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Abstract 

Fibroblast growth factor 21 (FGF21), a hormone with multiple metabolic properties, has proven to 
be pleiotropic biological effects and may play pivotal role in numerous cardiovascular and metabolic 
diseases in the future. Vascular calcification (VC) is a concomitant pathological process of various 
cardiovascular and metabolic diseases. However, the effects of FGF21 on VC remain unclear. 
Therefore, in this research, we aimed to explore the roles and mechanisms of FGF21 in VC induced 
by vitamin D3 plus nicotine (VDN) treatment rats. After 28 days VDN treatment, the calcium 
overload was confirmed by blood pressure, ultrasound imaging, calcium content, ALP activity and 
aortic pathological characteristics. In terms of FGF21, exogenous FGF21 can ameliorate the 
elevation of blood pressure, aortic calcification and related injury in VC rats. To investigate the 
mechanisms of FGF21 on VC, the endoplasmic reticulum stress (ERS) mediated apoptosis pathways 
were tested. As a method to detect apoptosis, the increased positive TUNEL staining cells were 
alleviated by FGF21 treatment. Furthermore, exogenous FGF21 can suppress the increased ERS 
chaperone, GRP78, in the calcified aortas. In the three pathways of ERS mediated apoptosis, we 
found CHOP pathway and caspase-12 pathway were involved in the treatment of FGF21, but not 
p-JNK/JNK pathway. Our study proved for the first time that FGF21 can inhibit the progress of VC 
by alleviating ERS mediated apoptosis in rats. FGF21 might be a new target for preventing and 
treating VC. 
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Introduction 
Vascular calcification (VC) is a concomitant 

pathological process of various cardiovascular 
diseases[1]. The deposition of calcium-phosphorus 
contributed to the structural damage, fibrosis 
proliferation and the formation of calcium nodules in 
the middle layer of the artery, which can result in the 
thickening of arterial walls and the reducing of 
vascular compliance[2]. In contrary to the traditional 
view, VC is now regarded as an automatic, 
regulatable and revisable procedure controlled by 
multiple factors[3]. Particularly, previous researchers 
have proven that apoptosis of vascular smooth muscle 
cells (VSMCs) exist extensively in calcified aorta[4]. In 

addition, several pathological studies have found that 
apoptotic bodies released from VSMCs can initiate 
VC[5]. Thus, inhibiting apoptosis of VSMCs may 
alleviate VC. 

Endoplasmic reticulum stress (ERS), a key 
reason to mediate apoptosis, has a significant effect on 
various metabolic disorders related diseases such as 
diabetes[6], atherosclerosis[7] and chronic kidney 
disease[8], all of which are related to VC. Further-
more, in the procedure of VC, calcium overloaded in 
VSMCs may disrupt the endoplasmic reticulum 
homeostasis and result in the unfolded protein 
response, which can induce the ERS and apoptosis[9]. 
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Stated thus, to restrain ERS mediated apoptosis may 
attenuate the development of VC. 

Recently, many studies have revealed that 
various biological factors such as cardiovascular 
peptides[10], cytokines and hormone[11] have key 
regulatory roles in the progression of VC. FGF21 is an 
endocrine hormone with multiple biological 
properties[12, 13]. Unlike other paracrine/autocrine 
FGFs, FGF21 is released from metabolic organs/ 
tissues into blood and mediates its pleiotropic effects 
as an extracellular protein by activating its receptor 
FGFR1 and its cofactor β-Klotho[14, 15]. Increasing 
evidences point out that FGF21 plays a protective role 
on many cardiovascular events or metabolism 
associated diseases such as coronary atherosclerotic 
heart disease[16, 17], obesity[18, 19] and diabetes[20, 
21]. Furthermore, our previous study has proven that 
FGF21 could ameliorate atherosclerosis via inhibiting 
ERS mediated apoptosis[22]. However, the biological 
functions of FGF21 in VC by modulating ERS 
mediated apoptosis are unknown yet. The thorough 
investigation into the mechanisms of the ameliorative 
effect of FGF21 on VC may contribute to the 
transformation from bench to bedside and be useful to 
discover a new strategy for treating VC. 

Vitamin D3 plus nicotine (VDN) induced rat 
model, first established by Niederhoffer et al, is a 
classical rat model of VC[23]. Therefore, we used the 
VDN rat model and administrated FGF21 to 
investigate the mechanisms of FGF21 on VC. Our 
results first reveal the evidences that FGF21 can 
protect VDN induced VC by inhibiting the ERS 
mediated apoptosis in vivo. 

Materials and methods 
Materials and reagents  

FGF21 was purchased from Phoenix 
Pharmaceuticals (Belmont, CA, USA). Alzet 
Mini-Osmotic Pumps (model 2004) were purchased 
from Durect Corp. (Cupertino, CA, USA). Vitamin D3, 
nicotine, Alizarin-red S and Hoechst 33342 were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Calcium assay kit was purchased from Zhongsheng 
Biosino Bio-technology and Science INC (Beijing, 
China). Alkaline phosphatase (ALP) kit was 
purchased from Jiancheng Biological Corp. (Nanjing, 
Jiangsu, China). Antibodies against GRP78, CHOP 
and caspase-12 were purchased from Abcam 
(Cambridge, UK). Antibodies against p-JNK and JNK 
were purchased from Cell Signaling Technology 
(Danvers, MA, USA). Antibodies against GAPDH and 
all secondary antibodies were purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA). The kit 
for terminal deoxynucleotidyl transferase-mediated 

dUTP nick end labeling (TUNEL) staining was 
purchased from Roche Applied Science (Indianapolis, 
IN, USA). All other reagents were of analytical grade. 

Rats model of VC and experimental groups 
Male Sprague-Dawley rats (180-200g) were 

purchased from the Laboratory Animal Center of 
Peking University (Beijing, China). All animal care 
and experimental protocols were performed in 
according with the Animal Management Rule of the 
Ministry of Health (Document No. 55, 2001), People’s 
Republic of China. Rats were randomly divided into 
three groups (n=13): (1) control group (Con group), 
(2) VDN group and (3) FGF21 treatment VDN group 
(FGF21 group). The method of establishing VDN 
model was described as previously[23]. Briefly, the 
VDN and FGF21 group rats were administrated with 
nicotine (25 mg/kg in 5 ml peanut oil) intragastrically 
and injected intramuscularly with vitamin D3 (3×105 
IU/kg) at 9 a.m. on day 1. And the nicotine was 
administrated again at 5 p.m. on the same day. The 
control group rats received the saline injection and 
peanut oil oral gavage only. For FGF21 treatment, all 
rats were anesthetized by 1.5% pentobarbital sodium 
(40 mg/kg), then an osmotic mini pump was 
implanted subcutaneously. The FGF21 group pumps 
were infused with FGF21 (70 μg/kg/d), together with 
the infusion of saline for control and VDN group [24]. 

Ultrasound imaging 
Before the examination, the rats were 

anesthetized by 1.5% pentobarbital sodium (40 
mg/kg). Then the thoracoabdominal hair was shaved 
carefully, and the ultrasound transmission gel was 
smeared on the naked skin. The ultrasonographic 
images were obtained by the imaging system 
(Vevo770TM Visual Sonics Inc., Toronto, Canada) in B 
mode. All rats survived in the imaging process. 

Blood pressure measurement and specimens 
collection 

At the end of experiment, rats were anesthetized 
with ethylcarbamate (10 mg/kg, i.p.). Intubate a 
polyethylene catheter (PE-50) filled with heparin 
through the right carotid artery for 30 min, then the 
rat aortic blood pressure was measured by a pressure 
transducer of PowerLab instrument (model BL-420F) 
(TaiMeng, Chengdu, Sichuan, China). Finally, the 
blood samples were drawn and mixed with 500 
KIU/ml aprotinin and 1 mg/ml ethylene diamine 
tetraacetic acid-Na2. Plasma was obtained by blood 
samples centrifuging at 3000 g for 15 min at 4℃ and 
stored at -70℃. The intact aorta was removed to 4℃ 
PBS and all samples of tissues were stored at -70℃ 
until use[24].  
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Hematoxylin and eosin (HE) staining 
After fixed in formalin overnight, the aortic 

tissue was embedded in paraffin and sectioned for HE 
staining. Briefly, the slides were placed in the 
hematoxylin staining solution first, and then were 
washed and treated with 1% acidic alcohol. 
Afterwards, the slides were stained by eosin. Finally, 
the slides were washed, dehydrated and treated by 
xylene before microscopy. The aortic slides were 
evaluated by use of Image Pro Plus 6.0 system. 

Alizarin-red S staining 
After dehydrated and rinsed rapidly in distilled 

water, the aortic slides were placed in the Alizarin-red 
S staining solution for 30 min at room temperature. 
When a red-orange color appeared, removed all 
unbound stain from the slides, then the slides were 
photographed by use of a microscope, Olympus BX 50 
(Olympus Optical, Tokyo, Japan). 

Calcium content in aorta 
The calcium content in aortic tissue was 

extracted and measured by a calcium assay kit 
according to the manufacturer instructions. Briefly, 10 
mg of aortas were separated and dried at 55℃, and 
the dry weights were recorded. Then the dried tissue 
was nitrified by nitric acid. After removing the nitric 
acid by heating, the calcium was dissolved in the 
solution containing 27 NM KCl and 27 μM LaCl3. 
Finally, the calcium content of the aorta was measu-
red and standardized by the aortic tissues dry weight.  

ALP activity in aorta 
The ALP activity in aortic tissue was measured 

by an ALP assay kit followed its instructions. Briefly, 
the aortic tissue homogenate was mixed with a 
reaction mixture (stock substration solution: alkaline 
buffer =1:1) at a ratio of 1:1, respectively. Then the 
mixtures were incubated at 37℃ for 15 min. After 
incubation, 1.5 ml of the developer was added to each 
mixture, and the absorbance of each well at 520 nm 
was recorded. The activity of ALP in each specimen 
was calculated from the standard curve. Besides, for 
protein quantification, the aortic tissue was homogen-
ized in ice-cold buffer (20 mmol/L MgCl2, 20 mmol/L 
HEPES and 0.2% NP-40, pH 7.4) and centrifuged at 
8000 g at 4℃ for 10 min. The protein content in 
supernatant was determined by the Bradford method 
[25]. One unit of ALP activity was defined as 1 g 
protein producing 1 mg phenol for 15 min. 

Western blot analysis 
The rat tissues were homogenized with a lysis 

buffer which contains 0.1 mol/L NaCl, 500 KIU/mL 
aprotinin, 0.01 mol/L Tris–HCl (pH 7.5) and 1 

mmol/L ethylene diamine tetraacetic acid (EDTA). 
Equal amounts of protein sample were loaded at 10% 
or 12% SDS gels and then transferred to a 
nitrocellulose membrane. Afterwards, incubated the 
membrane with 5% non-fat dry milk for 1 h to block 
the non-specific proteins. Then the membranes were 
incubated with primary antibodies, anti-GAPDH 
(1:1000), anti-GRP78 (1:1000), anti-CHOP (1:200), 
anti-p-JNK (1:1000), anti-JNK (1:1000) and 
anti-Caspases-12 (1:500) overnight at 4℃, and with 
secondary antibody (HRP-conjugated anti-rabbit or 
anti-goat IgG) at room temperature for 1 h. The 
protein expression was analyzed by NIH image 
software and normalized to that of GAPDH. All 
experiments were repeated at least 3 times. 

TUNEL staining 
Apoptosis of aortas was evaluated by TUNEL 

staining according to the TUNEL TMR red kit. Briefly, 
the ascending aorta was separated and fixed in 
formalin overnight, then embedded in paraffin and 
cut at 40 μM intervals along the aortic tissue. Then the 
sections were permeabilized and stained with TMR 
Red. The nuclei were counterstained with Hoechst 
33342. Finally, the fluorescence signal was monitored 
under a fluorescence inverted microscope (Leica 
Imaging Systems, Cambridge, UK).  

Statistical analysis 
The data were calculated as the mean ± SD form 

at least three independent experiments and analyzed 
by a one-way ANOVA. The difference was accepted 
at P < 0.05. A P < 0.05 was considered statistically 
significant, and a P < 0.01 was considered very 
statistically significant. 

Results 
FGF21 improved the general characteristics of 
VDN rats 

First, the effects of FGF21 on the blood pressure 
of VC rats were evaluated. Under VDN treatment, as 
compared to the normal group, the systolic blood 
pressure (SBP), diastolic blood pressure (DBP) and 
mean blood pressure (MBP) of model group began to 
increase at the day 7 by 21.0% (P< 0.01), 38.1% (P< 
0.01) and 30.9% (P< 0.01), respectively. At the day 21, 
the blood pressures got to the top with 22.3% (P< 
0.01), 38.2% (P< 0.01) and 31.1% (P< 0.01), 
respectively. At the end of our study, SBP, DBP and 
MBP of model group were dramatically increased by 
22.5% (P< 0.01), 43.9% (P< 0.01) and 33.9% (P< 0.01), 
respectively. And compared with the model group, 
FGF21-treated group shows the mitigation of 
VDN-induced hemodynamic disorders at the 
beginning of day 14 by 7.9% (P< 0.01), 7.2% (P< 0.05) 



Int. J. Biol. Sci. 2019, Vol. 15 
 

 
http://www.ijbs.com 

141 

and 7.4% (P< 0.05), respectively. And at the end of the 
study, the decreasing rate of SBP, DBP and MBP were 
9.7% (P< 0.01), 19.9% (P< 0.01) and 15.5% (P< 0.01) 
compared to the VDN group, respectively (Figure 1A, 
B and C). 

FGF21 restored VDN-induced pathological 
injury of the aorta in VC rats 

Next, the influence of FGF21 on the structure of 
calcified aortas was identified. As shown in Figure 
2A, the ultrasonography showed the formation of 
calcified plaques and aorta wall thicken distinctly, 
resulting in serious VC by VDN treatment. In terms of 
the microscopic pathological changes, the histopatho-
logic examination also showed disordered elastic 
fibers and thickened vessel walls (Figure 2B) in the 
aortas. And compared with the VDN group, FGF21 
treatment significantly restored the pathological 
disorder caused by VDN through relieving the 
irregular proliferation of fibrous tissue and formation 
of calcified nodules in the middle layer of the aorta 

(Figure 2A and B).  

FGF21 ameliorated VC in VDN induced rats 
The roles of FGF21 in the mineralization of aorta 

were further investigated. Compared with the normal 
group, the model group showed stronger calcium salt 
deposition in aortas that the aortic calcium content 
was significantly increased by 7.03-fold (P <0.01, 
Figure 3A). Meanwhile, the ALP activity, a key 
inducer of mineralization in tissue calcification, was 
also increased by 2.51-fold in aortas (P < 0.01, Figure 
3B). In addition, the Alizarin-red S staining also 
showed widespread calcification in the middle layer 
of the aorta (Figure 3C). As compared with the VC 
alone group, FGF21 group showed lower calcium 
deposition by Alizarin-red S staining (Figure 3C) as 
well as markedly decreased the aortic calcium 
content, together with aortic ALP activity by 65.77% 
(P <0.01) and 54.18% (P <0.05) respectively (Figure 3A 
and B).  

 

 
Figure 1. General hemodynamic tendency of rats in vitamin D3 plus nicotine (VDN) model. (A) Hemodynamic function of systolic blood pressure (SBP) tendency in 
vascular calcification (VC) rats. (B) Diastolic blood pressure (DBP) tendency in VDN induced VC rats. (C) Mean blood pressure (MBP) tendency in VDN induced VC 
rats (n=11, respectively). **P < 0.01 compared with the normal control group. #P < 0.05 compared with the VDN group. ##P < 0.01 compared with the VDN group. 

 

 
Figure 2. Morphological study of calcified aortas by echocardiogram and Hematoxylin and eosin (HE) staining. (A) Images show short-axis views of ascending aorta, 
including the brachiocephalic artery branch, aortic arch and proximal descending aorta. Arrow: Calcified plaque. (B) HE staining of disordered elastic fibers in aortas 
of VC rats (magnification 200×). 
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Figure 3. FGF21 ameliorated VDN-induced VC in rats. (A) Effect of exogenous FGF21 on the aortic calcium content in VC rats (n=7). (B) Effect of exogenous FGF21 
on aortic ALP activity in VC rats (n=7). (C) Alizarin-red S staining of vascular calcium deposition in aortas of VC rats (magnification 200×). **P < 0.01 compared with 
the control group. #P < 0.05 compared with the VDN group. ##P < 0.01 compared with the VDN group. 

 

 
Figure 4. The apoptosis level of vascular smooth muscle cells (VSMCs) in rat 
aortas. Representative immunofluorescence staining of terminal 
deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL, TMR 
Red) in calcified aortas. Blue indicates VSMCs nuclei by Hoechst staining 
(magnification 200×). 

 

FGF21 inhibited apoptosis in the VSMCs 
Since apoptosis of VSMCs has been proven to be 

a major cause of VC, the aortic tissues were drawn for 
TUNEL staining to test whether FGF21 shows effects 
on the apoptosis of VSMCs. Compared to the control 
group, the terminal deoxynucleotidyl transferase- 

mediated dUTP nick end labeling-positive cells of 
aortic tissues could be observed dispersedly in the 
VDN group, which represented an extensive 
apoptosis in VSMCs. Whereas, compared to the 
model group, FGF21 treatment for 28 days 
significantly decreased the amount of terminal 
deoxynucleotidyl transferase-mediated dUTP nick 
end labeling-positive cells in the aortic media (Figure 
4). This result indicated that the effects of FGF21 on 
VC may be resulted from its inhibiting effect on 
apoptosis. 

FGF21 down-regulated the ERS chaperones in 
calcified aortas 

There have been studies proving that the 
apoptosis of VSMC in VC is caused by ERS. To assess 
whether FGF21 has function in the ERS pathways, we 
further detected the expression of GRP78, a main ERS 
chaperone in calcified aortas. Western blot analysis 
showed that the GRP78 level was significantly 
elevated by 108.8% (P < 0.01) in the model group as 
compared with controls (Figure 5A). And with the 
treatment of FGF21, the GRP78 protein level was 
down-regulated by 31.9% (P < 0.05, Figure 5A) which 
indicates that FGF21 may inhibit apoptosis by 
down-regulating the ERS pathways. 

FGF21 decreased the ERS mediated apoptosis 
pathways in VDN induced VC rats 

As is well known, there are three major signaling 
pathways in the ERS, and CHOP, JNK and caspase-12 
are three cardinal biomolecules in the branches of ERS 
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mediated apoptosis. As the results showed above, 
ERS and apoptosis joined the VDN induced VC and 
FGF21 could restrain the ERS and apoptosis 
respectively. However, which signaling pathway can 
FGF21 play a role in is unclear. Therefore, we 
examined these three key biomarkers respectively by 
Western blot analysis furtherly. As shown in Figure 
5B and 5D, in VDN group, the CHOP and cleaved 
caspase-12 significantly increased by 109.3% (P< 0.01) 
and 103.1% (P< 0.01), respectively, compared with the 
controls. Moreover, FGF21 significantly suppressed 
the CHOP and cleaved caspase-12 activation by 31.0% 
(P< 0.05) and 27.9% (P< 0.05), respectively. However, 
the level of JNK phosphorylation seemed not 
involved in the ERS caused by VDN (Figure 5C). 
These results demonstrated that FGF21 attenuated VC 
through suppressing ERS mediated apoptosis by 
inhibiting the activation of CHOP and caspase-12 
pathways, but not by p-JNK/JNK. 

Discussion 
FGF21, a peculiar member of the FGFs 

superfamily, has multiple metabolic effects and 
anticipated therapeutic applications on various 
diseases such as atherosclerosis[26], diabetes[27], and 
chronic kidney disease[28]. In our study, FGF21 
treatment can ameliorate the elevation of blood 
pressure induced by VC in clinical manifestation. 
Going deep into the pathology, exogenous FGF21 can 
alleviate the histological disorder, calcium content 
and ALP activity of the aortas. For the mechanism 
research, FGF21 can reduce the apoptosis mediated by 
ERS in the aortic tissue of VDN rats. These results 
suggest that FGF21 may mitigate VC by inhibiting 
ERS mediated apoptosis. Thus, FGF21 may be a new 
target to prevent and alleviate VC. 

VC is a crucial risk factor of many cardiovascular 
diseases[29]. The increased vessel wall stiffness and 
vascular wall thicken resulted from VC leads to 
increased pulse pressure and pulse wave velocity, 
which subsequently brings on various cardio- 

cerebrovascular diseases[2]. Several mechanisms have 
been proven involved in the progress of VC, including 
apoptosis, loss of inhibition and osteogenic 
differentiation[30]. 

In our study, a rat model of VC was established 
using the VDN method, to research the effects of 
FGF21 on VC and reveal the mechanism behind it. 
VDN induced rat model, first established by 
Niederhoffer et al in 1997[23], is a classical rat model 
of VC which is stable and dependable, widely used to 
investigate VC. Hypervitaminosis D increases the 
deposition of calcium on the elastic fibers of arteries. 
And nicotine amplifies these effects of Vitamin D in 
arteries. VDN-induced calcium overload on the 
arteries has similarities with the calcification in 
human athero- and arteriosclerosis[31]. In our VDN 
model, the calcium content and ALP activity, key 
factors and markers for active osteochondrogenesis, 
were dramatically higher than that of the normal 
group. HE staining and Alizarin-red S staining 
observed that the aortic elastic plate of the VDN 
group was significantly thicker and more disordered, 
with breakage of the elastic fibers and widespread 
calcification compared with the control group. The 
increased SBP, MBP and DBP we found in VDN rats 
might result from the increased arterial stiffness, 
which consisted with the alterations in human 
hemodynamic characteristics of calcified arteries. All 
these data agree with those of prior researches[23] 
which indicated that our construction of the rat VC 
model was successful and stable. 

As a special member of FGFs, FGF21 has a major 
role in maintaining cardiovascular homeostasis[12, 
32]. In our research, compared with the model group, 
rats treated with FGF21 showed alleviated aortic 
calcification induced by VDN, as shown by decreased 
SBP, DBP and MBP, ameliorated aortic calcium 
content and ALP activity, and regular elastic fibers 
and less calcification in the vessel wall. These results 
suggested that FGF21 can inhibit VC in rats.  

 

 
Figure 5. The levels of endoplasmic reticulum stress (ERS) marker and ERS mediated apoptosis pathways expression in rat aortas. (A) Western blot analysis of 
GRP78 in VC rats. Western blot analysis of CHOP (B), p-JNK/JNK (C) and caspase-12 (D) in VC rats. GAPDH was a control for protein loading. Results are from one 
representative experiment of three, and densitometric analysis of autoradiograms is shown as a ratio to GAPDH. **P < 0.01 compared with the control group. #P < 
0.05 compared with the VDN group. 



Int. J. Biol. Sci. 2019, Vol. 15 
 

 
http://www.ijbs.com 

144 

Apoptosis is considered as a forerunner to 
vascular barrier destruction, which is a critical 
mechanism serving to VC[33]. During the procedure 
of VC, both apoptotic bodies induced by exposing to 
calcium and phosphate deposition and matrix vesicles 
derived from VSMCs of vessels may lead to 
concentrate the local calcium-phosphate, which will 
provide an appropriate microenvironment for 
nucleation[34]. As well-known, the transformation of 
VSMCs phenotype into osteoblast-like phenotype is 
involved in the pathogenesis of VC. Apoptosis is 
involved in the process of VSMCs phenotypic 
transformation[35]. Apoptosis occurred prior to the 
onset of calcification and that VSMC “blebs” or 
apoptotic bodies could induce calcium concentration 
in a crystallized form. Apoptotic bodies derived from 
VSMCs have similarities with matrix vesicles. 
Therefore, apoptosis is a key initiating process for VC 
and that, once an original nucleation site is formed, 
calcium-phosphate crystal growth can occur[36]. 
Based on this theory, attenuating the osteoblast-like 
phenotypic transition of VSMCs through inhibition of 
apoptosis might be an effective treatment for VC. In 
addition, accumulating data suggests that apoptosis 
mediated by ERS is close related to VC because the 
calcium accumulation in the cytoplasm may damage 
endoplasmic reticulum homeostasis[37]. Endoplasmic 
reticulum is the primary site for Ca2+ storage. Any 
stimulus that interferes with calcium homeostasis 
may lead to endoplasmic reticulum function 
disturbance, accumulating unfolded or misfolded 
protein in the endoplasmic reticulum, namely 
ERS[38]. Therefore, inhibition of ERS induced VSMC 
apoptosis may alleviate the development of VC. 

Consistent with previous research[39], in the 
aorta of VDN challenged rats, positive TUNEL 
staining confirmed the apoptotic VSMCs in the aortas. 
Furthermore, the Western blot analysis showed a 
significant increase of ERS markers, GRP78, in the 
VDN model group. GRP78, a defined biomolecular 

chaperone, is a critical regulator for the unfolded 
protein response network by binding to endoplasmic 
reticulum sensors and inhibiting their activation[40]. 
The up-regulation of the ERS landmark and the 
increased positive apoptotic cells suggested an ERS 
mediated apoptosis response during VC. 

The initiation of ERS mediated apoptosis may 
trigger by three signaling pathways: CHOP, 
caspase-12 and JNK pathways[41]. Therefore, we 
researched the possible signaling pathways to ERS 
mediated apoptosis in VC furtherly. CHOP, one of the 
ERS response hallmarks, can directly regulate the 
expression of numerous pro-apoptotic proteins, 
which leads to enhanced oxidative damage and thus 
apoptosis[42]. In our VC rats, CHOP was up- 
regulated in the aortas, which demonstrated that 
CHOP pathway mediated apoptosis procedure was 
closely involved in VC. Caspases, a superfamily of 
cysteine proteases, are major mediators of 
programmed cell death, namely apoptosis. Among 
these superfamily, caspase-12 is activated only by 
ERS[43]. When activated to the cleaved form, 
caspase-12 can activate caspase-9 directly, which in 
turn activates caspase-3, and finally leads to 
apoptosis[43]. In our research, caspase-12 was 
cleaved, namely being activated, which suggested 
that caspase-12 pathway mediated apoptosis was also 
involved in VC. Besides, the JNK pathway mediates 
another apoptotic pathway[44]. However, in our VDN 
model, there were no changes in protein levels of 
p-JNK, which means that the p-JNK/JNK pathway 
may not be the major pathway of apoptosis in VC rats. 

For FGF21 treatment, we found FGF21 
administration can decrease TUNEL-positive cells in 
the aortas as well as alleviate the increased expression 
of ERS marker GRP78 in the calcified aortas. In the 
three pathways to ERS, the expression of CHOP in 
calcified aorta was significantly down-regulated 
under FGF21 treatment. Also, FGF21 can inhibit the 
caspase-12 activation but not the p-JNK/JNK. 

Therefore, FGF21 may reduce 
apoptosis via inhibiting ERS in VC. 
These results are in accordance with 
recent studies that FGF21 can inhibit 
ERS induced apoptosis of VSMC in 
atherosclerotic mice[22]. 

As the possible mechanism of 
the vascular protective and anti-ERS 
effect of FGF21, some reports demo-
nstrate that FGF21 is a downstream 
factor of ERS which can exert 
beneficial feedback effects through 
counteracting ERS[45]. However, 
because FGF21 was originally found 
in the liver and highly secreted by 

 

 
Figure 6. Schematic of pathways for FGF21 signal transduction. FGF21 attenuated VC through suppressing 
ERS mediated apoptosis by inhibiting the activation of CHOP and caspase-12 pathways, but not by 
p-JNK/JNK. 
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the adipose tissue, most researches focused on the 
effects of FGF21 on the hepatocyte, adipocyte and 
even cardiomyocyte[46] that the effects of FGF21 on 
the artery has been neglected. Actually, the existence 
of FGF21, β-Klotho and FGFR1 in the cardiac 
microvascular endothelial cells and VSMCs suggests 
that FGF21 may be a key target in the physiological 
and pathophysiological aspects of artery[47].  

For the pathogenesis of liver disease study, ERS 
stimulated by triglycerides can directly increase 
FGF21 expression via a PERK-ATF4-CHOP depend-
ent mechanism[48]. When the ERS occurs, one of ERS 
specific pathway, containing CHOP, is activated, and 
consequently expression of endogenous FGF21 is 
upregulated[49]. Furthermore, intraperitoneal 
injection of tunicamycin, an endoplasmic reticulum 
stressor, to normal mice can also induce hepatic 
FGF21 expression directly[50]. The same results are 
also confirmed in the adipocyte[45] and H9C2 
cardiomyocytes[51]. Especially for the CHOP, some 
studies have found CHOP can induce the expression 
of FGF21 by activating transcription via promoter 
elements and enhancing FGF21 mRNA stability in 
ERS[49]. And in our previous study, we have 
confirmed that the expression of endogenous FGF21 
were increased in the development of VC[52]. Taken 
together, the CHOP pathway in ERS may play a 
crucial role in ERS induced FGF21 elevation in the 
related diseases. These findings may further explain 
the correlation between ERS and increased FGF21 
expression. As a result, the elevation of FGF21 can 
feedback control the ERS responses and attenuate the 
development of the ERS related diseases. The negative 
feedback mechanisms can prevent an excessive 
activation during the ERS and they can trigger cellular 
recovery. For instance, Zarei et al. revealed that FGF21 
may protect against hepatic steatosis by alleviating 
ERS[53]. Other researchers reported that the 
administration of FGF21 could reverse the 
suppression of adiponectin expression, counteracts 
obesity and alleviates insulin resistance via inhibiting 
ERS in mice[45, 54]. In particular for the 
cardiovascular diseases, FGF21 could reduce the 
hypoxia‑induced apoptosis of human pulmonary 
arterial endothelial cells and prevent endothelial 
dysfunction via the inhibition of ERS[55]. In addition, 
FGF21 overexpression can protect against ERS 
induced cardiomyocyte injury via increasing cell 
viability and reducing cell apoptosis[51]. FGF21 can 
also protect against ischemia cerebral injury via 
decreasing ERS[56]. In addition, our team first 
reported that FGF21 can protect against athero-
sclerosis at least in part by its inhibitory effects on ERS 
mediated apoptosis[22]. These researches clearly 
demonstrate that FGF21 administration or over-

expression can protect tissues and organs against the 
adverse effects induced by ERS. In our study, 
administration of FGF21 in turn ameliorated the ERS 
responses of VC by suppressing CHOP and caspase- 
12 pathways. These imply that the ERS-FGF21 axis 
creates a negative feedback loop and our results show 
that FGF21 inhibits two of the three ERS induction 
downstream effectors in VC. Therefore, FGF21 
appears to be a regulatory factor in the proteostasis 
network and not merely an endpoint regulator in the 
negative feedback loop. ERS is thought to be caused 
not only by the excess misfolded or unfolded proteins 
in the endoplasmic reticulum but also by pathogenic 
conditions, such as atherosclerosis[57] and 
diabetes[58]. In addition, treatment with chemical 
chaperones that reduce ERS can improve several 
metabolic diseases, including VC and obesity[59]. 
Based on our data, together with these previous 
findings, we propose that FGF21 may function as a 
critical regulator in the proteostasis network to 
maintain protein homeostasis by protecting against 
ERS not only in the VC but also in other metabolic 
disorders caused by ERS.  

There were also several limitations in our 
research, which still need to be explored in the future. 
Firstly, we have been yet regretting that we did not 
confirm our in vivo study in vitro. Actually, it is worth 
to have a further discussion that in vitro study we plan 
next. In addition, our team had just published a paper 
recently which matched our in vivo study in vitro[60]. 
Involvement of RANK/RANKL/OPG/TRAIL system 
in VC has been researched widely, but it is still full of 
controversy. In our previous study, FGF21 may 
inhibit VSMCs calcification through OPG/RANKL 
system by P38 and PI3K/AKT pathways in vitro. 
Secondly, in this study, we used the echocardio-
graphy to evaluate the calcification condition, but in 
the clinical study, intravascular ultrasound (IVUS) is 
more common to investigate the vascular lumen 
morphology and calcification condition. However, the 
rat aorta was too tiny that the IVUS cannot pass. 
Subsequently, we plan to use the IVUS in a VC pig 
model to evaluate the VC continuously and 
dynamically. 

In conclusion, FGF21 is likely an endogenous 
cardiovascular protective peptide. Using a rat model 
of VC, we propose that FGF21 can significantly 
alleviate the progression of VC in vivo. These data, to 
our knowledge, provide the first evidence that in the 
aorta of VDN challenged VC rat, the expression of 
apoptotic cells and pro-apoptosis protein levels of 
ERS pathway: CHOP and cleaved caspase-12, were 
decreased by FGF21. Thus, FGF21 is a potent 
cardiovascular protective peptide which can inhibit 
VC at least in part by alleviating ERS mediated 
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apoptosis in VSMCs. This study provides new 
avenues and targets for prevention and treatment of 
VC. 
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