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Abstract: Non-alcoholic fatty liver disease (NAFLD) is a major health issue worldwide, being
frequently associated with obesity, unbalanced dietary regimens, and reduced physical activity.
Despite their greater adiposity and reduced physical activity, women show a lower risk of developing
NAFLD in comparison to men, likely a consequence of a sex-specific regulation of liver metabolism.
In the liver, sex differences in the uptake, synthesis, oxidation, deposition, and mobilization of lipids,
as well as in the regulation of inflammation, are associated with differences in NAFLD prevalence
and progression between men and women. Given the major role of sex hormones in driving hepatic
sexual dimorphism, this review will focus on the role of sex hormones and their signaling in the
regulation of hepatic metabolism and in the molecular mechanisms triggering NAFLD development
and progression.

Keywords: liver; metabolism; NAFLD; sex and gender differences; sexual dimorphism; sex hor-
mones; estrogens; androgens; estrogen receptors; androgen receptor

1. Introduction

The liver is a key organ in energy metabolism, playing a central role in the pro-
cessing, partitioning, and metabolism of macronutrients, in the transport and storage of
nutrient-derived metabolites, in lipid homeostasis, and in protein and amino acid (AA)
metabolism [1]. In addition, the liver is relevant in several other physiological processes,
including immune response, detoxification, and breakdown of xenobiotic compounds [1].
In several of these biological processes, the liver of males and females differ, accounting
for the highest degree of sexual dimorphism, with 72% of the hepatic genes expressed in
a sexually differentiated manner [2]. The underlined, and partly underestimated, liver
sexual dimorphism can explain sex differences in susceptibility, progression, and outcomes
of liver diseases such as non-alcoholic fatty liver disease (NAFLD) as well as the associated
extra-hepatic diseases [3–6]. The aim of this review is to summarize the role of sex-specific
factors in the sexual dimorphism characterizing liver physiology and the development,
progression, and degeneration of NAFLD in the two sexes. In particular, this review focuses
on the relevance of sex hormones and their nuclear receptors in the regulation of biological
processes participating in NAFLD pathophysiology.

2. The Sex-Specific Regulation of the Healthy Liver Metabolism

The liver plays a central role in the regulation of energy metabolism and in the
adaptation to nutrient availability [1,7]. After feeding, sugars (mainly glucose) released by
intestine in the bloodstream reach the liver via the portal vein, where glucose is converted
and stored in the form of glycogen [8]. Once the glycogen stores are fulfilled, the excess of
glucose is broken down through glycolysis to produce acetyl-CoA, starting from which
the liver synthetizes fatty acids (FA) [8]. The stimulation of FA synthesis is greater in the
liver of males than females, due also to a sex-specific response to circulating hormones,
mainly insulin and leptin, which increase after feeding is, in turn, different between the
two sexes [9].
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Starting from cholesterol (CH), the liver synthetizes biliary acids (BA), that are then
secreted into the small intestine to emulsify and promote the absorption of dietary lipids
that reach the bloodstream as components of chylomicrons [10]. The synthesis and com-
position of BA are sexually dimorphic in both mice and humans [11]. Even though they
display larger total BA pool, female mice catabolize less CH via BA and excrete less fecal
BA compared to males [11]. In female mice, the excretion of fecal BA changes during the
progression of the estrous cycle [12].

FA are extracted from chylomicron remnants through the action of lipoprotein lipase
(LPL), which activity is higher in women and female rodents than in males [13,14].

Through several transport proteins, mainly cluster of differentiation 36 (CD36) and
fatty acid transport proteins (FATPs), the FA derived from chylomicron remnants are then
transported into hepatocytes, where they are assembled into triglycerides (TG). Female
liver clears FA from plasma more rapidly than male liver, due to an enhanced rate of
transport through the plasma membrane of hepatocytes, which reflects a greater expression
and affinity of CD36 and FATPs for FA [15,16]. In comparison to males, females show a
greater metabolic flexibility and are able to limit hepatic FA uptake and TG synthesis when
lipids are provided in excess with the diet [17].

TG are then packaged with very-low density lipoprotein (VLDL) particles and secreted
into the bloodstream to provide lipid substrates for the body. At the hepatic level, women
have an accelerated production of VLDL-TG and a lower secretion rate of VLDL particles
than men [18,19]. In women, the enrichment of VLDL in TG [18,20,21] facilitates the hydrol-
ysis of VLDL-TG by LPL and enhances the removal of VLDL-TG from the circulation [22],
thus resulting in lower circulating VLDL-TG [19]. Under an excess of dietary lipids or
under obesogenic-like conditions, the enhanced delivery of FA to the liver increases VLDL
production and VLDL-TG clearance rates in females, thus contributing to export TG from
the liver, prevent hepatic lipid deposition, and lower circulating VLDL-TG levels [17,20].

Circulating TG can reach other organs such as the adipose tissue, where they can
be stored as a long-term energy source, or the skeletal muscle, where they can be used
as an energy source. With respect to men who tend to accrue more adipose tissue in the
visceral area, women accumulate more adipose tissue in the gluteo-femoral area, that show
a reduced lipolytic activity accounting for a lower delivery of free fatty acids (FFA) to the
liver [20]. Women also display an enhanced FA clearance by skeletal muscle [20].

The liver preserves glucose homeostasis through the regulation of glycogen break-
down/synthesis, glycolysis, and gluconeogenesis (GNG), through which it produces
glucose starting from AA, lactate, and glycerol [8]. In comparison to men, women are more
sensitive to insulin action in the liver and suppress hepatic glucose production (HGP, which
accounts for 90% of endogenous glucose production) to a greater extent at low insulin
concentrations [23]. The livers of males and females differ for their metabolic adaptation
to fasting and refeeding conditions [9] and for the regulation of glucose homeostasis un-
der physiological conditions [24], a feature that might partly explain the gender-specific
susceptibility to type 2 diabetes (T2D) [25,26].

Under long-term fasting, the liver can oxidize FA as an internal energy source and use
FA for the synthesis of ketones (acetoacetate and β-hydroxybutyrate) to provide energy to
other organs [7]. In the liver, the oxidation of FA (FAO) and the synthesis of ketones are
sexually dimorphic, occurring to a greater extent in women than men [27].

The liver is relevant for the homeostasis of CH, which is required for the assembly of
cellular membranes, the maintenance of membrane fluidity, and the synthesis of steroid hor-
mones, including sex hormones [1]. Upon feeding, CH can be absorbed from the intestine
or synthetized de novo at the hepatic level. Systemic CH homeostasis is achieved through
the complex regulation of secretion, uptake, and efflux of CH by the liver, which has in
charge most of the synthesis, assembly, and remodeling of lipoproteins [28]. The livers of
males and females show a different regulation of CH and lipoprotein metabolism, resulting
in sex-differences in the levels of circulating CH and in the concentration, distribution,
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and size of lipoprotein particles, which may contribute to the sex-specific prevalence of
atherogenesis and cardiovascular diseases (CVDs) [14,19].

During both, fasted and fed conditions, pre-menopausal women display higher circu-
lating levels of high-density lipoprotein (HDL) than age-matched men [19]. Women display
greater HDL apolipoprotein A-I and apolipoprotein A-II synthesis rate, resulting in higher
circulating levels of HDL [19,29,30]. Furthermore, women have larger, CH-enriched HDL
particles than men [29,31]. Despite the lack of clinical studies investigating the potential
sexual dimorphism in CH kinetics in the various lipoprotein fractions, pre-clinical studies
support the role of sex hormones in mediating CH and lipoprotein metabolism in a sexually
dimorphic manner [12,32]. In particular, the female liver contributes to sex differences in
lipoprotein remodeling and in CH homeostasis through the synthesis of a class of HDL
particles able to better promote CH efflux [12].

The liver is a major site of protein metabolism and turnover, and it is responsible for
the synthesis and secretion of ~90% of circulating proteins, including acute-phase proteins,
growth factors, hepatokines, and numerous other peptides involved in the systemic reg-
ulation [33–36]. Among them, albumin, that contributes for the 55% of the total plasma
proteins, acts as a carrier for several molecules, including lipids and hormones. Notably,
the synthesis rate of albumin is greater in males than females [37]. The liver is also the
main tissue responsible for the production of sex hormone-binding globulin (SHBG), a
glycoprotein that binds sex steroids with high affinity and specificity [38]. The liver has a
high capacity to breakdown proteins and metabolize hepatic AA to provide energy to the
hepatocytes and glucose to the dependent organs in times of extended fasting. A recent
study has demonstrated that the livers of male and female mice differ for their ability to
catabolize the hepatic AA under a short-term fasting [39].

Given its central position in the body, its high degree of vascularization, its structure
with highly permeable fenestrated endothelia, the liver represents a key immune tissue.
Under physiological conditions, being constantly exposed to several foreign but harmless
molecules derived from nutrients or resident microbiota, the liver’s immune status is
immunotolerant [40,41]. However, when exposed to molecules with an inflammatory
potential, the liver mounts a rapid and robust immune response by activating Kupffer
cells (KCs, the resident macrophages) which, in turn, can recruit macrophages from the
periphery. In the liver, homeostatic inflammation is tightly regulated by mechanisms
acting to prevent accidental immune activation against otherwise harmless antigens as
well as to resolve inflammation in order to avoid excessive inflammation and pathological
consequences [40,41]. Although scarcely investigated under physiological conditions, male
and female livers differ for the regulation of hepatic immune response, which may account
for the sex-specific prevalence of inflammatory liver diseases [42–44].

Sex dimorphic expression of hepatic enzymes active in the metabolism of drugs,
steroids, and environmental chemicals, especially cytochromes P450 (CYPs) and sulfotrans-
ferases [45–47], might account for the well-known sex differences in detoxification and drug
metabolism and, therefore, for the differences in pharmacokinetics and pharmacodynamics
between the two sexes [42].

3. The Sex-Factors Involved in the Hepatic Sexual Dimorphism

In mammal liver, the high degree of sexual dimorphism has been mostly ascribed to
growth hormone (GH) and its sex-specific temporal pattern of pituitary secretion, which
is highly pulsatile in males and more continuous in females [48,49]. GH regulates the
sex-specific expression of a large number of hepatic genes, including CYPs, various plasma
and urinary proteins, and several receptors and signaling molecules involved in a broad
range of physiological processes, including the lipid metabolism [47,49–51].

GH dimorphic regulation of hepatic gene expression occurs mainly through the
transcription factor signal transducer and activator of transcription 5b (STAT5b) [52,53],
hepatocyte nuclear factors 3β, 4α and 6 (HNF3β, HNF4α, HNF6) [54,55] and their signaling
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cross-talk [56–58]. GH carries out its sexual differentiating action also through the sex-
specific regulation of DNA methylation and chromatin structure [49,53,59–62].

The hepatic responsiveness to GH changes during development and is dynamic
during adult life, leading the liver to adapt its functions to the needs of the organism
throughout life [53,63–65].

The relevance of GH pattern in the hepatic sexual dimorphism has been proved in
a series of experiments performed in male mice treated with continuous GH infusion to
reproduce the GH pattern typical of females [59,66]. Persistent GH stimulation “feminizes”
the temporal profile of liver STAT5 activity, leading to changes in chromatin states and to
the activation of sex-specific transcriptional networks, with the repression of most of the
male-biased genes and the induction of specific female-biased genes [59]. However, the
fact that several highly female-specific genes show weak or no feminization [59] suggests
that GH pattern alone cannot account for the sexual differentiation of the liver.

In addition to GH activity, indeed, several other factors can contribute to hepatic
sexual dimorphism, including genetic and epigenetic factors, sex hormones, diet, circadian
rhythm, and gut microbiota [39,60,62,67–76] (Figure 1). However, differently from other
tissues where sex-chromosome complement action has a predominant role in the sex
dimorphic gene expression, sex hormones have major effect on driving sex-biased gene
expression in the liver [77,78]. According to this view, this review addresses the effects
of sex hormones and their receptors in the sex-specific regulation of healthy liver and
provides insight into relevance and mechanisms of sex hormones and their signaling in
NAFLD pathophysiology.

Figure 1. Main factors contributing to the hepatic sexual dimorphism. Abbreviations: E2, 17β-
estradiol; GH, growth hormone; T, testosterone.

In spite of the still-limited knowledge of the entity of hepatic sexual dimorphism
under physio-pathological conditions [75], several evidences indicate that estrogens and
their receptors recover a key role in the hepatic sexual dimorphism as well as in the sex
differentiation of the liver [17,39,79–81]. Estrogens can contribute to the hepatic sexual
dimorphism directly, by acting through their receptors [17,39,82–84] and indirectly, by
regulating GH action [76,85,86]. The contribution of estrogen signaling to hepatic sexual
dimorphism likely arises from the different metabolic costs of reproduction for the two
sexes, with female mammals having acquired and perfected through evolution a higher
metabolic flexibility to adapt the hepatic metabolism to nutrient availability and to the
changeable energy needs of the different reproductive stages [39,75,87,88]. At peri-natal
level, testosterone-derived estrogen programs the hepatic metabolism of males [39], a
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mechanism that resembles the estrogen-induced “organizational effects” observed in the
brain [89,90] and that can further contribute to hepatic sexual dimorphism.

Androgen signaling can contribute to the sex-based hepatic phenotype in a direct or
indirect fashion, by acting on GH dependent pathways [62,76,77,91], or by regulating the
accessibility of DNA to several transcription factors through chromatin remodeling [92,93].

Sex differences in the liver can be modulated during lifetime according to the hormonal
status, to the levels of estrogens and androgens as well as to their ratio, which changes with
aging, especially in women after menopause, when the lack of estrogens makes closer male
and female liver phenotypes [94].

4. Estrogen Signaling in the Healthy Liver

Estrogens. The naturally occurring estrogens are 17β-estradiol (E2), estrone (E1), estriol
(E3), and estetrol (E4) [95,96]. E2 is the predominant and the most potent estrogen during
reproductive years, from the menarche to menopause [97]; in pre-menopausal women, it is
primarily synthesized by the theca and granulosa cells of the ovaries. After menopause, E1,
which is synthesized in adipose tissue from adrenal dehydroepiandrosterone, becomes the
primary form of estrogen in the body [97]. E3 is a weak estrogen that is produced in large
quantities by the placenta [97] and plays an important role during pregnancy. In humans,
E4 is produced during pregnancy exclusively by the fetal liver [98].

Estrogen synthesis starts with CH uptake by steroidogenic cells and occurs through
a long biosynthetic pathway proceeding from CH to androstenedione and then to testos-
terone that, in the final step, is converted into E2 and E1 by the aromatase enzyme
(CYP19A1). Besides the ovaries, CYP19A1 activity has been detected also in other tissues,
including skeletal muscle, fat, nervous tissue, and testis, thus suggesting that estrogens
play an important role also for male physiopathology, even though E2 concentration is
approximately five times lower in men than in pre-menopausal women [97]. In males,
the aromatase-dependent conversion of testosterone into estrogen exerts a key role in the
sexual differentiation of the liver [39]. Notably, in rodents, aromatase has been found to be
expressed and active in the gastric mucosa cells that secrete E2 in the portail vein [99,100],
thus leading E2 to reach the liver and exert its regulatory action.

In women, E2 levels raise with puberty and oscillate during the reproductive lifes-
pan [97]. During the reproductive cycle, E2 levels increase significantly from the early
follicular phase to the late luteal follicular phase, and further on to the luteal phase. In
the four-day long estrous cycle of female mice, E2 levels are highest at Proestrus and low-
est at Estrus/Metestrus [12]. With menopause or ovariectomy (OVX), serum E2 drops to
levels found in males [97]; E1, mostly derived from the aromatase-dependent conversion
of testosterone occurring in peripheral tissues, especially in the adipose tissue [101,102],
becomes the most prevalent estrogen in post-menopausal women.

Estrogen receptors. Estrogens exert their action mainly through the nuclear receptors
ERα (estrogen receptor α) and ERβ (estrogen receptor β), but also through the membrane-
associated ERα and ERβ variants, and the membrane-bound receptor G protein-coupled
ER (GPER) [103–105]. In the mouse liver, estrogens act mainly through ERα, the most
expressed isoform at the hepatic level, whereas ERβ and GPER show a very low expres-
sion [94], mostly limited to specific hepatic cell subtypes [3]. With respect to male mice, the
hepatic content of ERαmRNA is four-six-fold on average higher in the liver of females [12],
a feature that can further contribute to a sex-specific regulation of liver metabolism [39]. In
female liver, the expression [12] and the transcriptional activity of liver ERα [81,106] oscil-
late according to estrogen levels, leading the female liver to adapt the hepatic metabolism
to the energy requirements of each reproductive stage [79]. In mice, hepatic ERα expression
and activity increase along development and reach their highest expression soon after sex-
ual maturation to decrease with aging/OVX, likely a consequence of a reduced stimulation
by the low hormone levels [12,39].

Once activated by its ligand, ERα dimerizes and binds to estrogen response element
(ERE) in the promoters of target genes [103]; as an alternative to the “classical” mecha-
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nism, ERα may indirectly bind the DNA through the tethering with other transcription
factors, such as activator protein-1 (AP-1) [107] (Figure 2). In addition to these nuclear
actions, ERα can exploit its action through faster, non-genomic effects (Figure 2), that
involve intracellular second messenger systems, such as protein kinase A (PKA), protein
kinase C, and mitogen-activated protein kinase (MAPK)/extracellular signal-regulated
protein kinase (ERK) [108]. Estrogens can exert their role also through the palmitoylated,
membrane-associated ERα [104,109] and through GPER [104,105] (Figure 2).

Figure 2. Potential mechanisms of action through which estrogen and androgen receptors can exert
their action in hepatocyte cells. Abbreviations: AP-1, activator protein-1; AR, androgen receptor; ARE,
androgen responsive element; DHT, dihydrotestosterone; E2, 17β-estradiol; EGFR, epidermal growth
factor receptor; ER, estrogen receptor; ERE, estrogen responsive element; GPER, G protein-coupled
estrogen receptor; IGFR, insulin-like growth factor receptor; P, phosphorylation; Palm, palmitoylation;
T, testosterone.

ERα is the isoform most expressed in the hepatocytes, the most abundant cell type
accounting for 80% of liver mass [3,110–113], and in KCs [114], where it drives macrophage
polarization and regulates cytokine production [115–117]. By converse, ERα is not ex-
pressed in the hepatic stellate cells (HSCs) [118], where estrogens seem to act mainly
through ERβ [119] and GPER [120]. Cholangiocytes—the epithelial cells participating in
bile production and secretion and, to a less extent than hepatocytes, in the liver develop-
ment and regeneration [121,122]—express both, ERα and ERβ [123,124].

Estrogens signaling, glucose homeostasis and insulin sensitivity. In both, males and fe-
males, estrogen signaling improves glucose tolerance and insulin sensitivity, and may
partly account for the sex-specific regulation of glucose homeostasis, as well as for the
sex dimorphic prevalence of T2D [25,26,125–127]. In comparison to men, pre-menopausal
women show higher glucose tolerance, enhanced glucose effectiveness (which is the ability
of glucose to promote its own disposal in an insulin-dependent manner) and greater insulin
sensitivity [25]. Although the underlined mechanisms are still unclear, sex differences
in glucose homeostasis rely, at least in part, on the estrogen signaling. In fact, estrogen
deficiency predisposes post-menopausal women to dysglycemia and to impaired hepatic
insulin clearance, which can be improved by estrogen administration, thus reducing the
risk of developing T2D [128–130]. The type and timing of menopause can further impact
on glucose homeostasis: in fact, with respect to natural menopause, early menopause, and
surgical menopause by OVX further increase the risk of T2D [129]. In female mice, OVX
increases hepatic insulin resistance [131]. In male mice and in men, estrogen deficiency
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due to defects in the aromatase gene leads to insulin resistance, glucose intolerance, and
increased risk of developing T2D, which can be improved by estrogen therapy [127,132].

Although most of estrogen effects derive from the promotion of glucose uptake
in skeletal muscle and adipose tissue [127], estrogen signaling is relevant for glucose
metabolism also at the hepatic level, where it modulates glucose uptake and production.
The estrogen-dependent regulation of glucose uptake may occur through the inhibition
of GLUT2 (glucose transporter 2, the main glucose transporter in hepatocytes of rodents
and humans), which results, indeed, over-expressed in the liver of OVX rodents [133].
Estrogens suppress HGP by reducing GNG, and increase glycogen synthesis and storage,
thus lowering circulating glucose level [125,134]. At mechanistic level, estrogens suppress
GNG and improve insulin sensitivity acting via FOXO1 (forkhead transcription factor 1), a
transcription factor with a pivotal role in HGP [135].

According to its expression in the liver, ERα but not ERβ is believed to account for
most actions of estrogens on glucose homeostasis in vivo. In fact, total knockout of ERα
(ERαKO) male and female mice develop insulin resistance and glucose intolerance, whereas
total knockout of ERβ (ERβKO) mice exhibit normal glucose tolerance [125,136].

More recently, a study demonstrates that nuclear and membrane ERα differently
contribute to insulin secretion and action in male and female mice, pointing to another
level of sex dimorphic regulation of glucose homeostasis [137]. The lack of nuclear ERα
signaling strongly impacts on glucose homeostasis, while the lack of membrane ERα leads
to mild hepatic insulin resistance and glucose intolerance. Both, male and female mice
lacking nuclear ERα exhibit fasting and feeding hyperglycemia and glucose intolerance.
However, differently from males, the lack of nuclear ERα alters the central control of
insulin sensitivity in females, which display hyperinsulinemia and insulin resistance due
to unrestrained hepatic GNG. Differently from females, the lack of nuclear ERα impairs
the central regulation of insulin secretion in male mice, which show impaired glucose-
stimulated insulin secretion [137].

In spite of the role of estrogen signaling in liver glucose homeostasis, the specific
relevance of hepatic ERα in the regulation of liver glucose metabolism has been questioned
by studies performed in liver-specific ERα deficient (LERKO) mice leading to conflicting
results. In fact, some studies indicate that hepatic ERα may have a specific role in the
regulation of glucose homeostasis and insulin sensitivity in both males and females [80,138]
while others advocate against it [139].

Estrogen signaling and hepatic lipid metabolism. Estrogen signaling is relevant in both
males and females for the regulation of hepatic lipid metabolism, as demonstrated by
several pre-clinical and clinical studies [12,17,80,81,83,132,136,140,141].

In women, the lack of estrogens due to menopause leads to altered liver lipid metabolism,
which may trigger the development of hepatic steatosis/NAFLD [3,79,83]. Similarly, women
with altered estrogen signaling, such as occurs in PCOS (poly-cystic ovary syndrome), display
impaired liver metabolism and greater risk of developing NAFLD [79,142]. Regardless of
energy intake, OVX in female mice leads to dysregulation of lipid metabolism and to liver fat
accumulation, which is reversed by hormonal replacement therapy (HRT) [12,81,131,143].

In the liver of females under physiological conditions, estrogen signaling inhibits the
expression of genes involved in de novo lipogenesis (DNL) such as Srebp-1c (sterol regula-
tory element binding transcription factor 1), Fasn (fatty acid synthase), Scd1 (stearoyl-CoA
desaturase 1), Elovl6 (ELOVL fatty acid elongase 6), and promotes FAO, all mechanisms
that are lost in OVX mice [81,144,145]. During the mouse estrous cycle, the oscillation of es-
trogen levels influences the hepatic expression of genes relevant for FA and CH metabolism
in the liver [12,81], pointing to the relevance of maintaining such an oscillation to limit fat
deposition in the female liver [81,106].

Men with aromatase deficiency show altered liver lipid profile and hepatic steatosis,
which can be improved by estrogen therapy [146]. In the aromatase knockout (ArKO)
mouse model of estrogen deficiency, hepatic steatosis occurs after six months of age,
following the development of hepatic glucose intolerance, and can be reverted by estrogen
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treatment [147]. Although ArKO mice of both sexes display increased adiposity, glucose
intolerance and insulin resistance [132], only ArKO males but not females show impaired
lipid and lipoprotein metabolism and develop hepatic steatosis [132,148].

At the mechanicistic level, estrogens regulate liver lipid metabolism mostly acting through
ERα, which is the predominant ER subtype in both, male and female hepatocytes [3,39,94].
Male and female ERαKO mice develop hepatic steatosis as a consequence of the increased
expression of genes involved in DNL (e.g., Srebp-1c, Scd1) and decreased expression of genes
involved in lipid transport [125,136].

The liver-specific ablation of ERα in LERKO female mice leads to increased DNL,
altered hepatic expression of genes involved in lipid uptake and reverse CH transport,
and increased hepatic lipid content [12,81,84], all changes that are mostly recapitulated
in liver-targeted knockdown of ERα [149,150]. Under physiological conditions, when
estrogen levels are high, hepatic ERα is responsible for the synthesis of a class of small
HDL able to efficiently promote the CH efflux [12], a mechanism that could have been
settled to spare CH for reproductive functions (i.e., steroidogenesis) [6,75] and that can
explain the lower incidence of atherogenesis and CVDs in pre-menopausal women with
respect to men and post-menopausal women [151–153].

Although less investigated, also in males the lack of ERα leads to increased hepatic
lipid droplets and TG content as a result of enhanced DNL (Acaca, acetyl-CoA carboxylase
α; Fasn) and reduced hepatic lipid export (ApoB, apolipoprotein B; MTTP, microsomal
triglyceride transfer protein) [80,138].

More recently, a study demonstrates that hepatic ERα signaling is relevant for the
regulation of hepatic metabolism of both males and females, even though through different
mechanisms and with different metabolic consequences under unbalanced dietary reg-
imens [17]. The sex-specific role exerted by hepatic ERα could be a consequence of the
female-specific ability to regulate the hepatic metabolism to reproductive needs, which
might strongly account for the sex differences observed in liver lipid metabolism [6,14,82].

Estrogen signaling and hepatic amino acid metabolism. In addition to estrogens, dietary AA
activate hepatic ERα to support the progression of the estrous cycle [87]. Under long-term
40% calorie restriction, the significant reduction of hepatic ERα activation results to be
associated with the progressive block of estrous cycle progression [87]. A diet enriched
in AA has been shown to preserve the progression of the estrous cycle in control but not
LERKO females, at least in the early phase of the calorie restricted regimen [87], suggesting
that the tight connection between reproductive and liver metabolic functions strongly relies
on the activation of hepatic ERα by dietary AA.

The hepatic metabolism of dietary AA is significantly different in the two sexes, likely
a consequence of the female-specific role of hepatic ERα in modulating hepatic metabolism
according to the energy needs of reproductive functions, a regulation that should have been
reached its maximum degree of complexity in female mammals [75,79]. Under short-term
fasting, liver ERα promotes in females, but not in males, the catabolism of the hepatic AA
pool to preserve lipid synthesis, thus providing lipids for steroidogenesis and ensuring
the progression of the estrous cycle [39]. When fed with high-fat diet (HFD), differently
from males, female mice preserve the hepatic AA homeostasis [17]. Interestingly, the
development of hepatic steatosis in males is associated with a decrease in the hepatic pool
of AA, resembling the correlation between low AA content and hepatic steatosis observed
in obese humans [154]. The female-specific ability to preserve AA homeostasis under HFD
depends on the hepatic ERα, as it is lost in LERKO females. Notably, the metabolism
of branched-chain amino acids (BCAA: leucine, isoleucine, valine) is the pathway most
affected by HFD regimen in the liver of male mice and LERKO females that develop hepatic
steatosis [17], in agreement with studies reporting a role of estrogen signaling in the control
of BCAA metabolism in female rodents [155].

Estrogens and GH signaling. Estrogens can modulate GH actions in the liver by acting
both, at the central and peripheral level [156]. Estrogens stimulates GH secretion and
influences the levels of IGF-1 (insulin-like growth factor-1, the main mediator of the
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anabolic action of GH) depending on the route of administration. In fact, only oral but not
parenteral route of administration exposes the liver to pharmacological levels of estrogens
able to inhibit IGF-1 production [91,156]. At a peripheral level, estrogens attenuate GH
action by affecting the expression of its receptor and its signaling through the JAK/STAT
(janus kinase/signal transducer and activator of transcription) signaling pathway [156].

5. Androgen Signaling in the Healthy Liver

Androgens. Androgens play an important role in the metabolic homeostasis and repro-
ductive health of both sexes. In males, androgens are synthesized mainly by the testes and,
to a lower extent, by the adrenal glands [157]. Besides testosterone—the major androgen in
males -, other androgens are dihydrotestosterone (DHT), dehydroepiandrosterone (DHEA),
androstenedione (A4), androstenediol (A5), and androsterone. In both sexes, androgen
levels steeply rise in puberty [158] and gradually decline with aging [159]. Although
androgens are commonly thought as male hormones, females can produce androgens, even
though to a much lower level than males [157]. In females, androgens are produced by the
ovaries (testosterone), by the adrenal glands (androgen precursors like DHEA and A4),
and, during pregnancy, by the placenta (testosterone). In older women, the decrease of
circulating androgens seems due to aging more than to post-menopausal condition [160].
In women, some pathological conditions such as PCOS, obesity, and endocrinopathies,
such as Cushing disease, are associated with high levels of androgens [161].

Androgen receptors. Once activated by its ligands (testosterone and DHT), the androgen
receptor (AR) enters the nucleus and modulates gene expression by binding as a homod-
imer to specific DNA known as androgen response element (ARE) motifs in its target
genes [162] (Figure 2). Like ERs, AR can regulate the transcriptional activation of many
other genes by binding to DNA regions other than ARE, through the recruitment of other
transcription factors such as AP-1, nuclear factor-κB (NF-κB), and sex-determining region
Y [163] (Figure 2). Androgen effects can be mediated by AR also via non-genomic signaling
pathways, including the MAPK (mitogen-activated protein kinase) and the PI3K/AKT
(phosphatidylinositol-3-kinase/AKT) pathways, or by the membrane-associated AR as
well as by other plasma membrane associated receptors, including the epidermal growth
factor receptor (EGFR) [164–166] (Figure 2). In rodents, the hepatic expression of AR is
several-fold higher in males than in females and changes with age, increasing with puberty
and gradually declining with aging [140]. AR is expressed in hepatocytes, but not in other
hepatic cell types such as KCs and liver sinusoidal endothelial cells [167].

Androgen signaling, glucose homeostasis and insulin sensitivity. Androgen signaling plays
a relevant role in glucose homeostasis as suggested by several reports showing that altered
androgen levels increase hepatic glucose output, induce hyperglycemia, and lead to high
risk of developing T2D in both males and females [168]. However, androgens display
sex-specific effects on glucose metabolism in the two sexes, as low levels in males (i.e., due
to androgen depletion/deficiency) and high levels in females (as occurs in PCOS women)
increase the risk of T2D [168–170].

In males under physiological conditions, testosterone, acting via AR, increases insulin
receptor (IR) expression [171,172] and glycogen synthesis [173], and decreases glucose
uptake by inhibiting the transcription and translation of GLUT-2 [174]. Testosterone can
improve glucose homeostasis also by repressing hepatic GNG through the interaction with
FOXO1 [175]. The effects of androgens on insulin signaling are not clear, since some studies
reported that testosterone supplementation can improve insulin sensitivity [171,172], while
others have demonstrated that testosterone supplementation worsens hepatic insulin
resistance in a male mouse model of T2D [175]. The inhibition of 5α-reductase 2, which
converts testosterone into DHT, leads to hyperglycaemia, elevated hepatic glycogen storage,
altered GLUT2, IR, and AR expression in the liver of males, pointing to a specific role of
androgen/AR signaling in the regulation of glucose metabolism in males [176]. According
to this view are studies reporting that the lack of hepatic AR (LARKO) exacerbates diet-
induced impairment of glucose metabolism in male mice [177].
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Differently from males, in females, testosterone impairs hepatic glucose metabolism,
resulting into a sex-specific risk of developing T2D [168]. In post-menopausal women,
increased androgen activity is associated with impaired glucose tolerance [178,179]. In
PCOS women, the excess of androgens impairs hepatic glucose metabolism by decreasing
insulin-stimulated glucose uptake and glycogen synthesis, thus predisposing PCOS women
to insulin resistance [169]. In a lean mouse model of hyperandrogenemia, females show
impaired glucose tolerance and disrupted glucose metabolism [180]. At a mechanistic level,
low-dose of DHT in females leads to increased hepatic AR binding to PI3K, resulting in
reduced PI3K activity, decreased p-AKT and lower insulin action, which can be restored
by AR inhibition [180]. In the liver of these females, DHT promotes GNG via direct
transcriptional regulation of gluconeogenic enzymes such as Pck1 (phosphoenolpyruvate
carboxykinase 1) and G6pc (glucose-6-phosphatase) [180].

Beyond DHT-mediated effects, testosterone can regulate glucose metabolism and
insulin sensitivity once converted into estrogen by the CYP19A1 enzyme. According to this
view, glucose tolerance and insulin sensitivity can be restored by testosterone but not by
the non-aromatizable androgen DHT in orchidectomized (ORX) male mice [181] as well as
in men with central obesity [182]. Male ArKO mice as well as men with CYP19A1 defects
show insulin resistance and hyperglycemia [146,147,183]. Notably, the lack of aromatase
affects in a sex-specific fashion the glucose metabolism in ArKO mice, since, in addition
to glucose intolerance, males but not females display pyruvate intolerance and insulin
resistance [184].

Low androgen levels may impair glucose metabolism and insulin signaling in the liver
also through extra-hepatic actions that, in turn, worsen hepatic glucose production and
insulin resistance [185]. Androgens can impact on the regulation of glucose metabolism
also through epigenetic and transgenerational mechanisms. In fact, androgen treatment in
the last days of pregnancy decreases glucose tolerance in female offspring [186]. In adult
females, DHT treatment leads to impaired glucose tolerance, increased insulin resistance,
reduced AKT and PI3K, and increases the hepatic content of enzymes involved in GNG
(e.g., Foxo1, Pck1, G6pc) [180].

Androgen signaling and hepatic lipid metabolism. Many studies have shown that altered
androgen levels impair lipid metabolism and cause hepatic steatosis in both humans and
rodents [140,171,186–189], pointing to a role of androgen signaling in the regulation of
lipid metabolism in the liver.

In rodent males, ORX leads to insulin resistance at both hepatic (increased HGP) and
extra-hepatic (reduced skeletal muscle glucose uptake) level, resulting in hepatic steatosis,
that can be reversed by testosterone administration [190]. In males, androgen signaling
regulates the hepatic lipid metabolism by inhibiting the expression of genes involved in
DNL and lipid storage (such as Srebp-1c; Acaca; Pparγ, peroxisome proliferator activated
receptor γ) and by promoting FAO through the up-regulation of PPARα (peroxisome
proliferator activated receptor α) signaling [188].

Although beneficial in males, androgen excess impairs hepatic lipid metabolism and
promotes hepatic steatosis in androgen-treated female rodents [189,191], resembling what
observed in PCOS women [169]. In female mice, DHT increases SCAP (sterol regulatory
element-binding protein cleavage-activating protein) protein expression and SCAP-SREBP1
binding, thus favoring the nuclear localization of SREBP1 and promoting DNL [189].

The relevance of AR in mediating androgen effects seems to be supported by stud-
ies showing that the lack of 5α-reductase, which is responsible for the conversion of
testosterone in DHT, results in an impaired regulation of liver lipid metabolism in male
mice [187,192]. However, testosterone replacement reduces HFD-induced lipid deposition
in the liver of testicular feminized (Tfm) mice, which are characterized by very low testos-
terone levels as well as by non-functional AR [188], suggesting that testosterone effects can
be partially independent of AR. According to this view, ArKO male mice, that are unable
to convert testosterone into estrogens, develop hepatic steatosis, which can be reversed by
E2 treatment [147]. In addition, differently from total AR knockout mice, which develop
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liver steatosis and insulin resistance in both sexes, the lack of AR in the liver accounts for
sex-specific metabolic consequences. In fact, only LARKO males but not females show
impaired DNL and FAO and develop hepatic steatosis and insulin resistance [173,177],
suggesting that hepatic AR may play a more critical role in liver lipid metabolism of males
than females.

Although less investigated, androgen signaling has a role also in the regulation of
CH and lipoprotein metabolism. Low androgen levels in aging men are associated with
increased serum CH and LDL levels, and decreased HDL level, that can be normalized by
testosterone replacement. In ORX male mice, DHT treatment increases CH uptake from
circulating HDL by up-regulating the hepatic expression of scavenger receptor class B
member 1 (SR-1B), reduces LDL secretion and suppress CH removal by decreasing choles-
terol 7α-hydroxylase (CYP7A1) [173]. Although beneficial in counteracting dyslipidemia,
chronic androgen replacement may, indeed, lead to CH accumulation in the liver [171].
Male but not female ArKO mice display abnormal lipoprotein metabolism that is associated
with high testosterone levels and increased AR mRNA and protein in the liver [148]. In
Tfm mice, non-functional AR and low testosterone levels lead to decreased expression
of genes involved in CH metabolism (such as Abca1, ATP binding cassette subfamily A
member 1 and ApoE, apolipoprotein E), through the repression of Liver X receptor α
(LXRα) [193], pointing to a cross-talk between AR and LXRα in the regulation of hepatic
CH homeostasis [194] that has not been clarified.

All together, these findings suggest that low androgen levels in males and high
androgen levels in females negatively affect the regulation of liver lipid metabolism. In
comparison to females, androgen signaling has a greater impact in male liver, where
androgen effects can be—at least partially—mediated by the conversion of testosterone
into estrogens, which can act through ERs.

Androgen signaling and hepatic amino acid metabolism. Testosterone limits protein
catabolism, by reducing the rate of protein oxidation and by promoting AA availabil-
ity for reutilization and for muscle protein synthesis and regeneration through mechanisms
that have been shown to be mediated by the liver [195,196]. In fact, oral delivery of low
dose of unconjugated testosterone, which can reach the liver only, reduces whole-body
protein loss in men as well as in post-menopausal women [195,197]. Testosterone prevents
protein catabolism by inhibiting the hepatic urea cycle [196], thus reducing hepatic loss of
nitrogen and sparing AA for protein synthesis. Such a mechanism could explain, at least in
part, the strong correlation between the reduced levels of testosterone and the increased
incidence of sarcopenia in aging men [198] and could partly account for sex differences in
muscle wasting [199].

Testosterone may have a role also in the programming of AA metabolism, as sug-
gested by studies reporting impaired BCAA metabolism in neonatal testosterone-treated
female rats [200]. Beyond this evidence, the relevance of hepatic AR in the liver-mediated
regulation of AA metabolism has not been clarified.

Androgens and GH signaling. In males, testosterone exerts its effects also by stimulating,
at the hypothalamic level, the secretion of GH [201,202], which, in turn, drives hepatic
IGF-1 production [203], a process that, however, relies on the conversion of testosterone
into estradiol [204]. In fact, treatment with the not-aromatizable androgen DHT does
not stimulate GH secretion [205] and the inhibition of ER signaling abrogates the GH-
stimulatory effect of testosterone [204]. Notably, men with aromatase deficiency display
reduced GH secretion and impaired GH response, which cannot be restored by estrogen
replacement [206].

In addition to GH secretion, androgens increase tissue responsiveness to GH [185],
pointing to a synergistic interaction between the two signaling pathways [207,208]. In
GH-replete individuals, liver-targeted testosterone administration triggers the interaction
with GH and promotes the GH-mediated synthesis of IGF-1 [195,197]. At the hepatic level,
testosterone may enhance the action of GH also by increasing the expression of the GH
receptor [209]. Accordingly, LARKO male mice display a marked reduction of circulating
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IGF-1 levels [177]. In females, administration of testosterone at neonatal stage contributes
to the remodeling of the GH axis and modifies the expression and the methylation status
of female-predominant GH-dependent genes in the liver [61,210], a defeminization which
may compromise liver physiology [211].

6. NAFLD, a Sex-Based Liver Disease

NAFLD is a spectrum of liver diseases, ranging from hepatic steatosis due to excessive
TG accumulation within hepatocytes, to non-alcoholic steatohepatitis (NASH), fibrosis,
cirrhosis, and hepatocellular carcinoma (HCC) [212–214]. NAFLD has emerged as the most
common form of chronic liver disease and represents an increasing public health issue due
to its emerging association with several extra-hepatic diseases, especially CVDs [215–218].

In the liver of NAFLD patients, TG accumulation results from the imbalance between
enhanced lipid uptake and DNL [219–221] and reduced lipid oxidation and secretion [214,222].
The impaired mitochondrial FAO and the enhanced peroxisomal β-oxidation and microsomal
ω-oxidation leads to the generation of reactive oxidative species (ROS) within the hepatocytes,
to chronic oxidative stress, and to endoplasmic reticulum stress [219,222–225].

According to the multiple-hit theory [212], lipotoxic lipid intermediates and oxida-
tive stress mediate the activation of JNK (c-Jun N-terminal kinase) and NF-κB signaling
pathways, resulting in the increased production of pro-inflammatory cytokines (i.e., IL-6,
interleukin 6; TNFα, tumor necrosis factor α) by hepatocytes and non-parenchymal cells,
including KCs and HSCs [226–230]. Persistent activation of the JNK and NF-κB pathways
worsens insulin resistance and leads to a chronic inflammatory state and to the activation of
apoptosis, fostering liver injury and NAFLD progression toward NASH [231–235]. The pro-
inflammatory response of these cells, in turn, promotes the recruitment of other immune
cells, mainly macrophages [115]. Immune cells release pro-inflammatory cytokines which
intensify the inflammatory process, hindering the liver to properly regenerate, an ability es-
sential for the maintenance of the hepatic metabolic functions [236]. In these conditions, the
process of liver regeneration, which mostly relies on the proliferative capacity of existing
mature hepatocytes, becomes inefficient due to altered interaction with the liver-resident
immune cells [237,238]. As a consequence of liver injury and impaired tissue regeneration,
HSCs become activated and differentiate into myofibroblasts, leading to extracellular ma-
trix deposition, fibrosis, and liver degeneration [239–241]. Under these conditions, the liver
act as both a target of and a contributor to systemic chronic inflammation, boosting the
progression of NAFLD toward more harmful conditions such as NASH, fibrosis, cirrhosis,
and HCC [214,242,243]. Together with the unbalanced metabolism, the systemic inflam-
mation contributes to the development of NAFLD-associated extra-hepatic diseases, such
as atherosclerosis, CVDs, chronic kidney disease, osteoporosis, and inflammatory bowel
disease [215,244–250].

In comparison to men, women show a lower incidence of NAFLD, likely a conse-
quence of the sex dimorphic regulation of the healthy liver which may account for a
different susceptibility to NAFLD for the two sexes (Figure 3). However, after menopause,
the prevalence of NAFLD becomes similar between the two sexes [5,42,79], owing to
the protective effect of estrogens [3]. Differently from men who display an increasing
prevalence of NAFLD during adulthood from young to middle-age, the prevalence of
NAFLD in women rises after the age of 50 years, peaks at 60–69 years and declines after
70 years [251]. This temporal pattern suggests that NAFLD incidence in aging women
relies more on the lack of estrogens than on aging per se, even though aging may exacerbate
its progression [252–254]. Supporting this view, young women suffering of reproductive
dysfunctions characterized by altered estrogen levels (such as PCOS, Turner Syndrome) as
well as young, oophorectomized women show increased incidence of NAFLD with respect
to young fertile women [79,255,256]. The relevance of estrogens in counteracting NAFLD in
women is further supported by the fact that pre-menopausal, post-menopausal, and PCOS
women with NAFLD exhibit a significantly lower concentration of serum 17β-estradiol



Cells 2021, 10, 2502 13 of 44

with respect to their control counterparts [255] and that the risk of developing NAFLD is
reduced in post-menopausal women taking HRT [251,257].

Figure 3. Main sex differences in the regulation of healthy liver accounting for sex differences in
NAFLD susceptibility. Arrows represent the relative regulation between males (blue) and females
(red). With respect to men, women display decreased visceral adipose tissue lipolysis, limited FA
uptake and DNL, restrained lipid storage and inflammation and enhanced FAO and lipid secretion.
Abbreviations: DNL, de novo lipogenesis; FA, fatty acids; FAO, fatty acids oxidation; FFA, free fatty
acids; ROS, reactive oxygen species; TG, triglycerides; VLDL-TG, very-low density lipoproteins—
triglycerides; WAT, white adipose tissue.

The full achievement of sexual differentiation seems to be relevant for sex-specific
prevalence and features of NAFLD pathology. In fact, although NAFLD prevalence is
higher in boys than in girls [258], sex differences in NAFLD are less relevant in the pediatric
population than in adults. Notably, there is a strict association between earlier age at
menarche and prevalence and features of NAFLD later in life [259–262].

7. Risk Factors Triggering NAFLD Development and Progression

Beyond genetic/epigenetic factors [263,264], several other factors might contribute to
NAFLD development and progression, especially obesity, diet, and lifestyle (Figure 4).

With respect to general population showing a 25–30% NAFLD incidence, NAFLD
prevalence rises to 90% in morbidly obese patients [218,265]. In obese patients, NAFLD
is mostly due to the increased uptake mediated by CD36 of the FFA derived from the en-
hanced lipolysis of adipose tissue [266–268]. Dietary FA (~15%) and enhanced DNL (~25%)
from ingested carbohydrates, that reach to a greater extent the liver due to the insulin resis-
tance of the muscle, contribute, indeed, to a less extent to liver fat accumulation in obese
people [221,266,269]. In obese patients, the high flux of lipids and carbohydrates toward the
liver promotes lipotoxicity and glucotoxicity, which, in turn, lead to mitochondrial defects,
endoplasmic reticulum stress, oxidative stress, and to the activation of a pro-inflammatory
response, favoring NAFLD progression and liver injury [212,222,233,270,271]. Under
obesogenic-like conditions, the impaired regulation of metabolic process and signaling
pathways in other tissues showing a strong interplay with the liver, including adipose
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tissue, skeletal muscle, and gut-microbiota, can further negatively affect liver homeosta-
sis and boost NAFLD progression [272–276]. In particular, the unbalanced secretion of
adipokines (i.e., adiponectin and leptin) and the enhanced infiltration and activation of
immune cells in the adipose tissue of obese people promote insulin resistance and hepatic
steatosis, and foster hepatic inflammation [275]. Although the higher prevalence of obesity
among female population, women result to be more protected than men from obesity
associated NAFLD, at least until menopause [277], suggesting a pivotal role exerted by
estrogens in counteracting its development [6,79].

Figure 4. Main risk factors for NAFLD development in men and women. For both sexes, obesity,
unbalanced dietary regimens and reduced physical activity represent risk factors for NAFLD devel-
opment and progression. Arrows represent the relative regulation between males (blue) and females
(red). Compared to men, obese pre-menopausal women display more subcutaneous than visceral fat
and higher insulin sensitivity, leading to reduced adipose tissue lipolysis and FFA delivery to liver;
women show limited HGP and DNL. Under an excess of dietary sugars and fats, with respect to men,
women have higher insulin sensitivity, inhibit hepatic lipid uptake, HGP and DNL, and promote
FAO and lipid export. Although generally women have a lower physical activity than men, when
exercised, oxidize more fats due to the increased type I muscle fibers. Abbreviations: DNL, de novo
lipogenesis; FAO, fatty acids oxidation; FFA, free fatty acids; HGP, hepatic glucose production.

Despite the strong association between obesity and NAFLD, recent studies report that
~40% of the global NAFLD population can be classified as non-obese and almost 1/5 as
lean [278], suggesting that, beyond obesity, other factors might contribute to the burden
of NAFLD nowadays. Independently of lean/fat mass, peripheral insulin resistance and
hepatic insulin resistance are closely linked with NAFLD [279–281]. Under conditions
of hepatic insulin resistance, insulin fails to suppress HGP, while keeps promoting DNL,
leading to hyperglycemia, hypertriglyceridemia, and hepatic steatosis [282]. Notably, HGP
strongly correlates with the extent of liver fat in NAFLD patients [283] and NAFLD is
a common trait of insulin-resistant disorders such as T2DM and sarcopenia [284–286].
Possibly because of a sex-dimorphic regulation of glucose homeostasis [25], women show
an improved glycemic control, a greater peripheral and hepatic insulin sensitivity and
a reduced HPG with respect to men [26,287,288], all features contributing to a lower
susceptibility to NAFLD.

Independently of energy intake, dietary habits may directly promote NAFLD, by
modulating liver fat deposition and antioxidant activity and, indirectly, by affecting insulin
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sensitivity and the post-prandial lipid metabolism [289]. In particular, overconsumption
of saturated fats and trans-fats and sugars (fructose, in particular) is considered the main
nutritional mediator of NAFLD development [290–293]. Several human studies have
reported that women have a higher consumption of fruit and vegetables and a lower
consumption of meat and high-risk food (fats, processed meat, soft drinks) than men,
contributing to sex differences in the risk of developing NAFLD [294–297].

Dietary regimens enriched in fats fuel the flux of FFA toward the liver, where they
promote DNL and an enhanced oxidation, leading to lipotoxicity [298]. Dietary FA can also
modulate the transcription of specific genes involved in lipid metabolism, thus influencing
NAFLD pathogenesis [299,300]. Saturated and trans FA are particularly detrimental for
hepatic health because they can alter the composition of plasma cell membrane, impairing
cellular homeostasis and amplifying a pro-inflammatory response, which, in turn, boosts
insulin resistance, fatty liver, and liver injury [298,301–303]. With respect to the male
counterparts, women and female rodents show a lower propensity of developing hepatic
steatosis/NAFLD under excess of dietary lipids, likely a consequence of reduced import
of FA, limited synthesis, and storage of lipids within the liver and higher oxidation and
secretion of FA [17,27]. Dietary FA can contribute to the sex-specific incidence of NAFLD
also by changing the composition and the ratio of FA in liver plasma cell membrane in
sex-specific manner [304]. Dietary FA may alter gut microbiota and interfere with the
developmental programming of hepatic metabolism in a sexually dimorphic manner,
leading to hepatic steatosis and liver inflammation [73,74].

The overconsumption of sugars is associated with increased incidence of hepatic
steatosis and liver inflammation [305–307]. Fructose is particularly detrimental for hepatic
health, since by-passes the rate-limiting step of glycolysis and promotes hepatic steatosis
by stimulating hepatic DNL, inhibiting mitochondrial FAO, and inducing endoplasmic
reticulum stress, oxidative stress, hepatocellular damage, and inflammation, which, in
turn, further promotes an aberrant lipid metabolism [292,305,307–311]. Gut microbiota
dysbiosis due to high fructose intake can also contribute to the development of insulin
resistance, inflammation, and NAFLD [312]. The overconsumption of fructose leads to
different consequences on liver health for the two sexes; indeed, being more responsive to
fructose, males show higher hepatic postprandial DNL and higher prevalence of NAFLD
compared to females, likely as direct consequence of the sex-specific modulation of glucose
metabolism [25,313–316].

Although less investigated, dietary proteins and AA may also have a role in NAFLD
etiology [289]. However, their effects on hepatic health are controversial, since some
studies have indicated that high-protein diets can revert hepatic steatosis, while others
have suggested that they can instead promote NAFLD development [317]. Although their
causative or associative role has not yet clarified, BCAA, that account for 20% of total
protein intake [318], seem to be beneficial for hepatic health, as they alleviate hepatic
steatosis and liver injury and prevent hepatic fibrosis in a mouse model of NASH [319,320].
By contrast, elevated circulating BCAA and low hepatic content of BCAA are strongly
associated with NAFLD, even in a sex-specific fashion [17,154,321,322]. Indeed, the low
hepatic content of BCAA correlates with increased lipid deposition in the liver of male, but
not female mice when fed with HFD [17]. Independently of BMI, insulin resistance and
age, circulating BCAA levels display sex-dimorphic changes with increasing severity of
NAFLD [322], suggesting that the sex-specific regulation of BCAA metabolism might have
a key role in driving hepatic steatosis in a sex-specific fashion.

Inadequate physical activity and sedentary behavior are independent predictors for
NAFLD development and, therefore, together with diet, exercise interventions are the
first-line treatment option for the treatment of this pathology [323–325]. Increased physical
activity reduces body weight and hepatic lipids, and improves glucose control, insulin
sensitivity, and liver histology [325–328]. Although results from the limited clinical studies
available are not consistent, in general men tend to lose more weight, especially fat mass
from the visceral area, leading to greater metabolic benefits compared to women, who
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principally lose subcutaneous adiposity [20,329–334]. Indeed, while a 7-10% loss of body
weight has been known to be sufficient to significantly ameliorate hepatic health in NAFLD
male patients, a weight loss greater than 10% is necessary to obtain a similar improvement
in NAFLD females [335].

Even in the absence of major weight loss, endurance exercise training reduces human
liver fat by promoting mitochondrial biogenesis and increasing the capacity of hepatocytes
to oxidize lipids [324,328,336]. Chronic exercise modifies the hepatic gene expression in a
sex-specific manner, improving glucose tolerance and reducing hepatic insulin resistance,
steatosis, fibrosis, and inflammation [337].

In response to exercise, the skeletal muscle produces and releases myokines, extracel-
lular vesicles and several metabolites, that can influence the cross-talk between the skeletal
muscle and other organs, including the liver [336,338]. Exercise-induced beneficial effects
on the hepatic health can be mediated also by other organs, including the adipose tissue,
where it increases mitochondrial biogenesis and the oxidative capacity, all adaptations that
in mice but not humans are associated with a beige phenotype [339–341].

Although generally more sedentary, women display greater beneficial effects from
increased physical activity compared to men, likely a consequence of the different com-
position of the skeletal muscle fibers and of the different lipid metabolism [342–344]. The
skeletal muscle of women is enriched in type I fibers, which are characterized by higher
content of intra-myocellular lipids, greater lipid oxidation, and higher insulin sensitivity
with respect to men skeletal muscle, which expresses more type II fibers [345,346]. More re-
cently, a study demonstrates that physical activity improves hepatic mitochondrial function
and fat oxidation in a diet-induced model of hepatic steatosis in a sex-specific fashion [347].

8. NAFLD and Estrogen Signaling

The relevance of estrogen signaling in counteracting NAFLD has been outlined by
several pre-clinical studies recapitulating the increased prevalence of NAFLD in estrogen
deficient conditions (Figure 5), such as occurs in post-menopausal women and in men with
mutations in the aromatase gene [79,146,348,349].

In OVX female mice, the lack of estrogens elicits hepatic insulin resistance, en-
hances DNL and FA import, and restrains FAO and lipid secretion, resulting in fatty
liver [79,81,83,143]. In OVX females, estrogen replacement limits liver fat deposition by
improving insulin sensitivity [135], inhibiting DNL [81,144], increasing hepatic VLDL-TG
production, facilitating the VLDL-mediated export of lipids from the liver [83,350,351], and
bolstering FAO by inducing PPARα and FGF21 (fibroblast growth factor 21) [144,352].

Although effective in reducing hepatic steatosis [81,143,144,351,352], the administra-
tion of constant amounts of estrogens as well as of SERMs (selective estrogen receptor
modulators) partially restores a proper regulation of hepatic metabolism, likely as a con-
sequence of the inability to reproduce the physiological, cyclic activation of hepatic ERα
associated with estrous cycle progression in females [12,81,106,352]. Furthermore, depend-
ing on their route of delivery, estrogens differently impact on liver metabolism. Indeed,
oral delivery of estradiol increases VLDL production and plasma TG, while transdermal
estradiol reduces plasma TG by increasing the rate of VLDL-TG clearance without affecting
VLDL-TG production [83,353,354].
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Figure 5. Consequences of altered estrogen signaling in the liver of males (left, in blue) and females
(right, in red) favoring NAFLD development and progression. Abbreviations: AA, amino acids;
Acaca, acetyl-CoA carboxylase α; Acadm, acyl-CoA dehydrogenase medium chain; Acly, ATP citrate
lyase; Adrp, adipocyte differentiated regulatory protein; ApoB; apolipoprotein B; Cat, catalase; CH,
cholesterol; CYP19A1, aromatase; DNL, de novo lipogenesis; Elovl6, ELOVL fatty acid elongase 6;
ERαKO, total ERα knockout mice; FA, fatty acids; FAO, fatty acid oxidation; Fasn, fatty acid synthase;
Fgf21, fibroblast growth factor 21; G6pc, glucose-6-phosphatase; GNG, gluconeogenesis; HFD, high
fat diet; HGP, hepatic glucose production; Hmgcr, 3-hydroxy-3-methylglutaryl-CoA reductase; Il-
1β, interleukin 1β; Il-6, interleukin 6; Il-12β, interleukin 12β; LERKO, liver ERα knockout mice;
MTTP; microsomal triglyceride transfer protein; OVX, ovariectomy; Pck1, phosphoenolpyruvate
carboxykinase 1; Pmvk, phosphomevalonate kinase; Pparα, peroxisome proliferator activated receptor
α; Scd1, stearoyl-CoA desaturase 1; Srebp1c, sterol regulatory element binding Transcription factor
1; Tnfα, tumor necrosis factor α; VLDL-TG, very-low density lipoprotein-triglycerides; WAT, white
adipose tissue.
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In ArKO male mice, estrogen deficiency triggers liver fat deposition, which results
from altered hepatic mitochondrial function, reduced expression of genes involved in FAO
(Cat, catalase; Acadm, acyl-CoA dehydrogenase medium chain), and elevated expression
of genes relevant for DNL (such as Fasn, Acaca, Scd1) and FA transport (such as Adrp,
adipocyte differentiated regulatory protein) [132,141,147,355,356]. In ArKO males, estradiol
treatment preserves hepatic mitochondrial function and partly rescues the regulation
of lipid metabolism, thus retrieving mice from hepatic steatosis development [141,356].
Evidence suggests that estrogen effects in male liver can be also mediated by PPARα
signaling. In fact, treatment of ArKO male mice with the PPARα agonist bezafibrate
greatly limits hepatic steatosis [357]. In addition, PPARα knockout (PPARαKO) male
but not female mice die with massive hepatic steatosis after treatment with etoxomir, an
inhibitor of hepatocellular FA flux; in PPARαKO males, estradiol pre-treatment reduces
etomoxir-induced mortality to 20% [358].

Furthermore, the exposure to endocrine disrupting chemicals (EDCs) predisposes
both, males and females to increased risk of developing NAFLD by interfering with
the physiological signaling of estrogens [359–362]. The exposure to EDCs in the early
stages of life is particularly detrimental for both sexes since EDCs can interfere with the
estrogen-dependent programming of hepatic metabolism and impair the full achievement
of hepatic sexual differentiation [39,361,362]. Among EDCs, BPA (bisphenol A), MEPH
(mono-2-ethylhexyl phthalate) and DEPH (di-2-ethylhexyl phthalate) are the EDCs which
impact mostly on estrogen signaling [359]. At mechanistic level, EDCs interferes with
estrogen signaling by competing with endogenous ligands for ER binding, thus altering
lipid metabolic pathways and leading to liver fat accumulation. In particular, EDCs favor
hepatic steatosis by increasing DNL and lipid uptake, by decreasing FAO, and by reducing
the secretion of lipids in the form of VLDL particles and BA [359,360].

NAFLD progression and liver degeneration can be sustained by the propagation of inflam-
mation, which is different between males and females [251,363,364], possibly as a consequence
of the inhibitory control exerted by estrogen signaling over JNK and NF-κB signaling path-
ways [365–368]. In OVX females, the lack of estrogens fosters NAFLD development and
progression by boosting pro-inflammatory response (e.g., TNFα, IL-1β and IL-6), and de-
creasing antioxidant defense and anti-inflammatory response (e.g., IL-10, interleukin 10), all
changes that can be rescued or, at least, limited by estrogen therapy [369–371]. Prolonged
estrogen deficiency boosts hepatic inflammation and worsens liver injury in OVX female mice
fed with HFD as well as in post-menopausal women with NAFLD [372,373]. In the liver, the
propagation or the resolution of inflammation mostly relies on the polarization abilities of
KCs and of the recruited macrophages, which, once activated, undergo pro-inflammatory or
anti-inflammatory and reparative phenotype, promoting or attenuating NAFLD progression,
respectively [115,363,374,375]. Estrogens limit NAFLD progression by promoting the skewing
of macrophages from a pro-inflammatory to an anti-inflammatory phenotype, thus accelerating
the resolution of inflammation [363,376].

Exposure to EDCs can contribute to NAFLD progression by promoting the production
of cytokines as well as other pro-inflammatory molecules, by inducing the polarization of
KCs to a pro-inflammatory phenotype, by increasing hepatocyte proliferation and immune
cell infiltration, and by favoring the transformation of HSCs to myofibroblast-like cells,
thus impairing the balance between proliferation/apoptosis and, consequently, triggering
liver damage and fibrosis development [359,360].

Impaired estrogen signaling in both, males and females can further increase the risk
of developing NAFLD by worsening the negative metabolic effects associated with risk
factors such as obesity, unbalanced diet, and low physical activity.

With respect to pre-menopausal women, lean and obese men tend to accrue more
visceral than subcutaneous adipose tissue. Given its greater lipolytic potential, visceral
adipose tissue strongly fuels the flux of FFA to the liver, where FFA mediate insulin
resistance and NAFLD pathogenesis [20,377]. After menopause, the lack of estrogens
favors the redistribution of fat towards visceral depots and relieves the inhibition of
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adipose lipolysis, boosting the FFA flux to the liver and increasing the risk of developing
NAFLD [20]. Under obesogenic conditions, the increased insulin resistance and increased
inflammation of extra-hepatic tissues showing a cross-talk with the liver, such as the adipose
tissue and the skeletal muscle, can further aggravate the hepatic dysmetabolism, yielding
to sex-specific and estrogen-mediated differences in obesity-induced NAFLD [20,378–382].
In rodent models, perinatal exposure to EDCs can increase the incidence of NAFLD later in
life even by promoting the incidence of obesity in both males and females, also through
transgenerational epigenetic mechanisms [359].

The two sexes display a different ability to cope with an excess of dietary lipids, with
male mice more prone to develop hepatic steatosis/NAFLD when fed with HFD [17]. Estro-
gen deficiency contributes to dietary lipids-mediated oxidative damage and worsens liver
inflammation and degeneration, accelerating NASH progression, that can be prevented
by HRT [372,383]. Perinatal exposure to BPA leads to sex-specific modification of hepatic
gene expression and epigenome at birth and exacerbates HFD-induced hepatic steatosis in
male rodents, potentially through the epigenetic regulation of genes involved in hepatic
FAO [384,385]. In HFD-fed OVX female mice, exposure to BPA exacerbates hepatic steatosis
by decreasing lipid export, enhancing DNL, promoting mitochondrial and endoplasmic
reticulum stress, and worsening collagen deposition and liver injury [386].

High fructose intake enhances NAFLD progression in OVX female mice by enhancing
macrophage accumulation, fibrosis progression and liver damage, that can be ameliorated
by estrogen supplementation [387].

In OVX female rodents fed with a high-fat high-fructose (HFHF) diet, estrogen ad-
ministration combined with exercise prevents the development of insulin resistance, limits
hepatic fat accumulation by increasing FAO and suppressing DNL in the liver and amelio-
rates the circulating lipid profile by reducing lower serum TG levels, decreasing LDL-CH
and increasing HDL/CH ratio [388]. In addition, the combined treatment (estrogen + exer-
cise) improves the metabolic profiles of HFHF OVX females by promoting the activation
of AMPK (AMP-activated protein kinase) and the up-regulation of PGC-1α (peroxisome
proliferator-activated receptor-γ coactivator-1α) and PPARδ (proliferator-activated receptor
δ) in the skeletal muscle [388].

In the liver, estrogens exert their biological effects acting mainly through ERα, as
highlighted by several studies performed with ERα knockout mice. Recapitulating the
metabolic phenotype of estrogen-deficient animals, male and female ERαKO mice display
increased body weight, visceral adiposity, glucose production, insulin resistance, and hep-
atic steatosis associated with a sustained hepatic inflammatory signaling [83,125,389–391].
In addition to the classical mechanisms, the protective effects of estrogens on liver health
can be mediated also by non-nuclear mechanisms, as suggested by studies performed on
transgenic mice in which the expression of ERα is limited to the cytoplasm [392,393].

However, the hepatic metabolic alterations observed in ERαKO mice are the resultant
of the lack of ERα in the total body, including several organs such as adipose tissue
and skeletal muscle which cross-talk with the liver. The LERKO mouse model, obtained
by crossing floxed ERα mice with mice expressing Cre-recombinase under the control of
albumin promoter (that it is specifically expressed in the hepatocyte cells), represents a
better tool to elucidate the specific relevance of ERα in the liver [87]. Given that hepatocytes
are the most abundant cell type in the liver [236] and ERα is the receptor for estrogens most
expressed in the hepatocytes [39,80], the LERKO is considered, indeed, a liver-specific ERα
KO mouse model.

In LERKO females, the lack of the regulatory activity of hepatic ERα leads to an
altered expression of genes involved in lipid and lipoprotein metabolism during estrous
cycle progression [12,81]. In LERKO females during Proestrus (a phase of the estrous cycle
characterized by high estrogen levels), the hepatic expression of key genes involved in DNL
such as Acly (ATP citrate lyase), Fasn and Elovl6 is higher compared to control females [81],
pointing to the specific relevance of hepatic ERα in mediating estrogen effects. As a
consequence of the impaired regulation of hepatic lipid metabolism, LERKO females show
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increased deposition of lipids in the liver, which can further worsen with aging and after
OVX [81]. Differently from their counterparts, LERKO females during Proestrus are unable
to generate a class of small HDL able to efficiently promote CH efflux to the liver [12]. As a
result, LERKO females display impaired hepatic CH clearance and high circulating CH
levels [12,84], which may explain the increased susceptibility to atherosclerosis and CVDs
in post-menopausal women [83]. The phenotype of LERKO female mice has been mostly
reproduced by the liver-specific knockdown of ERα, which develop hepatic steatosis, also
through the regulation of small heterodimer partner (SHP), a transcription factor relevant
for the regulation of hepatic metabolic processes and hepatic inflammation [149].

Further stressing the specific relevance of hepatic ERα in the regulation of female
hepatic metabolism, differently from control OVX females, estrogen treatment fails to
prevent lipid deposition in the liver of LERKO females [143,394]. More recently, a specific
dietary formula modified in the content of essential AA has been shown to rescue the
hepatic transcriptomic profile and prevent hepatic steatosis in OVX control but not LERKO
females [94]. This last study further points to the relevance of hepatic ERα in regulating
the liver metabolism accordingly to hormonal and nutritional inputs (especially AA), a
female-specific feature that has been selected and perfected during evolution to guarantee
reproduction only under favorable conditions [75,79].

Despite its reduced expression compared to females [12], in the liver of males ERα
is required for the estrogen-mediated programming of the hepatic metabolism, thus con-
tributing to hepatic sexual dimorphism [39]. Liver-specific disruption of ERα signaling in
males leads to altered expression of genes involved in GNG (e.g., Pck1, G6pc) and lipid
metabolism (e.g., Fasn, Acaca) and to impaired FOXO1 phosphorylation, resulting in an
insulin-resistant phenotype characterized by enhanced HGP, glucose intolerance, increased
hepatic lipogenesis, lipid deposition and inflammation in the liver [80,126,138,395,396].

Given the role of liver ERα in sensing nutritional inputs and in modulating the hepatic
metabolism accordingly [79], the detrimental effects associated with the lack of the hepatic ERα
are particularly relevant under impaired nutritional conditions. When exposed to excess of
dietary lipids, LERKO but not control females accumulate lipids in the liver, as a consequence
of a reduced inhibition of genes involved in DNL and lipid import [17]. In LERKO females,
the HFD-induced liver fat deposition is associated with a reduced hepatic content of AA,
especially BCAA [17], in agreement with studies reporting a negative correlation between the
BCAA levels in the liver and NAFLD progression [154,321]. Possibly as a consequence of
its role in the achievement of hepatic sexual dimorphism, the lack of hepatic ERα signaling
has opposite consequences in the liver of males and females [17,39]. When exposed to an
excess of dietary lipids (HFD), LERKO males display a significantly lower hepatic content of
lipids with respect to control males, due mostly to a reduced DNL (e.g., Fasn; Elovl6; Hmgr,
3-hydroxy-3-methylglutaryl-CoA reductase; Pmvk, phosphomevalonate kinase) and a limited
lipid import (e.g., Cd36; Ldlr, LDL receptor) [17]. In LERKO males, however, the limited liver
fat accumulation in response to HFD occurs at the expense of an altered plasma lipid profile
with high LDL/HDL ratio [17], suggesting that the impairment of hepatic estrogen signaling in
males may favor atherosclerosis and CVDs.

Acting mainly through ERα, estrogens inhibit the activation of JNK and NF-κB and
their signaling pathways, thus reducing the expression of target genes encoding inflamma-
tory mediators, such as TNFα, IL-1β and IL-6 [365–367,397], and avoiding the propagation
of a chronic inflammatory status, which may account for sex differences in NAFLD progres-
sion toward more harmful conditions [71,230,251,363,364]. The lack of ERα derepresses the
estrogen-mediated inhibition of several pro-inflammatory markers in the liver of both, male
and female ERαKO mice, leading to the propagation of hepatic inflammation [391,396].
With respect to patients with simple steatosis, hepatic ERα expression is lower in the liver
of patients with NASH, suggesting that this receptor plays a specific role in counteracting
pro-inflammatory and pro-apoptotic processes that can favor NAFLD progression and
liver degeneration [398]. Accordingly, even under physiological conditions, the lack of the
hepatic ERα in LERKO females induces the expression of genes involved in the inflam-
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matory process (e.g., Tnfα; Il-1β; interleukin-12 beta, Il-12β; Ccr2, C-C motif chemokine
receptor 2) and collagen deposition (sequestosome1, Sqstm1; vimentin, Vim; serpine1, Ser-
pine), leading to portal infiltration of mononuclear leukocytes and portal/centrilobular
collagen deposition in the liver [12].

Estrogens, acting mainly through ERα, can limit liver damage by orchestrating cell
proliferation, thus favoring liver regeneration, a process that further contributes to sex-
differences in NAFLD progression, since male animals show higher recruitment of mono-
cytes and a delayed recovery from acute liver injury [44,399–402]. Estrogen and ERα play
an important role also in regulating the accumulation of fats in the liver by modulating
CD36 during the early phase of liver regeneration, when FA, TG and CH are required for
the proliferation of hepatocytes and for the formation of new cell membrane [403].

Only few studies have assessed the relevance of estrogen signaling in mediating the
beneficial effects of physical activity in counteracting NAFLD [404]. Endurance training
has been reported to be effective in reducing intra-hepatic lipid content and inflammation
in post-menopausal women and OVX rodents [404–406]. Like estrogens, modest exercise
improves hepatic health and mitochondrial outcomes in OVX females, by decreasing sev-
eral genes of lipogenesis (e.g., Srebp-1c; Chrebp, carbohydrate-responsive element-binding
protein; Scd1; Acaca) and several biomarkers of subclinical inflammation (e.g., Nf-kb, Tnfα,
Il-6,) [407]. However, endurance exercise training prevents liver fat accumulation when
exercise started after and not before OVX [408], suggesting that exercise must be con-
ducted concurrently as estrogens withdrawal to be effective. ERα signaling is necessary
for exercise-induced prevention of hepatic steatosis also in males, since wheel running
suppresses hepatic steatosis and inflammatory gene transcripts in WT but not in ERαKO
male mice when fed with an obesogenic diet [396].

Despite its lower expression with respect to ERα [94], GPER may have a role in coun-
teracting NAFLD development and progression, also in a sex-specific fashion. In fact,
GPER knockout (GPERKO) mice display increased lipid accumulation in the liver and
decreased circulating HDL levels in females, but not males [105,409]. In the liver, the
lack of GPER enhances immune cell infiltration, fibrosis, and the production of inflam-
matory factors, such as IL-6, IL-1β and TNFα [410]. The activation of GPER reduces the
expression of lipogenic and pro-inflammatory genes and increases the expression of genes
involved in lipid oxidation in the liver of OVX female mice [105]. GPER mediates the
estrogen-dependent regulation of liver lipid uptake, by preventing the internalization of
PCSK9 (proprotein convertase subtilisin/kexin type 9) and limiting LDLR (low-density
lipoprotein receptor) degradation, thus lowering circulating LDL (low-density lipoprotein)
cholesterol [411]. Accordingly, individuals with a hypofunctional genetic variant of GPER
show increased plasma LDL cholesterol [412]. Nevertheless, the specific role of hepatic
GPER signaling in the regulation of liver metabolism and inflammation remains to be
clarified, given the lack of liver-specific GPER knockout models.

9. NAFLD and Androgen Signaling

The role of androgen signaling in counteracting or promoting NAFLD is still con-
troversial, since some studies have indicated that androgens protect against NAFLD,
while others have reported opposite findings [413–417]. Indeed, low androgen levels in
men and high androgen levels in women facilitate NAFLD development and progres-
sion [140,413,414,416–419] (Figure 6).

In rodent males, androgen deficiency due to ORX leads to hepatic steatosis, that can
be reversed by testosterone administration [190]. In a diet-induced model of NAFLD, the
lack of androgens consequent to ORX results in increased hepatic lipid droplet formation,
liver inflammation and hepatocyte apoptosis [420,421]. In this rodent model, liver lipid
deposition is mostly due to the up-regulation of genes involved in DNL (such as Srebp-1c
and Fasn) and to the inhibition of genes involved in FAO (such as Pparα and their target
genes) and lipid export, which is mediated by Apo-B and MTTP [420,421]. Testosterone
replacement attenuates HFD-induced hepatocyte apoptosis and ameliorates NAFLD in
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castrated male rodents [420] as well as in mice with impaired androgen signaling due
to 5α-reductase deficiency [187]. However, the fact that testosterone replacement can
counteract hepatic steatosis in Tfm mice, which have a not-functional AR [188], indicates
that the beneficial effects of testosterone can be, at least in part, mediated by its conversion
to estrogen, as further suggested by studies performed in ArKO male mice [132,148]. In
males, however, more than testosterone and DHT levels per se, testosterone/DHT ratio
seems to be more predictive for NAFLD development and progression [422].

Figure 6. Consequences of altered androgen signaling in the liver of males (left, in blue) and females
(right, in red) favoring NAFLD development and progression. Low and high androgen levels are
detrimental for the hepatic health of males and females, respectively. Abbreviations: Acaca, acetyl-
CoA carboxylase α; AMPK, AMP-activated protein kinase; ApoB; apolipoprotein B; ARKO, total
AR knockout mice; Cpt1α, carnitine palmitotyltransferase 1; DHT, dihydrotestosterone; DNL, de
novo lipogenesis; FAO, fatty acid oxidation; Fasn, fatty acid synthase; Foxo1, forkhead transcription
factor 1; G6pc, glucose-6-phosphatase; GNG, gluconeogenesis; HGP, hepatic glucose production;
Il-1β, interleukin 1β; Il-6, interleukin 6; JNK, c-Jun N-terminal kinase; LARKO, liver AR knockout
mice; MTTP; microsomal triglyceride transfer protein; NF-κB, nuclear factor-κB; ORX, orchidectomy;
Pck1, phosphoenolpyruvate carboxykinase 1; PCOS, poly-cystic ovary syndrome; Pgc1α, peroxisome
proliferator-activated receptor-γ coactivator-1α; Pparα, peroxisome proliferator activated receptor α;
Pparγ, peroxisome proliferator activated receptor γ; Scap, sterol regulatory element-binding protein
cleavage-activating protein; Srebp1c, sterol regulatory element binding Transcription factor 1; T,
testosterone; Tnfα, tumor necrosis factor α.



Cells 2021, 10, 2502 23 of 44

Although the role of androgens in females has been less extensively investigated than
in males, several reports indicate that high androgen levels trigger NAFLD development
in females [140,189,191,423,424]. In normal weight female mice, DHT causes liver steatosis
via transcriptional regulation of SCAP [189]. Androgen excess induces insulin resistance
and NAFLD in PCOS women as well as in PCOS-like rodents [140,191,423,424]. In females,
prenatal exposure to androgens alters the balance between DNL and FAO pathways and
induces a pro-inflammatory status, resulting in hepatic steatosis and insulin resistance [186].
Post-natal exposure of female rodents to DHT induces hepatic steatosis, that is further
exacerbated by HFD, and triggers the development of insulin resistance and of a reproduc-
tive phenotype, which reproduces the features observed in PCOS women [425]. Notably,
androgen exposure, especially in the early stages of life, induces changes in differentiating
tissues and drives PCOS development later in life [426], increasing the risk of developing
NAFLD [427,428].

Independently of several risk factors, in men as well as in PCOS and post-menopausal
women, fatty liver negatively correlates with SHBG, a glycoprotein produced by hepato-
cytes, that transports testosterone and other steroids in the blood plasma, reduces their
metabolic clearance rate, and regulates their access to target tissues [38,140,429–431]. In
particular, low SHBG more than testosterone levels seem to be associated with hepatic
steatosis, suggesting that bioavailable, free testosterone and SHBG levels can be considered
early biomarkers for NAFLD development [38,140,431,432]. Beyond its association with
insulin resistance [433,434], SHBG may be a mediator, rather than a biomarker, of NAFLD.
In fact, the overexpression of SHBG results to protect obesity-prone db/db mice from HFD-
induced hepatic steatosis, even after ORX [435]. Accordingly, the over-expression of SHBG
in HepG2 cells abrogates the increase in ACACA expression induced by high-glucose
treatment, thus reducing lipid synthesis [432]. Furthermore, SHBG can limit NAFLD
progression by mitigating ER stress in hepatocyte cells [436].

In males, androgen signaling can counteract NAFLD development and progression
even by suppressing hepatic inflammation through the inhibition of JNK and NF-κB
signaling [420,437]. Notably, sex dimorphic incidence of hepatic steatosis in inflammation-
prone mice is abolished by ORX or by testosterone treatment of females [438]. In castrated
male rodents fed with HFD, testosterone replacement attenuates hepatocyte apoptosis,
by reducing the activation and expression of ER stress proteins, such as PERK (protein
kinase R-like endoplasmic reticulum kinase), IRE-1α (inositol-requiring transmembrane
kinase/endoribonuclease 1α), JNK, and CHOP (C/EBP homologous protein) [437].

As occurs in PCOS women, DHT treatment in PCOS-like female boosts NAFLD pro-
gression and liver degeneration by increasing the activation of NF-κB signaling, enhancing
the gene expression of pro-inflammatory markers such as Il-6, Il-1β, and Tnfα, and by
reducing the expression of pro-apoptotic markers such as LC3II (microtubule-associated
protein light chain 3), thus negatively impacting on the hepatic ability to regenerate [191].
As in NAFLD patients [439], the hepatic expression of the pro-inflammatory MAPK kinase
is increased in females subjected prenatally to androgen exposure [440].

Besides androgen levels, the relevance of androgen signaling in counteracting NAFLD
has been highlighted by the fact that both, male and female ARKO mice develop liver
steatosis and insulin resistance [441]. However, other two global ARKO mouse models
do not show hepatic steatosis [442,443], possibly a consequence of different AR targeting
strategies adopted and of the genetic background of the mice.

By converse, even when fed normal chow, LARKO mice develop hepatic lipid accu-
mulation, that can worsen by HFD [177]. However, the specific contribution of hepatic
AR differs between the two sexes; in fact, only LARKO male but not female mice de-
velop hepatic steatosis and insulin resistance as a result of the over-regulation of genes
involved in DNL (Srebp-1c, Acaca, and Pparγ) and downregulation of genes involved in FAO
(e.g., Pparα) [173,177].

In obese men, there is a strong correlation between NAFLD and low androgen levels,
especially free testosterone levels, that decrease with increasing obesity [444–448]. Notably,
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weight loss can, at least partly, restore the sex steroid profile in men [449,450], suggest-
ing that obesity-related mechanisms, such as the increase in aromatase activity and the
inhibitory effects of leptin on testosterone production [451,452], account for the lowering
of androgen levels and the increased severity of NAFLD in obese men.

In obese pre-menopausal women with NAFLD, high levels of androgens are associated
with increasing severity of liver pathology, but not with an increased inflammation of
adipose tissue [453]. Despite the strong association between obesity and NAFLD and
between obesity and PCOS, high-free androgen index is associated with increased risk
of NAFLD in women with PCOS, independent of obesity [413,423]. All together, these
findings suggest that increased adiposity can favor NAFLD development more in males
than in females, likely a consequence of the sex-specific distribution of adipose tissue in
the two sexes [20].

Impaired androgen signaling in males further increases HFD-induced hepatic lipid
deposition, as demonstrated by studies performed in ORX and Tfm rodents [188,417]. In
ORX rodents, DHT treatment is able to decrease HFD-induced liver lipid accumulation
and CH synthesis by increasing the expression of CPT1α (carnitine palmitotyltransferase
1 α) and the phosphorylation of HMGCR via an AR-mediated pathway [417]. In Tfm
mice, testosterone treatment reduces hepatic steatosis by limiting the expression of genes
involved in DNL such as Acaca and Fasn [188]. Unbalanced dietary regimens enriched in
lipids and sugars can be particularly detrimental for PCOS women; however, in PCOS
women insulin resistance more than high androgens per se contributes to worse NAFLD
progression, mainly due to the low inhibition of DNL and the enhanced delivery to the liver
of FFA derived from the enhanced lipolysis of adipose tissue [423,424]. Nevertheless, given
insulin resistance in PCOS women and PCOS-like rodents is a consequence of long-term
androgen excess [191,423,424], high androgen levels in women can indirectly account for
the negative effects of dietary excess of lipids and sugars on liver health, further boosting
NAFLD development.

The association between low androgen levels, reduced physical activity and NAFLD
development in the two sexes has been little investigated. However, the strong correlation
between sarcopenia and the increased incidence of NAFLD in aging men [198,454,455], as
well as between high androgen levels and sarcopenia in PCOS women [456], suggest that
low physical activity may further negatively impact on the development and progression
of NAFLD in both men and women with altered androgen levels. However, in these
physiopathological conditions, reduced physical activity can be a confounding factor,
since both, aging men and PCOS women, that are often overweight or obese, move to
a less extent than young men or lean women. This evidence outlines the relevance of
performing studies to discriminate the specific contribution of impaired androgen signaling
and physical activity on NAFLD pathophysiology in both sexes.

10. Conclusions

The data summarized in this review outline the role of sex hormones and their recep-
tors in contributing to the sex-dependent prevalence of NAFLD. Overall, testosterone in
males and estrogens in females prevent hepatic steatosis by limiting lipid accumulation
through reduced DNL, by promoting FAO and hepatic lipid export, and by suppressing
inflammation and oxidative stress (Figure 7). The high metabolic dynamicity conferred
by estrogen signaling to female liver contributes to prevent and limit the surge and pro-
gression of hepatic metabolic and inflammatory alterations even under unbalanced dietary
regimens, thus accounting for the sex-specific prevalence of NAFLD.
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Figure 7. Sex-specific relevance of estrogens and androgens in the regulation of lipid metabolism
in the liver of males and females accounting for differences in NAFLD susceptibility. In male
liver, androgens and low levels of testosterone-derived estrogens partly limit lipid deposition by
inhibiting adipose tissue lipolysis, FA uptake, and DNL, and by promoting FAO and lipid export.
In female liver, estrogens prevent while high levels of androgens (especially DHT) promote lipid
deposition, by differentially regulating adipose tissue lipolysis, FA uptake, DNL, FAO and lipid
export. Abbreviations: DHT, dihydrotestosterone; DNL, de novo lipogenesis; E2, 17β-estradiol; FA,
fatty acids; FAO, fatty acid oxidation; T, testosterone.

In males, perturbance of androgen and estrogen signaling can impair hepatic lipid
metabolism and inflammation, further favoring the development NAFLD and its progres-
sion toward more harmful conditions. In females, the lack of a proper estrogen signaling
in post-menopausal women as well as the exposure to high androgen levels as occurs in
PCOS women trigger NAFLD development and progression, nullifying sex dimorphic
incidence of this pathology. Especially in females, the impairment of sex hormones (es-
trogen, in particular) signaling has more negative consequence on hepatic health, likely a
consequence of the alteration of the strict interplay between metabolism and reproduction
gained by the female liver during evolution [75,79]. In this view, the increased lifespan
of women, that is not properly balanced by increased reproductive lifespan [457,458],
and the risk factors of the nowadays lifestyle (obesity, unbalanced dietary regimens, low
physical activity) may impact more negatively on hepatic health of aging women than
men, pointing to the need of new actions to support the research in this field. Furthermore,
sex hormones signaling contributes to sex dimorphic expression of drug-metabolizing
enzymes in the liver [47,459–461], leading often to drug-induced hepatotoxicity and to
higher risk of adverse drug reaction in females compared to males [42]. In virtue of the still
limited understanding of the hepatic sexual dimorphism, a better comprehension of the
extent to which sex hormones and their signaling contribute to sex differences in the liver
will be useful for the design of more personalized, sex-specific pharmacological therapies
and interventional strategies against NAFLD and the associated co-morbidities, which
incidence is greatly increasing worldwide [462,463].
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