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FSH Is Responsible for Androgen Deprivation 
Therapy–Associated Atherosclerosis in Mice 
by Exaggerating Endothelial Inflammation and 
Monocyte Adhesion
Qiang Wang (王强) ,* Jingli Han (韩敬丽) ,* Zhenhui Liang (梁振辉) ,* Xueyu Geng (耿学妤) , Yiqing Du (杜依青) , 
Jing Zhou (周菁) , Weijuan Yao (姚伟娟) , Tao Xu (徐涛)

BACKGROUND: Androgen deprivation therapy (ADT) is the mainstay treatment for advanced prostate cancer. But ADTs with 
orchiectomy and gonadotropin-releasing hormone (GnRH) agonist are associated with increased risk of cardiovascular 
diseases, which appears less significant with GnRH antagonist. The difference of follicle-stimulating hormone (FSH) in ADT 
modalities is hypothesized to be responsible for ADT-associated cardiovascular diseases.

METHODS: We administered orchiectomy, GnRH agonist, or GnRH antagonist in male ApoE−/− mice fed with Western diet and 
manipulated FSH levels by testosterone and FSH supplementation or FSH antibody to investigate the role of FSH elevation 
on atherosclerosis. By combining lipidomics, in vitro study, and intraluminal FSHR (FSH receptor) inhibition, we delineated 
the effects of FSH on endothelium and monocytes and the underlying mechanisms.

RESULTS: Orchiectomy and GnRH agonist, but not GnRH antagonist, induced long- or short-term FSH elevation and 
significantly accelerated atherogenesis. In orchiectomized and testosterone-supplemented mice, FSH exposure increased 
atherosclerosis. In GnRH agonist–treated mice, blocking of short FSH surge by anti-FSHβ antibody greatly alleviated 
endothelial inflammation and delayed atherogenesis. In GnRH antagonist–treated mice, FSH supplementation aggravated 
atherogenesis. Mechanistically, FSH, synergizing with TNF-α (tumor necrosis factor alpha), exacerbated endothelial 
inflammation by elevating VCAM-1 (vascular cell adhesion protein 1) expression through the cAMP/PKA (protein kinase 
A)/CREB (cAMP response element-binding protein)/c-Jun and PI3K (phosphatidylinositol 3 kinase)/AKT (protein kinase 
B)/GSK-3β (glycogen synthase kinase 3 beta)/GATA-6 (GATA-binding protein 6) pathways. In monocytes, FSH upregulated 
CD29 (cluster of differentiation 29) expression via the PI3K/AKT/GSK-3β/SP1 (specificity protein 1) pathway and promoted 
monocyte-endothelial adhesion both in vitro and in vivo. Importantly, FSHR knockdown by shRNA in endothelium of carotid 
arteries markedly reduced GnRH agonist–induced endothelial inflammation and atherosclerosis in mice.

CONCLUSIONS: FSH is responsible for ADT-associated atherosclerosis by exaggerating endothelial inflammation and promoting 
monocyte-endothelial adhesion.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Prostate cancer (PCa) is the second most common 
malignancy in men worldwide.1,2 In China, the growth 
rate of PCa is the first of all cancer species.3 Andro-

gen deprivation therapy (ADT) has been the standard 
treatment for advanced and metastatic PCa.4 Orchiec-
tomy, gonadotropin-releasing hormone (GnRH) agonists, 
and GnRH antagonists are the 3 types of ADT. ADT sig-
nificantly decreases the mortality caused by PCa. How-
ever, growing clinical trials and observations found that 
ADT with orchiectomy and GnRH agonists may increase 
the risk of dying from cardiovascular diseases (CVDs).5,6 
The mortality rate caused by adverse cardiovascu-
lar events, such as coronary artery disease, myocardial 
infarction,7–9 sudden cardiac death,10 and stroke,7,8,11 is as 
high as 30%, even the same as the specific fatality rate 
of PCa.12,13 Therefore, it is urgent and essential to explore 
the mechanisms for ADT-induced cardiac issues.

Atherosclerosis is a primary vascular disease and 
prerequisite for almost all adverse cardiovascular events 
mentioned above. The development and progression of 
atherosclerosis depends on multiple factors and steps, 
such as abnormal lipid metabolism,14 endothelial dysfunc-
tion,15 monocyte adhesion,16,17 and foam cell formation.18 

With regard to how ADT induces cardiac complications, it 
has been speculated that changes in hormone levels with 
ADT may be an important reason. Several reports have 
suggested that androgen deficiency can trigger metabolic 
abnormalities and insulin resistance.19 Thus, low androgen 
is considered to be pivotal to ADT-related CVDs. Neverthe-
less, this could not explain why GnRH antagonist is usually 
associated with lower risk of CVDs compared with GnRH 
agonists, although both have comparable castration lev-
els of testosterone.20,21 Therefore, it is necessary for us to 
explore other risk factors that may induce adverse cardio-
vascular events and the potential mechanisms.

Although different types of ADT can make testoster-
one reach castrated levels, they can also lead to varying 
degrees of fluctuations in other hormone levels, such as 
follicle-stimulating hormone (FSH).22,23 For surgical cas-
tration, decreased testosterone level induces continuous 
elevation of FSH. For GnRH agonist, an initial overstimu-
lation of GnRH receptors leads to a transient surge of 
FSH. These phenomena do not happen with the GnRH 
antagonist.24,25 In addition, studies have found that FSH in 
GnRH agonist–treated patients does not fall to the level 
as low as that in GnRH antagonist–treated patients.25 
That is because GnRH agonist primarily suppresses LH 
(luteinizing hormone), whereas GnRH antagonist sup-
presses both LH and FSH.26 The different serum levels 
of FSH seem to be a prominent distinction among GnRH 
agonist, GnRH antagonist, and orchiectomy treatments. 
Researchers started to realize the potential role of FSH 
in ADT-associated CVDs.27

Nonstandard Abbreviations and Acronyms

ADT	 androgen deprivation therapy
AR	 androgen receptor
Bica	 bicalutamide
CVD	 cardiovascular disease
CYP17A1	 cytochrome P450 17A1
Deg	 degarelix
eNOS	 endothelial NO synthase
FSH	 follicle-stimulating hormone
FSHR	 follicle-stimulating hormone receptor
GnRH	 gonadotropin-releasing hormone
GSK-3β	 glycogen synthase kinase 3 beta
HDL	 high-density lipoprotein
HUVEC	 human umbilical vein endothelial cell
ICAM-1	 intercellular adhesion molecule 1
IL	 interleukin
LDL	 low-density lipoprotein
Leu	 leuprolide
LH	 luteinizing hormone
MCP-1	 monocyte chemoattractant protein 1
NF-κB	 nuclear factor kappa B
PCa	 prostate cancer
SP1	 specificity protein 1
TC	 total cholesterol
TG	 total triglyceride
TNF-α	 tumor necrosis factor alpha
VCAM-1	 vascular cell adhesion protein 1

Highlights

•	 Follicle-stimulating hormone (FSH) is a strong and 
independent proatherogenic factor.

•	 The short- and long-term elevation of FSH caused 
by gonadotropin-releasing hormone agonist and 
orchiectomy, respectively, results in the aggrava-
tion of endothelial inflammation and atherosclerosis 
development.

•	 Gonadotropin-releasing hormone antagonist is 
associated with low cardiovascular disease risk 
through its effects of lowering the FSH level and 
altering lipid metabolism.

•	 FSH synergizing with TNF-α (tumor necrosis fac-
tor alpha) stimulates VCAM-1 (vascular cell adhe-
sion protein 1) expression in endothelium through 
the cAMP/PKA (protein kinase A)/CREB (cAMP 
response element-binding protein)/c-Jun and the 
PI3K (phosphatidylinositol 3 kinase)/AKT (protein 
kinase B)/GSK-3β (glycogen synthase kinase 3 
beta)/GATA-6 (GATA-binding protein 6) pathways.

•	 FSH induces CD29 (cluster of differentiation 
29) expression in monocytes via the PI3K/AKT/
GSK-3β/SP1 (specificity protein 1) pathway and 
promotes monocyte adhesion to endothelial cells.
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Orchiectomy-induced FSH increase is similar to that in 
postmenopausal women. In the transitional period of meno-
pause, serum FSH can be maintained at a high concen-
tration for 10 years. Epidemiological evidence suggested 
that FSH in perimenopausal women was directly related to 
the number of aortic plaques.28 It has been reported that 
higher FSH may increase VCAM-1 (vascular cell adhe-
sion protein 1) expression in endothelial cells, contributing 
to the development of atherosclerosis in postmenopausal 
women.29 It is also shown that human adipocytes express 
FSHRs (FSH receptors) through which FSH upregulates 
the genes related to lipid synthesis and results in disorders 
of lipid metabolism, increasing the risks of atherosclero-
sis.23,30 Based on these previous studies, researchers pos-
tulated that FSH may at least partially explain the differing 
effects these ADTs have on CVD risk.31

However, more questions remain unanswered: why are 
both GnRH agonists and surgical castration associated 
with similar high incidence of CVDs23 even though they 
induce different FSH alterations (short versus long term)? 
Do they share similar mechanisms in inducing CVDs? If 
the mechanism is related to FSH, what is the molecular 
basis by which FSH exerts its effects on CVDs? Our recent 
work showed that exogenous administration of both short- 
and long-term FSH in ApoE−/− mice promoted the forma-
tion of plaques characterized with increased macrophage 
content.32 Nevertheless, it is still not clear whether the 
fluctuation of the FSH level is indeed determinant to ADT-
associated atherogenesis and what the role of low andro-
gen level is in this context. In addition, although GnRH 
antagonist is usually considered to be related to lower 
CVD risk,23,33,34 the newest randomized controlled study 
PRONOUNCE (A Trial Comparing Cardiovascular Safety 
of Degarelix Versus Leuprolide in Patients With Advanced 
Prostate Cancer and Cardiovascular Disease) showed 
that GnRH antagonists and agonists did not differ by inci-
dence of cardiovascular end points.35 Yet, because this trial 
was stopped prematurely, more studies are still needed to 
evaluate the association of GnRH antagonist with CVDs. 
Therefore, to answer these questions and concerns, we 
performed the present research. By establishing multiple 
animal models and performing experiments both in vitro 
and in vivo, we identified the critical role of FSH, elevated 
either transiently or in the long term, in ADT-associated 
CVDs by exaggerating endothelial inflammation and pro-
moting monocyte-endothelial adhesion. Moreover, we 
showed that GnRH antagonist was associated with low 
CVD risk probably through its roles in lowering the FSH 
level and altering the lipid metabolism.

MATERIALS AND METHODS
Data Availability
The data, methods, and study materials are available from the 
corresponding authors to other researchers upon reason-
able request. An expanded methods section is available in the 

Supplemental Methods. The Lipidomics Data Set is available in 
the Supplemental Material, and all primers are available in Table 
S1. All research materials are listed in the Major Resources 
Table in the Supplemental Material.

Mice and Experimental Design
All animal procedures were performed according to the proto-
cols (LA2017095 and LA2021172) approved by the Animal 
Care and Use Committee of Peking University. Male ApoE−/− or 
C57BL/6J mice purchased from Beijing Vital River Laboratory 
Animal Technology (Beijing, China) were used for all animal 
studies. Female mice were excluded in this study because ADT 
is applied only in males. All results are reported in compliance 
with the Animal Research: Reporting of In Vivo Experiments 
guidelines.

For surgical castration model, male ApoE−/− mice (7 weeks, 
10 mice per group) were anesthetized and sham operated or 
bilaterally castrated at 7 weeks and allowed to recover for 1 
week. Then recombinant FSH (3 IU, Gonal-F; Serono, Sweden) 
or testosterone (1 mg/kg; MedChemExpress, China) was 
administrated into mice by subcutaneous injection daily for 12 
weeks. All castration mice were fed a Western diet (containing 
40% fat and 1.25% cholesterol, No. D12108C; Research Diets) 
and euthanized at 20 weeks of age. For the GnRH agonist or 
antagonist administration model, male ApoE−/− mice (8 weeks, 
10 mice per group) were fed a Western diet for 12 weeks. 
Leuprolide (Leu; 2 mg/kg; MedChemExpress) or degarelix 
(Deg; 50 mg/kg; MedChemExpress) was given subcutane-
ously once a month, respectively. Bicalutamide (Bica; 10 mg/
kg; MedChemExpress) was given to Leu-administered mice by 
gavage once a day. All mice were euthanized at 20 weeks of 
age. For testosterone or FSH administration model, 4 groups 
of male ApoE−/− mice (8 weeks, 6 mice per group) were fed a 
Western diet and subjected to daily subcutaneous injection of 
(1) saline, (2) testosterone (1 mg/kg; MedChemExpress), (3) 
recombinant FSH (3 IU, Gonal-F; Serono), and (4) testosterone 
and FSH, respectively, for 8 weeks. Then the mice were eutha-
nized at 16 weeks of age.

For the FSH-blocking experiment, Leu (2 mg/kg) was 
given subcutaneously to male ApoE−/− mice (8 weeks, 8 mice 
per group) once a month. At the same time, control IgG or 
anti-FSHβ antibody (200 μg per mouse) was administered 
per day by intraperitoneal injection for 2 weeks. Anti-FSHβ 
antibody was a polyclonal antipeptide antibody to a 13-amino-
acid-long receptor-binding sequence of the β-subunit of FSH 
(LVYKDPARPNTQK) generated by GenScript (No. sc1180). 
Mice were euthanized at 12 or 20 weeks of age for differ-
ent purposes. For the FSH supplementation experiment, Deg 
(50 mg/kg; MedChemExpress) was given subcutaneously 
to male ApoE−/− mice (8 weeks, 6 mice per group) once a 
month. At the same time, recombinant FSH (3 IU, Gonal-F; 
Serono) was administrated per day by subcutaneous injec-
tion for 2 weeks. Mice were fed a Western diet and eutha-
nized at 20 weeks of age.

For partial carotid artery ligation model, male ApoE−/− mice 
(7 weeks, 8 mice per group) were anesthetized, left com-
mon carotid artery closer to the aortic root was clamped with 
microvessel clamp, and 3 of 4 caudal branches of the left 
carotid (left external carotid, internal carotid, and occipital 
artery) were ligated with 5-0 silk suture, while the superior thy-
roid artery was left intact. Then recombinant adenovirus vector 

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.319426
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.319426
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.319426@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.319426@line 2@
https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.319426


Basic Sciences - AL
Wang et al FSH Is Responsible for ADT-Related Atherosclerosis

Arterioscler Thromb Vasc Biol. 2024;44:698–719. DOI: 10.1161/ATVBAHA.123.319426� March 2024    701

with FSHR-targeted shRNA (1×1011 vp/mL; GenePharma, 
China) or control virus was injected through the left external 
carotid and incubated intraluminally for 30 minutes. After the 
surgery, mice were allowed to recover for 1 week, then Leu (2 
mg/kg) was given subcutaneously at 8 weeks. One or 4 weeks 
after ligation, mice were euthanized for different purposes.

For the observation of monocyte adhesion in vivo, male 
C57BL/6J mice (8 weeks, 6 mice per group) were anes-
thetized, and femoral and mesenteric veins were exposed. 
Human monocytic THP-1 cells with or without FSH treatment 
were injected into the femoral vein, and monocyte adhesion 
was observed from mesenteric veins under microscope and 
recorded for 30 minutes. The number of adherent cells was 
counted at the 1st, 10th, 20th, and 30th minute, and the aver-
age number of these 4 time points was taken as 1 repeat.

Sample Preparation and Histological Analyses
Mice were euthanized and fixed by perfusion through the left 
cardiac ventricle with 4% paraformaldehyde, then the heart, 
arterial tree, or ligated carotid arteries were dissected care-
fully. Left ventricular outflow tracts were fixed in 4% parafor-
maldehyde and dehydrated in 30% sucrose solution before 
being frozen in the TissueTek cutting medium (Sakura Finetek). 
Consecutive 10-µm sections were cut for histological analy-
ses. To quantify atherosclerotic lesions, representative sec-
tions where 3 aortic valve leaflets were equally observed were 
stained with hematoxylin-eosin, oil red O, or Masson trichrome 
according to the manufacturer’s instructions (Solarbio, China). 
The volume of lesions was calculated by measuring the lesion 
areas of each section. Area was defined by the internal elastic 
lamina to the luminal edge of the lesion. Arterial trees were 
stained with oil red O, and the plaque sizes were quantified by 
the Image J software (National Institutes of Health). All analy-
ses adhered to the guidelines of AHA Statement for Animal 
Atherosclerosis Studies.36

RESULTS
Long-Term FSH Elevation Is Responsible for 
Orchiectomy-Accelerated Atherogenesis
To test the role of long-term high FSH level in  
orchiectomy-associated atherogenesis and distinguish it 
from loss of protective role of androgen on atheroscle-
rosis, we designed experiments on surgically castrated 
male ApoE−/− mice and manipulated their FSH and 
testosterone levels. One group of castrated mice was 
supplemented with testosterone, and another group of 
castrated mice was administered with both testosterone 
and FSH (Figure 1A). ELISA data showed that com-
pared with Sham, castration caused low testosterone 
and high FSH, both of which were recovered by adminis-
tration of exogenous testosterone; while in testosterone- 
and FSH-supplemented castrated mice, the FSH level 
remained as high as in castrated mice even though their 
testosterone level was similar to Sham mice (Figure 1B 
and 1C). Oil red O staining showed that atherosclerotic 
lesions in the aortic root and aortic tree were aggravated 

in the castrated group compared with Sham but partially 
alleviated in the castration+testosterone group. Impor-
tantly, lesion size in the castration+testosterone+FSH 
group was aggravated again compared with the 
castration+testosterone group (Figure 1D and 1E), 
suggesting a critical role of FSH in plaque formation. 
Although castration caused body weight loss and the 
augment of lipid deposit in the liver, testosterone and 
FSH supplementation did not have much effect on 
body weight (Figure S1A) or serum/liver/adipose lipids, 
with one exception that adipose total cholesterol (TC) 
in castration+testosterone+FSH mice was significantly 
higher than castration+testosterone mice (Figure S1B 
through S1I). We measured serum levels of soluble 
VCAM-1 and MCP-1 (monocyte chemoattractant protein 
1), which are the markers for endothelial activation and 
inflammation. Data showed that both levels were higher 
in the castrated and castration+testosterone+FSH 
groups than the Sham and castration+testosterone 
groups, respectively (Figure 1F and 1G). Collectively, 
we demonstrated that long-term FSH elevation inde-
pendent of low androgen level was responsible for 
orchiectomy-exaggerated inflammation and accelerated 
atherogenesis.

To further distinguish the roles of testosterone and 
FSH in atherogenesis, we administered testoster-
one or FSH in intact male ApoE−/− mice for 8 weeks 
(Figure S2A), which served as a comparison for the 
experiments performed on castrated mice. ELISA data 
showed that FSH in the saline and testosterone groups 
was barely detectable, but FSH levels were high in 
the FSH and testosterone+FSH groups, respectively 
(Figure S2B). Surprisingly, testosterone levels in the 
saline, testosterone, and FSH groups did not show 
significant difference, although those in the testos-
terone and FSH groups appeared higher than that in 
the saline group (Figure S2C). The testosterone level 
in the testosterone+FSH group was even lower than 
that in the saline group. Nevertheless, oil red O staining 
showed that the atherosclerotic lesions in aortic trees 
and aortic roots were exaggerated in the FSH group as 
compared with the saline group (Figure S2D through 
S2G). Testosterone supplement showed some alleviat-
ing effects on atherogenesis in the testosterone and 
testosterone+FSH groups as compared with the saline 
and FSH groups, respectively. Lipid analyses data 
showed that serum lipids were rather low in the testos-
terone, FSH, and testosterone+FSH groups compared 
with the saline group (Figure S2H through S2K), but 
there was no difference in the liver or adipose lipids 
among the groups (Figure S2L through S2O). The data 
demonstrated the proatherogenic effect of FSH and 
antiatherogenic effect of testosterone in intact mice, 
which is consistent with the finding in castrated mice 
and may not be directly related to their effects on lipid 
metabolism.
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GnRH Agonist, but Not Antagonist, Induces 
Increased Atherosclerotic Lesions With 
Reduced Stabilities
To observe the role of short-term high FSH in GnRH 
agonist–associated atherosclerosis, we treated high-fat 
diet–fed male ApoE−/− mice with saline, GnRH agonist 
Leu, GnRH antagonist Deg, and Leu+Bica, respectively 
(Figure 2A). The reason for adding Bica—a nonsteroidal 
antiandrogen—was to mimic the drug administration in 
clinic to reduce adverse effects induced by testosterone 
surge. In accordance with the clinical observations,22,23 
Deg rapidly reduced FSH and testosterone levels in mice, 
whereas Leu caused an initial surge of both hormones for 

2 weeks followed by gradual decrease (Figure 2B and 
2C). Oil red O staining revealed that, as compared with 
the saline group, the Leu group, as well as the Leu+Bica 
group, displayed increased atherosclerotic lesions in the 
aortic root and aortic tree, while the Deg group displayed 
similar or even smaller lesion sizes (Figure 2D and 2E). 
Administration of Bica appeared to reduce lesion size in 
the Leu+Bica group as compared with the Leu group, 
but this effect was limited and lacked statistical signifi-
cance. Further analysis of plaque components showed 
that macrophage content was increased remarkably 
(Figure 2F), but smooth muscle cell (Figure 2G) and 
collagen contents (Figure S3A) were significantly 
decreased in the Leu group, whereas these components 

Figure 1. Long-term follicle-stimulating hormone (FSH) elevation is responsible for orchiectomy-accelerated atherogenesis.
A, The experimental design in which ApoE−/− mice were subjected to surgical castration (CAS) at 7 weeks and then subcutaneously injected 
with FSH, testosterone (T), or both every day from 8 weeks and euthanized at 20 weeks. During this time, mice were fed a Western diet.  
B and C, Serum levels of T and FSH in mice of the 4 groups as assessed by ELISA (n=8 mice). D and E, Oil red O staining of aortic roots  
(D) and aortic trees (E) of mice in the sham, CAS, CAS+T, and CAS+T+FSH groups. Representative images of aortic roots are shown in D 
(top) and E (left); scale bar, 500 μm. Two aortic trees are shown for each group (E); scale bar, 1 cm. The volumes of plaques in the aortic 
root and lesion sizes in the aortic tree were quantified and are shown (n=10 mice). F and G, Serum levels of soluble VCAM-1 (vascular cell 
adhesion protein 1) and MCP-1 (monocyte chemoattractant protein 1) in mice of the 4 groups as assessed by ELISA (n=8 mice). Data are 
presented as mean±SEM. Data were analyzed by 1-way ANOVA test followed by the Tukey multiple comparisons test (B–G).
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Figure 2. Atherosclerotic lesions increased with reduced stabilities in gonadotropin-releasing hormone (GnRH) agonist–treated 
mice.
A, The experimental design in which 8-week-old ApoE−/− mice were fed a Western diet and subcutaneously injected with saline, leuprolide 
(Leu), or degarelix (Deg) every month (8, 12, and 16 wk). One group of Leu-injected mice was also fed bicalutamide (Bica). All mice were 
euthanized at 20 weeks. B and C, Serum levels of testosterone and follicle-stimulating hormone (FSH) in mice of the 4 groups as (Continued )



Basic


 
Sciences





 - 

AL
Wang et al FSH Is Responsible for ADT-Related Atherosclerosis

704    March 2024� Arterioscler Thromb Vasc Biol. 2024;44:698–719. DOI: 10.1161/ATVBAHA.123.319426

were barely changed in the Deg group, as compared with 
control. Bica seemed to lower the macrophage content 
in plaques. These data indicated that GnRH agonist but 
not antagonist had a proatherogenic effect and antian-
drogens seemed beneficial in a limited range.

Since dyslipidemia is the risk factor for CVDs, we 
examined whether it was involved in the proatherogenic 
effect of GnRH agonist. Lipid analysis showed that there 
were no differences between the Leu and saline groups 
in their serum TC, total triglyceride (TG), LDL (low-density  
lipoprotein) cholesterol, HDL (high-density lipoprotein) 
cholesterol, and body weight, while the Deg group had 
modest weight loss and higher HDL cholesterol level 
(Figure S3B through S3F). Surprisingly, the Deg group 
had much higher liver TC and TG levels than the saline and 
Leu groups (Figure S3G and S3H). There was no differ-
ence in adipose TC and TG among the 3 groups (Figure 
S3I and S3J). We further analyzed phospholipid compo-
sitions in the serum by lipidomics and discovered that no 
obvious differences were seen between the saline and 
Leu groups, whereas the Deg group exhibited a distinct 
phospholipid profile (Figure 2H; Lipidomics Data Set in 
the Supplemental Material). Deg caused the increase of 
lysophosphatidylcholines and the reduction of ceramides. 
Besides, principal component analysis discriminated the 
Deg group from the others (Figure 2I). These findings 
indicate that GnRH agonist and antagonist have distinct 
effects on atherosclerosis possibly through different 
mechanisms. The surges of testosterone and FSH was 
the major difference between Leu and Deg administra-
tion. Based on our data, it is reasonable to hypothesize 
that shortly elevated FSH may play an imperative role in 
GnRH agonist–associated atherosclerosis.

Short-Term FSH Elevation Is Critical to GnRH 
Agonist–Associated Atherogenesis
To prove that the enhanced atherosclerosis in Leu-
administered mice indeed resulted from the short-term 
FSH elevation, we tried to block FSH activity by inject-
ing specific anti-FSHβ antibody37,38 to Leu-administered 
mice during the first 2 weeks, when the FSH surge 
occurs (Figure 3A). Analyses of atherosclerotic lesions 
at week 20 showed that anti-FSHβ antibody treatment 

led to strikingly reduced lesion size in both the aortic root 
and aortic tree (Figure 3B and 3C). Since anti-FSHβ 
antibody had no effects on body weight (Figure S4A) 
and proportions of monocytes in blood and bone marrow 
(Figure S4B through S4E), we believed that its benefi-
cial effect was derived from antagonizing FSH activity. 
Furthermore, we added FSH in the first 2 weeks to Deg-
administered ApoE−/− mice, imitating the FSH surge that 
occurs in Leu-administered mice (Figure 3D and 3E). 
Analyses performed at week 20 showed that, in consis-
tency with the results of Leu treatment, atherosclerotic 
lesions in the Deg+FSH group remarkably expanded in 
both the aortic root and aortic tree as compared with the 
Deg group (Figure 3F and 3G). Taken together, these 
data indicated that, like long-term elevation of FSH, 
short-term elevation of FSH also exaggerated athero-
sclerosis progression, and importantly, it was critical to 
GnRH agonist–associated atherogenesis.

FSH Synergizing With TNF-α Exacerbates 
Endothelial Inflammation
Next, we sought to investigate the pathological role of FSH 
on atherosclerosis. We noticed that macrophage content 
significantly increased in Leu-exposed mice. The major 
source of plaque macrophages is circulating monocytes 
in the blood, which adhere to vascular endothelium and 
then migrate across the endothelium and differentiate into 
macrophages underneath intima.16,39 Endothelial inflam-
mation and dysfunction promote monocyte adhesion and 
migration.15,40 The increased serum VCAM-1 and MCP-1 
levels in castrated and castration+testosterone+FSH 
mice indicated that high FSH should be related to endo-
thelial inflammation. Therefore, we tried to explore the 
proatherogenic effect of FSH on endothelium in vitro. 
We first confirmed FSHR expression on human umbilical 
vein endothelial cells (HUVECs; Figure S5B) as reported 
previously.41 Then we treated HUVECs with FSH to fur-
ther investigate the functional role of FSH/FSHR. It is 
reported that the testosterone level in culture medium 
containing 10% FBS (fetal bovine serum) was ≈0.03 
nmol/L, which has marginal effect on AR (androgen 
receptor).42 Therefore, we considered the culture medium 
as androgen low or depleted medium, which mimicked 

Figure 2 Continued.  assessed by ELISA (n=8 mice). D, Oil red O staining of aortic roots of mice in the saline, Leu, Deg, and Leu+Bica 
groups. Representative images are shown with a 500-μm scale bar. The volumes of plaques were quantified (n=8–10 mice). E, Oil red O 
staining of aortic trees of mice in the 4 groups. Three aortic trees were shown for each group. Scale bar, 1 cm. The lesion sizes were quantified 
(n=7 mice). F, SmαA (smooth muscle α-actin) immunostaining (red) on the plaques of aortic roots of mice. Representative images are 
shown in the left (scale bar, 300 µm) and higher magnification images for boxed areas are on the right (scale bar, 50 µm). The SMαA+ areas 
were measured to indicate smooth muscle cell content (n=7 mice). G, F4/80 immunostaining (red) on the plaques of aortic roots of mice. 
Representative images are shown in the left (scale bar, 300 µm) and higher magnification images for boxed areas are on the right (scale bar, 
50 µm). The F4/80+ areas were measured to indicate macrophage content (n=7 mice). H, Heat map of significantly altered serum lipids of mice 
in the saline, Leu, and Deg groups. The color of each section is proportional to the significance of the change in metabolites (red, upregulated; 
blue, downregulated; n=5 mice). I, Principal component (PC) analysis score plots based on phospholipid profiles of the saline, Leu, and Deg 
groups (n=5 mice). Data are presented as mean±SEM. Data were analyzed by 1-way ANOVA test followed by the Tukey multiple comparisons 
test (D–G).
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the in vivo condition. Interestingly, FSH alone exerted 
no proinflammatory effects on HUVECs, but in synergy 
with TNF-α (tumor necrosis factor alpha), a proinflamma-
tory factor, FSH remarkably augmented the expression 
of VCAM-1, E-selectin, and MCP-1 (Figure 4A through 
4F). We found that FSH, once coupled with TNF-α, pro-
moted HUVECs to secrete higher levels of MCP-1 and 
increased numbers of THP-1 adhesion with HUVECs 
than TNF-α alone (Figure 4G through 4I). We also iden-
tified that 50 ng/mL was the optimal concentration of 

FSH that had the maximum synergistic effect with TNF-α 
on endothelial inflammation (Figure S5C), a concentra-
tion that is close to GnRH agonist–related FSH surge. 
Unlike FSH, LH or GnRH agonist Leu itself had no effect 
on HUVECs, who express LH or GnRH receptors (data 
not shown), in terms of inflammatory gene expression, 
excluding these potential confounding factors on endo-
thelial inflammation (Figure S5A through S5D). Addition-
ally, we found that FSH did not affect the proliferation and 
migration of HUVECs (Figure S5E and S5F), excluding 

Figure 3. Short-term follicle-stimulating hormone (FSH) elevation is critical to gonadotropin-releasing hormone (GnRH) 
agonist–associated atherogenesis.
A, The experimental design in which 8-week-old ApoE−/− mice were subcutaneously injected with leuprolide (Leu) every month (8, 12, and 
16 wk) and supplemented with the anti-FSHβ antibody or control IgG intraperitoneally during the first 2 weeks (8–10 wk). Mice were fed 
a Western diet and euthanized at 12 or 20 weeks. B and C, Oil red O staining of aortic trees (B) and aortic roots (C) of mice in the saline, 
Leu+Ctrl-IgG, and Leu+anti-FSHβ groups. Representative images of aortic roots are shown in the left (B). Scale bar, 500 μm. Two aortic 
trees were shown for each group (C). Scale bar, 1 cm. The volumes of plaques in the aortic root and the lesion sizes in the aortic tree were 
quantified and are shown (n=7–8 mice). D, The experimental design in which 8-week-old ApoE−/− mice were subcutaneously injected with 
degarelix (Deg) every month (8, 12, and 16 wk) and supplemented with FSH or saline intraperitoneally during the first 2 weeks (8–10 
wk). Mice were fed a Western diet and euthanized at 20 weeks. E, Serum levels of FSH in mice of the Deg+FSH group as assessed by 
ELISA before and after FSH supplementation (n=4 mice). F and G, Oil red O staining of aortic trees (F) and aortic roots (G) of mice in the 
Deg+saline and Deg+FSH groups. Representative images are shown in the left. Scale bars, 1 cm (F) and 500 µm (G). The lesion sizes in 
the aortic tree and the plaques in the aortic root were quantified and are shown in the right (n=6 mice). Data are presented as mean±SEM. 
Data were analyzed by 1-way ANOVA test followed by the Tukey multiple comparisons test (B and C) and by the unpaired, 2-tailed Student t 
test (E–G). Ctrl indicates control.
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Figure 4. Follicle-stimulating hormone (FSH) synergized with TNF-α (tumor necrosis factor alpha) to enhance the expression of 
adhesion molecules in the endothelium.
Human umbilical vein endothelial cells (HUVECs) were treated with dimethyl sulfoxide (DMSO), TNF-α (10 ng/mL), FSH (50 ng/mL), or FSH 
and TNF-α for 24 hours (A–I); or TNF-α (10 ng/mL) for 24 or 48 hours, the combination of FSH and TNF-α for 6 hours following only TNF-α 
for 24 or 48 hours (J and K). A through E, The effects of DMSO, TNF-α, FSH, or FSH and TNF-α on the expression of adhesion molecules 
were determined by qRT-PCR (quantitative reverse transcription-polymerase chain reaction; A–D, n=3 biological replicates) and Western 
blotting (E, n=4 biological replicates). GAPDH was used as a loading control. F, Representative images of VCAM-1 (vascular cell adhesion 
protein 1; green) in HUVECs (CD31 [cluster of differentiation 31] positive, red) with the indicated treatment were determined (Continued )
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other possible effects of FSH on endothelial cells. Impor-
tantly, the expression of VCAM-1, E-selectin, and MCP-1 
was also found increased significantly on aortic endothe-
lium in castrated and castration+testosterone+FSH mice 
compared with Sham and castration+testosterone mice, 
respectively (Figure S6A through S6D), confirming that 
FSH indeed exaggerated endothelial inflammation in vivo.

To find out whether transient elevation of FSH, which 
occurs in Leu administration, also has a proatherogenic 
effect on endothelial cells, we mimicked this process in 
vitro: with continued stimulation by TNF-α (24 and 48 
hours), FSH was used to transiently treat HUVECs in the 
first 6 hours and then removed. We found that, without 
FSH, expressions of VCAM-1 and E-selectin were upreg-
ulated at 24 hours but totally faded at 48 hours, whereas 
with transient treatment of FSH, VCAM-1 expression 
became even stronger at 24 hours and most impor-
tantly, VCAM-1 and E-selectin expressions remained 
at high level till 48 hours (Figure 4J), which was clearly 
demonstrated by immunostaining (Figure 4K). This phe-
nomenon was also true in vivo because our immunos-
taining showed that there were much stronger VCAM-1 
and E-selectin signals on the atherosclerotic plaques of 
Leu-administered mice than saline- or Deg-administered 
mice (Figure S5G and S5H). Moreover, en face staining 
of aorta collected 4 weeks after Leu or Leu+anti-FSHβ 
administration revealed that anti-FSHβ antibody remark-
ably inhibited VCAM-1 expression in the endothelium 
(Figure S6E), indicating that inhibition of FSH activity 
alleviated endothelial inflammation in the early stages of 
atherosclerosis induced by Leu. Collectively, these data 
suggest that FSH increased the sensitivity of endothe-
lial cells to cytokines and that, in synergy with TNF-α, 
it exacerbated endothelial inflammation and dysfunction.

Considering multiple proinflammatory factors exist in 
the blood of patients with preexisting CVDs, we next deter-
mined whether FSH could synergize with other proinflam-
matory factors, such as IL (interleukin)-1β. HUVECs were 
treated with IL-1β and FSH, and the expression of adhe-
sion molecules was detected. Data showed that FSH, in 
synergy with IL-1β, augmented the expression of VCAM-
1, E-selectin, ICAM-1 (intercellular adhesion molecule 1), 
and MCP-1 (Figure S7A through S7D) and significantly 
increased the protein expression of VCAM-1 (Figure 
S7E and S7F). In addition, previous study showed that 
androgen exposure increased human monocyte adhesion 
to ECs and EC expression of VCAM-1.43 To exclude the 

possibility that testosterone surge occurred in Leu admin-
istration or testosterone supplement in castrated mice 
might exert adverse effect on endothelial cells, we treated 
HUVECs with testosterone and TNF-α and examined 
the expression of adhesion molecules. Results showed 
that neither testosterone alone nor testosterone+TNF-α 
could increase the expression of VCAM-1, E-selectin, and 
ICAM-1 (Figure S7G through S7K). In addition, to dem-
onstrate whether the synergistic effect of FSH and pro-
inflammatory factors would also be observed with arterial 
endothelial cells, additional experiments were performed 
with human aortic endothelial cells. Similar to HUVECs, 
human aortic endothelial cells treated with FSH+IL-1β 
showed significantly enhanced expression of VCAM-1 
(Figure S7L through S7Q).

FSH Promotes Adhesion of Monocytes to 
Endothelial Cells
In addition to endothelial cells, the circulating monocytes 
would be subjected to high level of FSH upon GnRH 
agonist or orchiectomy administration. We then explored 
whether FSH could modulate adhesion of monocytes to 
resting HUVEC monolayer. Data showed that monocyte-
endothelial adhesion was remarkably enhanced in the FSH 
treatment group compared with the control group (Fig-
ure 5A and 5B), which was reversed by FSHR blockade 
(Figure 5C and 5D). Exposure of FSH to human CD (cluser 
of differentiation) 14+CD11b+ monocytes isolated from 
human peripheral blood mononuclear cells also increased 
their adhesion to HUVECs (P=0.0025; Figure 5E; Figure 
S8D). Furthermore, we injected FSH-treated THP-1 cells 
into femoral veins of wild-type mice and observed the in 
vivo monocyte adhesion from the mesenteric veins under 
microscope. Data showed that FSH triggered firm adhe-
sion (adhesion time was ≥10 s) of monocytes to vascular 
wall (Figure 5F; Videos S1 through S3) even though the 
rolling adhesion was not changed too much.

Next, we explored whether FSH-modulated factors 
closely related to adhesion, such as CD29, L-selectin, 
ITGAL (integrin subunit alpha L), ICAM-1, and C-X-C 
motif chemokine 1. Results showed that CD29 and 
L-selectin were significantly elevated after FSH exposure 
(Figure 5G and 5H; Figure S8A). Both immunofluores-
cence and flow cytometry analysis clearly demonstrated 
the enriched expression of CD29 (Figure 5I and 5J) 
and L-selectin (Figure S8B) on FSH-treated THP-1 cell 

Figure 4 Continued.  using immunofluorescence (IF). Scale bar, 50 µm. G, Levels of MCP-1 (monocyte chemoattractant protein 1) in culture 
media of HUVECs with the indicated treatment as assessed by ELISA; n=5 biological replicates. H and I, The adhesion of GFP (green 
fluorescent protein)-labeled human monocytic THP-1 cells to HUVECs with the indicated treatment was observed under a fluorescence 
microscope (scale bar, 300 µm). The adhered cell numbers were counted from images of 3 biological replicates, and the data are shown as the 
fold change (ratio to DMSO). J, Effect of transient stimulation with FSH (6 h) on VCAM-1 and E-selectin expression by Western blotting. n=4 
biological replicates. K, Representative images of VCAM-1 (green) in HUVECs (CD31 positive, red) with the indicated treatment (24 h) were 
determined using IF. Scale bar, 50 µm. Data are presented as mean±SEM. Data were analyzed by 1-way ANOVA test followed by the Tukey 
multiple comparisons test (A–D, G, and H) and by 2-way ANOVA test followed by the Tukey multiple comparisons test (E and J). Sample coll. 
indicates sample collection.
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Figure 5. Follicle-stimulating hormone (FSH) promoted adhesion of monocytes to endothelium.
Human monocytic THP-1 cells and human primary CD11b+CD14+ cells were infected with GFP (green fluorescent protein) adenovirus for 
48 hours, treated with FSH (50 ng/mL) for 24 hours, and then cocultured with human umbilical vein endothelial cells (HUVECs; A–E, and 
K). THP-1 cells were exposed to FSH (50 ng/mL) for 24 hours (F–J). A and B, The effect of FSH on the adhesion of THP-1 cells to resting 
HUVEC monolayers (scale bar, 300 µm); n=3 biological replicates. C and D, The effects of FSH, anti-FSHR (FSH receptor) antibody on THP-1 
cell adhesion. GFP-labeled THP-1 cells with anti-FSHR antibody or control (Ctrl) IgG pretreatment were treated with FSH and then cocultured 
with HUVECs. Scale bar, 300 µm; n=6 mice. E, The effect of FSH on the adhesion of CD11b+CD14+ monocytes (n=5 biological replicates; 
scale bar, 300 µm). F, The effect of FSH on the adhesion of THP-1 cells in the normal blood flow of wild-type C57BL/6 mice. (Continued )
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membrane. Time course study showed that the effect of 
FSH on CD29 and L-selectin expression could last for 
72 and 48 hours, respectively (Figure S8C). Moreover, 
we also observed the upregulation of CD29 in peripheral 
blood mononuclear cells of FSH-treated mice (Figure 
S8E and S8F). Most importantly, when CD29 was spe-
cifically blocked by CD29-blocking antibody, the effect of 
FSH on monocyte adhesion was eliminated (Figure 5K). 
Therefore, CD29 may play a leading role in FSH- 
promoted monocyte adhesion. Meanwhile, we excluded 
the possibility of ADT drugs, Leu and Deg, in regulating 
monocyte adhesion (Figure S8G and S8H). We detected 
the monocyte migration by transwell assay but did not 
find any effect of FSH (Figure S8I). Our data suggest 
that, in addition to exaggerating endothelial inflammation, 
FSH could also promote monocyte adhesion to endo-
thelial cells by upregulating CD29. These 2 effects of 
FSH make FSH become a strong proatherogenic factor. 
We also examined the effects of FSH on macrophages 
and found that FSH promoted macrophage migration to 
MCP-1 and decreased its spreading ability (Figure S9A 
through S9E). These suggest that FSH had a proinflam-
matory effect on macrophages.

FSHR/cAMP/PKA/CREB/c-Jun and PI3K/
AKT/GSK-3β/GATA-6 Pathways Are Involved 
in Synergistic Action of FSH and TNF-α on 
Endothelial Inflammation
Next, we sought to explore the molecular mechanisms 
for the synergistic effect of FSH and TNF-α on endo-
thelial inflammation. cAMP/PKA (protein kinase A)/
CREB (cAMP response element-binding protein), PI3K 
(phosphatidylinositol 3 kinase)/AKT (protein kinase B), 
p38 MAPK (mitogen-activated protein kinase), and MEK 
(mitogen-activated protein kinase/ERK (extracellular 
signal regulated kinase) are the major pathways down-
stream of FSHR.41,44,45 We found that FSH+TNF-α dra-
matically increased phosphorylation of CREB and AKT 
compared with FSH or TNF-α alone (Figure 6A through 
6C). Then we blocked FSHR and the downstream path-
ways by antibody or inhibitors to find out which pathway 
is responsible for FSH+TNF-α–amplified endothelial 
inflammation. Results showed that anti-FSHR antibody, 
PKA inhibitor (H89), and PI3K inhibitor (LY294002) 
all eliminated FSH+TNF-α–induced upregulations of 
VCAM-1 and E-selectin (Figure 6A through 6C) except 

the MEK inhibitor (PD98059; Figure S10A). Although 
the p38 MAPK inhibitor (SB203580) partially inhib-
ited VCAM-1 expression, it had a converse effect on 
E-selectin (Figure S10B), suggesting the different regu-
lations of the p38 MAPK pathway on these 2 adhesion 
molecules. Of note, the NF-κB (nuclear factor kappa 
B) pathway was not involved in FSH+TNF-α–induced 
VCAM-1 expression since there were little changes in 
its activated NF-κB level as compared with TNF-α alone 
(Figure S10F).

CREB can bind CRE (cAMP responsive element)/
AP-1 (activator protein 1) box together with c-Jun 
and regulates transcriptions of several genes, includ-
ing VCAM-1.46,47 Similar to CREB phosphorylation, 
c-Jun phosphorylation was augmented by FSH+TNF-α 
(Figure 6D and 6E), and both phosphorylated CREB 
and c-Jun could be suppressed by the PKA inhibi-
tor or PKAα siRNA (Figure 6B and 6D; Figure S10C). 
Besides, GSK-3β (glycogen synthase kinase 3 beta)—
a target of the PI3K/AKT pathway—was shown critical 
for TNF-α–induced VCAM-1 expression in endothelial 
cells.40,48 We detected increased GSK-3β phosphoryla-
tion in FSH+TNF-α–treated HUVECs, which could be 
blocked by specific inhibition of the PI3K/AKT pathway 
(Figure 6E; Figure S10D). But neither c-Jun nor CREB 
phosphorylation could be reversed by p85α siRNA (Fig-
ure 6E). These data suggested that the FSHR/cAMP/
PKA/CREB and the PI3K/AKT/GSK-3β pathways 
were involved in FSH+TNF-α–induced upregulation of 
VCAM-1 and E-selectin.

Since CREB and c-Jun occupied common bind-
ing sites and were similarly regulated by FSH+TNF-α, 
we were interested to see whether they could interact 
with each other. Unfortunately, coimmunoprecipitation 
assay failed to detect their binding potential (Figure 
S10G). Then we suppressed CREB expression with a 
plasmid encoding dominant-negative CREB (known 
as A-CREB)49 and found that FSH+TNF-α–induced 
upregulations of VCAM-1 and E-selectin were markedly 
reversed. Similar changes were seen in c-Jun expression 
(Figure S10E), suggesting that c-Jun acts downstream 
of CREB. Furthermore, c-Jun knockdown effectively sup-
pressed FSH+TNF-α–induced VCAM-1 and E-selectin 
expressions (Figure 6F). The chromatin immunoprecipi-
tation assay indeed confirmed that enrichment of c-Jun 
on the VCAM-1 promoter was significantly increased by 
FSH+TNF-α treatment (Figure 6G).

Figure 5 Continued.  Representative statistics about the number of firm adhesion and rolling adhesion THP-1 cells are shown on the right. 
Black arrows indicate rolling adhesion THP-1 cells, and blue arrows indicate firm adhesion THP-1 cells (n=6 mice; scale bar, 50 µm). G and 
H, The effects of FSH on the expression of adherent molecules were determined by qRT-PCR (quantitative reverse transcription polymerase 
chain reaction; G, n=5 biological replicates) and Western blotting (H, n=3 biological replicates). I and J, The effects of FSH on membrane 
CD29 were determined by immunofluorescence (I) and flow cytometry (J); n=3 biological replicates. K, The effect of anti-CD29 antibody on 
the adhesion of THP-1 cells. THP-1 cells with the indicated FSH treatment were exposed to anti-CD29 antibody or Ctrl-IgG antibody for 1 
hour and then cocultured with HUVECs (scale bar, 300 µm); n=3 biological replicates. Data are presented as mean±SEM. Data were analyzed 
by unpaired, 2-tailed Student t test (B and E–J) and by 1-way ANOVA test followed by the Tukey multiple comparisons test (K). CD indicates 
cluster of differentiation; DMSO, dimethyl sulfoxide; FITC, fluorescein isothiocyanate; and PBMC, peripheral blood mononuclear cell.
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Figure 6. The cAMP/PKA (protein kinase A)/CREB (cAMP response element-binding protein) and the PI3K 
(phosphatidylinositol 3 kinase)/AKT (protein kinase B)/GSK-3β (glycogen synthase kinase 3 beta) pathways were involved 
in the synergistic action of follicle-stimulating hormone (FSH) and TNF-α (tumor necrosis factor alpha) on endothelial 
inflammation, tightly regarding the transcription factors c-Jun and GATA-6 (GATA-binding protein 6).
Human umbilical vein endothelial cells (HUVECs) were pretreated with the FSHR (FSH receptor) antibody, PKA inhibitor H89 (10 μM), PI3K 
inhibitor LY294002 (10 μM), or FSHR antibody for 1 hour and then treated with TNF-α (10 ng/mL), FSH (50 ng/mL), or FSH+TNF-α for 6 hours. 
A, The effects of FSHR blockade on the expression of VCAM-1 (vascular cell adhesion protein 1), E-selectin, phosphorylated CREB (p-CREB), 
and total CREB in HUVECs with the indicated treatment. GAPDH served as a loading control (Ctrl); n=5 biological replicates. (Continued )
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In HUVECs, GATA-6 (GATA-binding protein 6) exclu-
sively binds to GSK-3β, preventing its binding with the 
VCAM-1 promoter, while GSK-3β phosphorylation leads 
to the disruption of the GSK-3β/GATA-6 complex.50 Since 
FSH+TNF-α induced extensive GSK-3β phosphoryla-
tion, increased GATA-6 binding with VCAM-1 promoter 
would be expected. Chromatin immunoprecipitation 
assays confirmed that FSH+TNF-α treatment caused 
enhanced binding of GATA-6 on the VCAM-1 promoter 
(Figure 6H). Similarly, GATA-6 knockdown effectively sup-
pressed FSH+TNF-α–induced VCAM-1 expression but 
not E-selectin expression (Figure 6F). We further knocked 
down c-Jun and GATA-6 simultaneously and found that 
FSH+TNF-α–induced VCAM-1 expression was totally 
eliminated (Figure 6F). Consistently, increased expressions 
of c-Jun and GATA-6 were indeed detected in plaques of 
castrated ApoE−/− mice with or without testosterone+FSH 
supplement (Figure 6I and 6J). The results above sup-
ported that FSH, synergizing with TNF-α, activates c-Jun 
and GATA-6 mainly through the cAMP/PKA/CREB 
and the PI3K/AKT/GSK-3β pathways, thus promoting 
VCAM-1 expression and endothelial inflammation.

FSH Upregulates CD29 Through the PI3K/AKT/
GSK-3β/SP1 Signaling Pathway in Monocytes
We further checked whether the signaling pathways 
mentioned above were involved in CD29 expression 
in monocytes. Results showed that blocking FSHR 
with antibody greatly suppressed FSH-induced CD29 
upregulation (Figure 7A). FSH activated AKT via phos-
phorylation and induced GSK-3β phosphorylation (Fig-
ure 7B and 7E; Figure S11A). Importantly, inhibition of 
the PI3K/AKT pathway by the PI3K inhibitor LY294002 
and p85α siRNA inverted FSH-induced CD29 upregula-
tion (Figure 7B; Figure S11A). The PI3K inhibitor also 
eliminated the effects of FSH on monocyte-HUVEC 
adhesion and the level of membrane CD29 (Figure 7C 
and 7D). In addition, FSH did not induce the activation 
of CREB, ERK, and p38, and unsurprisingly, inhibition of 
PKA, ERK, and p38 by H89, PD98059, and SB253580 
had no effect on CD29 upregulation induced by FSH 
(Figure S11B through S11D). Therefore, FSH regulated 
CD29 expression predominantly through the PI3K/
AKT/GSK-3β signaling pathway in monocytes.

We performed transcription factor analysis on the 
TFsitescan website and found that multiple transcrip-
tion factors could potentially bind to the CD29 pro-
moter, among which SP1 (specificity protein 1) and 
NF-κB had higher scores. NF-κB is a classic tran-
scriptional factor downstream the PI3K/AKT pathway. 
SP1 could bind to the GC box (GGGCGG) to affect 
transcription and would degrade after phosphoryla-
tion.51 Therefore, NF-κB, SP1, and their phosphoryla-
tion levels were measured in FSH-treated monocytes. 
Results showed that SP1 was upregulated and phos-
phorylated SP1 was decreased by FSH exposure, 
which could be eliminated by the PI3K inhibitor (Fig-
ure 7E). NF-κB and phosphorylated NF-κB were not 
changed by FSH (Figure S11E). When we knocked 
down SP1 expression by siRNA (Figure S11F), CD29 
expression was remarkably attenuated in FSH-treated 
THP-1 cells (Figure 7F). These results indicated that 
SP1 played a crucial role in FSH-induced upregulation 
of CD29.

The enhanced SP1 expression induced by FSH 
may be due to the inhibition of SP1 phosphorylation 
as shown in Figure 7E. Less SP1 phosphorylation pre-
vented its degradation. By transfecting THP-1 cells with 
an SP1 luciferase reporter, we found that SP1 transcrip-
tional activity was significantly increased by FSH (Fig-
ure 7G), suggesting that the transcriptional regulation 
of SP1 by FSH exists. Furthermore, it was reported that 
GSK-3β could interact with SP1 and phosphorylation 
of GSK-3β could destroy their interaction, making free 
SP1 enter the nucleus to further bind to the promoter 
of the regulated genes.51 Coimmunoprecipitation assay 
showed that the interaction of GSK-3β and SP1 was 
immensely reduced by FSH (Figure 7H). Moreover, the 
FSH-reinforced binding of SP1 on the CD29 promoter 
was verified by chromatin immunoprecipitation assays 
(Figure 7I). Consistent with the above data, immuno-
fluorescence revealed the strikingly accumulated SP1 
signals in nuclei of FSH-treated THP-1 cells, which 
was inverted by PI3K inhibition (Figure 7J). These 
results indicated that FSH promoted phosphorylation of 
GSK-3β through PI3K/AKT and reduced the binding of 
GSK-3β and SP1, which allowed the freed SP1 to enter 
the nucleus to bind with the CD29 promoter and pro-
mote its gene expression.

Figure 6 Continued.  B and C, The effects of PKA inhibitor H89 (B) and PI3K inhibitor LY204002 (C) on the expression of VCAM-1 and 
E-selectin in HUVECs. p-CREB, total CREB, phosphorylated AKT (p-AKT), and total AKT were also detected to indicate the effectiveness 
of inhibitors; n=5 biological replicates. D and E, The effects of PKAα knockdown (D) and p85α knockdown (E) on the Gαs (G-protein alpha 
s)/cAMP/PKA/CREB and the PI3K/AKT/GSK-3β pathways in HUVECs; n=5 biological replicates. F, The effect of simultaneous c-Jun and 
GATA-6 knockdown on VCAM-1 and FSHR expression in HUVECs; n=5 biological replicates. G and H, Enrichment of c-Jun and GATA-6 on 
VCAM-1 promoter as determined by the chromatin immunoprecipitation assay in HUVECs with indicated treatment for 6 hours. IgG was served 
as negative Ctrl; n=3 biological replicates. I and J, Representative images of c-Jun (I, green) and GATA-6 (J, green) in the endothelium (CD31 
positive, red) of the ascending aorta of mice (n=8) were determined using immunofluorescence (IF). Scale bar, 50 µm. Higher magnification 
images for boxed areas are shown in the right. Scale bar, 25 µm. White arrows indicate c-Jun or GATA-6+ cells. Data are presented as 
mean±SEM. Data were analyzed by 2-way ANOVA test followed by the Tukey multiple comparisons test (A–F). CAS indicates castration; CD, 
cluster of differentiation; DMSO, dimethyl sulfoxide; p-c-Jun, phosphorylated c-Jun; p-GSK-3β, phosphorylated GSK-3β; and T, testosterone.
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Figure 7. Follicle-stimulating hormone (FSH) upregulated CD29 (cluster of differentiation 29) expression through the PI3K 
(phosphatidylinositol 3 kinase)/AKT (protein kinase B)/GSK-3β (glycogen synthase kinase 3 beta)/SP1 (specificity protein 1) 
signal transduction pathway.
A through E and J, Human monocytic THP-1 cells were pretreated with anti-FSHR (FSH receptor) antibody for 1 hour or with the PI3K 
inhibitor LY294002 (10 μM) for 3 hours and then treated with FSH (50 ng/mL) for 24 hours. F and J, THP-1 cells were transfected with 
SP1 siRNAs for 24 hours and then treated with or without FSH. A, Effects of FSHR blockade on CD29 expression in THP-1 cells with the 
indicated treatment. β-actin served as a loading control (Ctrl); n=3 biological replicates. B, Effects of PI3K inhibition on the expression of 
CD29 in THP-1 cells. Phosphorylated AKT (p-AKT) and total AKT were also detected to indicate the effectiveness of inhibitors; (Continued )
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Intraluminal Inhibition of FSHR Ameliorates 
Endothelial Inflammation and Atherosclerosis
Our data suggest that FSHR may be an accessible thera-
peutic target to prevent atherosclerosis. To test its fea-
sibility, we intraluminally applied specific FSHR shRNA 
adenovirus in common carotid arteries of ApoE−/− mice 
that were then subjected to partial carotid artery ligation 
and Leu administration for 4 weeks (Figure 8A). Immuno-
fluorescence staining clearly showed that FSHR expres-
sion in the carotid artery was significantly knocked down 
by adenovirus vector with FSHR-targeted shRNA as 
compared with the control group (Figure S12). Analysis 
results revealed that, compared with saline, Leu adminis-
tration caused dramatic intima thickening (Figure 8B and 
8C) and plaque growth (Figure 8D and 8E) in the ligated 
carotid arteries, where blood flow was disturbed. Most 
importantly, Leu-induced intima thickening and plaque 
growth were markedly attenuated by intraluminal adeno-
virus vector with FSHR-targeted shRNA pretreatment 
(Figure 8C and 8E). Furthermore, as shown by immunos-
taining, adenovirus vector with FSHR-targeted shRNA 
remarkably ameliorated Leu-induced VCAM-1 (Figure 8F) 
and GATA-6 (Figure 8G) expression in the atherosclerotic 
lesion of carotid arteries. The data strongly demonstrated 
the beneficial effect of endothelial FSHR blocking in pre-
venting GnRH agonist–induced atherosclerosis.

DISCUSSION
Till now, the mechanisms for ADT-associated CVDs 
remain unclear. Multiple lines of evidence showing that 
the risk of cardiac events is significantly lower among 
men treated with GnRH antagonist compared with 
GnRH agonist suggest that testosterone deficiency is 
not the only reason for CVD development, and other 
factors may be involved.25,34,52–54 Here, we demonstrated 
that FSH, either persistently or transiently elevated by 
orchiectomy or GnRH agonist, plays an essential role in 
accelerating the development of atherosclerosis by exag-
gerating endothelial inflammation and promoting monocyte- 
endothelial adhesion, thus providing a mechanism for 
ADT-associated CVDs (Figure 8H).

In addition to traditional ADTs studied in this work, 
CYP17A1 (cytochrome P450 17A1) inhibitors (eg, abi-
raterone) are used to suppress androgen production from 
the adrenal gland to treat patients with metastatic cas-
tration resistant PCa and grouped under the umbrella of 
ADTs in many studies.55 A recent meta-analysis revealed 
that abiraterone stood out for increasing risk of cardiac 
events among all ADTs.5 Since abiraterone also inhibits 
androgen production from testis, its administration would 
result in the lowest androgen level56 and in turn the high-
est FSH level among ADTs. Whether high FSH level con-
tributes to abiraterone-associated high risk of cardiac 
events should be investigated in other species since 
mouse is lack of postnatal expression of Cyp17a1.57

The metabolic abnormalities, including dyslipidemia, 
insulin resistance, and increasing body weight, were 
considered one of the reasons for ADT-associated 
CVDs, which may be possibly caused by loss of andro-
gen or GnRH agonist.58–60 In our mouse models, Leu- 
administered or surgically castrated ApoE−/− mice had no 
difference with control mice in their serum TC, TG, HDL, 
and LDL levels or body weights. Lipidomics analysis fur-
ther showed similar phospholipid profiles between Leu-
administered and control mice (Figure 2H and 2I). These 
suggest that dyslipidemia is not the major reason for 
GnRH agonist–associated or orchiectomy-associated 
CVDs. Yet, Deg-administered mice were found to have 
increased HDL level, significant body weight loss, and 
importantly, a distinct phospholipid profile as compared 
with control or Leu-administered mice. It has been shown 
that inhibiting ceramide biosynthesis in mice and rats 
prevents the development of hypertension, atherosclero-
sis, diabetes, and heart failure.61 The reduction of cerami-
des in Deg-treated mice might have a protective effect 
on atherosclerosis. Meanwhile, because the FSH level 
continuously remains low after GnRH antagonist treat-
ment, the proatherogenic effect of FSH as revealed in 
the present study would be avoided. Therefore, the ben-
eficial alterations in lipid metabolism and the low FSH 
level should be 2 major reasons for the low CVD risk in 
GnRH antagonist administration. Our finding that GnRH 
antagonist had lower CVD risk than other ADTs is con-
sistent with animal studies conducted in both ApoE−/−62 

Figure 7 Continued.  n=3 biological replicates. C, The effects of PI3K inhibition on THP-1 cell adhesion to human umbilical vein endothelial cells 
(HUVECs). Scale bar, 300 µm. Data were from images of 3 biological replicates. D, Effects of PI3K inhibition on membrane CD29 distribution 
in THP-1 cells. Data were from images of 3 biological replicates. E, The effects of PI3K inhibition on the expression of phosphorylated GSK-3β 
(p-GSK-3β), total GSK-3β, phosphorylated SP1 (p-SP1), and total SP1 in THP-1 cells; n=3 biological replicates. F, Effects of SP1 knockdown 
on the expression of CD29 in THP-1 cells. β-actin served as a loading Ctrl; n=3 biological replicates. G, Effects of FSH on SP1 transcriptional 
activity. THP-1 cells were transfected with a specific dual-luciferase system that contains multiple SP1-binding sites. After 24 hours of transfection, 
THP-1 cells were exposed to FSH for 24 hours. The relative luciferase represents SP1 transcriptional activity; n=3 biological replicates. H, The 
effects of FSH on the association of GSK-3β and SP1 in THP-1 cells. GSK-3β antibody was used to coimmunoprecipitate SP1 with or without 
FSH treatment in THP-1 cells. I, Enrichment of SP1 on the CD29 promoter as determined by the chromatin immunoprecipitation assay in THP-1 
cells with indicated treatment for 6 hours. IgG was served as negative Ctrl; n=3 biological replicates. J, Effects of FSH on SP1 cellular location. 
Immunofluorescence staining showed SP1 localization in THP-1 cells treated with FSH for 12 hours. Scale bar, 10 μm. Data were from images of 
3 biological replicates. Data are presented as mean±SEM. Data were analyzed by 2-way ANOVA test followed by the Tukey multiple comparisons 
test (A, B, E, F, and I) and by 1-way ANOVA test followed by the Tukey multiple comparisons test (C and D). Data in G were analyzed by unpaired, 
2-tailed Student t test. IB indicates immunoblotting; and IP, immunoprecipitation.

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.319426
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Figure 8. Intraluminal inhibition of FSHR (follicle-stimulating hormone receptor) ameliorated endothelial inflammation and 
atherosclerosis.
A, The experimental design in which ApoE−/− mice were subjected to partial carotid ligation incubated with adenovirus vector with FSHR-
targeted shRNA (Ad-sh-FSHR) or control virus at 7 weeks and then subcutaneously injected with saline or leuprolide (Leu) at 8 weeks. Mice 
were fed a Western diet and euthanized at 12 weeks. B and C, Representative images of hematoxylin & eosin (H&E)-stained ligated carotid 
arteries (B) and quantification of the intima/media ratio (C) of mice in the saline+Ad-sh-CL, saline+Ad-sh-FSHR, Leu+Ad-sh-CL, and Leu+Ad-sh-
FSHR groups (n=8 mice). Scale bar, 100 μm. D and E, Representative images of oil red O–stained ligated carotid arteries (D) and quantification 
of plaques in the common carotid arteries of each group (E); n=8 mice. F, Representative images of VCAM-1 (vascular cell adhesion protein 
1; red) expression in the endothelium (CD31 [cluster of differentiation 31] positive, red) from the common carotid arteries of 12-week-old mice 
(n=8) were determined using immunofluorence (IF). Scale bar, 100 µm. G, Representative images of GATA-6 (GATA-binding protein 6; green) 
expression colocalized with DAPI (4ʹ,6-diamidino-2-phenylindole) from the common carotid arteries using IF. Scale bar, 50 µm. H, Proposed 
mechanisms of follicle-stimulating hormone (FSH) in atherosclerosis progression. Data are presented as mean±SEM. (Continued )
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and LDLR−/−23 mice. But there are also some research-
ers who found no difference between all 3 ADTs.52,63 
This discrepancy may be originated from the diversity in 
drug dosage, drug administration, and feeding diet used 
in these studies. In addition, one unexpected result was 
that Deg-administered mice had much higher liver TC 
and TG than control and Leu-administered mice (Figure 
S3G and S3H). This indicates that the effects of GnRH 
antagonist on lipid metabolism were rather complicated 
and need further investigation.

It has been reported that FSH induces dyslipidemia and 
fat accumulation in mouse and human.30,38,64,65 Since FSH 
levels are high in castrated, castration+testosterone+FSH, 
and FSH-administered noncastrated mice, or transiently 
high in Leu-administered mice, one would expect that 
they may have more blood lipids and adipose lipids than 
their corresponding control mice. We found that adipose 
TC in castration+testosterone+FSH mice was signifi-
cantly higher than that in castration+testosterone mice 
(Figure S1H), suggesting that FSH indeed induced lipid 
accumulation in fat, but no difference was found in adi-
pose TC in other groups of mice (Figures S1 through 
S3). Furthermore, we did not observe significant change 
in blood lipids in all these groups. This phenomena could 
be explained by the variation of testosterone levels, tran-
sient change of the FSH level, or the lipid deposits in 
liver in these mice. This finding suggests that the effects 
of FSH on lipid metabolism and fat accumulation did 
not contribute to its proatherogenic function and ADT- 
associated CVDs.

It is thought that ADT with GnRH agonist likely has 
direct effects on cells of the cardiovascular system that 
express AR, GnRH receptor, or FSHR.24,66 We found that 
supplement of Bica, a selective antagonist of AR, in Leu-
administered mice showed a limited alleviating effect on 
plaque formation (Figure 2D and 2E) and reduced mac-
rophage infiltration in the plaque (Figure 2F). It has been 
reported that global AR knockout (KO) accelerated ath-
erogenesis in noncastrated male and female mice, sug-
gesting AR-mediated inhibition of lesion formation.67,68 
But strikingly, macrophage-selective ARKO/LDLR−/− 
mice had reduced atherosclerotic lesion area and 
decreased infiltration of macrophages in plaques, imply-
ing a proatherogenic role for macrophage AR.69 This may 
explain the positive effect of Bica in Leu-administered  
mice and indicates the involvement of macrophage AR 
in Leu-related CVDs. GnRH agonist itself had no influ-
ence on endothelial cell inflammation or monocyte 
adhesion (Figures S5A and S8G), suggesting that the 
GnRH receptor may not be directly involved in GnRH 
agonist–associated CVDs. FSHR is found expressed in 

endothelial cells and monocytes. Since FSH elevation 
occurs in ADT with GnRH agonist administration or sur-
gical castration, it would be interesting to investigate the 
effects of FSH on both cell types.

Previous study has shown that FSH alone could pro-
mote VCAM-1 expression in HUVECs through the FSHR/
Gαs (G-protein alpha s)/cAMP/PKA and the PI3K/AKT/
mTOR (mammalian target of rapamycin)/NF-κB path-
ways.27,29 But in our hands, FSH alone had no effect on the 
expression of VCAM-1 and other adhesion molecules in 
HUVECs. Rather, FSH, by synergizing with TNF-α, exag-
gerated endothelial inflammation (expression of adhesion 
molecules and MCP-1; Figure 4). This discrepancy may 
come from the differences in dose and duration of FSH 
treatment that we utilized. Since several clinical studies 
have shown that ADT increases cardiac events mainly in 
patients with preexisting CVDs,21,70,71 who have increased 
level of proinflammatory factors, such as TNF-α, IL-6, and 
IL-1β,72 our finding may provide a reasonable explanation 
for this phenomenon. Importantly, in addition to TNF-α, 
FSH also had a synergistic effect with IL-1β on promot-
ing endothelial inflammation, which is also true in human 
aortic endothelial cells (Figure S7). This makes FSH a 
strong proinflammatory enhancer since it exaggerates the 
effects of multiple proinflammatory factors on endothe-
lium. Although distinct mechanisms exist for the regula-
tion of VCAM-1 by TNF-α,73 we showed that cAMP/PKA/
CREB/c-Jun and PI3K/AKT/GSK-3β/GATA-6 were 2 
major pathways responsible for FSH+TNF-α–induced 
VCAM-1 upregulation in endothelial cells (Figure 6). 
It is interesting to notice that FSH alone could activate 
these pathways, but apparently, it was not strong enough 
to promote VCAM-1 expression, if not synergized with 
TNF-α. In addition, we found that both TNF-α and FSH 
could upregulate FSHR expression in endothelial cells 
(data not shown). There might exist a positive feedback 
loop augmenting the synergistic action of FSH and TNF-
α. It should be pointed out that the advantageous effect 
of the PI3K/AKT pathway is often emphasized in ECs 
because it leads to the activation of eNOS (endothelial 
NO synthase).74–76 But a large body of literature showed 
the adverse functions of PI3K/AKT in ECs, referring to 
endothelial injury, inflammation, permeability, barrier integ-
rity, and so on.50,73,77–80 We showed that the PI3K/AKT/
GSK-3β/GATA-6 pathway together with the cAMP/PKA/
CREB/c-Jun pathway participated in FSH+TNF-α–
induced endothelial inflammation (Figure 6).

It has been found that FSH, binding to its receptor, 
could increase the expression of RANK (receptor activa-
tor of nuclear factor-kappa B) on peripheral blood mono-
cytes.81 Here, we showed that FSH upregulated CD29 on 

Figure 8 Continued.  Data were analyzed by 2-way ANOVA test followed by the Tukey multiple comparisons test (C and E). Ad-sh-CL indicates 
adenovirus vector with control-targeted shRNA; AKT, protein kinase B; CREB, cAMP response element-binding protein; Gαs, G-protein alpha 
s; GSK-3β, glycogen synthase kinase 3 beta; PKA, protein kinase A; SP1, specificity protein 1; TNF-α, tumor necrosis factor alpha; and TNFR1, 
tumor necrosis factor receptor 1.
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human monocytes through the PI3K/AKT/GSK-3β/SP1 
pathway and promoted monocyte adhesion to endothelial 
cells both in vitro and in vivo (Figures 5 and 7). In addi-
tion to CD29, another adhesion molecule, L-selectin, was 
also upregulated by FSH. Increased expression of adhe-
sion molecules on monocytes and exacerbated VCAM-1 
expression on endothelial cells would greatly promote 
monocyte-endothelial adhesion, which explains the 
accelerated lesion formation seen in Leu-administered  
or castrated mice. It is possible that monocyte adhe-
sion driven, in part, by FSH may provide the inflamma-
tory stimulus needed to induce endothelial inflammation, 
especially since FSH alone had no effect on ECs in vitro. 
Once infiltrating into the plaque, monocytes would be 
activated by RANKL (RANK ligand) released by Th1 
(T-helper cell type I) cells and differentiated into osteo-
clasts, which could reabsorb calcified regions within the 
plaque and contribute to plaque instability.82 This could be 
one of the reasons for the unstable plaques found in Leu-
administered mice. In addition, monocytes differentiate 
into macrophages after they infiltrate into the vessel wall. 
We recently found that FSH promoted the expression of 
IL-1β in macrophages and accelerated their chemotactic 
migration, but the later effect was eliminated in the pres-
ence of oxidized LDL.32 Although the underlying mecha-
nisms need to be determined, these observations suggest 
that FSH may promote the accumulation of macrophages 
and induce local inflammation in the plaques, which would 
contribute to the growth of atherosclerotic lesion.

Different ADT modalities induce distinct patterns of 
FSH alterations. Surgical castration caused long-term 
high FSH level in mice. The daily supplement of testoster-
one or testosterone+FSH in castrated mice for 3 months 
gave rise to normal or long-term high FSH level, respec-
tively. We observed extensive expressions and secretion of 
adhesion molecules in endothelium and serum in castrated 
and castration+testosterone+FSH mice but not in Sham 
and castration+testosterone mice (Figure 1; Figure S6), 
indicating a correlation between long-term high FSH and 
endothelial inflammation. It would be meaningful to collect 
blood from ADT patients at the indicated time point to vali-
date associations between FSH and adhesion molecules 
before and after ADT. Notably, ApoE−/− mice show higher 
levels of serum TNF-α compared with wild-type mice and 
12-week Western diet regimen induces systemic produc-
tion of TNF-α,83 thus our in vitro experimental condition 
well imitates the in vivo condition. Consistent with in vivo 
data, FSH+TNF-α synergistically exaggerated endothelial 
inflammation, suggesting that long-term FSH elevation in 
the context of orchiectomy accelerated atherosclerosis 
mainly by aggravating endothelial inflammation.

Compared with long-term elevation of FSH in the 
orchiectomy model, GnRH agonist induces FSH eleva-
tion for only 2 or 3 weeks followed by a gradual decrease. 
Although microsurges exists on repeat injection, the level 
of FSH remains far below the normal range.22,23 Would 

transient FSH surge still contribute to the acceleration 
of atherogenesis in the context of GnRH agonist? This 
question was well answered by the experiments per-
formed on Leu- or Deg-administered mice (Figures 2 
and 3). In Leu-treated mice, anti-FSHβ antibody allevi-
ated atherogenesis, and in Deg-treated mice, 2 weeks’ 
addition of FSH significantly increased atherosclerosis. 
These data demonstrated the critical role of transient FSH 
surge in GnRH agonist–associated atherogenesis. One 
would expect that the orchiectomy model may develop 
larger lesions than the GnRH agonist model because 
of its long-term FSH elevation. However, we found that 
the lesion sizes were comparable in these 2 models 
(0.679±0.054 versus 0.646±0.039 mm3; P=0.78) and 
this observation was consistent with previous reports.23 
This may exactly point out the importance of clinical flare 
of FSH in the acceleration of atherogenesis,

How can the short FSH surge associated with GnRH 
agonist treatment have such long-standing effects on 
atherosclerosis? One reason lies in the prolonged endo-
thelial inflammation induced by short-term FSH treat-
ment. In vitro, in the presence of TNF-α, mere 6-hour 
pretreatment of FSH led to prolonged VCAM-1 and 
E-selectin expression till 48 hours (Figure 4J and 4K), 
which may be due to the long activation period of FSHR 
downstream pathways. Another possible reason could 
be the upregulation of FSHR by both TNF-α and FSH 
(data not shown). Elevated FSHR expression on endothe-
lial cells may increase their sensitivity to circulating FSH 
even when it is at a low concentration. Since endothelial 
inflammation and monocyte adhesion are the early events 
of atherosclerosis, the increased occurrence of these 
early events would make the effects of short-term FSH 
elevation persist for a long time. In addition, long-standing 
effects of the short FSH surge suggest that FSH may 
induce epigenetic changes in vascular cells and immune 
cells. This would be an interesting topic to study. Despite 
this, our data suggest that avoiding FSH fluctuation or 
blocking FSH/FSHR activity would be critical when ADT 
is applied. It is noticed that anti-FSHβ antibody did not 
completely eliminate the effect of FSH (Figure 3B and 
3C). This suggests that dose or administration of FSHβ 
antibody needs to be optimized, or new strategies, such 
as FSH/FSHR inhibitors, should be developed.

To this end, a strategy of intraluminal administration 
of FSHR shRNA adenovirus was applied in a mouse 
model of atherosclerosis in which partial carotid ligation 
was combined with high-fat diet.84 The data clearly dem-
onstrated that specific inhibition of FSHR in endothelial 
cells significantly alleviated Leu-induced atherosclerosis 
(Figure 8). Furthermore, endothelial inflammation was 
also significantly hampered by FSHR shRNA. These 
findings validated the feasibility of blocking FSHR in pre-
venting atherosclerosis. Importantly, they also identified 
the critical role of FSH-induced endothelial inflammation 
in GnRH agonist–associated atherosclerosis.

https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.123.319426


Basic Sciences - AL
Wang et al FSH Is Responsible for ADT-Related Atherosclerosis

Arterioscler Thromb Vasc Biol. 2024;44:698–719. DOI: 10.1161/ATVBAHA.123.319426� March 2024    717

The lower CVD risk makes GnRH antagonist a good 
choice for patients with PCa. But till now, GnRH ago-
nist is still the dominant type of ADT worldwide. In China, 
GnRH antagonist has been approved by the Center for 
Drug Evaluation but not been widely used so far. Our 
study suggests that strategies targeting FSH/FSHR or 
cardioprotective drugs should be considered to prevent 
the occurrence of CVDs in patients with PCa treated with 
GnRH agonist or orchiectomy.
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