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Abstract

The development of organ fibrosis has garnered rising attention as multiple diseases of increasing 

and/or high prevalence appear to progress to the chronic stage. Such is the case for heart, kidney, 

liver, and lung where diseases such as diabetes, idiopathic/autoimmune disorders, and 

nonalcoholic liver disease appear to notably drive the development of fibrosis. Noteworthy is that 

the severity of these pathologies is characteristically compounded by aging. For these reasons, 

research groups and drug companies have identified fibrosis as a therapeutic target for which 

currently, there are essentially no effective options. Although a limited body of published studies 

are available, most literature indicates that in multiple organs, premenopausal women are protected 

from developing severe forms of fibrosis suggesting an important role for sex hormones in 

mitigating this process. Investigators have implemented relevant animal models of organ disease 

linked to fibrosis supporting in general, these observations. In vitro studies and transgenic animals 

models have also been used in an attempt to understand the role that sex hormones and related 

receptors play in the development of fibrosis. However, in the setting of chronic disease in some 

organs such as the heart older (postmenopausal) women within a few years can quickly approach 

men in disease severity and develop significant degrees of fibrosis. This review summarizes the 

current body of relevant literature and highlights the imperative need for a major focus to be 

placed on understanding the manner in which sex and the presence or absence of related hormones 

modulates cell phenotypes so as to allow for fibrosis to develop.

INTRODUCTION

Organ fibrosis commonly represents a late stage of disease development that substantially 

contributes to decrease/loss of function.1 As such, the development of organ fibrosis has 

garnered rising attention as multiple diseases of increasing and/or high prevalence appear to 

prominently progress to the chronic stage. Such is the case for heart, kidney, liver, and lung 

where diseases such as diabetes, idiopathic/autoimmune disorders, and nonalcoholic liver 

disease appear to notably drive the development of fibrosis. As many of these diseases can 

evolve over a period of decades, aging can further compound the severity of fibrosis.2 For 

example, untreated or poorly controlled hypertension in a middle age subject, can promote 
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the hypertrophic remodeling of the myocardium that is accompanied by excessive collagen 

deposition, which over time (decades) can lead to severe tissue scarring and eventually, heart 

failure (HF).3 For these reasons, multiple research groups and drug companies have 

identified fibrosis as a therapeutic target for which currently, there are very few effective 

options. However, as implied above, the targeting of fibrosis is inherently challenging as an 

effective compound would likely need to reverse a process that evolved over the long-term.

Sex based differences in chronic disease development and treatment has emerged as an 

important factor to consider given the general aging profile of the population. For many 

chronic diseases, a large body of epidemiological data indicates clear sex-based differences 

in disease presentation and evolution.4 In the case of cardiometabolic diseases, 

premenopausal women are typically protected from developing severe forms of the 

pathologies and as such, fibrosis.5 However, upon menopause, many women within a few 

years, quickly approach men in disease severity and in some cases supersede them.5 As an 

example, a disease where older women comprise ~two-thirds of the patient population, is HF 

with preserved ejection fraction (HFpEF) where fibrosis is a suspect mechanism for disease 

development.6 Sex-based differences in disease prevalence strongly suggest an important 

physiological role for estrogens or other ovarian hormones in protection (during the 

reproductive phase) and evolution in the postmenopausal phase.7 These facts imply that to 

truly understand sex-based differences in the pathophysiology of a given disease, preclinical 

studies would need to factor sex and age as variables in their design. Historically, this has 

not been the case as the great majority of studies use young male animals. To address this 

shortcoming, the NIH implemented a requirement to use both sexes in the experimental 

design of funded research or properly justify the exclusion of one sex. Thus, there are 

decades of work that would need to be performed in properly designed and controlled 

research using female cells and/or animals to even up with that of males.

As fibrosis represents a prominent pathological component of many chronic diseases a 

recognition of sex-based differences (Fig 1) is warranted. This review aims to summarize the 

current state of knowledge for sex-based differences in several of the most common organs 

where fibrosis can prominently factor in disease severity and uses the heart as an example to 

provide a greater in depth-perspective on challenges that will need to be addressed by those 

attempting to understand the fundamentals of fibrosis and develop effective therapies.

FIBROSIS

Fibrosis is the excessive accumulation of extracellular matrix (ECM) that often occurs as a 

wound healing response to repeated or chronic tissue injury and can lead to the disruption of 

organ architecture and loss of function.8 Fibrosis occurs when the synthesis of new collagen 

by ECM producing cells exceeds the rate at which it is degraded, such that the total amount 

of collagen increases over time, leaving nonfunctional scar tissue.1 Fibrosis can occur as a 

spontaneous process but is most commonly, the end result of chronic inflammatory reactions 

induced by a variety of stimuli such as trauma, ischemia, oxidative stress, autoimmune 

reactions among others.1 Most chronic fibrotic disorders have in common a persistent 

irritant/insult that sustains the production of growth factors, proteolytic enzymes, angiogenic 

factors and fibrogenic cytokines, which stimulate the excess deposition of connective tissue 
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elements that progressively remodels and/or replaces normal tissue architecture which has 

been irreversibly damaged.1

Normal collagen density (ie, area fraction) in organs such as skeletal muscle and 

myocardium of small and large young mammals including humans is ~2%–3%. With aging 

it doubles to ~4%–6%.9 It is not readily apparent that in normal, young or older mammals 

and in humans, tissue/organ collagen density varies in any significant manner as per sex 

however, relevant literature is scant. As mentioned above, in context of disease development 

and long-term progression, sex-based differences in many chronic diseases are well 

recognized. In general terms, estrogens are considered to confer protection to premenopausal 

women in, for example, the development of ischemic heart disease.10 However, such 

protection is greatly diminished after menopause.10 Thus, the comparison for the propensity/

presence of fibrosis in humans has to be discussed in the context of the analysis of data as 

per the hormonal status. Although the principal function of sex steroid action is to regulate 

reproductive functions, studies in diverse fields have unequivocally established that sex 

steroids also act on multiple nonreproductive tissues include immune, central nervous, 

cardiovascular, and skeletal systems, as well as in cells from liver, skin, and kidneys.11 For 

example, immune cell function is modulated by sex hormones at many levels. Immune cells 

express receptors for sex steroids including estrogen, progesterone, and testosterone.12 

While the exact molecular mechanisms of how sex hormones regulate the immune system 

are yet to be completely understood, studies show that they control development, 

homeostasis, gene expression, and signaling processes of T and B lymphocytes.13 In 

general, adult females mount stronger innate and adaptive immune responses than males.14 

Whereas estrogens in general are considered to be immune-stimulatory, androgens are 

considered immunosuppressive.14 This results in faster clearance of pathogens and greater 

vaccine efficacy in females than in males but also contributes to their increased susceptibility 

to inflammatory and autoimmune diseases and associated fibrosis. Autoimmune diseases 

impact ~8% of the population, but 78% of those affected are women.15 Women are 3 times 

more likely than men to develop these types of diseases.15

Although sex hormones are likely to exert either a direct or indirect action over fibrogenesis, 

their role has been poorly explored. As discussed in the sections below, estradiol appears to 

yield protective effects, whereas androgens are “more permissive” of fibrosis progression.16 

This paradigm fits with the approach taken by modern medicine, which has a sex perspective 

and accept that they may have different experiences and manifestations of the same disease. 

However, currently clinical and basic research falls dramatically short in their attempt to 

address more accurately this sex dichotomy as in including more women in clinical trials or 

develop animal and cellular models using both sexes where age is also factored in the 

experimental design. An attempt to address this issue comes from the recent NIH directive to 

require the use of both sexes in funded research and properly justify the focus of the study to 

only one. Ultimately, the understanding of the mechanisms by which the presence or 

absence of hormones impact fibrosis-driven organ failure in humans will allow for the 

development of treatment paradigms that may better target a specific patient population. 

Below, we review evidence for differences in organ fibrosis as per sex at the 

epidemiological/clinical, organ and cell levels. Where clinical evidence regarding sex-based 
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differences in organ fibrosis is either weak or absent, we rely on secondary “functional” 

indicators that most likely reflect on this pathology.

RENAL FIBROSIS

Epidemiological studies.

Chronic kidney disease (CKD) has reached epidemic proportions worldwide with 2+ million 

patients affected by end-stage renal disease (ESRD).17,18 The progression to ESRD is most 

commonly associated with the development of glomerulosclerosis (fibrosis) secondary to 

diabetes.19 There is a limited body of clinical studies where renal fibrosis is rigorously 

documented using biopsies with no studies available where comparisons are made by sex. 

However, there is a well-recognized preponderance of CKD prevalence in male over female 

patients.20 Men progress to ESRD faster than premenopausal women in pathologies such as 

autoimmune glomerulonephritis, hypertensive glomerulosclerosis, and polycystic kidney 

disease.16 According to the 2015 United States Renal Data System, 62% of CKD patients 

that reached ESRD were men, whereas 38% were women.20 Silbiger and Neugarten 

reported that the ratio between men and women that reaches ESRD due to hypertensive 

nephropathy or glomerulonephritis is 1.6 men per affected woman.21 The possible protective 

role of estrogens on the progression of renal disease is further evidenced by the lower 

prevalence of CKD in premenopausal women compared with age-matched men. 

Interestingly, this renoprotection observed in females disappears after the beginning of 

menopause22,23 suggesting that estrogens may play a critical protective role.16 However, it is 

still not clear whether the lower prevalence of CKD in females is due to a hormonal 

renoprotection promoted by estrogens or due to the absence of the profibrotic effects caused 

by testosterone24,25 or of its more active metabolite dihydrotestosterone.

A recent study reported on sex-based risk assessment for kidney disease. Lifetime risk is the 

cumulative risk of experiencing an outcome between a disease-free index age and death. 

Turin estimated the lifetime risk of ESRD in a cohort of ~3 million adults without ESRD 

from 1997 to 2008. The study estimated the sex- and index age-specific lifetime risk of 

incident ESRD and accounted for the competing risk of death. Among those individuals 

without ESRD at age 40 years, the lifetime risk of ESRD was 2.66% for men and 1.76% for 

women. The risk was higher in persons with reduced kidney function – for eGFR = 44–59 

mL/min, the lifetime risk of ESRD was 7.51% for men and 3.21% for women, whereas men 

and women with relatively preserved kidney function (eGFR = 60–89 mL/min) had lifetime 

risks of ESRD of 1.01% and 0.63%, respectively. The lifetime risk of ESRD was 

consistently higher for men at all ages and eGFR strata vs women. The study concluded that 

~1 in 40 men and 1 in 60 women of middle age will develop ESRD during their lifetimes.26

Animal models.

Sex differences in renal disease progression has been examined in several models of renal 

failure in rodents. Lombet demonstrated that male rats submitted to a 5/6 renal ablation 

injury exhibited a reduction of the progressive course of the disease after castration.27 In 

agreement with these findings, Tomiyoshi showed that castration attenuated proteinuria and 

glomerulosclerosis (electron microscopy/histology) and ameliorated glucose tolerance in 
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spontaneously hyperglycemic Otsuka Long-Evans Tokushima fatty male rats.28 More 

recently, Verzola reported that testosterone stimulates tubular epithelial cell apoptosis, 

leading to renal damage.29

The impact of sex on the development of experimental CKD induced by chronic nitric oxide 

(NO) inhibition through L-NAME was recently studied in rats.20 Long-term L-NAME 

administration leads to vasoconstriction, resulting in severe hypertension, albuminuria, renal 

ischemia, glomerulosclerosis (periodic acid-Schiff staining), interstitial expansion, and 

macrophage infiltration. After 30 days male L-NAME rats exhibited albuminuria, 

augmented cortical histological damage, interstitial inflammation and fibrosis 

(Immunohistochemistry/ Immunofluorescence). In contrast, age-matched female NAME rats 

showed significantly lower albuminuria, glomerular ischemia, glomerulosclerosis (periodic 

acid-Schiff staining), expression of α–smooth muscle actin (SMA) in kidney interstitial 

cells. The investigators proposed that female renoprotection could be provided by both the 

estrogen anti-inflammatory activity and/or by the relative lack of testosterone or DTH.20

In a study using a renal wrap model where the right kidney is removed while the 

contralateral kidney is made ischemic despite similar levels of mean arterial pressure and 

renal function, male rats had a greater degree of renal damage 9 weeks after injury vs 

females.23 Apparently, gonadal steroids could explain these sex differences as orchidectomy 

was renal protective while ovariectomy exacerbated the degree of glomerular and tubular 

damage. Furthermore, estradiol treatment of ovariectomized renal wrap females prevented 

the aggravating effects of ovariectomy suggesting that the hormone is protective. Also, 

female rats produce lower amounts of reactive oxygen species in the kidney in response to 

injury and appears to be associated with their ability to maintain greater endothelial nitric 

oxide synthase (eNOS) activity vs males.23 Indeed, Reckelhoff demonstrated that females 

have greater expression of kidney eNOS vs males. Renal levels of eNOS mRNA and protein 

were 80% higher in kidneys from females vs males.30

Podocyte damage and apoptosis are thought to be important in the development of 

glomerulosclerosis. Female estrogen receptor knockout mice develop glomerulosclerosis 

(immunohistochemistry desmin/nephrin)at 9 months of age because of their elevated blood 

testosterone levels that are 8 times higher than those of their female littermates.31 Using this 

model, Doublier examined the pathogenesis of glomerulosclerosis to determine whether 

testosterone and/or 17β-estradiol impact the function and survival of podocytes.31 

Glomerulosclerosis was associated with the expression of desmin and the loss of nephrin, 

markers of podocyte damage and apoptosis. Ovariectomy preserved the function and 

survival of podocytes by eliminating the source of endogenous testosterone production. In 

contrast, testosterone supplementation induced podocyte apoptosis in ovariectomized wild-

type mice. Importantly, podocytes express functional androgen and estrogen receptors, 

which, upon stimulation by their respective ligands, have opposing effects and may explain 

the observations noted above.31 Dixon demonstrated that through the modulation of ECM 

via TGF-β and downstream regulatory proteins in female rats, estradiolcan attenuate diabetic 

renal disease progression once developed.32
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It has also been postulated that an interaction between estrogen and the renin-angiotensin 

system may confer renoprotection. Brosnihan demonstrated that estrogen protects transgenic 

hypertensive rats by shifting the vasoconstrictor-vasodilator balance of the system.33 Studies 

developed by Komukai also indicate that female sex hormones decreased renin levels, 

angiotensin-converting enzyme activity, angiotensin II receptor-1 expression, and 

aldosterone production, thus contributing to renoprotection against glomerular damage and 

inflammation.34 Conversely, Katz and Roper demonstrated that testosterone can stimulate 

the activity of the system.35

In vitro models.

As noted above, estradiol appears as a key player in sex related differences noted in renal 

injury. Published studies have reported on the potential renoprotective effects of estrogen in 

the kidney by decreasing mesangial cell proliferation as well as decreasing the synthesis and 

accumulation of mesangial ECM, thus reducing the development of glomerulosclerosis.
31,36–39 In cultured male mouse mesangial cells, estradiol also inhibits apoptosis and TGF-β 
expression and activity,40 a result which was also replicated by Silbiger.24

Mesangial cells derived from adult male and female Wistar rat kidneys appear to exhibit sex-

specific profibrotic and proinflammatory phenotypes.41 Specifically, male mesangial cells 

express higher baseline fibronectin and proinflammatory cytokine levels (TNFα and IL-1β) 

vs female cells. Treatment with estradiol down-regulates baseline fibronectin levels in 

female but has no effect on male cells. In female cells, estradiol decreases TNFα levels and 

increases IL-1β levels, while testosterone increases them. These data would suggest that 

male mesangial cells inherently exhibit greater profibrotic and proinflammatory 

characteristics vs female cells. Thus, sexual dimorphism in mesangial cells may play a 

contributory role in the faster rate of progression to ESRD vs males.41 Kwan also studied the 

effects of estrogens and testosterone on male mesangial cell proliferation and collagen 

synthesis. Estradiol at 10 and 100 nM had a modest proliferative effect on cultured 

mesangial cells and the effect was reversed by tamoxifen (1 μM). At higher doses (1 μM and 

10 μM) estradiol markedly suppressed total collagen synthesis (types I and IV) while 

testosterone had no effect. The effects of estradiol on mesangial cell collagen generation 

may help explain the slower development of glomerulosclerosis in women. In the presence 

of estradiol (0.01 – 100 nM) there was a progressive increase in mRNA levels of ERα and 

ERβ. ERα protein levels increased approximately 2.5-fold after 24 hours and up to 

approximately 5.4-fold after 72 hours while ERβ protein levels increased approximately 2.1-

fold after 24 hours. Thus, estradiol positively regulated the expression of the ER subtypes 

thus, maintaining cell responsiveness to estrogens.42

The effects of estrogens on matrix metalloproteinases (MMP) were also studied. Estradiol 

increased MMP-9 mRNA and activity. Increased MMP activity may also be an important 

mechanism by which estrogens influence ECM turnover and protect against 

glomerulosclerosis.43 As noted above, podocyte damage may be crucial to the development 

of glomerulosclerosis. Doublier reported that testosterone can induce mesangial podocyte 

apoptosis in vitro by androgen receptor activation, but independent of the TGF-β1 signaling 

pathway. Pretreatment with estradiol prevented testosterone-induced podocyte apoptosis, an 
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effect mediated by ERK and protected podocytes from TGF-β1 or TNFα-induced apoptosis.
31

LIVER FIBROSIS

Epidemiological studies.

In a review by Guy and Peters, it was reported that women more commonly present with 

acute liver failure, autoimmune hepatitis, benign liver lesions, primary biliary cirrhosis, and 

toxin-mediated hepatotoxicity. Women less commonly have malignant liver tumors, primary 

sclerosing cholangitis, and viral hepatitis and there is a decreased rate of decompensated 

cirrhosis with hepatitis C virus infection. However, men are 2-fold more likely to die from 

chronic liver disease and cirrhosis vs women. Also, liver transplants occur less commonly in 

women vs men.44 The natural history of liver disease in women can vary according to 

etiology. Although women have slower progression of fibrosis and decreased incidence of 

cirrhosis pretransplantation, after liver transplantation, women have a higher risk of 

advanced fibrosis and graft loss in hepatitis C related disease. Women have a 31% increased 

risk of advanced recurrent disease vs men. In patients transplanted for hepatitis related 

disease, women have a 14% increased risk of death at 5 years vs men.44 According to a 2005 

analysis by the National Center for Health Statistics, men are 2-fold more likely to die from 

chronic liver disease and cirrhosis vs women. Women represent ~30% of liver transplant 

recipients. However, women appear more likely than men to die on the waiting list in the 

Model for End-Stage Liver Disease era vs the pre–Model for End-Stage Liver Disease era 

and the reasons for these differences remain unknown. Once transplanted, women have 

better long-term survival after liver transplant vs men.44

Animal models.

In a study by Xu, liver fibrosis was induced in male, female, and ovariectomized rats 

bycarbon tetrachloride (CCL4) administration. All groups were treated with estradiol. 

Tamoxifen was given to male animals. Estradiol treatment reduced collagen synthesis and 

content, decreased the areas of hepatic stellate cells positive for αSMA in both sexes 

including ovariectomized rats whereas, tamoxifen had the opposite effect. Altogether, the 

fibrotic response of the female liver to CCL4 was significantly weaker vs males.45 In intact 

and ovariectomized female hepatofibrotic rats, estradiol treatment reduced aspartate 

aminotransferase, alanine aminotransferase, hyaluronic acid, and type IV collagen in sera 

while suppressing hepatic collagen content and stellate cell SMA levels.46 There was also a 

negative correlation between the percentage of fibrotic area of liver tissue and serum 

estradiol levels.46 The effects of estradiol on hepatic fibrosis was examined by Yasuda in 

male and female rats by the administration of a single dose of dimethylnitrosamine.47 The 

fibrotic response of the male liver after treatment was significantly stronger vs females. In 

males, estradiol reduced hepatic mRNA for type I and III procollagens and the tissue 

inhibitor of metalloproteinase-1 (TIMP-1), as well as deposition of type I and III collagen 

protein total hepatic collagen and malondialdehyde, a product of lipid peroxidation. 

Concomitant administration of a neutralizing antibody against estradiol enhanced 

fibrogenesis, as judged by the same parameters. Ovariectomy in the female model had a 

fibrogenic effect, inducing the hepatic expression of both types of procollagen and TIMP-1. 
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In addition, the number of SMA positive cells increased. Estradiol replacement was 

fibrosuppressive in ovariectomized rats. These findings suggest that estradiol suppressed the 

induction of hepatic fibrosis, and may in part, underlie the more rapid progression in males 

of hepatic fibrosis.47

In vitro models.

Yasuda also studied rat hepatic stellate cells in culture (sex not specified). Estradiol 

treatment reduced cell number, type I collagen production and SMA expression.48 Liu 

examined normal female rat hepatic stellate cell phenotype in response to estrogen 

treatments. 17 β-estradiol, 2-hydroxyestradiol or 2-methoxyestradiol were separately added 

to cells. 17 β-estradiol and its metabolites concentration-dependently inhibited cell 

proliferation and collagen synthesis while at 100 nm, they inhibited SMA expression.46 

Fibrosis was induced in rats by administration of CCL4, and activation was monitored as the 

level of collagen I mRNA or SMA.49 Both male and female rats were studied. Stellate cell 

activation, rather than collagen synthesis, proved to be the target of both HOE 077 and 

Safironil (antifibrotic compounds which were designed as competitive inhibitors of collagen 

protein synthesis) in the intact liver. In culture, the drugs not only prevented the activation of 

stellate cells but also accelerated their deactivation. Interestingly, the response of cells from 

females was greater vs male cells, leading to the conclusion that stellate activation is 

sexually dimorphic. This finding may be relevant to the observation that fibrosis in chronic 

viral hepatitis progresses less rapidly and that hepatocellular carcinoma is less frequent in 

females than in males.49

PULMONARY FIBROSIS

Epidemiological studies.

A considerable body of epidemiologic data indicates that the incidence and pathogenesis of 

a variety of lung diseases are influenced by sex.50 While genetic and environmental factors 

clearly promote chronic obstructive pulmonary disease, asthma, lung fibrosis, lung cancer, 

and other respiratory ailments have been reported to be influenced in some manner by sex.50 

Fibrotic interstitial pneumonias are more prevalent in males vs women of advancing age, 

although little is known about the underlying mechanisms.51

In idiopathic pulmonary fibrosis (IPF), incidence is higher in males however, females have 

better survival.50,52 Kalafatis et al., examined sex differences at presentation of patients 

included in the Swedish IPF registry over a 3-year period from its 2014 launch. Analysis 

was performed for data concerning demographics, lung function, and quality of life.53 Three 

hundred forty-eight patients (250 [72%] males, 98 [28%] females, median age 72 years in 

both genders) were included. Baseline lung function (Forced vital capacity, 68.9% ± 14.4 vs 

73.0% ± 17.7, P < 0.05; Total lung capacity, 62.2% ± 11.8 vs 68.6% ± 11.3%, P < 0.001) 

were lower at presentation in male vs females. Results reported poor quality of life, but no 

difference was found between genders in this and other measured parameters. Thus, this 

study demonstrates that registry female IPF patients have greater preserved lung function 

than males at inclusion.53
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Animal models.

A common means to experimentally induce pulmonary fibrosis is based on the use of 

bleomycin. Studies report that female rats have higher mortality rates and more severe 

fibrosis vs male, as indicated by higher levels of lung collagen deposition and fibrogenic 

cytokine expression.54 In ovariectomized female rats treated with either estradiol or vehicle, 

results showed diminished fibrosis in the ovariectomized rats without estradiol. Estradiol 

replacement restored the fibrotic response.54 In contrast, using a similar model of 

bleomycin-induce fibrosis, Redente evaluated the contributions of age and sex to the 

development of pulmonary fibrosis. Aged (52–54 week) male mice developed more severe 

lung disease, indicated by increased mortality, increased collagen deposition, and 

neutrophilic alveolitis vs female counterparts and young mice (8–12 week) independent of 

sex. Young male mice developed more fibrotic disease vs females regardless of age. There 

was no difference in fibrosis between young and aged female mice.51 This adverse effect on 

lung function was found to be due to male sex hormones, as castrated males exhibited a 

female-like response to bleomycin whereas the opposite happens when giving testosterone 

to females.55 Male mice had significantly higher basal static lung compliance than females 

and a more pronounced decline in static compliance after bleomycin administration.56 No 

differences between sex appear in immune cell infiltration into the lung or in total lung 

collagen content. Furthermore, castrated male mice exhibited a female-like response to 

bleomycin while female mice given exogenous androgen exhibited a male-like response. 

These data indicate that androgens play an exacerbating role in decreased lung function after 

bleomycin administration.56 Altogether, results using the bleomycin model appear unclear as 

to the role played by sex and related sex hormones.

In vitro models.

A very limited amount of work comparing sex differences, or the effects of sex-related 

hormones has been reported using lung fibroblasts in culture. In the study by Gharaee-

Kermani lung fibroblasts isolated from bleomycin-treated female rats exhibited increased 

responsiveness to estradiol treatment, causing dose-dependent increases in procollagen-1 

and TGF-β1 mRNA expression levels. These findings suggest that the effect of estradiol is 

selective and female rats may develop an exaggerated response to lung injury relative to 

male rats.54 Elliot, reported that mRNA levels of ERα were selectively upregulated in lung 

tissue and cultured myofibroblasts from male IPF patients as well as in male mice treated 

with bleomycin. IPF myofibroblasts exhibited increased responsiveness to estradiol 

compared with controls (non-IPF fibroblasts) and ERα receptor antagonists diminished this 

effect. The in vivo inhibition of ERα attenuated bleomycin-induced lung fibrosis in mice. 

Further experiments demonstrated that ERα antagonism exerted its antifibrotic properties 

through negative regulation of profibrotic kinase-controlled signal transduction pathways, 

including Smad2 and AKT (protein kinase B).57

CARDIAC FIBROSIS

Epidemiological studies.

It is well-established that premenopausal women have a decreased incidence of 

cardiovascular disease (CVD) vs age-matched males as they are largely protected from 
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developing coronary artery disease (CAD), myocardial infarction (MI), hypertension, and 

pathological cardiac remodeling.58 However, upon menopause, CVD becomes more 

prevalent in women. The CONFIRM long-term registry study showed that while CAD and 

MI were more prevalent in men (43% men vs 27% women), women tended to acquire heart 

disease ~10 years later. On average, women who develop CAD were older (62 vs 59 years in 

men), experienced more hypertension and concentric left ventricular (LV) hypertrophy. 

Death due to CAD shows a consistent 2.5–4.5 male to female ratio. However, differences 

vanish once women reach menopause such that CVD and overall mortality become 

independent of sex. It is therefore proposed that in premenopausal women, estrogen and 

associated genetic and epigenetic modifications exert protective effects on the cardiovascular 

system.59

Initial reports pertaining to sex-based differences in cardiac structure and function in patients 

appeared in the 1980’s. However, it was not until the 1990s that studies emerged that 

intended to systematically compare sex-based differences. Villari reported-on differences in 

LV structure/function in 56 aortic stenosis patients denoting in men greater LV chamber 

enlargement, endocardial fibrosis (with abnormal collagen architecture) and stiffness while 

accompanied by lower EF. Petrov compared 92 aortic stenosis patients indicating that 

women demonstrated more LV hypertrophy than men (86% vs 56%) with less fibrosis.60 

However, following valve replacement surgery this process reversed more frequently in 

women.61 In 2 2014 follow-up aortic stenosis studies by the same group, they also reported 

that women with maladaptive LV hypertrophy (which was less common than men) had 

worse survival vs men. Men also developed greater levels of fibrosis that could also be 

documented at the level of transcriptome analysis.62 In the setting of atrial fibrillation, 

aggravation of fibrosis in women (ages 55–60) in comparison to men counterparts, may be 

causal for the low success rate of atrial fibrillation catheter ablation.63 In support of the 

estrogen hypothesis, studies indicate that normalized heart mass differences (which on 

average a higher in women vs men) become greater after menopause.64,65 The overall 

impact of cardiac hypertrophy on morbidity and mortality is higher in women.66 Several 

studies have reported that women receiving hormone replacement therapy (HRT) have a 

lower LV mass vs woman without HRT.67,68 HRT has also been shown to attenuate the 

development of LV hypertrophy in hypertensive postmenopausal women.69 However, no 

direct evidence is available on the effects of HRT on cardiac fibrosis.

The CONFIRM registry also indicated that in patients with CAD, 37% of women develop 

HFpEF vs 23% of men. Multiple epidemiological reports indicate that HFpEF is more 

predominant in postmenopausal female patients by ~2:1 vs men.6,70 The causes for this 

unequal distribution remain unclear. However, HFpEF in women is closely associated with 

the development of hypertension and concentric LV hypertrophy.6,70 The pathophysiology of 

HFpEF is likely complex and involves various elements of chamber remodeling such as 

concentric hypertrophy, microvascular dysfunction, altered ventricular-vascular coupling, 

and calcium cycling.71 However, increased myocardial stiffness is recognized as a key 

factor.72 Passive myocardial stiffness is regulated both within myocytes (by cytoskeletal 

elements such as titin) and by components of the ECM, in particular, fibrillar collagens type 

I and III.72 Normal collagen content in healthy young myocardium ranges from 2% to 3%. 

As a function of normal aging, collagen content increases, and this process is known to be 
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aggravated by hypertension.9 In failing hearts, collagens can comprise up to 30% of the total 

myocardial mass dramatically increasing tissue stiffness.73 The “Cardiovascular Health 

Study” quantified associations between serum markers of fibrosis and HF in the elderly. 

Interestingly, in HFpEF patients, women had significantly higher plasma levels of the 

propeptide for type I collagen (PIP) vs men, suggesting greater levels of production of this 

critical form of fibrillar collagen.74 As part of the Multi-Ethnic Study of Atherosclerosis 

(MESA), an evaluation of age-related myocardial fibrosis was performed in 1231 

participants (51% women, age 54–93 years) using magnetic resonance imaging.75 In 

women, lower LV chamber volume over a 10-year period was strongly related to diffuse 

interstitial fibrosis. Increased diffuse myocardial fibrosis with fewer myocytes (related to 

aging and remodeling) may explain the enhanced prevalence of diastolic dysfunction and 

HFpEF seen in older women. These data align with reports from a cross-sectional sample of 

Olmsted County, Minnesota, residents (≥45 years, n = 2042), where clinical data, 

echocardiography, and blood pressure measurements were obtained. Advancing age and 

female gender were associated with increases in vascular and ventricular systolic and 

diastolic stiffness even in the absence of cardiovascular disease.76

Cardiac fibrosis is widely recognized as one of the hallmarks of pathological chamber 

remodeling as seen with hypertrophy, and can promote disease progression.77–81 The 

development of diffuse fibrosis adversely impacts the material properties and thus, 

myocardial diastolic function. In many cases, diastolic function fails as the filling and 

relaxation dynamics become dysfunctional.82 In HFpEF patients the LV cannot fully relax, 

chamber filling is impaired and cardiac output is reduced even though EF is normal. 

Altogether, evidence provided by the abovementioned studies suggest a role for excess 

fibrosis in the development of HFpEF, which is more common in postmenopausal women.72

Animal models.

Very few animal studies have focused on sex-based differences in cardiac fibrosis in 

response to CVD. However, as noted above, cardiac fibrosis is closely linked to chamber 

remodeling and a limited number of studies have examined sex-based differences and/or the 

roles played by ovarian hormones/estrogen in remodeling. As implied in the section above, 

for animal models to best recapitulate cardiac diseases in humans, aging would need to be 

incorporated and only few studies include it in their design.

In spontaneously hypertensive rats (SHR), female had better indices of systolic function and 

smaller LV dimensions vs male SHR, which also developed LV dysfunction and HF after 1 

year.83 In the aortic banding-induced pressure overload model male but not female rats 

showed LV chamber dilation, loss of concentric remodeling, fibrosis and elevated wall stress 

20 weeks after surgery.84 In line with this study, Weinberg reported that, in comparison with 

males, females developed higher LV pressures in the isolated heart 6 weeks after banding, 

despite a similar degree of LV hypertrophy and systolic wall stress.85 Cardiac models of 

pressure overload hypertrophy report differences between sexes. In general, females develop 

concentric hypertrophy vs males, who develop eccentric hypertrophy.58,86 Gene expression 

profiling also revealed that male hearts had a stronger induction of ECM-related genes and a 

stronger repression of mitochondrial genes vs female hearts.86 In a rat model of volume 
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overload induced by aortocaval fistula, female but not male rats showed minimal mortality 

and no significant LV dilatation after fistulation.87 In a mouse model of hypertrophic 

cardiomyopathy associated with the mutation R403Q of α-myosin heavy chain, male mice 

developed progressive LV dilatation and reduced systolic function. In contrast, female mice 

with a similar degree of cardiac hypertrophy showed preserved function without chamber 

dilation.88 Sex also impact cardiac remodeling after MI. Mortality and LV rupture during the 

first week after MI were higher in males vs females.89 Three months after MI, males showed 

worse LV function with more cardiac chamber dilation and hypertrophy. Females had 3 

times lower mortality despite similar infarct size and showed a better functional outcome.89 

Wu found that female mice with MI underwent less LV remodeling vs males, with better 

preserved systolic function.90 Administration of estrogens in ovariectomized rats reduces the 

development of aortic banding-induced cardiac hypertrophy by 30%.91 Furthermore, 

administration of an ERβ agonist in ovariectomized SHR rats lowered blood pressure and 

prevented hypertrophy.92 Estrogen treatment promotes myocyte survival in infarcted mice.93 

Together, these results imply that estrogens exert cardioprotective effects.

Aging models have used various rat strains (mostly male) to characterize changes in cardiac 

structure/function.94–97 When using ~2 year old female Fischer 344 rats, aging results in LV 

hypertrophy and diastolic dysfunction, while males from the same strain/age develop 

eccentric remodeling, mitral regurgitation, interstitial fibrosis, and impaired systolic 

function.98 Hybrid Brown Norway/Fischer 344 rats (F344BN) have also been used to study 

the effects of aging. Female rats of up to 30 months of age show development of LV 

hypertrophy, dilatation, and diastolic dysfunction,99 while decreases in collagen area fraction 

have been reported.100 Bustamante recently reported on the effects of aging in female rats of 

18–21 months of age. While echocardiography did not detect major changes in LV structure/

function direct catheter-based hemodynamics documented the prolongation of relaxation, a 

modest but significant reduction in CO while maintaining EF in the setting of hypertension. 

Histology demonstrated an approximate doubling of collagen area fraction in the absence of 

chamber stiffening as revealed by ex vivo LV passive pressure-volume curves and epicardial 

strains.101

The high prevalence of HFpEF in older women suggests a strong link between low estrogen 

levels and the disease.102 As discussed above, published studies suggest the development of 

greater levels of myocardial fibrosis in postmenopausal women vs men with normal aging or 

with HF.74,75 In rats, unlike menopausal women, estradiol levels during aging can be near 

their younger counterpart even past 20 months of age.99 Thus, ovariectomy is commonly 

used to examine the role that low estrogen levels play in altering cardiac structure/function.
103 Unfortunately, only an extremely limited number of studies have used this approach. 

Using young male and female rats undergoing aortic banding, a lesser degree of LV chamber 

remodeling, loss of function and fibrosis was noted in female animals.84 However, the 

protective role of estrogens in rodent models of pressure overload was greatly diminished 

with ovariectomy.104 Stice reported that ovariectomy in 20-month-old Norway Brown rats 

decreases LV fractional shortening from 50% (observed in control 4-month-old animals) to 

40% and was restored by estradiol supplementation. These changes were associated with the 

activation of regulators of inflammation in isolated myocytes, which were also suppressed 

by estradiol.105 In a recent study regarding the influence of aging and estrogen depletion on 
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LV structure/function a hybrid female F344BN rats was implemented.106 A subgroup of 

animals at 18 months of age underwent an ovariectomy for 2 months and relevant endpoints 

examined. In their study, ovariectomy did not alter blood pressure, systolic function or lead 

to the development of hypertrophy or additional interstitial fibrosis beyond that noted for 

aging. Significant alterations were only noted in LV relaxation and increases in filling 

pressure.106 In the study by Bustamante, a large (~30%) significant loss in stroke volume 

index, cardiac output index, and increased arterial elastance in the presence of preserved EF 

was reported in ovariectomized rats. While ovariectomy did not lead to further increases in 

collagen area fraction as per aging, it did appear to uniquely influence the distribution of 

myocardial fibrosis toward the endocardium (vs epicardium). Interestingly, papillary fibrosis 

was notably increased with ovariectomy vs aging and may have important implications for 

disease development in the presence of mitral valve dysfunction.101

Several studies have explored the role played by selective estrogen receptors. In the setting 

of transverse aortic constriction in male and female ERβ knockout (ERβKO) mice, the role 

of estrogen/ERβ on myocardial hypertrophy becomes more evident.86 ER deletion augments 

the transverse aortic constriction -induced increase in cardiomyocyte diameter in both sexes.
86 Moreover ERβKO females develop an increased degree of hypertrophy compared with 

WT females, whereas αERKO mice respond in a manner identical to WT females.58 Also, 

hearts of bilateral ovariectomized hypertensive female mice, showed worse patterns of LV 

remodeling, diastolic dysfunction, inflammation, and fibrosis than their sham counterparts.
107,108 In a study performed in 1-year old female rats, ovariectomy triggered an increase in 

collagen type I/III ratio and decreased MMP-2 activity. Interestingly, in this model, 

estrogens prevented the effects of ovariectomy on heart remodeling and fibrosis.109

The G protein-coupled estrogen receptor (GPER) also known as G protein-coupled receptor 

30 (GPR30) also mediates the effects of estrogen in multiple organs including the heart. In 

an ischemia-reperfusion model treatment with G1 a GPER agonist, decreased infarct size of 

male treated animals.110 In a female rat model of aging with ovariectomy, GPER activation 

by G1 was able to mitigate adverse LV remodeling, myocardial relaxation, and interstitial 

fibrosis, therefore delaying the development of diastolic dysfunction.106,111 Sex-differences 

have also been identified in the setting of a GPER knockout (KO) mice model, where male 

mice but not females demonstrate impaired LV function.112 Using cardiomyocyte specific 

GPR30 KO mice, KO’s males show greater adverse alterations in cardiac structure and 

impaired systolic and diastolic function vs KO’s females.113

In vitro models.

An extremely limited number of in vitro studies have examined for phenotypic differences in 

cardiac fibroblasts isolated from male or female animal or human donors and/or the effects 

of estrogens. Lee reported on the enhanced proliferation of cardiac fibroblast isolated from 

female rats in response to 10–20 nM estradiol stimulation. Zhou reported that neonatal rat 

cardiac fibroblasts stimulated with 100 nM angiotensin II increased cell proliferation, 

collagen types I and III synthesis and production of fibronectin and vimentin. Angiotensin II 

up-regulated AT1 receptor mRNA and down-regulated AT2 receptor levels. Estradiol at 100 

nM prevented increases in proliferation and attenuated collagen synthesis in response to 
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angiotensin II.114,115 The increased AT1 receptor mRNA levels and decreased AT2 receptor 

mRNA levels were also partially reversed. A similar study was performed by Pedram in 

neonatal cells where 10 nM estradiol also blocked 100 nM angiotensin II induced 

fibronectin, vimentin via effects on cAMP signaling.107 In female rat cardiac fibroblasts, 

treatment with 10 nM estradiol led to a significant down-regulation of basal collagen I and 

III expression, whereas both collagens were up-regulated in male cells. These effects were 

replicated in human cardiac fibroblasts.116 In a study by Griffin, whereas female rat cardiac 

fibroblasts were resistant to hypoxia-induced inhibition in DNA synthesis while male cells 

were susceptible. In female cells, the inclusion of estrogen led to DNA synthesis inhibition 

whereas in male cells it partially reversed the effects of hypoxia.117

CONCLUSIONS

The presence of sex-based differences in organ fibrosis, strongly suggest an important role 

for sex hormones in modulating disease progression (see Table I), in particular over the 

long-term (ie, in the setting of chronic diseases such as diabetes and hypertension). 

Apparently, estrogens confer a highly effective degree of protection toward the development 

of tissue fibrosis. Unfortunately, women have been rather underrepresented in clinical trials 

particularity, during their premenopausal stage, mainly, because in women’s physiology 

there are so many variations during their lifetime driven by hormonal cycles that complicate 

the establishment of reliable models. Aging and menopause also need to be considered as 

determinant factors in disease progression. Furthermore, preclinical studies have 

predominantly been performed using male animals and cells derived from young male 

donors. In consequence, obtaining an in-depth understanding of the roles that sex hormones 

such as estrogen and testosterone play in developing fibrosis has been hampered by these 

limitations. The testing of promising novel antifibrotic therapies will need to take into 

account these disease modifiers. Looking into the future studies will need to be designed 

incorporating male and female subjects and/or patients (even of different age brackets) such 

that a broader appreciation of disease progression and more specific effects of therapy can 

be evaluated.
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Abbreviation:

α-SMA Alpha Smooth Muscle Actin

AT Angiotensin Receptor

CAD Coronary Artery Disease

cAMP Cyclic Adenosine Triphosphate
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CCL4 Carbon Tetrachloride

ADL Activity of Daily Living

CONFIRM Registry Coronary CT Angiography Evaluation for Clinical 

Outcomes: AnInternational Multicenter

CVD Cardiovascular Disease

E2 Estradiol = 17β estradiolECM: Extracellular Matrix

EF Ejection Fraction

ENOS Endothelial Nitric Oxide Synthase

ER Estrogen Receptor

ERK Extracellular Signal-Regulated Kinase

ERKO ER Knockout

ESRD End Stage Renal Disease

F344BN Hybrid Brown Norway/Fischer 344 Rats

GPER G Protein-Coupled Estrogen Receptor

HF Heart Failure

HFpEF Heart Failure with Preserved Ejection Fraction

HRT Hormone Replacement Therapy

IL-1β Interleukin 1 Beta

L-NAME Nitro-L-Arginine Methyl Ester

LV Left Ventricle

MELD Model for End-Stage Liver Disease

MESA Multi-Ethnic Study of Atherosclerosis

MI Myocardial Infarction

MMP Matrix Metalloproteinases

MRI Magnetic Resonance Imaging

NIH National Health Institute

PINP Pro-Peptide for Type I Collagen

SHR Spontaneously Hypertensive Rats

TAC Transverse Aortic Constriction
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TGF-β Transforming Growth Factor Beta

TIMP-1 Tissue Inhibitor of Metalloproteinase-1

TNF Tumor Necrosis Factor Alpha
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Fig. 1. 
Cell biological mechanisms responsible for sex-specific effects in the pathogenesis of organ 

fibrosis.
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