV/elastin ratio Aorta (n = 16) 0.132 ± 0.1144 0.3

Deposit (n = 16) 2.611 ± 6.0602

The result are mean ± SD, n = 16. Statistically significant results are marked by an asterisk.

a similar result in rabbits where animals on high fat di-
ets had a reduced aortic hydroxyproline content [22].
Interestingly, although elastic fibers play a key role 
in the physiological functions of elastic type arteries 
such as aorta and pulmonary artery, we did not found 
correlation between elastin content in the wall of 
aorta and the progress of the atherosclerotic process. 
Other authors have reported both increased [7] and 
decreased [1, 8] elastin content in aortic wall during 
atherogenesis. Perhaps such ambiguous results are 
again the consequence of a statistical error related 
to too small size of a study group or individual dif-
ferences in another study group, although our results 
indicate the simplest explanation — that there is no 
direct relationship between the elastin content and 
the severity of atherosclerosis.
Elastin and collagen have contrasting physical prop-
erties and the ratio of collagen to elastin should be 
of particular interest since it defines mechanical 
properties of the artery. According to Sakalihasan, 
the ratio of collagen to elastin in normal aortas is 
1.85 : 1; however, it was shown to be higher in the wall 
of aortic aneurysms [23]. For our samples we have 
determined an average value of 1.21: 1. In our study 

the statistical analysis did not show that this parame-
ter for individual samples was related to a degree of 
atherosclerosis or age. Kong et al. [24] reported that 
ratio of elastin to collagen type III was increased in 
coronary arteries from patients with acute ischemic 
heart disease who had a myocardial infarction (the 
average age of patients with myocardial infarction was 
57.4 years and did not differ statistically from the age 
of control patients). Perhaps the parameter which is 
the ratio of collagen to elastin is locally significant in 
specific manifestations of atherosclerosis [25]. For 
example, it is postulated that the ratio of collagen to 
elastin in porcine arteries is an accurate predictor of 
arterial burst pressure [26].
Our description of the distribution of collagens is 
consistent with earlier reports [27, 28]. Generally, the 
presence of collagen type I, III and IV was found in 
samples of a healthy aorta and atherosclerotic lesions, 
with fibrillar collagens occurring throughout the entire 
cross-section of aortic wall, and type IV collagen in 
intima and media as well as in the wall of vascular 
adventitious vessels. Collagens of all analyzed types 
have concentrated in the outer layer, forming fibrous 
cap above highly advanced plaques. In the fat core 
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itself, however, a decrease in both fibrillar collagen 
and type IV collagen was observed. 
In our project, we also analyzed the phenomenon of 
calcification. It is a clinically very serious problem that 
is complex in terms of etiology. It is reported that the 
formation of calcium deposits occurs in association 
with dyslipidemia, hypertension, uremia, glycation 
associated with diabetes, dysregulated mineral me-
tabolism particularly hyperphosphatasemia, chronic 
oxidative stress, and is associated with a change in 
expression of fetuin-A and osteoprotegerin. We 
analyzed the relationship between aortic calcification 
and selected extracellular matrix proteins composi-
tion [29, 30].
Our research shows that in the deposits calcium 
salts displace organic components therefore ECM 
protein content in calcium deposits is lower than 
in soft parts of the arteries what is consistent with 
our observation. There is generally less proteins in 
calcium deposits than in the wall of the vessel from 
which they have been isolated. This is especially 
true for collagen type I, IV and elastin. Notewor-
thy is the small difference between the contents of 
type III collagen in the calcium deposits and in the 
surrounding tissue. In the deposits, there was also  
a lower ratio of type I to type III collagen. Micro-
scopic images of the calcium deposit show a promi-
nently higher immunoreactivity of type III collagen 
fibers compared to trace quantities of elastin, colla-
gen I and IV. Calcium deposits show higher than the 
surrounding tissue ratio of type I collagen to elastin, 
type III collagen to type IV collagen, and type III 
collagen to elastin. It is somewhat intriguing, that 
for most of the aforementioned parameters that 
differentiate deposits and surrounding layer, when 
collagen type III content appears in the denomina-
tor, the parameter is higher in the artery, whenever 
it is present in the numerator, the parameter is lower 
in the artery than in the calcium deposit. It is also 
worth mentioning that type III collagen is the only 
protein of which content is not statistically lower in 
calcium deposit than in the soft part of the artery. 
The data point into some relationship between oc-
currence of this protein and calcification. The col-
lagen type III seems to play a structural role in the 
deposit and its content exceeds that of the elastin, 
collagen type I and IV. There have been no other 
studies describing the role of type III collagen in 
the calcification of arteries, except for one by Kuga  
et al. [31] asserting that calcification in the abdomi-
nal aortic aneurysms was most likely associated with 
the breakdown of collagen type III fibrils [31]. There 
are few premises that collagen of this type may have  
a role in calcification, as it does in other tissues, 

such as bones and tendons [32, 33]. As in this study, 
the results obtained by Lui et al. in a calcified tendi-
nopathy model show that the level of collagen in 
calcified tendon seems to be decreasing, while the 
ratio of type III to type I collagen is increasing in 
this tissue [32]. It is well known that type I collagen 
is the main component of both arteries and tendons. 
Type III collagen is a protein incorporated in fibrils 
created by type I collagen. These authors hypothe-
sized that the increase in collagen type III content 
in tissue undergoing calcification can be linked to 
abnormalities in the fiber structure — abnormalities 
that favor accumulation of calcium salts in that area 
[32]. It is possible that analogous processes govern 
arterial calcification.
Volk [33] drew attention to the potential impact that 
type III collagen may have on the osteoblasts differ-
entiation. It is known that apart from soft tissues, 
high expression of this type of collagen is observed 
during skeletal embryonic development, and it is 
also synthesized by osteoblasts in mature bones [34]. 
When Col3a1 gene was silenced in mice, i.e., type III 
collagen gene was not expressed, the onset of the 
Ehlers-Danlos syndrome (EDS) was observed with 
functional impairment of the soft tissues, disturbed 
healing, and possibly the bone disorders [35]. It has 
been found that type III collagen plays a role in the 
differentiation of osteoblasts, thus conditioning the 
development of the spongy bone [33]. It is likely that 
this type of collagen contributes to arterial calcifi-
cation by differentiating cells from osteoblast-like 
cells. However, to validate this hypothesis further 
research is required.
The guiding hypothesis for this research project was 
that there may be a link between the elastin content 
and calcification. Such assumption comes from litera-
ture reports describing formation of calcium deposits 
along elastin layers in the wall of an artery (membrana 
elastica interna and membrana elastica externa) [36]. 
This hypothesis is further supported by the reports 
showing that elastin metabolites can activate calcium 
deposition in smooth muscle cells [37]. The role of 
elastin in vascular calcification has also been demon-
strated by several other authors in animal models 
[38–40]. However, the analysis of the data obtained 
in this study has not shown a statistically significant 
relationship between the content of elastin, or the ratio 
of this protein to other ECM components, and the 
presence of calcification foci. Immunohistochemical 
staining of the aortic sections also did not show a link 
between the location and organization of elastin and 
calcification. Therefore, our results do not support the 
thesis that elastin plays a causative role in the process 
of calcium deposition in blood vessels. The lack of such 
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statistically significant evidence might be related to 
scarcity of calcified samples and their diversity (among 
artery segments were samples representing different 
types of calcification: accompanying atherosclerosis, 
Mönckeberg’s arteriosclerosis, elastocalcinosis). 
Summarizing, the extracellular matrix of the human 
aorta consists of nearly 45% of elastin and 55% of 
collagen, of which the majority are fibrillary collagens 
type I and III, occurring in all three layers of the ar-
tery wall. Type IV collagen accounts for nearly 10% 
of all abdominal aortic collagen, located in suben-
dothelial basement membrane and also the basement 
membrane of VSMCs. Quantities of collagen types 
I, III and IV as well as elastin correlate positively 
with other analyzed proteins of extracellular matrix. 
However, in the study described here, there is no 
relationship between the content of collagen type I, 
III, IV or elastin and the degree of atherosclerosis. 
Noteworthy, the weak negative correlation between 
atherosclerosis and the amount of hydroxyproline is 
noted, indicating a loss of collagen with the onset of 
atherogenesis. The results of particular interest are 
those describing the role of ECM proteins in arte-
rial calcification, and collagen type III playing both 
structural and regulatory role.
Since patients with the cardiovascular diseases, par-
ticularly those caused by atherosclerosis, experience 
high mortality, there is a pressing need to thoroughly 
investigate how degenerative lesions in the arteries 
are being formed. Further studies are also needed 
to resolve contradictory reports in the literature and 
unresolved question concerning the role that extra-
cellular matrix proteins may have in atherogenesis 
and the interplay between various ECM components. 
Such studies may have a diagnostic value and there 
are already reports proposing the use of magnetic 
resonance imaging, positron emission tomography 
(PET) or single photon emission computed tomogra-
phy (SPECT) [41, 42] in depicting the ECM changes. 
According to Järveläinen, Kassam, Zheng and others 
[14, 43–45] it is possible to influence pharmacological-
ly the matrix protein content in the walls of the blood 
vessels. Therefore, such diagnostic and therapeutic 
tools would become indispensable in monitoring the 
progress of the treatment of cardiovascular diseases.
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Abstract
Introduction. The occurrence of aortic dissection is related to the proliferation and metastasis of vascular 
smooth muscle cells. In our present study, we found that the expression of miR-140-5p was inhibited in the wall 
of abdominal aorta of aortic dissection patients. However, the mechanism of miR-140-5p in the development 
of aortic dissection is unclear. 
Material and methods. We detected the expression of miR-140-5p and NCK Associated Protein 1 (NCKAP1) in 
blood vessel of aortic dissection patients and normal people by PCR. Next, we established the miR-140-5p over-
expression and miR-140-5p inhibition vascular smooth muscle cells (CRL-1999 cells). The BrdU assays, wound 
healing assays and transwell assays were performed to detect the proliferation and invasion ability of these cells. 
Finally, luciferase reporter assay was performed to detect the relationship between miR-140-5p and NCKAP1.
Results. The expression of miR-140-5p was suppressed in blood vessel of aortic dissection patients, and the levels 
of NCKAP1 in those tissues were upregulated. Overexpression of miR-140-5p inhibited the proliferation, migration 
and invasion of vascular smooth muscle cells. miR-140-5p targeted and suppressed the expression of NCKAP1. 
Conclusions. miR-140-5p repressed the proliferation, migration and invasion of vascular smooth muscle cells by 
targeting and inhibiting the expression of NCKAP1. Furthermore, the results of our study suggest new strategies 
and targets for the clinical treatment of arterial dissection. (Folia Histochemica et Cytobiologica 2021, Vol. 59, 
No. 1, 22–29)

Key words: aortic dissection; miR-140-5p; NCKAP1; vascular smooth muscle cells; proliferation; invasion

Introduction

Aortic dissection is a cardiovascular disease induced 
by blood entering the middle layer of the vessel wall 
and the formation of swelling [1]. Aortic dissection is 
a serious life-threatening cardiovascular disease. In 
addition to vascular endothelial damage, it can also 
Cause serious complications [2]. At present, the ef-
fective treatment of aortic dissection is mainly surgery. 
However, statistical data showed that the mortality rate 
of postoperative period is still 9–30% [3]. Therefore, 

there is a need to determine the molecular mechanism 
of aortic dissection to develop the new therapeutic 
treatments. The application of drugs intervening in the 
disease’s pathomechanism combined with surgery is ex-
pected to further improve the survival rate of patients. 
Furthermore, as the component of aortic vessel wall, 
the lesion of vascular smooth muscle cells (VSMCs) 
was considered as the important reasons for the 
onset of aortic dissection [4]. The VSMCs of aortic 
wall mainly showed low differentiation, strong pro-
liferation and metastasis [5]. In addition, the large 
amount of extracellular matrix secreted by VSMCs 
also promotes their proliferation and invasion [6]. 
These effects of VSMCs attenuate the stability of 
the blood vessel wall, which in turn may induce the 
occurrence of aortic dissection [7]. 

This article is available in open access under Creative Common Attribution-Non-Commercial-No Derivatives 4.0 International (CC BY-NC-ND 4.0) license, allowing to 
download articles and share them with others as long as they credit the authors and the publisher, but without permission to change them in any way or use them commercially.
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Non-coding RNA is a type of RNA that does not 
translate into protein. Recent studies have found 
that non-coding RNA played a crucial role during the 
physiological process of cell differentiation, apoptosis, 
proliferation and metabolism [8, 9]. Other research 
also revealed that miRNA was related to the occur-
rence and development of aortic dissection [10]. On 
the other hand, the overexpression of miRNA-30a 
promoted the development of aortic dissection [11]. 
Our results showed that levels of miR-140-5p were also 
downregulated in the VSMCs during the development 
of aortic dissection. However, the function of miR-140-
5p during the development of aortic dissection and 
its molecular mechanism are unclear. Therefore, we 
explored the effect of miR-140-5p on the development 
of aortic dissection in an in the culture of VSMCs. Our 
findings suggest that miR-140-5p has the potential to 
suppress the aortic dissection by restricting the prolif-
eration and metastasis of vascular smooth muscle cells.

Material and methods

Collection of tissue samples. Samples of ascending aorta 
tissue (10 samples of aortic dissection patients and 7 samples 
of normal people, all these patients were 35 years old, half 
of the patients was male and others were female, 3 normal 
people were male and others were female) were collected 
from the hospital and used for the detection. These samples 
were collected during the clinical operation. Then we used 
liquid nitrogen to freeze these samples, and then we used 
a mortar to grind these samples. Finally, Trizol (Thermo 
Fisher Scientific, Waltham, MA, USA) was applied to extract 
RNA and protein from these samples. This experiment has 
been approved by the Ethics Committee of Tangshan Gon-
gren Hospital, Tangshan, China. All the operation of this 
study followed the World Medical Association Declaration 
of Helsinki [12].
Cell culture and transfection. Human aortic vascular smooth 
muscle cell line (CRL-1999) was applied for the experiments 
in this study. CRL-1999 cell line was acquired from the 
ATCC (Manassas, VA, USA). All the cells were incubated 
in 37oC humid atmosphere with 5% CO2 in RPMI-1640 
medium (Hyclone, Logan, UT, USA) supplemented with the 
10% fetal bovine serum (FBS, Gibco, Gaithersburg, MD, 
USA). Furthermore, the inhibitor and mimic of miR-140-5p 
were obtained from the Genechem (Shanghai, China) and 
applied for the transfection of these cells. Plasmids used in 
this assay were obtained from the Genechem. Polybrene 
was mixed with the lentivirus (with the ratio of 1:7) con-
taining the inhibitor and mimic of miR-140-5p and applied 
to promote the efficiency of transfection. Subsequently, the 
mixed lentivirus medium was co-cultured with these cells 
for 12 hours to complete the transfection. Since the plasmid 
vector contained antibiotic resistance genes, we used media 

supplemented with puromycin (1mg/mL, Thermo Fisher 
Scientific) to culture these cells in subsequent experiments 
to screen for successfully transfected cells.

Bromodeoxyuridine (BrdU) incorporation assay. CRL-1999 
cells were incubated with 10 μm bromodeoxyuridine (BrdU) 
(Sigma, Burbank CA, USA) for 4 hours in the incubator. 
Next, these cells were rinsed with the PBS buffer (phos-
phate-buffered saline) and fixed with 4% formaldehyde. 
Then, these cells were washed with PBS again and incubated 
with the 4N HCl containing 1% Triton X-100 for 15 min. 
Next, anti-BrdU antibodies (SigmaAldrich) were diluted 
with PBS and incubated with the cells. At last, these cells 
were incubated with anti-mouse IgG-Cy3 (SigmaAldrich) in 
the dark and the fluorescence was detected by spectropho-
tometer (Aoxi Company, Shanghai, China). 

Cell counting kit-8 (CCK-8). Before the assays, CRL-1999 
cells were plated into four 96 well plates. After the adhesion 
(0, 24, 48 and 72 hours) of these cells, the CCK-8 (Dojindo, 
Kumamoto, Japan) was diluted with the RPMI-medium 
(1:10) and incubated with the cells at 37oC for 1 hour. Then, 
the absorbance of these cells was detected by spectropho-
tometer (Aoxi Company). And the absorbance of these cells 
reflected the proliferation of these cells.

Wound healing assays. CRL-1999 cells were plated in the 
6 well plates before the experiment. After adhesion was 
reached, the cells were cultured with the serum-free medium 
for 12 h. Then, the scratch was created with the pipette tip. 
The scratch was photographed with inverted microscope 
(Olympus, Tokyo, Japan) after 0 and 24 h. The width of the 
scratch was measured with the Image J software (National 
Institutes of Health, Bethesda, MD, USA).

Transwell assay. CRL-1999 cell line was cultured with the 
medium without FBS serum for 12 h. In addition, the matrix 
gel (10 mg/mL, BD, USA) was diluted with the FBS-free 
medium (with the ratio of 1:10) and added into the upper 
layer of the 8 μm Boyden chamber (Corning, NY, USA). 
Cells were seeded into the upper layer of the chamber. 
The medium containing FBS was added into the lower 
layer of the chamber. Then, Boyden chamber was placed 
in the incubator for 24 h. Then, cells that pass through the 
aperture were stained with the crystal violet (Thermo Fish-
er Scientific) and photographed with inverted microscope.

RT-PCR. Total RNA was collected with the Trizol (Thermo 
Fisher Scientific). Then, the reverse transcription kit (Taka-
ra, Shiga, Japan) was used for the reverse transcription of 
RNA. Next, ABI7500 system (Thermo Fisher Scientific) was 
used for the amplification of cDNA and the relative levels 
of the target genes were analyzed with the 2-∆∆Ct method 
[13]. The primers used in this study were listed in Table 1.
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Figure 1. The expression of miR-140-5p was inhibited in blood 
vessel tissues of aortic dissection patients. The expression 
of miR-140-5p in vessel tissues of aortic dissection patients 
and normal vessel tissues was detected with the RT-PCR as 
described in Methods. Con, tissue from aorta’s wall of nor-
mal subjects; TAD, tissue from the wall of aortic dissection 
patients. ***p < 0.001.

Table 1. Primers used for the qPCR

Gene Forward primer Reverse primer

miR-140-5p 5’-TGCGGCAGTGGTTTTACCCTATG-3’ 5’-CCAGTGCAGGGTCCGAGGT-3’

U6 5’-TGCGGGTGCTCGCTTCGGCAGC-3’ 5’-CCAGTGCAGGGTCCGAGGT-3’

Western blotting. Total protein was extracted by RIPA buff-
er (Beyotime, Beijng, China). Then, protein concentration 
was determined by BCA method (Beyotime). After that, pro-
teins were segregated by 10% SDS-PAGE gel (Beyotime). 
Next, PVDF membranes were used for the adsorption of 
these proteins. Then, 5% skim milk powder (BD, USA) was 
prepared for the blocking of these membranes. After that, 
these membranes were hatched by primary antibodies. The 
primary antibodies used in this research included MMP-2 
(Abcam, ab51075), MMP-9 (Abcam, ab76003), NCKAP1 
(Abcam, ab126061) and b-actin (Abcam, ab8226). In the 
second day, these membranes were hatched with the second 
antibody (Abcam, ab6721). These primary and second an-
tibodies were diluted with the antibody diluent (Beyotime) 
with the ratio (1:1000). Finally, the bands were emerged 
with the enhanced chemiluminescence reagents (Pierce, 
Rockford, IL, USA).

Luciferase reporter assays. CRL-1999 cells were cultured in 
the 6 well plates. Next, psiCHECKTM-2 vector (Genechem) 
contained the cloned miR-140-5p binding site of NCKAP1 
(NCKAP1-wild type) was co-transfected with mimics NC 
or miR-140-5p mimics by Lipofectamine2000  transfection 
reagent. The psiCHECKTM-2 vector containing a mutant 
sequence of miR-140-5p binding site (3’-untranslated region 
of NCKAP1), named NCKAP1-mutation (Mut), was estab-
lished with QuickChange Site-Directed Mutagenesis Kit 
(Stratagene, La Jola, CA, USA). Fluorescence intensity was 
detected with the luciferase Reporter Assay Kit (Promega, 
Fitchburg, WI, USA) after the transfection. 

Statistical analysis. GraphPad Prism 6.0 software (GraphPad 
Software Inc., San Diego, CA, USA) was used for analyzing of 
the data. And data was displayed as mean ± standard devia-
tion (SD) in this paper. All the experiments were repeated for 
three times. The linear regression was used for the analysis of 
the expression between miR-140-5p and NCKAP1. Student’s 
t test was applied for the analyzed of the data in this paper. 
And there is the statistically significant difference between 
the two groups until the values of p was less than 0.05.

Results

miR-140-5p inhibited proliferation of vascular 
smooth muscle cells 
To detect the efficacy of miR-140-5p on development 
of aortic dissection, we detected the expression of 
miR-140-5p in blood vessel wall of aortic dissection 

patients and normal vascular tissues. According to 
the results (Fig. 1), we revealed that the levels of 
miR-140-5p were decreased during the occurrence 
and development of aortic dissection. Next, lentivirus 
contained the plasmids of overexpression miR-140-5p 
or miR-140-5p shRNA were applied to upregulate 
or downregulate miR-140-5p in CRL-1999 cells, re-
spectively. Then the CCK-8 assay was applied for the 
detection of the viability of these cells. The results in 
Figure 2A showed that the viability of these cells was 
repressed after the overexpression of miR-140-5p and 
enhanced after the inhibition of miR-140-5p. Similar-
ly, results (Fig. 2B) of BrdU assays also showed that 
overexpression of miR-140-5p suppressed the pro-
liferation of these cells. Furthermore, the inhibition 
of miR-140-5p promoted the proliferation of these 
cells. Results of this part revealed that miR-140-5p 
suppressed the proliferation and viability of vascular 
smooth muscle cells. 

miR-140-5p suppressed the migration and invasion 
of vascular smooth muscle cells 
Next, we detected the migration of CRL-1999 cells by 
wound healing assays. The results (Fig. 3A) showed 
that the healing rate of scratches was slower when the 
expression of miR-140-5p was promoted in these cells. 
However, the healing rate was faster when the levels 
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Figure 3. Overexpression of miR-140-5p inhibited the migration and invasion of vascular smooth muscle cells. A. The migration of 
vascular smooth muscle cells was detected by the wound healing assay. B. Invasion of vascular smooth muscle cells was determined 
with transwell assay. C. The expression of MMP-2 and MMP-9 were detected by western blotting. *p < 0.05, **p < 0.01, ***p < 0.001.

A

B

C

Figure 2. Overe xpression of miR-140-5p inhibited the prolif-
eration of vascular smooth muscle cells. A. The cell viability 
of vascular smooth muscle cells was detected with the CCK-8 
assay. B. Proliferation of vascular smooth muscle cells was 
determined with BrdU assay. ***p < 0.001.

of miR-140-5p were inhibited. In addition, results 
(Fig. 3B) of transwell showed that the quantity of 
invasion cells was reduced after overexpression of 
miR-140-5p. However, the number of invasion cells 
was promoted after inhibition of miR-140-5p in 
CRL-1999 cells. Furthermore, the results (Fig. 3C) 
of western blotting showed that the expression of 
MMP-2 and MMP-9 was inhibited after overexpres-
sion of miR-140-5p. However, the levels of MMP-2 
and MMP-9 were upregulated after inhibition of 
miR-140-5p. And these results suggested that miR-
140-5p restricted the migration and invasion of 
vascular smooth muscle cells.

miR-140-5p targeted and restricted the expression 
of NCKAP1 in vascular smooth muscle cells 
By querying Targetscan database (targetscan, http://
www.targetscan.org/vert_72/), we found that miR-
140-5p had the potential to bind to the 3’-UTR of 
NCKAP1. The results (Fig. 4A) of RT-PCR also 
showed that the expression of NCKAP1 was promoted 
in blood vessel wall of aortic dissection patients com-
pared to the normal tissues. And the results (Fig. 4B)  

A

B
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Figure 4. miR-140-5p targeted and inhibited the expression of NCKAP1 in vascular smooth muscle cells. A. The expression 
of NCKAP1 in clinical samples was detected with the RT-PCR. B. Linear regression analysis was performed to detect the 
relationship between miR-140-5p and NCKAP1. C. Target region between miR-140-5p and NCKAP1 was depicted. D. 
The fluorescence intensity of vascular smooth muscle cells was measured with the spectrophotometer. E. Western blotting 
was performed to detect the expression of NCKAP1 in vascular smooth muscle cells after the overexpression or inhibition 
of miR-140-5p. F. The expression of NCKAP1 in vessel tissues of aortic dissection patients and normal vessel tissues was 
detected with western blotting. **p < 0.01, ***p < 0.001.

of linear-regression analysis also showed that the ex-
pression of NCKAP1 was negatively correlated with 
the levels of miR-140-5p. Results of luciferase report-
er assay also showed that the fluorescence intensity 
was suppressed in the NCKAP1 wild type and miR-
140-5p overexpression system. However, there was no 
difference of the fluorescence between the negative 
control and miR-140-5p overexpression group after 
the mutation of 3’-UTR of NCKAP1 (Fig. 4C and Fig. 

4D). Next, the expression of NCKAP1 in miR-140-5p 
overexpression and suppression CRL-1999 cells was 
determined by western blotting. The results (Fig. 4E) 
revealed that the level of NCKAP1 was repressed 
when the expression of miR-140-5p was promoted in 
these cells. Moreover, expression of NCKAP1 was 
enhanced when the expression of miR-140-5p was 
suppressed in CRL-1999 cells. Finally, we also found 
that the expression of NCKAP1 was upregulated in 

A B

C D

E

F
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Figure 5. Suppression of NCKAP1 repressed the proliferation, migration and invasion of miR-140-5p inhibition vascular 
smooth muscle cells. A. The expression of NCKAP1 was detected by western blotting. B. BrdU assay was performed to 
detect the proliferation of vascular smooth muscle cells. C. Wound healing assay was conducted to detect the migration 
of vascular smooth muscle cells. D. Invasion of vascular smooth muscle cells was determined with the transwell assay.  
**p < 0.01, ***p < 0.001.

A B

C D

arterial vascular wall of aortic dissection patients 
compared to the normal tissues (Fig. 4F). 

Repression of NCKAP1 restricted the proliferation, 
migration and invasion of miR-140-5p inhibition 
vascular smooth muscle cells 
In this part, we suppressed the expression of NCKAP1 
in miR-140-5p inhibition vascular smooth muscle cells. 
The results (Fig. 5A) showed that the protein levels of 
NCKAP1 were decreased in the cells transfected with 
sh-NCKAP1. And the results (Fig. 5B) of BrdU assays 
showed that the proliferation of CRL-1999 cells was 
inhibited after the suppression of NCKAP1. Finally, 
wound healing and transwell assays were performed 
to explore the changing of migration and invasion 
of CRL-1999 cells after the repression of NCKAP1. 
According to the results (Fig. 5C and Fig. 5D), the 
migration and invasion of the miR-140-5p inhibition 
CRL-1999 cells were inhibited after the suppression of 
NCKAP1. These results also implied that the effects 
of miR-140-5p/NCKAP1 axis on the proliferation, 
migration and invasion of vascular smooth cells.

Discussion

Weakening of the arterial wall often induced the for-
mation of aortic dissection. And the main feature of 
aortic dissection is the separation of the aortic media 

induced by blood flow [14]. And the development of 
aortic dissection may induce the occurrence of the 
aortic aneurysm [15]. However, the specific molecular 
mechanism of aortic dissection is still unclear.
Furthermore, vascular smooth muscle cell is the 
main cell type in the media layer of the aorta. And 
the existent of vascular smooth muscle cell played 
an important role in maintaining the normal physio-
logical function of the aortic wall [1, 16]. In addition, 
previous research revealed that the EZH2 could affect 
the development of aortic dissection by regulating the 
autophagy of vascular smooth muscle cells [17]. Some 
studies also suggested that proliferation and metastasis 
of vascular smooth muscle cells were correlated to the 
development of vascular disease [18, 19]. For instance, 
miR-146a-5p promoted the development of aortic dis-
section by enhancing the proliferation and migration 
of vascular smooth muscle cells [20]. However, there is 
also research revealed that the proliferation of VSMCs 
led to the occurrence of plaque of blood vessels and 
did not induce the aortic dissection [21]. Most of these 
results from the previous studies suggested that the in-
tensive proliferation and migration of vascular smooth 
muscle cell promoted the occurrence and development 
of aortic dissection. In addition, some studies also 
pointed out that miR-140-5p repressed the prolifera-
tion of human pulmonary artery smooth muscle cells 
[22, 23]. Similarly, we also found that the expression 
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of miR-140-5p was downregulated in arterial wall of 
aortic dissection patients. In addition, overexpression 
of miR-140-5p repressed the proliferation and migra-
tion of vascular smooth muscle cells. All these results 
suggested that miR-140-5p restricted the proliferation, 
migration and invasion of vascular smooth muscle cell. 
And the results of our study implied that higher levels 
of miR-140-5p might have the potential to repress the 
development of the aortic dissection by suppressing 
the proliferation, migration and invasion of vascular 
smooth muscle cells. 
On the other hand, miRNAs could affect the expres-
sion of target genes by binding to the 3’-UTR of the 
these genes [24]. By querying the database, we found 
that miR-140-5p has potential to bind to and affect the 
expression of NCKAP1. NCKAP1 is localized along 
the lamellipodia and associated with the migration of 
multiple types of cells [25]. Another study also revealed 
that the expression of NCKAP1 promoted the metas-
tasis of breast tumor cells and induced poor prognosis 
of these patients [26]. Previous study suggested that 
miR-214 repressed the proliferation, migration and 
invasion of vascular smooth muscle cells by inhibiting 
the expression of NCKAP1. In this study, we revealed 
that miR-140-5p targeted and suppressed the expression 
of NCKAP1. And the expression of NCKAP1 was also 
upregulated in the arterial wall of aortic dissection pa-
tients. Furthermore, repression of NCKAP1 restricted 
the proliferation, migration and invasion of miR-140-5p 
inhibition vascular smooth muscle cells. These results 
also indicated that NCKAP1 was played a crucial role 
during the development of aortic dissection. And the re-
sults in our study suggested that NCKAP1 can enhance 
the proliferation and invasion of multiple types of cells. 
Above all, in this study, we revealed that miR-140-5p 
inhibited the proliferation, migration and invasion of 
vascular smooth muscle cells by decreasing of the levels 
of NCKAP1. And results also implied that miR-140-5p 
has the potential to impede the development of aortic 
dissection. Moreover, the results of our research of-
fered new targets and strategy of the clinic treatment 
of aortic dissection.
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Abstract
Introduction. Osteoarthritis (OA) is the most prevailing musculoskeletal dysfunction triggered by lesions in syn-
ovial membranes and articular cartilage. MicroRNAs (miRNAs) have emerged as crucial regulators participated 
in many biological processes, such as osteoarthritis. This study was undertaken to address the role of miR-25-3p 
in the apoptosis of rat chondrocytes under an OA-like condition and its underlying mechanism.
Material and methods. OA cellular model was established in rat chondrocytes by TNF-a induction. Then, qRT-
-PCR and Western blotting were utilized for evaluation of the expressions of miR-25-3p and insulin-like growth 
factor-binding protein 7 (IGFBP7), CCK-8 assay for inspection of chondrocyte viability, flow cytometry for as-
sessment of cell apoptosis rate, Western blotting for the detection of cleaved caspase-3 level and dual-luciferase 
reporter gene assay for verification of the targeting relationship between miR-25-3p and IGFBP7.
Results. The miR-25-3p expression was decreased and IGFBP7 was elevated in TNF-a-induced rat chondrocytes. 
The miR-25-3p inhibited chondrocyte apoptosis and IGFBP7 promoted apoptosis as evidenced by enhanced 
cell viability and suppressed cell apoptosis in OA chondrocytes after miR-25-3p overexpression or IGFBP7 
knockdown. The miR-25-3p facilitated chondrocyte viability and repressed cell apoptosis in OA by negatively 
regulating IGFBP7.
Conclusions. MiR-25-3p negatively regulates IGFBP7 to promote chondrocyte proliferation and restrain chon-
drocyte apoptosis. Our findings suggest that the regulation of IGFBP7 by miR-25-3p may emerge as a novel 
therapeutic regimen for OA. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 1, 30–39)

Key words: miR-25-3p; insulin-like growth factor-binding protein 7; osteoarthritis; chondrocyte; proliferation; 
apoptosis

Introduction

Osteoarthritis (OA) has been defined as a chronic 
joint malady featured by degeneration of ligaments 
and articular cartilage, thickening of subchondral 
bone and generation of osteophytes [1, 2]. The prev-
alence of OA worldwide is staggeringly high with an 
estimated over 250 million people affected and with 
a lifetime risk for worsening to knee OA of approxi-

mately 40% [3]. Chondrocyte, a primary cell type of 
articular cartilage which occupies approximately 1% 
of total cartilage volume, is essential for retaining the 
dynamic equilibrium between catabolism and anabo-
lism of the extracellular matrix in articular cartilage 
and has been deemed as one of the indispensable 
regulators of OA pathogenesis [4, 5]. Declining cell 
number and cell viability of chondrocytes is implicated 
in the progression and advancement of OA [6]. Thus, 
the prevention of chondrocyte apoptosis and the pro-
motion of chondrocyte proliferation may be potential 
therapeutic strategies for OA treatment.
MicroRNAs (miRNAs) play roles in a variety of 
physiological functions and disease processes by me-
diating cleavage and destabilization of mRNA [7]. 
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Zhixi Duan et al. have illustrated that miR-15a-5p  
motivates the degeneration and proliferation of 
chondrocytes through PTHrP inhibition [8]. Another 
study describes that the promotion of chondrocyte ap-
optosis and suppression of chondrocyte proliferation 
in OA can be caused by miR-181 [9]. These studies 
emphasize the possibility that miRNAs are associated 
with OA pathogenesis. In neurons, miR-25-3p was 
shown to suppress epileptiform discharges by ham-
pering apoptosis and oxidative stress [10]. Besides, 
miR-25 possesses an inhibitory effect on sepsis-in-
duced cardiomyocyte apoptosis [11]. However, the 
definite mechanism of miR-25-3p in the apoptosis of 
chondrocytes remains largely unexplored. Serving as  
a low-affinity insulin growth factor binder, insulin-like 
growth factor-binding protein 7 (IGFBP7) may confer 
significant protective effects on bone metabolism [12]. 
In breast cancer, IGFBP7 can block cancer cell growth 
through induction of apoptosis and senescence [13]. 
Additionally, the elevated IGFBP7 expression in hu-
man OA chondrocytes has been recently reported [14]. 
Accordingly, IGFBP7 may represent an up-and-com-
ing target during the therapy of apoptosis-related OA.
Herein, this study presented that miR-25-3p was 
significantly suppressed and IGFBP7 was remark-
ably elevated in TNF-a-induced rat chondrocytes. 
Overexpression of miR-25-3p significantly enhanced 
cell viability and inhibited cell apoptosis in rat chon-
drocytes in vitro. Interestingly, we corroborated that 
miR-25-3p regulates IGFBP7 by directly targeting 
the 3’-UTR of IGFBP7. Our findings suggest that the 
regulation of IGFBP7 by miR-25-3p may emerge as 
a novel therapeutic regimen for OA.

Materials and methods

Ethical statement. The experimental scheme was author-
ized by the Research Ethics Committee of Chenzhou No. 1  
People’s Hospital. All procedures involving animals were 
in compliance with the Guide for the Care and Use of 
Laboratory Animals.

Cell culture. Male Wistar rats (140 ± 10 g) were supplied by 
Laboratory Animal Center, Chinese Academy of Sciences 
(Beijing, China). Rats were anesthetized and sacrificed by 
cervical dislocation. Then chondrocytes were isolated from 
cartilage tissues of rats under sterile conditions. In brief, 
cartilage was digested with trypsin (Thermo, Waltham, 
MA, USA) at 37°C for 30 min and then with 0.2% type II 
collagenase (Thermo) for 3 h at 37°C. Five min of shaking 
every 1 h in a constant temperature container was necessary 
until the fragments were digested. When cartilage mass was 
visible to the naked eye in floccule shape, isolated chondro-
cytes were observed under an inverted microscope. Cell 
digestion was terminated by exposure to fetal bovine serum 

(FBS, Gibco, Carlsbad, CA) and stroking with a pipette 
tip. After that, cells were filtrated (200 mesh), centrifuged 
(1,500 rpm × 10 min) and washed 3 × with phosphate-buff-
ered saline (PBS). Cells were cultured with Dulbecco’s 
modified Eagle medium (DMEM) containing 10% of FBS 
and 1% of penicillin/streptomycin (Solarbio, Beijing, China) 
in an incubator (Thermo) at 37°C in 5% CO2. After 48 h of 
incubation, the culture medium was changed to remove the 
non-adherent cells, followed by replacement every other day. 
Cell morphology and adherent growth were recorded under 
an inverted microscope. The passage was conducted after the 
cell adherence to 85% ~ 90%. The chondrocytes of the 3rd to 
5th generation were utilized in the experiments. Identification 
of chondrocytes was performed using toluidine blue staining 
and immunofluorescent staining of type II collagenase.

Toluidine blue staining [15]. The adherent chondrocytes 
were digested to prepare a cell suspension, and then cells  
(1 × 105/mL) were seeded into six-well plates for incubation. 
When cells were completely attached and the cell conflu-
ence reached approximately 80%, the culture medium was 
discarded before the cells were washed 3 × in PBS. Cells 
in each well were fixed in 4% paraformaldehyde (2 mL) in 
refrigerator at 4°C for 1 h, followed by three times of PBS 
washing, exposure to 1 mL of toluidine blue (an appropriate 
stain for detecting aggrecan, Sangon Biotech, Shanghai, 
China) at room temperature for 1 h, and toluidine blue was 
removed after washing 3 × with PBS. The inverted micro-
scope was utilized for observation of the cells.

Immunofluorescent staining. Cells (1 × 105/mL) were 
placed on disposable confocal dishes for incubation, prior to 
three times of PBS rinsing, 30 min of fixation in 2 mL of 4% 
paraformaldehyde at room temperature, 3× of PBS rinsing,  
20 min of permeation with 1 mL of 0.1% TritonX-100 solution 
at room temperature and 3 × of PBS rinsing. After that, cells 
were blocked with 1 mL of 10% goat serum (Zsbio, Beijing, 
China) at room temperature for 30 min. Cells were incubated 
with primary antibody (1 mL) against 10% goat serum-diluted 
rabbit anti-type II collagen (ab34712, 1:200, Abcam, Cam-
bridge, MA, USA) overnight in the dark at 4°C, and then 
washed 3× with PBS. Following incubation with the secondary 
antibody (1 mL) against 10% goat serum-diluted Alexa Fluor 
(ab150077, 1:500, Abcam) at 37°C for 1 h and washing 3× with 
PBS, cells were immersed in 1 mL of DAPI (SigmaAldrich, 
Merck KGaA, Darmstadt, Germany) at room temperature 
for 2 min, followed by washing 3× with PBS. Images were 
captured by a laser scanning confocal microscopy (200×, 
green light: wavelength of 543 nm, blue light: wavelength of 
458 nm, Olympus OLS5000, Tokyo, Japan) after the cells 
were covered with 1 mL of anti-fading mounting medium.

Establishment of OA cellular model. TNF-a is a commonly 
used stimulus to establish OA cellular models [16]. In the 
present study, 20 ng/mL of TNF-a (PeproTech, Rocky Hill, 
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NJ, USA) was used to stimulate chondrocytes. Briefly, cells 
were immersed in culture medium with 20 ng/mL of TNF-a 
for 6 h, and then the medium was changed into normal 
culture medium for 24 h of additional culture. Cells in the 
OA group were treated with 20 ng/mL of TNF-a for 6 h of 
OA modeling, and cells in the Sham group were cultured 
in normal medium. To determine expression levels of the 
studied molecules and functional tests, cells were seeded 
onto six-well plates and exposed to the Lipofectamine 2000 
reagent for cell transfection. After that, cells were cultured 
in normal medium for 24 h prior to 6 h of 20 ng/mL TNF-a 
treatment, and then the medium containing TNF-a was 
replaced with normal medium for 24 h of additional incu-
bation. Then the levels of miR-25-3p and IGFBP7 were 
measured as described below.

Cell transfection and grouping. The miR-25-3p mimic, 
mimic-NC (100 nM), miR-25-3p inhibitor, inhibitor-NC 
(100 nM), pcDNA3.1-IGFBP7 and pcDNA3.1 (2 μg) were 
supplied by GenePharma (Shanghai, China). When cell 
confluence reached 70% ~ 80%, cell transfection was 
performed according to the introduction provided with the 
Lipofectamine 2000 kit (Invitrogen, Carlsbad, CA, USA). 
Cells were transfected with above plasmids and accordingly 
grouped into the miR-25-3p mimic group, mimic-NC group, 
miR-25-3p inhibitor group, inhibitor-NC group, pcD-
NA3.1-IGFBP7 group, pcDNA3.1 group and Blank group.

Quantitative reverse transcription polymerase chain 
reaction (qRT-PCR). Total RNA was obtained from 
chondrocytes by utilizing TRIzol (Invitrogen). Reverse 
transcription was performed with the reverse transcription 
kit (TaKaRa, Tokyo, Japan). All operations were conducted 
based on the manufacturer’s instructions. The expression of 
gene was inspected by LightCycler 480 qPCR instrument 
(Roche, Indianapolis, IN, USA), and reaction condition 
was instructed by the fluorescence quantitative PCR kit 
(SYBR Green Mix, Roche Diagnostics). The real-time 
PCR program was as follows: 95°C for 10 s, followed by 
45 cycles of 95°C for 5 s, 60°C for 10 s and 72°C for 10 s.  

A final extension was performed at 72°C for 5 min. The 
experiments were done in triplicate. The internal reference 
was GAPDH and data analysis utilized 2-DDCt method. The 
formula is as follows: DDCt = [Ct(target gene)-Ct(reference gene)]

experimental group-[Ct(target gene)-Ct(reference gene)] control group. The primer 
sequences are presented in Table 1.

Western blotting. Cells were lysed with RIPA lysate (Be-
yotime Biotechnology, Shanghai, China) to obtain protein 
samples. After the protein concentration was analyzed by a 
BCA kit (Beyotime), the corresponding volume of protein 
was added to the loading buffer (Beyotime) and mixed. The 
solution containing proteins was placed in a boiling-water 
bath for 5 min of denaturation. Electrophoresis was con-
ducted for 30 min at 80 V and then for 1 ~ 2 h at 120 V 
once bromphenol blue reached the separation gel. Then, the 
proteins were transferred onto membranes at 220 mA for 
120 min in an ice-bath. The membranes were rinsed 1 ~ 2 
min with washing solution and sealed in the blocking solution 
at room temperature for 60 min. After blocking, the mem-
branes were incubated with the primary antibodies against 
GAPDH (5174S, 1:1000, Cell Signaling, Boston, USA), 
IGFBP7 (ab74169, 1:1000, Abcam) and cleaved caspase-3 
(ab49822, 1:1000, Abcam) overnight at 4°C on a shaking 
table. Following incubation, the membranes were washed  
3 × with washing solution for 10 min before incubation with 
horseradish peroxidase-labeled goat anti-rabbit IgG (1:5000, 
Beijing ComWin Biotech Co., Ltd., Beijing, China) for 1 h 
at room temperature. The membranes were washed 3x for  
10 min and exposed to developing liquid for color devel-
opment. Then chemiluminescence imaging analysis system 
(Bio-rad, Hercules, CA, USA) was utilized for observation.

Flow cytometry. One milliliter of cell suspension was seeded 
onto a six-well plate (5 × 105 cells/well) and cultured in an incu-
bator at 37°C in 5% CO2. After 24 h, adherent cells were digest-
ed by trypsin, washed with precooled PBS twice (2,000 rpm,  
5 min) and re-suspended with 1 mL of Annexin V binding 
buffer. Flow cytometry (flow cytometer, FACSCalibur, 
BD Biosciences) was utilized to assess cell apoptosis after 

Table 1. Primers’ sequences

Name Sequences (5’-3’) 

miR-25-3p Forward CATTGCACTTGTCTCGGTCTGA 

Reverse GCTGTCAACGATACGCTACGTAACG

U6 Forward UUCUCCGAACGUGUCACGUTT

Reverse UGACACGUUCGGAGAATT

IGFBP7 Forward CGAGCAAGGTCCTTCCATAGT

Reverse GGTGTCGGGATTCCGATGAC

GAPDH Forward GGAGCGAGATCCCTCCAAAAT

Reverse GGCTGTTGTCATACTTCTCATGG
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cell exposure to 10 µL of propidium iodide (PI) and 5 µL  
of Annexin V-FITC for 30 min at room temperature in the 
dark. The experiments were done in triplicate.

CCK-8 assay. The cell viability was measured with CCK-8 
assay kit (CCK-8, Merck KGaA). One hundred microliters 
of cell suspension in each well of 96-well plates (1,500 cells 
/well) was incubated at 37°C in 5% CO2. After 24 h of pre-in-
cubation, 10 µL of CCK-8 was added for 2 h of additional 
incubation. The absorbance (optical density, OD) at the 
wavelength of 450 nm was determined by using a microplate 
reader, and the experiment was repeated 3×. The absorb-
ance value A was measured and the proliferation rate was 
reckoned. Proliferation rate (%) = [A (transfection group)-A (Control)]/ 
/[A (Blank group)-A (Control)] × 100%. A (transfection group): absorbance 
value of cells subjected to cell transfection and CCK-8 solution; 
A (Control): absorbance value of cells incubated with culture medi-
um and CCK-8 solution; A (Blank group): absorbance value of cells 
without cell transfection but incubated with CCK-8 solution.

Dual-luciferase reporter gene assay. The TargetScan (http://
www.targetscan.org/vert_72/) was used to predict the binding 
site of miR-25-3p and IGFBP7. The mutated and wild type 
sequences in the binding site of miR-25-3p and IGFBP7 
were determined in accordance with the predicted results 
(mut-IGFBP7, wt-IGFBP7) and cloned into luciferase 
expression vectors (pGL3-Basic). Then the vectors were 
cotransfected with miR-25-5p (0, 50 nM, 300 nM, Gene 
Pharma, Shanghai, China) into HEK293T cells. After cell 
transfection, HEK293T cells were incubated with 100 µL 
of cell lysis buffer on a shaking table at room temperature 
for 20 min to lyse the cells. Firefly luciferase activity or Re-
nilla luciferase activity was measured after cell suspension 
exposure to 50 µL of luciferase reaction solution (Promega, 
Madison, WI, USA) or 50 µL of Stop&Glo reagent (Pro-
mega). The relative activity was calculated as the ratio of 
firefly luciferase activity to Renilla luciferase activity. Renilla 
luciferase activity was regarded as the internal control. Three 
replicates were set for this test.

Statistical analysis. Statistical analysis was conducted by utiliz-
ing GraphPad Prism 5 software (GraphPad Software Inc., San 
Diego, CA, USA). Student’s t-test was adopted for the com-
parison between two groups. Dunnett’s multiple comparisons 
test for comparisons among multiple groups, and the Pearson 
correlation coefficient was applied to assess the correlation 
among parameters. P values of significance were at p < 0.05.

Results

Identification of rat chondrocytes and OA cellular 
model
The morphology of isolated rat chondrocytes was 
identified by an inverted microscopy. As depicted in 
Figure 1A, the rat chondrocytes are grown adherent 

to the wall, arranged in an irregularly rounded or 
polygonal pattern and covered the bottom of dishes. 
Toluidine blue staining of aggrecan secreted by rat 
chondrocytes exhibited that the cell membrane and 
cytoplasm of chondrocytes were in blue-purple and 
the nuclei were in dark purple with obvious nucleoli 
(Fig. 1B). Results of immunofluorescent staining of 
specific type II collagenase secreted by rat chondro-
cytes expounded that the addition of specific type II 
collagen antibodies stained the cytoplasm to green, 
and DAPI stained nucleus to blue (Fig. 1C). These 
data indicated that the cells isolated from rat knee 
joints are chondrocytes.
After TNF-a stimulation for OA modeling, CCK-8 
assay, flow cytometry and Western blotting were 
adopted to evaluate the model establishment. These 
results manifested that the OA group had suppressed 
proliferation rate (Fig. 1D, p < 0.01), elevated apop-
tosis rate (Fig. 1E, p < 0.01) and enhanced cleaved 
caspase-3 expression (Fig. 1F, p < 0.01) when com-
pared with the Sham group. The above results proved 
that the cells isolated and extracted in this experiment 
are primary rat chondrocytes from the knee joint, 
and the apoptosis of chondrocytes could be induced 
by TNF-a. The successfully established OA cellular 
models could be used for subsequent experiments.

miR-25-3p facilitates cell proliferation  
and represses apoptosis in TNF-a-induced  
chondrocytes
To ascertain the role of miR-25-3p in cell apoptosis 
and proliferation under the OA-like condition, rat 
chondrocytes were transfected with miR-25-3p mimic, 
miR-25-3p inhibitor as well as corresponding negative 
controls. qRT-PCR described that OA modeling de-
creased the expression of miR-25-3p in rat chondro-
cytes (Fig. 2A, p < 0.05, vs. sham group). Transfection 
with miR-25-3p mimic heightened miR-25-3p level 
(Fig. 2B, p < 0.05, vs. mimic-NC group), while trans-
fection with miR-25-3p inhibitor inhibited miR-25-3p 
expression in the rat chondrocytes (Fig. 2B, p < 0.05, 
vs. inhibitor-NC group), suggesting that miR-25-3p 
mimic and inhibitor have good transfection efficiencies 
and can be used in the subsequent experiments.
CCK-8 assay and flow cytometry were performed to fur-
ther identify the effect of miR-25-3p on the activity of 
TNF-a-induced rat chondrocytes, and results revealed 
that the OA + miR-25-3p mimic group possessed 
elevated cell proliferation rate (Fig. 2C, p < 0.05)  
and repressed cell apoptosis (Fig. 2D, p < 0.05)  
in comparison to the OA + mimic NC group, while 
the fall in cell proliferation (Fig. 2C, p < 0.05) and the 
rise in cell apoptosis (Fig. 2D, p < 0.05) were observed 
in OA + miR-25-3p inhibitor group when compared 
with the OA + inhibitor NC group. No significant 
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Figure 1. Isolation of rat chondrocytes and establishment of osteoarthritis (OA) cellular model. A. The morphology of rat 
chondrocytes was observed by inverted microscopy, Scale bar indicates 100 μm. B. Toluidine blue staining (purple, 100×). 
C. Type II collagen staining (green, 200×), and DAPI staining (blue, 200×). The cell proliferation rate was determined by 
CCK-8 assay (D), cell apoptosis rate was assessed by flow cytometry (E) and protein level of cleaved caspase-3 was measured 
by Western blotting (F). **p < 0.01.

differences among the OA group, OA + mimic NC 
group and OA + inhibitor NC group were noted with 
regard to those indices (p > 0.05).
Western blotting showed that the OA + miR-25-3p 
mimic group had decreased cleaved caspase-3 pro-
tein expression (Fig. 2E, p < 0.05, vs. OA + mimic 
NC group), whereas the OA + miR-25-3p inhibitor 
group had increased cleaved caspase-3 (Fig. 2E,  
p < 0.05, vs. OA + inhibitor NC group). These find-
ings illustrated that miR-25-3p can enhance viability 
of rat chondrocytes and suppress apoptosis of TNF-
-a-induced chondrocytes.

TNF-a-induced chondrocyte apoptosis is promoted 
by IGFBP7
This study was undertaken to explore the role of 
IGFBP7 in OA. Analyses of qRT-PCR and Western 
blotting manifested that the mRNA and protein lev-
els of IGFBP7 were increased in rat chondrocytes fol-
lowing TNF-a induction (Fig. 3A, p < 0.05, vs. sham 
group). Additionally, overexpression of IGFBP7  
heightened IGFBP7 expression (Fig. 3B, p < 0.05, 
vs. pcDNA3.1 group), while knockdown of IGFBP7 
diminished IGFBP7 expression (Fig. 3B, p < 0.05, 
vs. si-NC group). These results indicated good 
transfection efficiencies of si-IGFBP7 and pcD-
NA3.1-IGFBP7.
Results of CCK-8 assay, flow cytometry and West-
ern blotting revealed that transfection with pcD-
NA3.1-IGFBP7 elevated cell apoptosis (Fig. 3D, 

p < 0.05, vs. OA + pcDNA3.1 group) and protein 
level of cleaved caspase-3 (Fig. 3E, p < 0.05), along 
with decreased cell viability (Fig. 3C, p < 0.05) of 
rat chondrocytes, while transfection with si-IGFBP7 
had opposite findings (Fig. 3C–E, p < 0.05, OA + 
si-IGFBP7 group vs. OA + si-NC group). There were 
no remarkable differences in these factors among 
the OA, OA + si-NC and OA + pcDNA3.1 groups. 
Collectively, IGFBP7 can accelerate TNF-a-induced 
chondrocyte apoptosis and inhibit cell proliferation.

miR-25-3p negatively mediates IGFBP7
The aforementioned results have addressed that 
miR-25-3p and IGFBP7 play opposite roles in the 
regulation of chondrocyte viability and apoptosis. 
Subsequently, whether miR-25-3p can regulate 
IGFBP7 in chondrocytes needs to be investigated. 
Prediction by the online biological software StarBase 
2.0 displayed that miR-25-3p had a binding site with 
IGFBP7. Dual-luciferase reporter gene assay exhib-
ited that the luciferase activity of HEK293T cells in 
the IGFBP7 3’-UTR WT group was decreased by 
transfection of miR-25-3p mimic in a dose dependent 
manner (Fig. 4A, p < 0.05). While transfection with 
miR-25-3p mimic had no significant impact on the 
luciferase activity of HEK293T cells in the IGFBP7 
3’-UTR MUT group, indicating the binding of miR-
25-3p and IGFBP7. qRT-PCR and Western blotting 
further corroborated this finding. Transfection with 
miR-25-3p mimic suppressed IGFBP7 in rat chon-
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Figure 2. MiR-25-3p enhances the viability and reduces the apoptosis of TNF-a-induced rat chondrocytes. qRT-PCR de-
tection of miR-25-3p expression in rat chondrocytes after OA modeling (A) and the transfection efficiency of miR-25-3p 
mimic and inhibitor (B). CCK-8 assay was used to measure the effect of miR-25-3p on chondrocyte viability (C). The role 
of miR-25-3p in cell apoptosis after OA modeling was determined by flow cytometry (D). Western blotting was utilized to 
detect the effect of miR-25-3p on protein expression of cleaved caspase-3 after TNF-a induction (E). *p < 0.05, **p < 0.01,  
OA — osteoarthritis.

drocytes (Fig. 4B–C, p < 0.05, miR-25-3p mimic 
group vs. mimic NC group), whereas transfection with 
miR-25-3p inhibitor raised IGFBP7 level (Fig. 4B–C, 
p < 0.05, miR-25-3p inhibitor group vs. inhibitor NC 
group). Taken together, miR-25-3p may negatively 
regulate IGFBP7.

miR-25-3p negatively targets IGFBP7 to inhibit  
the apoptosis of TNF-a-induced rat chondrocytes
It will be further verified whether miR-25-3p could 
exert its effect on chondrocyte apoptosis by regulating 
IGFBP7. CCK-8 assay, flow cytometry and Western 
blotting uncovered that there were increased cell 
viability (Fig. 5A, p < 0.05), repressed cell apoptosis 
(Fig. 5B, p < 0.05) and decreased cleaved caspase-3 
expression (Fig. 5C, p < 0.05) in the OA + miR-25-3p  
mimic group rather than in the OA group or OA 
+ miR-25-3p mimic + pcDNA3.1-IGFBP7 group. 
Furthermore, overexpression of IGFBP7 in OA chon-
drocytes heightened cell apoptosis rate, increased 
cleaved caspase-3 expression, and diminished cell 
viability (Fig. 5A–C, p < 0.05, OA group vs. OA + 

pcDNA3.1-IGFBP7 group), while following exposure 
to miR-25-3p mimic revered these trends (Fig. 5A–C, 
p < 0.05, OA + pcDNA3.1-IGFBP7 group vs. OA 
+ miR-25-3p mimic + pcDNA3.1-IGFBP7 group). 
These data implicated that miR-25-3p may negatively 
target IGFBP7 to promote proliferation and restrain 
apoptosis of rat chondrocytes induced by TNF-a.

Discussion

OA, typified by joint space narrowing and a degener-
ative loss of cartilage integrity, is a dominant reason 
for disability, pain, and shortening of adult working 
life [17]. Interestingly, there is evidence showing that 
apoptosis is progressively recognized as a crucial driv-
er of OA cartilage pathology [18, 19]. Dysregulated 
gene expression in chondrocytes is implicated in the 
apoptosis and proliferation of chondrocytes, empha-
sizing the functional role of miRNAs in controlling 
chondrocyte apoptosis and development of OA [9, 
20]. In the present study, the chondrocytes were iso-
lated from cartilage tissues of rats under sterile con-
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Figure 3. IGFBP7 pushes the apoptosis of TNF-a-induced rat chondrocytes. A. The IGFBP7 expression in chondrocytes 
after OA modeling was determined by qRT-PCR and Western blotting. B. The transfection efficiencies of si-IGFBP7 and 
pcDNA3.1-IGFBP7 were measured by qRT-PCR. CCK-8 assay was used for the assessment of chondrocyte viability (C), 
flow cytometry for determination of cell apoptosis after OA modeling (D), and Western blotting for measurement of cleaved 
caspase-3 protein expression after TNF-a induction (E).*p < 0.05,**p < 0.01, ***p < 0.001; OA — osteoarthritis.

ditions, cell cultures were established and then cells 
were induced with TNF-a. Subsequently, the effects 
of miR-25-3p on the proliferation and apoptosis of 
chondrocytes were researched in this study to reveal 
OA etiology. The results from our study suggested 
that miR-25-3p represses the apoptosis and promotes 
the proliferation of rat chondrocytes under the OA-
like condition by IGFBP7 suppression.
Initially, we identified that the morphology of isolated 
cells shared some characteristics with chondrocytes. 
Furthermore, these findings were further supported 
by the results of toluidine blue staining of aggrecan 
and immunofluorescent staining of specific type II 
collagenase, which suggested that the isolated cells 
from rats are chondrocytes. Then, the chondrocytes 
were exposed to 20 ng/mL of TNF-a to induce OA in 

chondrocytes. A series of analyses demonstrated that 
TNF-a induction caused apoptosis of chondrocytes, 
indicating successful OA cellular model. The expres-
sion of miR-25-3p was significantly decreased in the in 
vitro OA model. This has been previously suggested 
by a bioinformatical analysis of the osteoarthritis-as-
sociated miRNA [21–25]. Additionally, miR-25-3p 
was found to interfere with the proliferation and ap-
optosis of chondrocytes under the OA-like condition. 
As a member of the miR-106b-25 cluster, miR-25 has 
been identified to be abnormally expressed in various 
types of tumor and to confer functional roles during a 
variety of tumor-related processes, including tumor-
igenesis and cancer cell migration, proliferation and 
metastasis [26]. For example, miR-25-3p functions as 
an oncogenic miRNA in osteosarcoma by targeting 
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Figure 5. MiR-25-3p inhibits the apoptosis of TNF-a-induced rat chondrocytes by suppressing IGFBP7. CCK-8 assay 
was utilized for inspection of chondrocyte proliferation rate (A), flow cytometry for detection of cell apoptosis rate  
(B) and Western blotting for assessment of cleaved caspase-3 expression (C). **p < 0.01 compared to OA group; &p < 0.05,  
&&p < 0.01, &&&p < 0.001 compared to OA + miR-25-3p group; OA — osteoarthritis.

Figure 4. IGFBP7 is negatively regulated by miR-25-3p in rat chondrocytes. A. Left: the binding site and mutation site of 
IGFBP7 and miR-25-3p; right: the binding of miR-25-3p to IGFBP7 displayed by dual-luciferase reporter gene assay. The 
regulation of miR-25-3p on the mRNA and protein levels of IGFBP7 was exhibited by qRT-PCR (B) and Western blotting 
(C). *p < 0.05 compared to IGFBP7 3’UTR WT group; #p < 0.05 compared to mimic NC group. &p < 0.05 compared to 
inhibitor NC group. WT — wild type; NC — negative control; UTR — untranslated region.

Merlin, and may serve as a potential therapeutic target 
for osteosarcoma [27]. Previously, miR-25 was ex-
pounded to involve in the metastasis and proliferation 
of non-small cell lung cancer by targeting the LATS2/ 
/YAP pathway [28]. Moreover, in triple-negative 

breast cancer, the biological effects of miR-25-3p on 
cell apoptosis and proliferation through BTG2 me-
diation and subsequent activation of AKT and ERK-
MAPK pathway were also elucidated in a recent study 
[29]. In agreement with recent studies, we found that 
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miR-25-3p facilitated proliferation and suppressed 
apoptosis of TNF-a-induced chondrocytes. Our 
finding was subsequently corroborated by the loss 
and gain of miR-25-3p function, which addressed that 
overexpression of miR-25-3p enhanced cell viability, 
decreased cell apoptosis and diminished cleaved 
caspase-3, while knockdown of miR-25-3p promoted 
cell apoptosis and repressed cell proliferation.
The second novel observation of this study that has not 
been reported before is the finding of a possible role 
of IGFBP7 in the pathomechanisms of OA because 
we showed that there is a reciprocal relationship be-
tween the expression of miR-25-3p and IGFBP7 in the 
TNF-a-induced OA model. In the current study, the 
expression level of IGFBP7 was found to be increased 
in rat chondrocytes following TNF-a induction. IGF-
BP7 is a protein secreted from the IGFBP family [30]. 
In this study, IGFBP7 conferred crucial effects on the 
biological behaviors of TNF-a-induced rat chondro-
cytes. A lot of experiments illustrated that IGFBP7 
facilitated TNF-a-induced chondrocyte apoptosis and 
inhibited cell proliferation. The previous study has 
illustrated that IGFBP7 restrains thyroid carcinoma 
cell proliferation through suppressing cell cycle pro-
gression and AKT activity [31]. IGFBP7 is reported 
to trigger the apoptosis of acute myeloid leukemia cell 
and to synergize with chemotherapy in suppressing 
leukemia cells [32]. Additionally, IGFBP7 may exert 
a therapeutic role in estrogen deficiency-induced 
osteoporosis [12]. With regard to these evidences, 
we ensured that IGFBP7 plays an indispensable role 
in the proliferation and apoptosis of TNF-a-induced 
rat chondrocytes. Subsequently, the online biological 
software StarBase 2.0 predicted that IGFBP7 was a 
target gene of miR-25-3p. Subsequently, dual-lucif-
erase reporter gene assay verified that miR-25-3p 
can target the 3’-UTR of IGFBP7. Toward this end, 
gene cotransfection for rescue assay was arranged, 
and we discovered that miR-25-3p can promote cell 
growth and repress cell apoptosis in TNF-a-induced 
rat chondrocytes by targeting IGFBP7.
In conclusion, these data signified that miR-25-3p/IG-
FBP7 axis may possess a positive effect on mediating 
the pathologic response to apoptosis for chondrocytes. 
Furthermore, our study provides evidence that miR-
25-3p suppresses the apoptosis of rat chondrocytes 
and promotes cell proliferation by targeting IGFBP7. 
This study may be useful for future research on tar-
geting miR-25-3p in the treatment of OA. However, 
there exists a limitation in our study. These findings 
were only observed in vitro and will be validated in 
an animal model in future experiments. An investiga-
tion with larger sample sizes are needed to provide a 
deeper insight regarding which pathways miR-25-3p 

modulates to affect the proliferation and apoptosis 
of OA chondrocytes. More and more methods have 
been shown to be effective in treating OA [33–35]. 
Therefore, it is still vital to explore new potential 
treatment strategies for OA progression.
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Abstract
Introduction. Bladder cancer (BCa) is one the most common urinary system malignancies and approximately one 
quarter of diagnosis is invasive muscle-invasive BCa. Accumulating evidence revealed that keratin 17 (KRT17) is 
closely related to the prognosis and progression of various tumors including a recent study also implying the poten-
tial role of KRT17 in the diagnosis of BCa. However, the specific role of KRT17 in BCa remains to be elucidated.
Material and methods. The expression of KRT17 in 5637 BCa cells and SV-HUC-1 normal human urothelial 
cells was detected using quantitative real-time PCR (qRT-PCR) and western blot. Short hairpin RNA targeting 
KRT17 was used to knockdown KRT17 in BCa cells. The colony formation was assessed and the proliferation 
of cells was studied by Cell Counting Kit-8 (CCK-8). Invasion and epithelial-mesenchymal transition (EMT) 
capacity of BCa cells were assessed using transwell assay and western blot, respectively. Cisplatin sensitivity of 
cancer cells was measured by evaluating the cell viability using CCK-8 assay. The downstream pathway of KRT17 
was explored by western blot.
Results. The expression of KRT17 was elevated in BCa cells in comparison with the normal human urothelial 
cell at the mRNA and protein levels. The in vitro assays demonstrated that KRT17 interference affected the 
proliferation, colony formation and invasion capacity of BCa cells, as well as EMT. Furthermore, knockdown 
of KRT17 enhanced cisplatin sensitivity in BCa cells. Mechanically, KRT17 ablation led to the inactivation of 
both AKT and ERK pathways.
Conclusions. Our results elucidate the vital role of KRT17 in the development of malignancy of BCa cells, 
probably by the activation of AKT and ERK pathways and suggest that it may represent a novel therapeutic 
target for BCa. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 1, 40–48)

Key words: bladder cancer; SV-HUC-1 cells; 5637 cells; keratin 17; shRNA; EMT; proliferation; invasion; 
cisplatin sensitivity; AKT; ERK

Introduction

Bladder cancer (BCa) is one of the most common 
malignancies of the urinary tract with approximately 
440,000 newly diagnosed and 150,000 deaths every 
year [1]. Approximately 25–30% patients are di-

agnosed as muscle-invasive BCa [2]; the rest are 
diagnosed as non-muscle-invasive BCa. Muscle-in-
vasive BCa is more prone to infiltrate other tissues 
and metastasize. Patients with metastatic BCa have 
poor prognosis with less than 10% of 5-year survival 
rate [3]. Surgical techniques, radiation therapy and 
chemotherapy are widely applied in BCa treatment; 
however, the high rate of recurrence and mortality 
are not well controlled. For example, cisplatin is  
a front-line chemotherapeutic agent for BCa treat-
ment since most patients show a good initial response 
to cisplatin, unfortunately they will ultimately develop 
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the cisplatin-resistance [4]. The patients with cisplatin 
resistance usually suffer a recurrence what limits the 
therapeutic potential of chemotherapy [5]. Recent 
advances in morphological investigation have indicat-
ed some ultrastructural changes in cisplatin-resistant 
(Cis-R) bladder cancer cells, e.g., more double mem-
brane vesicles and pinocytic vesicles [6]. Moreover, the 
Cis-R cells develop some strategies to reduce cisplatin 
uptake and accelerate cisplatin efflux [7]. The devel-
opment of malignancy and chemoresistance of BCa 
are not well understood; thus, there is a great need 
to increase our knowledge about progression of BCa. 
Keratins are members of the intermediate filament 
family of proteins, and are widely expressed in epi-
thelial cells. Currently, there are 54 known distinct 
keratins in mammals, 28 type I keratins and 26 type 
II keratins [8], according to their substructure and 
sequence homology. The keratins provide structural 
support and maintain cellular integrity of epithelial 
cells. Besides, accumulating evidence suggests the reg-
ulatory roles of keratins in multiple cellular functions, 
including proliferation and motility. The role of kerat-
ins as markers in tumor progression has been widely 
documented. For instance, the loss of keratin 8 and 
18 in epithelial cancer cells increases their migration 
and invasion capacity, as well as cisplatin sensitivity 
[9]. It was reported that keratin 19-positive hepato-
cellular carcinoma cells display such properties like 
self-renewal capacity, higher proliferation rate and 
5-fluorouracil resistance [10]. Besides, the high level 
of keratin 14 was noticed to be closely associated with 
the nodal metastasis of lung cancer, and the further 
research revealed the relationship between keratin 
14 and gastrokine 1 expression in metastasis [11]. 
The pro-tumor role of keratin 23 was also observed 
in human colorectal cancer by promoting stem cell 
properties, proliferation and migration [8]. Keratin 17 
(KRT17) belongs to the type I intermediate filaments 
family. The aberrant expression of KRT17 has been 
investigated in various carcinomas, and could serve 
as a potential diagnostic and prognostic marker, 
including cervical carcinoma, breast cancer and oral 
carcinoma [12–14]. A recent study based on RNA-
seq analysis of urinary extracellular vesicle mRNA 
from patients with urological diseases identified the 
overexpression of KRT17 in high stage BCa [15]. 
Moreover, KRT17 has been recognized as a sensi-
tive and specific biomarker in diagnosis of urothelial 
neoplasia, and muscle-invasive urothelial carcinoma 
had a higher proportion of positive KRT17 detection 
than the non-muscle-invasive type [16]. These clinical 
findings may imply the potential role of KRT17 in 
bladder tumorigenesis; however, its specific effect 
remains to be elucidated.

In an attempt to certify the implication of KRT17 in 
BCa, we knockdowned KRT17 in two different BCa 
cell lines, T24 and 5637, and our results demonstrated 
that knockdown of KRT17 leads to a decrease of pro-
liferation and invasion, as well as epithelial-mesenchy-
mal transition (EMT); furthermore, KRT17-deficient 
BCa cells were more sensitive to cisplatin. Mechanis-
tically, silencing of KRT17 deactivated AKT and ERK 
pathway by suppressing phosphorylation. These data 
may suggest the critical role of KRT17 in the tumor-
igenesis and cisplatin resistance of BCa implicating 
KRT17 as a possible target for BCa therapy.

Materials and methods

Cell culture and lentiviral transfection. The normal 
human urothelial cells SV-HUC-1 and human BCa cell 
lines 5637 were obtained from American Type Culture 
Collection (Manassas, VA, USA), and the human BCa 
cell lines (T24, J82 and TCCSUP) were obtained from the 
Chinese Academy of Sciences (Shanghai, China). All the 
cells were cultured in DMEM medium (Gibco, Carlsbad, 
CA, USA) supplemented with 10% fetal bovine serum 
(FBS). Lentiviral vectors expressing shRNA targeting 
KRT17 or negative control were generated from Gen-
Pharma (Shanghai, China). BCa cells were transfected 
with recombinant lentiviruses in the presence of 5 μg/mL 
polybrene according to the manufacturer’s instruction. At 
48 hours after infection, the efficiency of transfection was 
measured by western blot.

RNA isolation and quantitative RT-PCR (qRT-PCR). Total 
RNA was extracted using TRIzol (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s instructions. Comple-
mentary DNA (cDNA) was synthesized using Takara First 
Strand cDNA Synthesis Kit following the manufacturer’s 
instructions. Real-time (RT)-PCR amplifications were 
performed with SYBR Green (TaKaRa, Dalian, Liaoning, 
China). The GAPDH was used as reference to normalize 
the KRT17 expression. The genes primers and accession 
numbers employed in this study were listed in Table 1. The 
relative expression of the KRT17 was calculated using 2-ΔΔCT 
method [17].

Western blot assay. Total proteins were extracted from cells 
using pre-cooling mammalian protein extraction reagent 
RIPA (Beyotime Bio, Shanghai, China) containing cocktail 
(SigmaAldrich, St. Louis, MO, USA). BCA Protein Assay 
kit (Beyotime Bio) was applied for protein concentration 
determination. An equal amount of protein was separated 
with 10% SDS-PAGE and transferred onto polyvinylidene 
fluoride (PVDF) membranes (SigmaAldrich). After blocked 
by 5% non-fat milk for 2 h, the PVDF membranes were 
incubated overnight at 4°C with specific primary antibodies 
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Table 1. Genes, primers sequences and accession numbers

Gene Accession number Forward primer (5’-3’) Reverse primer (5’-3’)

KRT17 NM_000422 CTCAGTACAAGAAAGAACCGGTGA CACAATGGTACGCACCTGAC

GAPDH NM_002046 AATCCCATCACCATCTTCCAG CACGATACCAAAGTTGTCATGG

against keratin 17 (ab109725, 1:2000, Abcam, Cambridge, 
MA, USA), GAPDH (ab8245, 1:5000, Abcam), E-cadherin 
(ab238099, 1:2000, Abcam), N-cadherin (ab98952, 1:5000, 
Abcam), vimentin (ab92547, 1:1000, Abcam), p-AKT (SC-
1619, 1:2000, Santa Cruz Biotechnology, Santa Cruz, CA, 
USA), AKT (SC-1619, 1:2000, Santa Cruz Biotechnology), 
p-ERK (ab76299, 1:2000, Abcam), ERK (ab184699, 1:3000, 
Abcam). Protein signals were visualized using Bio-Rad 
imaging system (Hercules, CA, USA) and analyzed using 
Image J Software (NIH, Bethesda, MD, USA).

Cell viability assay and colony formation assay. Cell via-
bility was detected using the Cell Counting Kit-8 (CCK-8; 
Diojindo Laboratories, Kumamoto, Japan) following manu-
facturer’s instructions. The transfected cells were seeded on 
96-well plates at 2000 cells/well. CC-K8 solution was added 
at indicated time and cells were incubated for 1 h in dark. 
The absorbance at a wavelength of 450 nm was measured 
using a microplate reader.
For colony formation assay, cells were plated into 6-well 
plates at 500 cells/well and incubated at 37°C. After two 
weeks of cultivation, the plates were fixed with methanol and 
stained with crystal violet, and the colonies were counted 
and photographed. 

Transwell assay. Approximately 2 × 104 cells suspended 
in serum-free medium were seeded to the upper chambers  
(8 μm pore size, Costar, Cambridge, MA, USA). The low-
er chamber was filled with medium containing10% FBS. 
After incubation at 37°C for 24 h, non-invasion cells on the 
upper chamber were removed and the invasion cells on the 
lower surface were fixed with 4% formaldehyde and stained 
with crystal violet. Images of stained cells were counted in  
5 randomly selected microscopic fields. 

Cisplatin sensitivity determination. The transfected cells 
were seeded into 96-well plates at a density of 5000 cells/well 
and incubated with increasing concentrations of cisplatin 
(SigmaAldrich) for 24 h or 48 h. After incubation, the cell 
viability was measured using the CCK-8 method according 
to the manufacturer’s instructions.

Statistical analysis. All results are present as mean ± 
standard deviation (SD) from at least three independent 
determinations. Student t-test was performed to compare 
the difference between two groups. P < 0.05 was considered 
statistically significant.

Results

Expression of KRT17 was upregulated in BCa cells
Given the KRT17 as an oncoprotein, we first deter-
mined whether the expression KRT17 varies between 
normal and malignant cells. Firstly, one normal 
human urothelial cell line (SV-HUC-1) and four 
BCa cell lines (5637, T24, J82 and TCCSUP) were 
employed in our experiment to detect the expression 
of KRT17. As indicated in Figure 1A and 1B, KRT17 
mRNA and protein levels were significantly higher 
in four BCa cell lines compared to normal urothelial 
cells, and T24 and 5637 cells showed the highest ex-
pression. These results may imply the involvement of 
KRT17 in malignance of bladder cancer cells.

Knockdown of KRT17 suppressed BCa cells 
proliferation
To study the biological role of KRT17 in the reg-
ulation of cell proliferation, the BCa cells with the 
highest level of KRT17 were selected for lentiviral 
knockdown assay. After 48 h past transfection, the 
knockdown efficiency was evaluated using western 
blot (Fig. 2A). As shown in Figure 2B, depletion of 
KRT17 led to a significant decline of cell viability in 
two BCa cell lines. Furthermore, KRT17 knockdown 
also impaired the colony-forming capacity in both 
types of cancer cells (Fig. 2C). Taken together, these 
findings suggested the proliferation inhibitory effects 
of KRT17 knockdown in BCa cells.

Knockdown of KRT17 suppressed BCa cells 
invasion and EMT
It is well established that invasion is the first step of 
metastasis, translocation of the cells of the primary 
tumor to the distant organs [18]. As previous report-
ed, higher expression of KRT17 in muscle-invasive 
urothelial carcinoma [16], it is necessary to elucidate 
the role of KRT17 in BCa cell invasion. As shown in 
Figure 3A, the invasion capacity assessed by transwell 
assay was remarkably suppressed by KRT17 ablation 
in both BCa cell lines. Since cells which undergo EMT 
lose some epithelial features and gain features much 
like mesenchymal cells, including migratory capacity 
[19], we decided to determine whether the knockdown 
of KRT17 affect EMT process in BCa. In accordance 
with our hypothesis, silencing of KRT17 significantly 
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A B

C

Figure 2. KRT17 depletion suppressed proliferation and colony formation of BCa cells. T24 and 5637 cells were transfected 
with KRT17 shRNA or scramble shRNA as described in Methods. A. The KRT17 knockdown efficiency in T24 BCa cells 
and normal urothelial 5637 cells was evaluated by western blot. B. and C. Viability and colony formation capacity of BCa 
cells was detected using CCK-8 (B) and colony formation assays (C), respectively (*p < 0.05, Student’s t-test).

A

Figure 1. Expression of keratin 17 (KRT17) was increased in bladder cancer (BCa) cells. Relative KRT17 mRNA (A) 
and protein (B) expression in human BCa cells (T24, J82, 5637, TCCSUP cell lines) and normal human urothelial cells  
(SV-HUC-1), *p < 0.05, Student’s t-test.

B

changed EMT-related markers, such as the increase 
of E-cadherin, and decrease of N-cadherin and vi-
mentin expression (Fig. 3B). These data indicated 
that KRT17 may have an important role in BCa cells’ 
invasion and EMT. 

Knockdown of KRT17 enhanced the sensitivity  
to cisplatin of BCa cells
Previous studies have linked KRT17 expression with 
paclitaxel resistance in cervical cancer [20]. To deter-
mine whether depletion of KRT17 could influence the 
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A

B

Figure 3. KRT17 depletion suppressed invasion capacity and epithelial-mesenchymal transition in BCa cells. A. Transwell 
assay was conducted to evaluate the invasion capacity of T24 BCa cells and normal urothelial 5637 cells after shKRT17 
transfection. B. EMT-related expression of proteins (epithelial marker: E-cadherin; mesenchymal markers: N-cadherin and 
vimentin) was evaluated using western blot after transfection of T24 and 5637 cells with shKRT17 or its negative control  
(Y axis represent the relative protein abundance normalized to the GAPDH), *p < 0.05, Student’s t-test.

cisplatin tolerance, BCa cell lines T24 and 5637, trans-
fected with shKRT17 were incubated with indicated 
concentration of cisplatin for 24 h and 48 h. As shown 
in Figure 4A and 4B, survival T24 cells with KRT17 
interference was dramatically reduced compared to 
the counterpart transfected with negative control, 
after incubation for 24 h and 48 h. A similar result 
was also investigated in 5637 cells (Fig. 4C and 4D), 
suggesting the implication of KRT17 in the cisplatin 
tolerance of BCa. 

KRT17 regulated AKT and ERK pathway
It has been reported previously that KRT17 silencing 
inactivates ERK1/2 but not AKT pathway in pancre-
atic cancer cells [21]. Therefore, we tested whether 
the same mechanism of KRT17 action is involved in 
BCa. The activation of ERK and AKT pathway was 
evaluated by western blot as shown in Figure 5. Our 
results suggest that phosphorylated-ERK1/2 was de-
creased in KRT17-knockdown cells while the content 
of the total ERK1/2 remained unchanged. Besides, the 

activation of AKT was also reduced after KRT17 abla-
tion in both cell types when compared to the control, 
as assessed by the reduction of phosphorylated-AKT. 
Thereby, these results indicate that targeting KRT17 
may exert antitumor function through inactivation of 
both ERK and AKT pathways.

Discussion

BCa is still a major cause of mortality of human uri-
nary tract malignancies due to the distant metastasis 
and high recurrence rates. Metastasis is an important 
feature of malignancy and EMT is a critical process 
for metastasis of cancer cells. Cells which undergo 
EMT lose some epithelial features and gain features 
much like mesenchymal cells, with more migratory 
capacity, escaping from the primary tumor and dis-
seminating to other organs via continuity or by the 
blood or lymphatic vessels [22]. Since the gain of in-
vasive capacity increases aggressiveness and mortality 
of BCa, a better understanding of the pathogenesis 
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Figure 4. KRT17 depletion increased the cisplatin sensitivity of BCa cells. Cisplatin tolerance of T24 (A &B) and 5637 (C & 
D) cells was assessed after shNC or shKRT17 transfection after 24 h and 48 h of incubation with the indicated concentration 
of cisplatin, respectively. *p <0.05, Student’s t-test.

A B

C D

Figure 5. KRT17 depletion led to the inactivation of AKT and ERK pathways. Western blot was conducted to detect The 
effects of KRT17 knockdown on AKT and ERK pathways activation were assessed by western blot, p-AKT and p-ERK1/2 
represent phospho-AKT and phospho-ERK1/2, AKT and ERK1/2 represent total AKT and phospho-ERK1/2. Y axis rep-
resents the relative protein abundance normalized to the GAPDH. *p < 0.05, Student’s t-test.
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of BCa is of great importance for anticancer therapy. 
In this study, we reported that KRT17 expression was 
associated with BCa malignant characteristics, such 
as proliferation, invasion, EMT and chemotherapy 
resistance. In addition, we also revealed that the 
silencing of KRT17 leads to the inactivation of both 
AKT and ERK pathway. 
Recent studies have established that the aberrant 
expression of KRT17 has been observed in various 
types of malignancies. For instance, a study on pan-
creatic cancer suggests that high expression of KRT17 
is closely related with short survival and implies ag-
gressive form of pancreatic ductal adenocarcinoma 
[23]. Moreover, KRT17 expression is correlated 
with triple-negative breast cancer and predicts poor 
prognosis [14]. In our present study, higher KRT17 
expression was found in BCa cells than normal human 
urothelial cell, similarly as shown by Murakami et al. 
[15] and Babu et al. [16]. Together, these findings 
may imply the potential role of KRT17 in the bladder 
tumorigenesis.
The relationship between KRT17 and cancer growth 
and metastasis has been documented in several solid 
tumors. For instance, KRT17 ablation suppresses the 
proliferation of oral squamous cell carcinoma in vitro 
and in vivo in nude mice [24]. Similarly, the pro-pro-
liferation function of KRT17 was also observed in 
pancreatic cancer cell line [21]. It was demonstrated 
that pancreatic cancer cells transfected with KRT17 
siRNA showed lower Reactive-Oxygen-Species and 
mTOR/S6K1 phosphorylation levels, as well as re-
duced proliferation, migration and invasion [25]. In 
lung adenocarcinoma, overexpression of KRT17 is 
closely associated with advanced TNM stage and poor 
overall survival, and KRT17 depletion remarkably 
suppresses cancer cell proliferation and invasion in 
vitro [26]. Besides, the high expression of KRT17 also 
predicts the poor prognosis in cervical cancer, and 
further investigations revealed that KRT17 functions 
as a negative regulator of p27KIP1, which prevents cell 
G0-G1 to S-phase transitions [27]. KRT17 loss-of-
function inhibits cervical cancer cells proliferation 
by modulating p27KIP1 subcellular localization and 
degradation [27]. In the present study, we noticed that 
BCa cells with KRT17 depletion showed decreased 
viability, colony formation capacity and invasion, 
consistent with the previous observations in other 
cancer cell lines. 
It is widely accepted that EMT plays critical roles in 
cancer progressions, including initiation, prolifera-
tion, dissemination, metastasis and chemotherapy 
resistance [28]. During the process of EMT, tumor 
cells lose their epithelial characteristics and acquire a 
mesenchymal phenotype, supporting cell survival and 

metastasis [29]. The involvement of KRT17 in EMT 
progression is also reported by some recent studies. 
Chiang and colleagues demonstrates the potential 
role of  KRT17 in EMT process in areca nut-induced 
cancer [30]. Recent studies conducted on cervical 
cancer cells [20] and non-small cell lung cancer cells 
[31] also confirm the contribution of KRT17 in the 
EMT process. We noticed that KRT17 knockdown 
impaired EMT in BCa cell lines, in accordance with 
these previous reports. 
It is well established that cancer cells would acquire 
some features similar to cancer stem cells, which con-
fers the capacity to drug efflux or other mechanisms 
to resist chemotherapy cytotoxicity [31]. Data from 
studies of cervical cancer has proven that KRT17 de-
pletion leads to drug sensitivity [20, 27]. In our study, 
the interference of KRT17 indeed increased cisplatin 
sensitivity, and this sensitivity to cisplatin may result 
from the EMT process reversal.
Intriguingly, when we analyzed the downstream 
pathways of KRT17, we noticed that the ablation of 
KRT17 also leads to the deactivation of both AKT and 
ERK pathway. It was reported that KRT17 deficien-
cy impairs the activation of ERK, while makes little 
difference on AKT activation in pancreatic cancer 
cells [21], which disagrees with our present results. 
However, a recent in vitro and in vivo study on osteo-
sarcoma cells have shown that KRT17 participates in 
the regulation of the AKT/mTOR/HIFa pathway [32]. 
Besides, the pro-tumor effect of KRT17 was found 
to be AKT-dependent in gastric cancer [33], as well 
as in esophageal squamous cell carcinoma [34]. The 
inconsistences between the reported studies may be 
caused by the underlying cell type specificity in various 
types of tumor.
In the present work, we confirmed for the first time 
that KRT17 may promote BCa progression by means 
of various processes including proliferation, migra-
tion, invasion, EMT and drug resistance. The silencing 
of KRT17 impairs both ERK and AKT phosphoryla-
tion activation in BCa cells, suggesting ERK and AKT 
as downstream effectors of KRT17. 
We are aware that our study has some weak points. 
The main drawback of this study is that although we 
revealed the role of KRT17 in BCa malignancy and 
identified ERK and AKT pathways as the downstream 
of KRT17, the correlation between BCa malignancy 
and pathways are not well illuminated. In other words, 
whether KRT17 affects BCa malignancy via modu-
lation of ERK and AKT pathways is still elusive. In 
conclusion, our study is the first to suggest the vital 
role of KRT17 in the progression of bladder cancer, 
and may imply the potential therapeutic value of 
KRT17 targeting in BCa treatment.
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Abstract
Introduction. Alzheimer’s disease (AD), a very common neurodegenerative disorder, is mainly characterized by the 
deposition of b-amyloid protein (Ab) and extensive neuronal cell death. Currently, there are no satisfactory therapeutic 
approaches for AD. Although neuroprotective effects of genistein against Ab-induced toxicity have been reported, the 
underlying molecular mechanisms remain unclear. Furthermore, the PI3K/Akt/Nrf2 signaling pathway is associated with 
AD. The aim of the study was to investigate whether genistein can modulate Nrf2/HO-1/PI3K signaling to treat AD.
Materials and methods. Cell viability assay, the measurement of heme oxygenase-1 (HO-1) expression by reverse 
transcription-polymerase chain reaction (RT-qPCR), and western blot were performed on the SH-SY5Y cells 
induced by Ab25–35 in response to the treatment with genistein. Moreover, PI3K p85 phosphorylation was measured.
Results. Genistein enhanced the HO-1expression at both the mRNA and protein levels, as well as the PI3K 
p85 phosphorylation level. In addition, genistein increased the survival of SH-SY5Y cells treated with Ab25–35via 
HO-1 signaling. However, following transfection with Nrf2 small interfering RNA (siRNA) and treatment with 
LY294002, an inhibitor of PI3K p85, genistein could not upregulate HO-1 to exert neuroprotective effects on 
SH-SY5Y cells treated with Ab25–35. 
Conclusions. These results suggest that genistein exerts a neuroprotective effect on SH-SY5Y cells in vitro via Nrf2/ 
/HO-1/PI3K signaling, providing a foundation for the application of genistein in the treatment of neurodegenerative 
diseases related to Nrf2/HO-1/PI3K signaling. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 1, 49–56)

Key words: Alzheimer’s disease; amyloid b25–35; in vitro; SH-SY5Y cells; genistein; heme oxygenase-1; Nrf2; 
siRNA; Nrf2/HO-1/PI3K pathway

Introduction

Alzheimer’s disease (AD), a progressive neurodegen-
erative disease, affects the aging population around 
the world [1] and accounts for approximately 60–80% 

of dementia cases [2]. AD is characterized by the ac-
cumulation of b-amyloid peptide (Ab), neurofibrillary 
tangles (NFTs) and neuronal loss [3, 4]. The deposi-
tion of Ab may serve as the key step in the initiation of 
the AD pathological process, and other downstream 
events, including neuroinflammation, oxidative stress 
and tau protein accumulation, may be the main causes 
of neurodegeneration [5]. Currently, despite large 
improvements in understanding the pathogenesis of 
AD, existing drugs can only alleviate the symptoms 
and slow the progression of cognitive declines; there 
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are no effective strategies for the treatment of AD 
[6–8]. As a consequence, identifying the pathological 
molecular mechanisms is a very important research 
target related to the treatment of AD.
The present study aimed to focus on the natural prod-
ucts with cost-effective and fewer toxic properties. It 
has been widely acknowledged that phytochemicals, 
including genistein, curcumin, resveratrol, quercetin 
and catechins, are promising therapeutics for the 
treatment of AD due to their functions in inhibiting 
oxidative stress, neuroinflammation and mitochon-
drial dysfunction [9]. Genistein, a natural isoflavone 
constituent found in soybean extract, can cross the 
blood-brain barrier in mice [10] and it possesses a vari-
ety of pharmacological activities, including anticancer, 
anti-fibrotic, anti-inflammatory and anti-oxidative 
activities [11, 12]. Additionally, genistein is a cell-per-
meable, reversible, substrate competitive inhibitor of 
protein tyrosine kinases, including autophosphoryla-
tion of epidermal growth factor receptor kinase, and 
regulates diverse intracellular signal transductions 
[13]. Genistein downregulates the production of 
TNF-a and the activation of NF-kB in endothelial 
cells [14, 15], and reduces the production of TLR4 in 
lipopolysaccharide (LPS)-induced BV2 microglia cell 
line [16]. Genistein has also been reported to improve 
learning and memory in numerous diseases [17–19], 
as well as ameliorate astrogliosis in AD [20, 21].
Since multiple and interdependent mechanisms 
are involved in the pathological process of AD, the 
present study searched for other targets relating 
to genistein that could ameliorate AD. Therefore, 
nuclear factor erythroid 2-related factor 2(Nrf2)/ 
/heme oxygenase-1 (HO-1) signaling was selected 
as a target of the present study. In the physiological 
state, induction of HO-1 may serve as a beneficial or 
adaptive response to a number of stimuli, indicating  
a protective role in numerous disorders [22]. It has 
been reported that the agents can exert essential pro-
tective roles against oxidative stress and inflammation 
via modulating Nrf2/HO-1 [23]. HO-1 has been found 
to exhibit anti-inflammatory, immunomodulatory and 
cytoprotective properties, the therapeutic potential of 
HO-1 can be harnessed by the use of phytochemicals 
and novel HO-1 inducers [24]. In addition, genis-
tein can upregulate HO-1 expression in mice with 
doxorubicin-induced cardiotoxicity [25] and in PC12 
neuronal cells incubated with amyloid b25–35 [26].
Taken together, the aim of the present study was 
to evaluate the effects and underlying mechanisms 
of genistein in SH-SY5Y cells treated with Ab25–35, 
a peptide applied to mimic the neuropathological 
conditions of AD. It was revealed that genistein may 
exert a cell-protective effect against Ab25–35-induced 

neurotoxicity in SH-SY5Y cells via Nrf2/HO-1/phos-
phatidylinositol-3 kinase (PI3K) signaling.

Materials and methods

Genistein. Genistein (cat.345834, SigmaAldrich, St. Louis, 
MO, USA), dissolved in 0.1% DMSO as a stock solution of 
3 mM, was further diluted in culture medium and added to 
SH-SY5Ycells at the indicated final concentration.

Preparation of Ab peptide. Ab25–35was purchased from Shang-
hai Strong Biotechnology Co., Ltd. (Shanghai, China) and 
prepared as described by Kreutz et al. [27]. Before the treat-
ment of SH-SY5Y cells, aliquots dissolved in sterilized ddH2O 
(1 mg/ml) and stored at −20°C. Then aliquots of Ab25–35 were 
incubated for 96 h at 37°C to obtain the aggregated Ab.

Nrf2 small interfering RNA (siRNA). The Nrf2 siRNA was 
purchased from Shanghai Sangon Co., Ltd. (Shanghai, Chi-
na). The Nrf2 siRNA sequences were sense, 5'-GGUUGA 
GAC UAC CAU GGU UTT-3' and anti-sense, 5'-AAC CAU 
GGU AGU CUC AAC CTT-3'. The control siRNA sequenc-
es were sense 5’-UUC UCC GAA CGU GUC ACG UTT-3’ 
and anti-sense, 5’-ACG UGA CAC GUU CGG AGA ATT-
3’. After cells were washed in PBS, Lipofectamine®2000 
reagent (Solarbio Science & Technology Co.) was used for 
siRNA transfection. The transfection was performed for 4 h.

Cell culture and treatments. SH-SY5Y cells were cultured 
as described by He et al. [28]. A total of 1 × 104 SH-SY5Y 
cells were seeded into 96-well cell culture plates (for the 
cell viability assay) or 24-well cell culture plates (for reverse 
transcription-quantitative PCR (RT-qPCR), and western 
blot analysis) and treated as follows: (i) Cells were pretreated 
with genistein (10, 30 or 50 μM) for 90 min prior to co-cul-
ture with Ab25–35 at 20 mM for 24 h; (ii) cells were pretreated 
with ZnPP (Zinc Protoporphyrin, an inhibitor of the HO-1, 
10 μM) and genistein (10, 30 or 50 μM) for 90 min prior to 
a 24-h co-culture with Ab25–35 at 20 μM; (iii) cells were pre-
treated with Nrf2 siRNA (100 nM) and genistein (10, 30 or 
50 μM) for 90 min prior to a 24-h co-culture with Ab25–35 at 
20 μM; and (iv) cells were pretreated with LY294002 (10 or 
20 μM) and genistein (10, 30 or 50 μM) for 90 min prior to 
a 24-h co-culture with Ab25–35 at 20 μM. Subsequently, a cell 
viability assay, RT-qPCR and western blot were performed.

Cell viability assay. The cell viability assay was performed 
as described previously [29]. At the indicated time-points, 
SH-SY5Y cells were incubated with the culture medium 
supplemented with 10 μL of 3-(4,5-dimethyl-2-thiazolyl)-2, 
5-diphenyl-2-H-tetrazolium bromide (MTT, at a concen-
tration of 500 μg/ml) (M1020, Solarbio, Beijing, China) for 
4 h. After aspirating the culture medium, 100 μL DMSO 
was then added. Following incubation at 37°C for 30 min, 
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the optical density was measured spectrophotometrically 
at 410 nm.

Reverse transcription-polymerase chain reaction (RT-qPCR).  
RT-qPCR was performed according to the standard proto-
cols and as described previously [30]. Quantitative real-time 
PCR was performed using SYBR Green Kit (Takara) in an 
iCycler iQTM (Bio-Rad, Hercules, CA, USA).The primer 
sequences used for qPCR were as follows: HO-1, 5’-CAT 
CCT GCG TCT GGA CCT GG’ (sense) and 5’-TAA TGT 
CAC GCA GAT TTC C-3’ (antisense); and GAPDH, 
5’-ATG GCC TCC CTG TAC CAC ATC-3’ (sense) and 
5’-TGT TGC GCT CAA TCT CCT CCT-3’ (antisense).

Western blot. Western blot was performed as described 
previously [31]. Protein samples heated at 95°C were 
separated via 10% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) and electroblotted onto 
polyvinylidene difluoride (PVDF) membranes (EMD Mil-
lipore) at 300 mA for 3 h. The membranes were blocked 
with 5% non-fat dry milk or BSA dissolved in Tris-HCl 
saline buffer containing 0.1% Tween-20 (TBST, PH 7.4). 
Subsequently, the blots were incubated overnight at 4°C 
with one of the following antibodies: Rabbit anti-HO-1 
(1:1000; ab13248, Abcam, Cambridge, UK), rabbit an-
ti-Nrf2 (1:1000; ab137550, Abcam), rabbit anti-PI3K p85 
(1:1000; ab191606, Abcam) and rabbit anti-b-actin (1:500; 
ab8227, Abcam). After washing three times for 5 min each 
in TBST, the membranes were incubated with HRP-cou-
pled goat anti-rabbit secondary antibodies (1:1000; Boster, 

Wuhan, China) diluted in TBST for 1 h. Membranes were 
washed three times in TBST for 5 min each at room tem-
perature. The immunoreactive signals were then visualized 
with enhanced chemiluminescence solution (Bio-Rad). 
The signal intensity was quantified by densitometry using 
ImageJ 5.0 software (Dental Diagnosis Science, San An-
tonio, TX, USA).

Statistical analysis. Data are presented as the mean ± SD. 
Comparisons between groups were performed using ANOVA 
followed by Bonferroni’s post hoc test using GraphPad Prism 
6 software. Statistical significance was considered at P < 0.05.

Results

Genistein increased the HO-1 expression  
in SH-SY5Y cells treated with Ab25–35
To investigate the effects of genistein on the SH-
SY5Y cells induced by Ab25–35, RT-qPCR and western 
blot analyses were performed after the cells were 
pretreated with genistein and co-cultured with Ab25–35.
It was observed that, in comparison with the vehicle 
control, the HO-1 mRNA level was increased in 
response to Ab25–35 treatment. Compared with the 
Ab25–35-treated group, genistein (10, 30 and 50 μM) 
significantly increased the HO-1 mRNA level of 
Ab25–35-treated SH-SY5Y cells (Fig. 1A).
Similar pattern of HO-1 response to Ab25–35 and ge-
nistein treatment was observed at the protein levels 
(Fig. 1B–C).
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Figure 1. Determination of the effects of genistein on HO-1 level in SH-SY5Y cells induced by Ab25-35. A total of 1 × 104SH-
-SY5Y cells were pretreated with genistein at the concentrations of 10, 30 and 50 μM for 90 min prior to a 24-h co-culture 
with Ab25-35 (20 mM). Subsequently, RT-qPCR and western blot were performed as described in methods. A. HO-1 mRNA 
level. B and C. RelativeHO-1 protein content was assessed with western blot in cells treated with Ab25-35 and without or with 
various concentrations of genistein (Gen). *p < 0.05, ***p < 0.001 from five independent experiments.
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Figure 2. Determination of the effects of genistein on the sur-
vival of SH-SY5Y cells induced by Ab25-35 after inhibiting the 
HO-1. A total of 1 × 104 SH-SY5Y cells were co-pretreated 
with ZnPP (Zinc Protoporphyrin, an inhibitor of the HO-1) 
and genistein at the concentrations of 10, 30 and 50 μM for 
90 min prior to a 24-h co-culture with Ab25–35 (20 mM). A cell 
viability assay was then performed. ***p < 0.01 from five 
independent experiments.
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Figure 3. Determination of the effects of genistein on the HO-1 in SH-SY5Y cells induced by Ab25-35 after inhibiting Nrf2. 
1 × 104 SH-SY5Y cells were co-pretreated with Nrf2 siRNA and 50 μM genistein for 90 min prior to a 24-h co-culture with 
Ab25–35, followed by western blot. A–B. HO-1 protein level was upregulated after the treatment with genistein. Abbreviations: 
con siRNA — control siRNA; ***p < 0.001 from five independent experiments.

Genistein reduced the death of SH-SY5Y cells 
treated with Ab25–35 via upregulating HO-1

To investigate the effect of genistein on Ab25–35-in-
ducedapoptosis of SH-SY5Y cells, a MTT assay was 
performed.
A cell viability assay revealed that, in comparison 
with the vehicle control, the cell survival rate was 
decreased in response to Ab25–35 treatment. Genistein 
(10, 30 and 50 μM) significantly increased the survival 
rate of Ab25–35-treated SH-SY5Y cells. Additionally, 

inhibition of HO-1 by ZnPP (Zinc Protoporphyrin, an 
inhibitor of the HO-1) reduced the effects of genistein 
on the cell survival rate of SH-SY5Y cells treated with 
Ab25–35 (Fig. 2).

Inhibiting Nrf2 signaling reverses  
the neuroprotective effect of genistein on upregulating  
HO-1 in Ab25–35-treated SH-SY5Y cells 

To investigate the effects of the Nrf2 signaling 
pathway on the neuroprotective role of genistein 
on upregulating HO-1 in SH-SY5Y cells induced by 
Ab25–35, HO-1 protein level was evaluated by western 
blot after the cells were pretreated with Nrf2 siRNA 
and genistein.
It was observed that, following inhibition of Nrf2 sig-
naling by Nrf2 siRNA, the effect of genistein on the 
upregulation of HO-1 protein level in Ab25–35-treated 
SH-SY5Y cells was partially abolished (Fig. 3A, B).

Inhibiting PI3K signaling reverses the effect  
of genistein on upregulating HO-1  
in Ab25–35-treated SH-SY5Y cells 

To investigate the effects of the PI3K signaling 
pathway on the neuroprotective role of genistein 
on upregulating HO-1 in SH-SY5Y cells induced by 
Ab25–35, PI3K p85 phosphorylation level and HO-1 
protein level were evaluated by western blot after the 
cells were pretreated with LY294002 (an inhibitor of 
PI3K p85) and genistein, and co-cultured with Ab25–35.
It was observed that in comparison with the vehicle 
control, the P85 phosphorylation level was decreased 
in response to Ab25–35 treatment. Compared with the 
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Figure 4. Determination of the effects of genistein on the HO-1 levels in SH-SY5Y cells induced by Ab25-35 after inhibiting 
the PI3K. A total of 1 × 104 SH-SY5Y cells were co-pretreated with LY294002 and genistein at a concentration of 10, 30 or 
50 μM for 90 min prior to a 24-h co-culture with Ab25–35, followed by western blot. A–B. The PI3K p85 phosphorylation level 
in the nucleus was upregulated in SH-SY5Y cells in a dose-dependent manner. C–D. The HO-1 protein level in the nucleus 
was downregulated. ***p < 0.001 from five independent experiments.

Ab25–35-treated group, genistein (10, 30 and 50 μM) 
significantly increased the PI3K p85 phosphorylation 
level of Ab25–35-treated SH-SY5Y cells (Fig. 4A, B).
It was also observed that, after inhibiting PI3K signa-
ling, genistein did not upregulate HO-1 protein level 
in Ab25–35-treated SH-SY5Y cells (Fig. 4C, D).

Discussion

Previous studies have examined the potential use of 
genistein as a treatment for AD [32]; genistein has 
been shown to exert a protective effect in AD in vitro 
via the Nrf2 signaling pathway [33–35]. In the present 
study, genistein treatment increased cell survival in 
SH-SY5Y cells treated with Ab25–35. Furthermore, 
following inhibition of the Nrf2 and PI3K p85 sign-
aling pathways, genistein was unable to exert these 
cell-protective roles. These findings suggested that 
genistein treatment may protect SH-SY5Y cells from 
the neurotoxicity induced by Ab25–35 treatment via the 
Nrf2/HO-1/PI3K signaling pathway.
Ab peptide fragments can induce neuronal cell death 
directly or indirectly [36], and oligomeric Ab peptides 
have been identified as a key factor in the multiple 

pathogenic changes in AD and, more generally, in de-
mentia [37]. Deposition of Ab25–35 in the brain triggers 
tau protein phosphorylation and formation of intra-
cellular NFTs, subsequently leading to mitochondrial 
dysfunction and membrane rupture, which then pro-
ceeds to necrosis or apoptosis [38]. It has been report-
ed in previous in vitro studies that genistein protects 
against cell death [39, 40]. Genistein protects against 
Ab-induced toxicity in SH-SY5Y cells by regulation 
of Akt and Tau phosphorylation [41]. Genistein and 
galantamine combinations decrease Ab(1-42)-induced 
genotoxicity and cell death in SH-SY5Y Cell Line [42]. 
The present study used SH-SY5Y cells to generate an 
in vitro model to investigate the effect of genistein on 
the neurotoxicity induced by Ab25–35.
Increased oxidative stress occurs in response to in-
creased Ab levels [43]. Oxidative stress has generally 
been implicated in neurodegenerative disorders and, 
more specifically, in the onset and development of 
AD [44]. HO-1 induction may indicate a pro-oxidative 
status since HO-1 is activated under oxidative stress. 
Zhai et al. demonstrated that genistein upregulated 
HO-1 and GCLC expression via the EKR1/2 and 
PKC/Nrf2 pathways during oxidative stress using  
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a H2O2-induced cell model [45]. Genistein can exert 
neuroprotective effects against Ab-induced oxidative 
stress via activating a7nAChR and its downstream 
phosphatidylinositol 3-kinase (PI3K)/Akt/Nrf2 sign-
aling cascades [46]. The present study observed that 
genistein could promote the survival of SH-SY5Y cells 
treated with Ab25–35 via HO-1 signaling.
Nrf2 is considered a “master regulator” of the antioxi-
dant response, and it is also a regulator of maintaining 
the body’s redox homeostasis [47]. Under an oxidative 
stimulus, Nrf2 is translocated to the nucleus where 
it interacts with small proteins and binds to ARE to 
activate the transcription of antioxidant genes, such as 
the nicotinamide adenine dinucleotide phosphate ox-
idase complex: quinone oxidoreductase 1, glutathione 
S-transferases, g-glutamylcysteine ligase and heme 
oxygenase 1 [48]. It has been reported that genistein 
treatment can activate the Nrf2 pathway to augment 
the antioxidative system in vitro and in vivo [49].  
The present study revealed that genistein could 
upregulate Nrf2 to increase HO-1 in SH-SY5Y cells 
treated with Ab25–35.
Akt is a serine/threonine kinase that regulates a wide 
range of processes, including cell survival, cell growth 
and apoptosis [50]. Previous studies have reported 
that Ab peptide may decrease Akt phosphorylation, 
thus inhibiting its activation [51]. Reduced activation 
of Akt is known to induce tau protein hyperphospho-
rylation and cell death [50]. Genistein can stimulate 
the PI3K/Akt pathway and thereby the release of NO 
[52]. The present study revealed that genistein could 
upregulate PI3K phosphorylation to increase HO-1 
in SH-SY5Y cells treated with Ab25–35.
In conclusion, the present study demonstrated that 
genistein could alleviate the neurotoxicity of Ab25–35 
in SH-SY5Y cells by improving the cell survival and 
anti-oxidative response. These effects may be reversed 
by inhibiting the Nrf2 and PI3K signaling pathways. 
These findings suggest that a novel strategy for the 
treatment of AD may involve genistein.
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Abstract
Introduction. The pathological mechanism of cerebral ischemia/reperfusion (CIR) injury is complicated and 
unclear. Apart from the involvement of many low-molecular factors it was found that several miRNAs were 
dysregulated during and after CIR injury in cell models. This study aimed to explore the effects of miR-378a-
5p on in vitro model of (CIR) injury-induced neuronal apoptosis and provide a new mechanism of CIR injury.
Material and methods. Primary hippocampal neurons were isolated from newborn Sprague-Dawley rats. Ox-
ygen-glucose deprivation/reoxygenation (OGDR) for 24 h and 48 h was used as an in vitro model of CIR. Cell 
viability was measured using MTT assay and apoptosis was determined by flow cytometry. Quantitative real time 
PCR (qRT-PCR) assay and Western blotting were used to examine mRNA and protein expressions, respectively. 
TargetScan was used to predict the direct target of miR-378a-5p and luciferase assay was used to validate that 
calmodulin-dependent protein kinase kinase-2 (CAMKK2) was the direct target of miR-378a-5p. 
Results. miR-378a-5p expression was significantly increased after OGDR at 24 h and 48 h. After OGDR, cell 
viability was reduced, which was reversed by miR-378a-5p and enhanced by shCAMKK2 plasmid. Cell apoptosis 
was increased after OGDR, which was prevented by miR-378a-5p and enhanced by shCAMKK2 plasmid. Results 
of TargetScan and luciferase assay demonstrated that miR-378a-5p could directly bind to 3’-untranslated region 
(3’-UTR) of CAMKK2. Both mRNA and protein expression of CAMKK2 were downregulated by miR-378a-5p 
mimics and upregulated by miR-378a-5p inhibitors. Phosphorylation of adenosine monophosphate-activated 
protein kinase (AMPK) was positively associated with expression of CAMKK2.
Conclusions. Data of this study indicated that miR-378a-5p was significantly overexpressed after OGDR. miR-
378a-5p could bind to 3’-UTR of CAMKK2 to inhibit cell proliferation through regulation of CAMKK2/AMPK 
pathway providing a new mechanism and biomarker for the diagnosis and potential treatment of CIR injury.  
(Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 1, 57–65)

Key words: miR-378a-5p; primary hippocampal neurons; rat; oxygen-glucose deprivation/reoxygenation; 
CAMKK2/AMPK pathway; apoptosis

Introduction

The brain is an organ highly sensitive to hypoxia [1]. 
Cerebral ischemia/reperfusion (CIR) injury occurs 
when blood supply to the brain is suspended and 
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subsequently restored [2]. Cerebral IR injury can 
induce brain dysfunction, which contributes to high 
mortality and disability [3]. The pathological mecha-
nism of CIR injury is complicated and unclear. Many 
biological processes are involved in it, including 
the generation of reactive oxygen species (ROS), 
reduction of adenosine triphosphate (ATP) and an-
tioxidative factors, including activation of adenosine 
monophosphate-activated protein kinase (AMPK) 
signaling pathway [4, 5]. 
The major function of AMPK is to monitor the chang-
es of cellular energy and control the ATP level, thus 
AMPK activity is regulated by the ratio of AMP/ADP 
to ATP [6]. Phosphorylation of Thr172 is required for 
the activation of AMPK, which is directly mediated 
by serine/threonine kinase LKB1, a tumor suppressor 
protein [7]. In addition, phosphorylation of AMPK on 
Thr172 can also be mediated via calmodulin-dependent 
protein kinase kinase-2 (CAMKK2) in response to cal-
cium flux [8]. Activation of AMPK can promote glucose 
uptake via activation of Akt-mTOR pathway, inhibit 
protein and lipid synthesis, and suppress cell growth [9]. 
AMPK is also involved in CIR injury through multiple 
signaling pathways, including NF-kB signaling pathway 
and NLRP3 inflammasome activation pathway [10, 11].
As a class of small non-coding RNAs (28-25 nucleo-
tides), microRNAs (miRNAs) can directly target the 
3’-untranslated region (3’-UTR) of mRNAs, thereby 
downregulating protein expression [12]. Several miR-
NAs were dysregulated during and after CIR injury 
in cell models [13]. In vascular smooth muscle cells, 
miR-378a-5p has been reported to promote cell pro-
liferation and migration through targeting cyclin-de-
pendent kinase 1 (CDK1), a protein that promotes cell 
cycle entering M phase from G2 phase [14]. Overex-
pression of miR-378a-5p can directly target 3’-UTR 
of E2F transcription factor 3 (E2F3), leading to lens 
epithelial cell apoptosis in cataract [15]. However, no 
studies have reported the effects of miR-378a-5p on 
CIR injury. This study aims to investigate the effects 
of miR-378a-5p on in vitro model of CIR-induced 
neuronal cell apoptosis and provide a new mechanism 
of diagnosis and treatment for CIR injury.

Material and methods

Cell culture, treatment and transfection. Human em-
bryonic kidney 293 (HEK293) cells were obtained from 
Beijing Smart Treasure Biological Technology Co., Ltd. 
(Genobio, China) and cultured in DMEM (Procell, 
Wuhan, China) supplemented with fetal bovine serum 
(FBS, 10%, Thermo Fisher, Carlsbad, CA, USA) and 
1%, penicillin-streptomycin solution (Solarbio, Beijing, 
China) with 5% CO2 at 37°C. 

Primary hippocampal neurons were isolated from new-
born Sprague-Dawley rats [16]. Briefly, the hippocampal 
tissues were cut into small pieces and digested with 
trypsin-EDTA (0.25%, STEMCELL, Seattle, WA, USA). 
The isolated primary hippocampal neurons were seeded 
in 6-well plates which were precoated with 0.01% po-
ly-L-lysine and cultured in DMEM containing 10% 
FBS and 1% penicillin-streptomycin solution (Solarbio) 
in an atmosphere of 5% CO2 and 95% air at 37°C. All 
experiment procedures were carried following the ethical 
standards under a protocol approved by the Animal Ex-
periment Ethics Committee of North China University of 
Science and Technology, and were executed conforming 
to the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (No. 
85-23, 1996) [17].
The in vitro IR model was achieved by oxygen-glucose 
deprivation/reoxygenation (OGDR). Briefly, the primary 
hippocampal neurons were seeded in the 6-well plate at the 
density of 1 × 106 cells/well and the medium was changed to 
glucose-free DMEM in an atmosphere of 1% O2, 94% N2 
and 5% CO2 (hypoxic condition) at 37°C for 3 h. Thereafter, 
the neurons were cultured in normal DMEM in an atmos-
phere of 95% air and 5% CO2 (normoxic condition) up to 
48 h. Neurons cultured in normal medium under normoxic 
condition were used as control group.
Transfection was performed by mixing miR-378a-5p mim-
ics, miR-378a-5p inhibitors and their negative controls 
(Ribobio, Guangzhou, China), and shCAMKK2 and its 
negative control (BersinBio, Guangzhou, China) with lipo-
fectamine 2000 (Invitrogen, Carlsbad, WA, USA) accord-
ing to manufacturer’s protocols. The primary hippocampal 
neurons were cultured in the 6-well plate at the density of 
1 × 106 cells/well with FBS-free medium. The transfection 
complex was added into neurons and incubated for 6–8 h. 
The medium was then replaced by normal culture medium. 
Neurons were cultured for 24 h at 37°C and collected for 
further analysis.

Determination of cell viability and cell survival. MTT 
assay. The neurons were cultured in 96-well plates. After 
transfection, MTT (5 mg/ml in phosphate-buffered saline 
(PBS, Abcam, Cambridge, UK) was added into each 
well and incubated for 4 h following the manufacturer’s 
instruction. The formazan was dissolved by dimethyl 
sulfoxide. The absorbance value at 490 nm was measured 
and recorded by a spectrophotometer (BioTek, Winooski, 
VT, USA).
Trypan blue assay. Cell survival was determined using 
Trypan blue assay. The neurons were cultured in 6-well 
plate. After transfection, the medium was removed and 
cells were washed using PBS. 0.4% of trypan blue solution 
(SigmaAldrich, St. Louis, MO, USA) was added into each 
well at a ratio of 1:9 vs. PBS. The results were observed 
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and photographs were acquired under a microscope within 
3 min. All the cells visible in the view field were counted 
in tree view fields in each experimental group. 

Apoptosis measurement by flow cytometry. The neurons 
were cultured in 6-well plates. After transfection, cells were 
suspended in 1.5 ml of tubes and washed with PBS. The 
suspended cells were stained by the commercial FITC/PI 
apoptosis detection kit (Beyotime) according to the manu-
facturer’s protocol. Cell apoptosis was analyzed with a flow 
cytometer (Becton Dickinson, Mountain View, CA, USA) 
by two parameter dot-plots. A total of 20,000 cells were 
recorded in each run.

Luciferase reporter assay. HEK293 cells were cultured in 
6-well plates at the density of 1 × 106 cells/well. 3’-UTR of 
CAMKK2 with wild type sequence (CAMKK2-WT) and 
mutant sequence (CAMKK2-MUT) of miR-378a-5p com-
plementary sites were cloned into pGL3 luciferase reporter 
vectors (Promega, Madison, WI, USA) respectively. pGL3-
CAMKK2-WT or pGL3-CAMKK2-MUT was co-trans-
fected with miR-378a-5p mimics and its negative control. 
Luciferase activity was detected using Luciferase Reporter 
Assay Kit (BioVision, Milpitas, CA, USA).

Extraction of RNA and quantitative real time PCR (qRT-
PCR) assay. Total RNA extraction was performed using 
TRIzol reagent (Thermo Fisher). Reverse transcription 
was performed with 1 µg of RNA using QuantiTect 
Reverse Transcription Kit (QIAGEN, Dusseldorf, Ger-
many). RNA expression was examined using QuantiTect 
SYBR Green RT-PCR Kit (QIAGEN) with the StepO-
nePlus system (Applied Biosystems, USA). Relative 
RNA expression was quantified by 2−DDCt method. The 
primer sequences (SigmaAldrich) used in this study 
were: b-actin forward, 5’-AGCCTCGCCTTTGCCGA-3’ 
and reverse, 5’-CTGGTGCCTGGGGCG-3’; CAM-
KK2 forward, 5’-CGGTCGCAAGCTGTCTCTG-3’ 
and reverse, 5’-GCGTCCGTTCATGTCCAGG-3’; U6 
forward, 5’-AGTAAGCCCTTGCTGTCAGTG-3’ and 
reverse, 5’-CCTGGGTCTGATAATGCTGGG-3’. Rel-
ative expression of miR-378a-5p was determined using 
miScript Primer Assays (QIAGEN) and normalized by 
U6 small RNA.

Western blotting. Cell lysates was extracted by RIPA cell 
lysis buffer (Beyotime). Total proteins (5 µg) were loaded 
in SDS-PAGE and separated via electrophoresis. The 
separated proteins then transferred to PVDF membrane 
followed by blockade of membranes with 5% of milk. The 
blocked membranes were probed with the proper prima-
ry antibodies at 4°C overnight and then incubated with 
secondary antibodies for 2 h at room temperature. The 
signal of protein bands was detected using ECL Detection 

reagents (SigmaAldrich, USA). The primary antibodies 
(Cell Signaling, Danvers, MA, USA) used in this study 
were: Bax (CST#2774S, 1:500 dilution), cleaved caspase-3 
(CST#9664, 1:1000 dilution), caspase-3 (CST#9662S, 
1:1000 dilution), CAMKK2 (ab96531, 1:500 dilution, 
Abcam), p-AMPK (CST#2535, 1:2000 dilution), AMPK 
(CST#2532, 1:2000 dilution), b-actin (CST#4970, 1:5000 
dilution).

Statistical analysis. GraphPad Prism 8.0 software (Grapg-
pad Inc., San Diego, CA, USA) was used to carry out all 
the data analysis. Student t-test was used to compare the 
difference between two groups. One-way ANOVA was 
used to compare between multiple groups. All data were 
expressed as mean ± SD. p < 0.05 indicated statistically 
significant difference.

Results

miR-378a-5p was overexpressed after OGDR  
in primary hippocampal neurons
After OGDR, overexpression of miR-378a-5p was 
detected at 24 h and 48 h compared with control group 
(Fig. 1). No change of miR-378a-5p was observed in 
the control group. The expression of miR-378a-5p 
was upregulated by OGDR in a time-dependent 
manner (Fig. 1).
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Figure 1. Expression of miR-378a-5p was upregulated in 
primary hippocampal neurons after OGDR. Primary hip-
pocampal neurons were cultured in glucose-free DMEM 
in an atmosphere of 1% O2, 94% N2 and 5% CO2 (hypoxic 
condition) at 37°C for 3 h. Thereafter, the neurons were 
cultured in normal DMEM in an atmosphere of 95% air and 
5% CO2 (normoxic condition) for 48 h. Neurons cultured 
in normal medium under normoxic condition were used as 
control group. Relative expression of miR-378a-5p after 
OGDR was detected by qRT-PCR as described in Methods.  
**p < 0.01 vs. control group. Abbrev.: Con — control; OGDR 
— oxygen-glucose deprivation/reoxygenation.
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Inhibition of miR-378a-5p promoted cell 
proliferation and suppressed cell apoptosis induced 
by OGDR
To investigate the role of miR-378a-5p in OGDR-in-
duced neuron dysfunction, miR-378a-5p inhibitors 
were used to knockdown the expression of miR-378a-
5p. qRT-PCR results demonstrated that the expres-
sion of miR-378a-5p was lower in cells transfected 
with miR-378a-5p inhibitors than that in control 
group (Fig. 2A). After OGDR, cell viability was 
significantly reduced compared with the normoxic 
group and the reduction of cell viability was restored 
by miR-378a-5p inhibitors (Fig. 2B). mir-378a-5p in-
hibitor had no significant effects on the cell viability 
under normoxic condition (Fig. 2B). After OGDR, 
cell survival was significantly decreased compared 
with the normoxic group and this reduction of cell 
survival was attenuated by miR-378a-5p inhibitors 
(Fig. 2C). Mir-378a-5p inhibitor had no effects on 
the cell survival under normoxic condition (Fig. 2C). 
After OGDR, protein expressions of Bax and cleaved 
caspase-3 were upregulated compared with normoxic 
group and this upregulation of protein expression 
was attenuated by miR-378a-5p inhibitors (Fig. 2D). 
There was no significant change of Bax and cleaved 
caspase-3 expression between cell transfected with 
miR-378a-5p inhibitors and its negative controls 
under normoxic condition (Fig. 2D). After OGDR, 
cell apoptosis was significantly induced compared 
with the normoxic group and this induction of cell 
apoptosis was restored by miR-378a-5p inhibitors 
(Fig. 2E). Mir-378a-5p inhibitor did not show any 
effects on the cell apoptosis under normoxic condi-
tion (Fig. 2E).

CAMKK2 is the direct target of miR-378a-5p 
Prediction results from TargetScan (www.targetscan.
org) demonstrated that there was a complementary 
sequence between 3’-UTR of CAMKK2 and miR-
378a-5p (Fig. 3A). Luciferase assay results showed 
that luciferase activity was significantly reduced in 
cells co-transfected with CAMKK2-WT plasmid and 
miR-378a-5p mimics while no change was observed 
in cells co-transfected with CAMKK2-MUT plasmid 
and miR-378a-5p mimics (Fig. 3B). The expression of 
miR-378a-5p was increased by miR-378a-5p mimics 
and decreased by miR-378a-5p inhibitors (Fig. 3C). 
The expression of CAMKK2 mRNA was downreg-
ulated by miR-378a-5p mimics and upregulated by 
miR-378a-5p inhibitors (Fig. 3D). Protein expression 
of CAMKK2 was also downregulated by miR-378a-5p 
mimics and upregulated by miR-378a-5p inhibitors 
(Fig. 3E). These results suggested that CAMKK2 is 
the direct target of miR-378a-5p.

Effects of miR-378a-5p on primary hippocampal 
neurons were mediated by the inhibition  
of CAMKK2
After OGDR for 48 H, the relative expression  
of CAMKK2 was reduced compared with control 
group. This reduction was prevented by miR-378a-
5p inhibitors and further reduced in cells transfected 
with shCAMKK2, which was reversed by miR-378a-5p 
inhibitors (Fig. 4A). Cell viability was also decreased 
after OGDR, and this decrease was suppressed 
by miR-378a-5p inhibitors and enhanced in cells 
transfected with shCAMKK2 (Fig. 4B). Inhibition of 
cell viability by shCAMKK2 was prevented in cells 
co-transfected with shCAMKK2 and miR-378a-5p 
inhibitors (Fig. 4B). Cell survival was also reduced 
after OGDR, and this reduction was suppressed 
by miR-378a-5p inhibitors and enhanced in cells 
transfected with shCAMKK2 (Fig. 4C). Inhibition 
of cell viability by shCAMKK2 was prevented in cells 
co-transfected with shCAMKK2 and miR-378a-5p 
inhibitors (Fig. 4C). The expressions of CAMKK2 
and phosphorylation of AMPK were downregulated 
after OGDR, which were reversed by miR-378a-5p 
inhibitors (Fig. 4D). shCAMKK2 further reduced ex-
pression of CAMKK2 and phosphorylation of AMPK, 
which was inhibited by dual-inhibition of CAMKK2 
and miR-378a-5p (Fig. 4D). Upregulation of Bax and 
cleaved caspase-3 was observed after OGDR and 
miR-378a-5p inhibitors repressed the upregulation of 
Bax and cleaved caspase-3 induced by OGDR (Fig. 
4D). Expression of Bax and cleaved caspase-3 was 
further increased in cells transfected with shCAMKK2 
and dual repression of CAMKK2 whereas miR-378a-
5p prevented the overexpression of Bax and cleaved 
caspase-3 induced by shCAMKK2 (Fig. 4D). Cell 
apoptosis was also induced after OGDR, and this 
induction was suppressed by miR-378a-5p inhibitors 
while enhanced by transfection with shCAMKK2 (Fig. 
4E). Inhibition of cell viability by shCAMKK2 was 
prevented in cells co-transfected with shCAMKK2 
and miR-378a-5p inhibitors (Fig. 4E).

Discussion

Oxygen-glucose deprivation (OGD) is an in vitro 
ischemia-reperfusion model which is usually used to 
mimic ischemic cell damage [18]. Sustained OGD 
(lasting more than 1 hour) followed by re-oxygenation 
(OGDR) has been proved to induce mitochondria 
dysfunction, ROS production, and cell necrosis [18]. 
In this study, the expression of miR-378a-5p was 
significantly increased after OGDR in primary rat 
hippocampal neurons. Overexpression of miR-378a-
5p inhibited cell viability and promoted cell apoptosis 

http://www.targetscan.org
http://www.targetscan.org


61miR-378a-5p regulates CAMKK2/AMPK pathway

https://journals.viamedica.pl/folia_histochemica_cytobiologica
©Polish Society for Histochemistry and Cytochemistry
Folia Histochem Cytobiol. 2021
10.5603/FHC.a2021.0007
ISSN 0239-8508, e-ISSN 1897-5631

Figure 2. Inhibition of miR-378a-5p promoted neuronal cells’ proliferation and suppressed cell apoptosis induced by OGDR. 
Incubation conditions were the same as described in the legend to Figure 1. A. miR-378a-5p expression was downregulated by 
miR-378a-5p inhibitors 48 h after OGDR. B. miR-378a-5p inhibitors prevented the reduction of cell viability after OGDR. 
C. miR-378a-5p inhibitors prevented the reduction of cell survival after OGDR. D. Western blotting revealed that miR-
378a-5p inhibitors inhibited the upregulation of Bax and cleaved caspase-3 induced by OGDR. E. miR-378a-5p inhibitors 
prevented the induction of cell apoptosis after OGDR. **p < 0.01 vs. control cells + NC inh; ##p < 0.01 vs. OGDR + NC 
inh. Abbrev.: as in the legend to Figure 1 plus NC inh, negative control of miR-378a-5p inhibitors.
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Figure 3. Calmodulin-dependent protein kinase kinase-2 (CAMKK2) is the direct target of miR-378a-5p in hippocampal 
neurons. Primary hippocampal neurons were incubated in the same conditions as described in the legend to Figure 1. A. 
Predicting binding site of miR-378a 5p to 3’-UTR of CAMKK2. B. miR-378a-5p reduced the luciferase activity in CAMKK2 
amplified cells. C. Expression of miR-378a-5p was increased by miR-378a-5p mimics and decreased by miR-378a-5p inhibi-
tors 48 h after OGDR. D. Expression of CAMKK2 mRNA was downregulated by miR-378a-5p mimics and upregulated by 
miR-378a-5p inhibitors. E. Expression of CAMKK2 protein was downregulated by miR-378a-5p mimics and upregulated 
by miR-378a-5p inhibitors. **p < 0.01 vs. NC mimic; ##p < 0.01 vs. NC inh. Abbrev.: NC mimic — negative control of miR-
378a-5p mimic. WT: 3’-UTR of CAMKK2 with wild type sequence, MUT: 3’-UTR of CAMKK2 with mutant sequence.

through directly targeting 3’-UTR of CAMKK2 by 
activation of AMPK signaling pathway. Suppression 
of miR-378a-5p and overexpression of CAMKK2 
could promote neuron viability and inhibit cell apop-
tosis, providing a new mechanism and biomarker for 
diagnosis and treatment of CIR injury. 
Various miRNAs have been found to be involved in 
CIR injury. For example, elevation of miR-125-in-
duced cell apoptosis and increased ROS production 
in PC-12 cells after OGDR were found to act via 

inhibition of casein kinase 2a (CK2a)/NADPH oxi-
dase signaling pathway [19]. miR-182-5p, which was 
downregulated after OGD in microglial cells, could 
prevent CIR injury by direct binding to Toll-like 
receptor 4, demonstrating a neuroprotective effect 
[20]. In this study, the expression of miR-378a-5p was 
increased after OGDR, resulting in the suppression 
of cell proliferation and induction of cell apoptosis 
which may contribute to cerebral IR injury. Inhibi-
tion of miR-378a-5p prevented neuronal apoptosis 
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Figure 4. Effects of miR-378a-5p on primary hippocampal neurons was mediated by the inhibition of CAMKK2. The primary 
hippocampal neurons were cultured in glucose-free DMEM in an atmosphere of 1% O2, 94% N2 and 5 % CO2 (hypoxic 
condition) at 37°C for 3 h. Thereafter, the neurons were cultured in normal DMEM in an atmosphere of 95% air and 5% 
CO2 (normoxic condition) for 48 h. Neurons cultured in normal medium under normoxic condition were used as control 
group. A. Changes of CAMKK2 mRNA expression after treatment and transfection 48 h after OGDR. B. Change of cell 
viability after treatment and transfection 48 h after OGDR. C. Change of cell survival assessed by trypan blue staining after 
treatment and transfection. D. Change of CAMKK2, Bax, p-AMPK and cleaved caspase 3 protein expression after treat-
ment and transfection. E. Cell apoptosis was measured by flow cytometry after treatment and transfection as described in 
Methods. **p < 0.01 vs. con; ##p < 0.01 vs. OGDR + NC inh + shNC; @@p < 0.01 vs. OGDR + NC inh + shCAMKK2. 
Abbrev.: shCAMKK2 — shRNA of CAMKK2; shNC — negative control of shCAMKK2.
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induced by OGDR, which provides a new insight for 
the treatment of CIR injury.
miR-378a-5p is encoded by Ppargc1b gene and has 
been reported to act as a tumor suppressor because it 
could inhibit cell proliferation and induce cell apop-
tosis [21]. For example, by binding to the 3’-UTR of 
suppressor of fused homolog (SUFU), miR-378a-5p 
promoted cell apoptosis in triple negative breast can-
cer [22]. In oral squamous cell carcinoma, miR-378a-
5p was shown to be negatively associated with the 
cell proliferation and inhibited angiogenesis through 
binding to kallikrein-related peptidase 4 (KLK4), 
inhibiting tumorigenesis and tumor metastasis [23]. 
Therefore, the overexpression of miR-378a-5p im-
proves the prognosis of cancer patients. However, 
the inhibitory effects of miR-378a-5p on cell survival 
play a negative role in cerebral IR injury. In this study, 
overexpression of miR-378a-5p reduced cell survival 
after OGDR, which worsens the prognosis of cerebral 
IR injury. Therefore, downregulation of miR-378a-5p 
could prevent cerebral IR injury.
As mentioned before, miRNA could bind to 3’-UTR 
of target mRNA to induce translational repression. 
There are target regions called “seed regions”, which 
refer to the 7 nucleotides at 2 to 8 at the 5" end of 
miRNA [12]. The “seed region” is the key sequence 
to recognize the target of miRNAs [12]. The predic-
tion results in this study from TargetScan indicated 
that there was a complementary sequence between 
3’-UTR of CAMKK2 and 2 to 8 at the 5" end of 
miR-378a-5p in compliance with Watson-Crick match 
[24], suggesting that calmodulin-dependent protein 
kinase kinase-2 was the direct target of miR-378a-
5p. Luciferase activity was significantly reduced in 
cells co-transfected with CAMKK2-WT plasmid and 
miR-378a-5p mimics while no change was observed 
in cells co-transfected with CAMKK2-MUT plasmid 
and miR-378a-5p mimics, further confirming that 
CAMKK2 was a direct target of miR-378a-5p. 
CAMKK2 is a Ca2+/calmodulin-dependent ser-
ine-threonine protein kinase which could couple 
calcium transients to regulate cell proliferation, sur-
vival and metabolism [25]. Activation of CAMKK2 
by phosphorylation of AMPK on Thr172, results in 
inhibition of protein and lipid synthesis, and suppres-
sion of cell growth [8, 9]. Data of this study show that 
inhibition of CAMKK2 prevented cell growth induced 
by the downregulation of miR-378a-5p, indicating that 
inhibition of miR-378a-5p could prevent neuronal 
apoptosis during CIR injury. Furthermore, inhibition 
of CAMKK2 reduced the phosphorylation of AMPK. 
All these effects were attenuated by dual-inhibition 
of miR-378a-5p and CAMKK2, suggesting that miR-
378a is involved in CIR through regulation of CAM-

KK2-AMPK signaling pathway and that CAMKK2 
showed an neuroprotective effect during CIR injury.
In conclusion, data of this study show that miR-378a-
5p was significantly overexpressed after OGDR in 
primary rat hippocampal neurons, providing a new 
biomarker for cerebral IR injury. miR-378a-5p could 
inhibit cell proliferation and induce cell apoptosis 
through regulation of CAMKK2/AMPK pathway, pro-
viding a new therapeutic target for CIR injury. How-
ever, the findings of this study should be confirmed 
in clinical practice and future drug discovery could 
focus on the activation of CAMKK2/AMPK pathway.
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Abstract
Introduction. Naringenin, a dihydro-flavonoid compound that shows chemotactic activity, may have a good 
application prospect in repairing bone tissue, but its specific mechanism in bone regeneration, especially the 
osteogenic differentiation of stem cells, needs for a further study. The aim of this study was to investigate the 
effect of naringenin on the osteogenic differentiation and its roles in the C-X-C chemokine receptor type 4/stromal 
cell-derived factor 1 (SDF-1/CXCR4) signal pathway of bone marrow-derived mesenchymal stem cells (BMSCs).
Material and methods. BMSCs were harvested from the femurs and tibias of 4-to-6-week-old male Sprague-Daw-
ley rats. Cell Counting kit-8 assay was used to determine cytotoxicity of naringenin. Alkaline phosphatase (ALP) 
activity was measured in cell’s precipitates and alizarin-red staining was performed to determine the osteogenic 
differentiation capacity of the BMSCs. Real-time polymerase chain reaction, enzyme-linked immunosorbent 
assay and western blotting were adopted to determine the expression of genes and proteins.
Results. The cellular morphology was spindle-shaped, and arranged in radial and whorled patterns. The flow 
cytometric analysis have confirmed the presence of characteristic surface proteins in the harvested BMSCs. 
Different concentrations (0–200 µg/ml) of naringenin have no influence on the viability and proliferation rate 
of the BMSCs. The highest ALP activity was found at culture day 7 and 9 when the concentration of naringenin 
was 75 and 100 µg/ml. Positive red or dark red stained cells with mineralized nodules can be observed on day 
14. The expression of ALP, Runt-related transcription factor 2, CXCR4 and SDF-1a at the gene and protein 
levels in naringenin-treated cells were significantly higher than those in the control cells. Moreover, AMD3100, 
an inhibitor of CXCR4, suppressed the expression of the studied genes and proteins.
Conclusions. Naringenin does not show toxic effect on BMSCs. Naringenin promotes the expression of the SDF-1a  
gene and protein via the SDF-1/CXCR4 signaling pathway. A better understanding of the mechanisms of narin-
genin action would be helpful for developing specific therapeutic strategies to improve bone regeneration after 
injuries. (Folia Histochemica et Cytobiologica 2021, Vol. 59, No. 1, 66–73)

Key words: bone marrow-derived mesenchymal stem cells; cell viability; naringenin; alizarin red; SDF-1; 
CXCR4; RT-qPCR

Introduction

Bone has a remarkable capacity of spontaneous re-
pairing and regeneration. The process of spontaneous 
bone regeneration using bone marrow stroma-derived 
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stem cells (BMSCs) holds a great potential, which 
would greatly affect the human health by a way of 
providing the possibility to repair tissues injury [1, 2].  
BMSCs, the first important components and regula-
tors to be found in bone marrow, produce hematopoi-
etic-supporting stromal cells and form the hematopoi-
etic niches for hematopoietic stem cells [3, 4]. 
Chemokines are the important regulators of BM-
SCs. The SDF-1/CXCR4 signaling pathway ap-
pears important in maintaining proliferation and 
survival of BMSCs by improving cellular migration, 
remodeling and survival in response to stress [5, 6]. 
In bone remodeling, the SDF-1/CXCR4 signaling 
pathway regulates the osteogenic differentiation of 
the BMSCs, the expression of osteogenic protein 
such as ALP, OCN and OSX and the formation of 
osteoblasts. It is also closely related to bone mor-
phogenic protein 2 signaling [7]. CXCR4-knockout 
mice showed the reduction in bone formation and 
the osteogenic differentiation of BMSCs [8, 9]. The 
osteogenic effect of SDF-1/ CXCR4 signaling can be 
further enhanced by other molecules such as hypox-
ia-inducible factor (HIF) family members, resulting 
in strong synergistic effects on the bone remodeling 
and regeneration [10].
Although chemokines can be synthesized chemical-
ly, the expensive cost limits their clinical application. 
Naringenin (4’,5-7 trihydroxydihydroflavone, Fig. 1),  
widely present in fruits such as orange, pomelo, 
and drynaria, is a dihydro-flavonoid compound that 
shows chemotactic activity [11] and other biological 
effects such as anti-inflammatory, antioxidative, 
anticancer and antiadipogenic activities [12–15], 
and is also shown to have anti-osteoporotic and 
anti-osteolytic effects [16]. Several experiments have 
shown that naringenin could reduce the osteolytic 
activities of osteoclasts, and improve the osteogenic 
differentiation and mineralization effects of the 
osteoblasts in osteolysis-related diseases [16–20]. 
The aim of the study was to investigate the effect 

of naringenin on the osteogenic differentiation of 
BMSCs and its role in the SDF-1/CXCR4 signaling 
pathway.

Materials and methods

Isolation, culture and identification of BMSCs. All exper-
iments with the use of animals were conducted under the 
Guidelines for Animal Experimentation and were approved 
by the Ethics Committee of Southwest Medical University 
(Luzhou, China, Certificate No.201812-25). BMSCs were 
harvested from the femurs and tibias of 4-to-6-week-old 
rats as previously reported [21]. Briefly, rats were killed 
with chloral hydrate, and the tibia and femur were obtained. 
The bilateral epiphyseal end of the bone was cut by scissors, 
and then the D-Hank’s solution (Solarbio, Beijing, China) 
containing 10% fetal bovine serum (FBS, Sijiqing, Hang-
zhou, China) was extracted by syringe to wash the bone 
marrow cavity. 
Cells were incubated in F-12 medium (Gibco, Grand Island, 
NY, USA) with 10% FBS and 1% antibiotics (100 U/mL 
penicillin and 100 µg/mL streptomycin, HyClone, South 
Logan, UT, USA) in a 37℃ humidified atmosphere with 
5% CO2 in air. When the monolayer reached approximately 
80% confluence, cells were passaged. Then, the passages 2 
through 3 (P2–P3) cells were used for this study. 
After the second passage, cells were characterized by flow 
cytometry for the expression of the BMSCs surface antigens, 
such as CD29, CD34, CD45 and CD90. After that the cells 
cultured with lipogenic induction medium (a-MEM, FBS, 
penicillin-streptomycin solution, IBMX, dexamethasone, 
indometacin, insulin (all from SigmaAldrich, St. Louis, MO, 
USA) were stained with Oil Red O at day 12 to identify lipid 
vacuoles, and the cells cultured with osteogenic induction 
medium (a-MEM, FBS, penicillin-streptomycin solution, 
sodium b-glycerophosphate, vitamin C and dexamethasone; 
all from SigmaAldrich) were stained with Alizarin Red on 
day 14 to characterize osteogenic activities. 

Cell Counting kit-8 (CCK-8) viability assay. To detect the po-
tential cytotoxicity of naringenin on the BMSCs, the CCK-8  
assay was performed [22]. A set of classic osteogenesis 
inducers group was used as positive control. The culture 
medium was used as negative control. BMSCs were incu-
bated with different naringenin concentrations of 0, 6.25, 
12.5, 25, 50, 75, 100, 200 µg/ml. Rat BMSCs at passage 2 
were transferred to 96-well plates at 1 × 104/well density. 
When the cells reached 80% confluence, different reagents 
were added by categorization. On day 2, 10 µl of CCK-8 
reagents (Dojindo-Kumamoto, Japan) were added to each 
well. The optical density (OD) at 450 nm wavelength was 
measured by a Varioskan Flash enzyme-labeled instrument 
(Thermo Fisher, Waltham, MA, USA). Cell viability was then 
calculated based on OD values.Figure 1. The chemical structure of naringenin [38].

https://www-sciencedirect-com-nus.vtrus.net/topics/medicine-and-dentistry/cholecystokinin-octapeptide
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Quantification of alkaline phosphatase (ALP) activity. 
ALP quantification assay was performed to determine the 
osteogenic differentiation capacity of BMSCs in the control 
and experimental groups on day 3, 5, 7 and 9 [23]. BMSCs 
were placed in 24-well plates at a cell density of 5 × 104/ 
/well. After being cultured for the indicated time, the cells 
were centrifuged in a centrifuge tube and lysed by 0.1% Tri-
tonX-100 (Beyotime, Shanghai, China). After the cells were 
sufficiently lysed, the cells were centrifuged at 13,000 rpm 
for 5 min. Then the supernatant was proceeded according 
to the manufacturer’s instruction of ALP activity assay kit 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, Chi-
na). The OD value was measured at the 520 nm wavelength.

Alizarin red staining. BMSCs were placed in 35 mm Petri 
dishes at a cell density of 5 × 105/well. When the cells 
reached 80% confluence, the culture medium was trans-
ferred to the control groups, 100 µg/ml naringenin group, 
100 µg/ml naringenin + AMD3100 antagonist group and 
classical osteogenic induction group. 14 days later, cells were 
stained with alizarin red dye (Sangon, Shanghai, China).

Real-time polymerase chain reaction (RT-qPCR). Induction 
cells in each group were digested with trypsin and centri-
fuged, and the precipitates were collected on day 7. The 
total RNA was extracted by Trizol reagent (Ambion, Austin, 
TX, USA) and converted to cDNA (TAKARA, Mountain 
View, CA, USA). Real-time RT-PCR was performed using 
a SYBR Green PCR Kit (Kapa Biosystems, Wilmington, 
MA, USA). The primer sequences were shown in Table 1.

Enzyme-linked immunosorbent assay (ELISA). The concen-
trations of SDF-1a and CXCR4 proteins in the cell superna-
tants were measured by ELISA (Bioswamp, Wuhan, China) 
according to the manufacturer’s instructions on day 1, 3, 5 and 7. 

Western blotting. The cells in each group were lysed with 
RIPA lysis buffer (Beyotime, Shanghai, China), after induced 

for 7 days to obtain the total protein. Then, the BCA protein 
test kit was used to measure the total protein concentration. 
Equal amounts of cell extracts (20 µg/lane) separated by 10% 
SDS-PAGE and proteins were transferred to PVDF mem-
branes. After being sealed with 5% skim milk overnight at 
4℃, the membranes were incubated with primary antibodies 
overnight at room temperature. The antibodies used were as 
following: rabbit anti-Alkaline Phosphatase (1: 1000, Abcam, 
Cambridge, MA, USA), mouse anti-Runt-related transcrip-
tion factor 2 (RUNX2) (1: 1000, Abcam), rabbit anti-SDF-1/ 
/CXCL12 (1: 1000, CST, Danvers, MA, USA), rabbit an-
ti-CXCR4 polyclonal antibody (1: 1000, Invitrogen, Carls-
bad, CA, USA), rabbit anti-GAPDH (1:1000, Bioswamp). 
Horseradish peroxidase (HRP)-goat anti-rabbit IgG  
(1: 20000, Bioswamp) and HRP-rabbit anti-mouse IgG 
antibody (1: 20000, Bioswamp) were used as secondary anti-
bodies for one hour at room temperature. We used glyceral-
dehyde 3-phosphate dehydrogenase as the internal control. 

Statistical analysis. All the experimental data were expressed 
as mean  ±  standard deviation (SD) from three independent 
experiments. Analysis of variance (ANOVA) is used for data 
analysis by the SPSS software (SPSS Inc., Chicago, IL, USA), 
p values < 0.05 were defined as statistically significant.

Results

Culture and identification of BMSCs 
The cells appeared in sphere shape during the first 
two days. At day 6, the cells were spindle-shaped and 
bipolar, occasionally multipolar (Fig. 2A). After pas-
sage of the cells, cellular morphology became uniform, 
spindle-shaped, and arranged in radial and whorled 
patterns (Fig. 2B). 
The phenotypic cells of BMSCs were identified by 
flow cytometry. BMSC-associated markers such as 
CD29 (99.08%) and CD90 (96.06%) were positive. 
The cells lacked the expression of hematopoietic 
markers (CD45 and CD34) (Fig. 2C). In the cell cycle 
assay, G1 cells accounted for 87.91% of all cells, and 
S-phase cells fraction was 8.22%, given the ratio G2/ 
/G1 equaled to 1.90. This indicated that most of the 
cells were at rest, which was one of the characteristics 
of stem cells (Fig. 2D).
At day 14, the alizarin-red positively stained red 
or dark-red cells with mineralized nodules can be 
observed (Fig. 2E). At day 12, large lipid vacuoles 
stained with Oil Red O were observed in the BMSCs 
cultures (Fig. 2F). Thus, after 2 weeks of culture 
BMSCs showed both osteogenic and adipogenic dif-
ferentiation potential. Experimental results showed 
that the cells obtained are BMSCs, which are of high 
purity, and meet the requirements of subsequent 
experiments.

Table 1. The primers sequences used for RT-qPCR

Gene Primer Sequence

SDF-1a-F TTGTCTCAACCCTGAAGCCC

SDF-1a-R TGCCCGTTGAGGTACAGGAG

CXCR4-F CCTCCTCCTGACTATCCCTGA

CXCR4-R CGAACTCACATCCTTGCTTG

ALP-F CTACCACTCGGGTGAACCA

ALP-R AGCTGATATGCGATGTCCTT

Runx2-F AACTTCCTGTGCTCCGTGCT

Runx2-R TCGTTGAACCTGGCTACTTGG

GAPDH-F CAAGTTCAACGGCACAG

GAPDH-R CCAGTAGACTCCACGACAT
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Figure 2. Culture, identification and characterization of rat BMSCs. A. BMSCs morphology on day 6 (40×). B. The mor-
phology of the cells became uniform, spindle-shaped, with well-defined cytoplasm after passage 2 (40×). C. Flow cytometry 
results showed that the cells were positive for MSCs specific markers (CD29, CD90), and negative for hematopoietic markers 
(CD34, CD45). D. In the cell cycle assay by flow cytometry, G1 cells accounted for 87.91%, and S-phase cells fraction was 
8.22%, given the ratio G2/G1 equaled to 1.90. E. Alizarin Red staining was used to demonstrate mineralized nodules in 
BMSCs cultured with osteogenic induction fluid on day 14 (40×). F. Large lipid vacuoles were observed in BMSCs cultured 
with lipogenic induction medium at day 12 via Oil Red O assay (100×).
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Cell viability and osteogenic differentiation of BMSCs 
To explore the possible naringenin toxicity, the cellu-
lar viability was quantified for different concentrations 
of naringenin. In the experimental groups, no signif-
icant difference in cell viability was found between 
6.25–200 µg/ml at day 2 (Fig. 3A). Thus, different 
concentrations of naringenin did not influence the 
viability and proliferation rate of the BMSCs. 

Within the experimental groups, the trend of each 
group at different time points was the same, and it 
showed a time-dependent increase on days 3, 5, 7 
and 9. The ALP activities in cell’s precipitates of 
75, 100 µg/ml naringenin group were the highest 
at each time points, and the difference between 
the two groups was not statistically significant 
(Fig. 3B). 
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Figure 3. Cell viability and osteogenic differentiation of BMSCs. A. Different concentrations of naringenin have no influence 
on the viability and proliferation rate of the BMSCs as measured by CCK-8 assay. B. High ALP activity was found at the 
concentration of 75 and 100 µg/ml of naringenin on days 3, 5, 7, and 9. Results are means  ±  standard deviation (SD), and 
similar data were obtained from three independent experiments (n = 3). The activity of ALP was measured in arbitrary units 
as described in Methods. *p < 0.05 vs. the culture medium group (one-way ANOVA followed by Tukey’s test).

A B

The role of naringenin in the SDF-1/CXCR4 signaling 
pathway 
To explore the effects of naringenin on the SDF-1 
/CXCR4 signaling pathway, CXCR4 antagonist 
AMD3100 was added to BMSCs incubated with 100 µg/ml  
naringenin. More mineralization nodules were noted in 
100 µg/ml naringenin group when compared with the 
classic osteogenic induction and culture medium groups 
(negative control). However, the alizarin red staining 
was suppressed in AMD3100 + 100 µg/ml naringenin 
group when compared with 100 µg/ml naringenin and 
classic osteogenic induction groups (Fig. 4A).
The expression of ALP, RUNX2, CXCR4 and SDF-1a  
genes in cells incubated with naringenin, measured 
by RT-qPCR, were significantly higher than those in 
the cells of negative control. However, after adding 
AMD3100 to naringenin-treated cells, the expression 
of these genes were significantly suppressed (Fig. 
4B). Similar results of SDF-1a and CXCR4 proteins 
by ELISA were found at different time lines, such as 
those on day 1, 3, 5, and 7 (Fig. 4C, D). The results of 
the expression of ALP, RUNX2, CXCR4 and SDF-1a 
proteins measured by western blot were similar to the 
expression of their respective genes (Fig. 4E).

Discussion

Naringenin has many pharmacological activities, 
and has become one of the flavonoids concerned by 
scientists in many areas of biological and biomedical 
studies. With the further study of naringenin, it is 
found that naringenin has obvious effect on bone 
defect repair. Kaczmarczyk-Sedlak et al. [16] found 
that adding naringenin to the diet of Wistar rats 
could improve the symptoms of osteoporosis and the 

morphological manifestations of bone tissue after 
ovarian removal showing that naringenin has obvious 
anti-osteoporosis and anti-osteolysis effects in bone 
tissue repair. In addition, naringenin, the aglycone of 
naringin, is the most common form in serum after oral 
administration of naringin because naringin can be 
metabolized into absorbable naringenin by intestinal 
flora [24]. It is also reported that naringenin exhibited 
higher antioxidant capacity and hydroxyl and super-
oxide radical scavenger efficiency than naringin [12]. 
SDF-1/CXCR4 signaling pathway plays an important 
role in preserving the bone marrow stem cells in bone 
marrow and regulating the release of stem cells from 
bone marrow to peripheral circulation [25]. CXCR4 
signals the stem cells migration during fracture heal-
ing. It participates in bone repair and regeneration 
by inducing cellular migration and regulating differ-
entiation [9]. SDF-1 is induced in the periosteum of 
injured bone, and it promotes endochondral bone 
repair and regeneration by recruiting BMSCs to the 
site of injury [26, 27]. However, the role of the SDF-1/ 
/CXCR4 signaling pathway in osteogenic differenti-
ation induced by naringenin is unknown. 
It was previously shown that the highest ALP activity 
was found after day 8 in the naringenin group, which 
was confirmed by our results [28]. Cellular viability 
assay showed no significant toxicity among the experi-
mental groups at concentration between 0~200 µg/ml.  
Guo-Yong Y et al. [29] reported that  treatment at 
the optimal concentration (50 µg/mL) for rat BMSCs 
increased mRNA levels of osteogenic genes (ALP, 
BSP, and cbfa1). In our study, the highest ALP activity 
value was found at day 7 and 9 at the naringenin con-
centration of 75 and 100 µg/ml. Therefore, we chose 
100 µg/ml over 7 days for our subsequent experiments. 
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Figure 4. The role of naringenin in the SDF-1/CXCR4 signal pathway. A. Each group was stained with Alizarin Red on day 14. 
(40×). B. The expression of osteogenic genes in naringenin groups was upregulated at the mRNA level as assessed by RT-qPCR 
when compared with culture medium group (p < 0.05). C. The expression of CXCR4 protein in BMSCs induced by naringenin 
was higher than the culture medium group as measured by ELISA (p < 0.05). D. The expression of SDF-1a protein measured 
by ELISA in supernatants of naringenin-induced BMSCs was suppressed as compared with culture medium group. E. Suppres-
sion of ALP, RUNX2, SDF-1a, and CXCR4 proteins in BMSCs induced by naringenin were detected by Western blotting. 
Results are means  ±  standard deviation (SD), n = 3; *p < 0.05 vs. culture medium group, #p < 0.05 vs. NAR + AMD3100 
group. Abbreviations: NAR — naringenin; AMD3100, an antagonist of SDF-1/CXCR4 signaling. 

This study further examined the role of SDF-1/ 
/CXCR4 signaling pathway in the BMSCs osteogen-
ic differentiation by using the CXCR4 antagonist 
AMD3100. CXCR4 antagonists include AMD3100 
and T140 [30, 31]. AMD3100 inhibits the binding 

of CXCR4 to SDF-1, and blocks signal transduction 
along the SDF-1/CXCR4 axis. 
In this study, the mineralized nodules were signifi-
cantly decreased after adding AMD3100 to BMSCs 
treated with naringenin, when compared with the 
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osteogenic induction group and naringenin group. 
It suggested that AMD3100 might suppress the 
effect of naringenin in osteogenic differentiation 
by blocking the SDF-1/CXCR4 signaling pathway 
in BMSCs. The measurements of the expression of 
CXCR4 and SDF-1a genes and proteins showed that 
it increased over the induction time in the experi-
mental groups. Naringenin promoted the expression 
the SDF-1a gene and synthesis of protein in the early 
stage of osteogenic differentiation in BMSCs. Study 
has showed that the SDF-1 was upregulated at the 
fracture site and ischemic site after femoral bone 
transplantation in a mice model [32]. Kawakami et 
al. [5] found that bone healing was delayed by de-
creasing the callus formation in CXCR4-deficient 
mice. An in vitro study showed that overexpression 
of SDF-1a in human BMSCs might promote osteo-
genic differentiation and osteoblastic angiogenesis 
by upregulating the osteogenic-related proteins, 
such as ALP, RUNX2, osteocalcin, and p-Smadl/5, 
and angiogenesis-related protein such as CD31 
[33]. In the present study, naringenin regulated the 
SDF-1/CXCR4 signaling pathway by increasing the 
expression of SDF-1, and increased osteogenic dif-
ferentiation of BMSCs. SDF-1 and CXCR4 activate 
a series of downstream signaling pathways, including 
extracellular signal-regulated kinases (ERK) 1/2 [34] 
and phosphoinositide 3-kinases/protein kinase B 
(PI3K/AKT) [35]. Naringin was shown to enhance 
osteogenic differentiation by activating ERK signa-
ling pathway in human BMSCs [36] and PI3K/AKT 
signaling pathway in osteoblasts [37]. Naringenin 
might act on the same pathway and regulate the 
downstream pathways (ERK1/2 and PI3K/AKT) to 
induce osteogenesis. In addition, it was found that 
naringenin exerted its protective effects by inhibiting 
osteoclastogenesis and osteoclast bone resorption 
[19, 20]. Therefore, naringenin might have thera-
peutic potentials for a range of bone diseases such 
as osteoporosis, repairing of bone defects, alveolar 
bone resorption and other. 
In summary, we found that naringenin does not 
have toxic effects on BMSCs. Naringenin promoted 
the expression of the ALP, RUNX2, SDF-1a and 
CXCR4 genes and proteins via the SDF-1/CXCR4 
signaling pathway. A better understanding of the 
molecular mechanisms of naringenin activity will be 
beneficial in developing specific therapeutic strate-
gies to improve bone repair after injuries.
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