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Purpose of review

The purpose of this review is to summarize recent findings on hepatic actions of androgens in the
regulation of protein, lipid and glucose metabolism. The rationale for liver-targeted testosterone use will be
provided.

Recent findings

Liver-targeted testosterone administration, via the oral route, induces protein anabolic effect by reducing the
rate of protein oxidation to a similar extent to that of systemic testosterone administration. Recent evidence
indicates that testosterone exerts whole-body anabolic effect through inhibition of nitrogen loss via the
hepatic urea cycle. Several hepatic effects of androgens, particularly on glucose metabolism, are direct
and take place before any changes in body composition occur. This includes an increase in insulin
secretion and sensitivity, and reduction in hepatic glucose output by testosterone. Furthermore, lack of
testosterone in the liver exacerbates diet-induced impairment in glucose metabolism. In the liver, androgens
induce the full spectrum of metabolic changes through interaction with growth hormone or aromatization to
estradiol.

Summary

Liver-targeted testosterone therapy may open up a new approach to achieve whole-body anabolism without
systemic side-effects. Aromatizable androgens may be superior to nonaromatizable androgens in inducing
a complex spectrum of direct, estrogen-mediated and other hormone-mediated effects of androgens.
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INTRODUCTION

Sex steroids, not surprisingly, have been linked to
the well known sex difference in body composition,
distribution of body fat, muscle strength and func-
tion. Androgens are the major anabolic hormones,
having profound effects on lipid and glucose metab-
olism, with low testosterone being associated with
obesity, metabolic syndrome and diabetes. There-
fore, androgens have lately been in focus for treat-
ment of sarcopenia and obesity. A recent position
statement states that testosterone replacement in
established hypogonadism is warranted; however
there are limited data from high-quality randomized
controlled trials to justify testosterone treatment
in older men, or men with obesity and diabetes
who have low testosterone levels without evident
gonadal or pituitary failure [1

&

]. Thus, as shown also
by a meta-analysis, the use of testosterone treatment
in men with diabetes or the metabolic syndrome
without classical hypogonadism is not supported
[2]. However, there are instances, like androgen
deprivation (ADT)-induced hypogonadism in
ht © 2018 Wolters Kluwe
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prostate cancer patients, when androgen treatment
would be beneficial, but systemic administration is
contraindicated. Therefore, to guide development
of androgen therapy with desirable and well toler-
ated outcomes in patients, differentiation of tissue-
specific androgen action is warranted.

The liver is a major metabolic organ that is sensi-
tive to sex steroids. It is a key visceral organ for
controlling energy storage, has high capacity for lipid
transport, de-novo lipogenesis, gluconeogenesis and
r Health, Inc. All rights reserved.
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KEY POINTS

� Liver-targeted testosterone therapy may open up a new
approach how to induce whole-body anabolism.

� Several effects of androgens, in particularly on glucose
metabolism, are direct before any changes in body
composition take place.

� Aromatizable androgens may be superior compared
with nonaromatizable androgens in inducing the
complex spectrum of direct, estrogen-mediated and
other hormone-mediated effects of androgens.

Androgens
substrate oxidation. Androgen receptors are
expressed in human hepatocytes [3], hepatic andro-
gen receptor expression is several times higher in
male than in female rats, and gradually declines
during aging [4]. Therefore, it is conceivable that
androgens play a major role in the regulation of
hepatic metabolism.

Here, recent findings are summarized on hepatic
actions of androgens in the regulation of protein,
lipid and glucose metabolism. The rationale for
liver-targeted testosterone use will be provided.
EFFECTS OF ANDROGENS ON MUSCLE
MASS AND FUNCTION

Androgens are the major anabolic hormones that
exert a dose-dependent effect on muscle mass and
strength, and improve physical function in men
[5,6]. In healthy men, testosterone administration
in a dose of approximately six times the physiological
rate of testosterone production results in 9-kg
increase in lean body mass over 20 weeks [7]. Testos-
terone also increases muscle strength and potentiates
the strength-stimulating effect of exercise [7–9].
Declining levels of testosterone associates with sar-
copenia, and testosterone replacement in hypogona-
dal men does increase muscle mass and strength
[10,11]. Thus, androgens stimulate muscle accretion
and function; however, tissue-specific mechanisms
of the anabolic effect of androgens are not fully
understood.

In muscle, androgens stimulate myoblast
growth and differentiation, inducing muscle fiber
hypertrophy [12]. Muscle-specific androgen recep-
tor knockout models provide evidence of cell type-
specific effects of androgen receptor activation in
the regulation of muscle anabolism. Surprisingly,
studies in myocyte-specific androgen receptor
knockout (mARKO) mice show preservation of skel-
etal muscle mass (except for the highly androgen-
sensitive levator ani muscle in which muscle loss is
noted [13,14]), whereas global androgen receptor
 Copyright © 2018 Wolters Kluwer 
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knockout and orchidectomized mARKO mice show
a significant reduction in hind limb skeletal muscle
mass [13,15]. This indicates that androgen receptor
activation only in myocytes is not sufficient to
induce muscle anabolism. The effect of androgens
on muscle may be mediated through other cell
types, such as myofibroblasts, satellite cells, motor
neurons or it could be mediated via nongenomic
pathways [16–18]. Testosterone aromatization to
estradiol may also play a role in maintaining muscle
mass [19]. Significantly, muscle mass is decreased in
global ARKO males, but normal in ARKO females,
indicating that in animal models circulating andro-
gens play a major role in determining sex differences
in muscle mass [15]. Local 5a reductase type 1
(Srd5a1) expression is of importance for the andro-
genic activity in muscle, as Srd5a1 knockout male
mice exert reduced forelimb muscle strength but
not muscle mass (possibly due to a small sample
size) [20]. Thus, the regulation of muscle mass by
androgens is complex, involving direct and indirect
mechanisms. Recently, evidence for an additional
liver-mediated mechanism has been provided and
will be discussed here.
ANDROGENS AND LIVER PROTEIN
METABOLISM

Protein mass is constantly turning over in a dynamic
process of breakdown and synthesis. Amino acids
from proteolysis are predominantly resynthesized
into new protein, replacing total body protein
approximately in every 160 days [21]. About 20%
of the amino acid pool is lost via oxidation, repre-
senting irreversible loss of protein, a hallmark
of catabolism. Testosterone is nitrogen sparing; it
reduces the rate of protein oxidation [22], facilitates
amino acid availability for reutilization and
increases muscle protein accretion [23–25]. Impor-
tantly, recent evidence indicates that the testoster-
one-induced protein anabolic effect is mediated
through the liver.

The evidence comes from studies showing that
the inhibition of whole-body protein oxidative loss
by testosterone is equivalent for both oral (hepatic)
and transdermal (systemic) delivery [22]. Oral deliv-
ery of nonesterified testosterone exposes the liver to
high portal levels of testosterone which undergoes
first-pass hepatic metabolism, preventing its appear-
ance in the systemic circulation. Although testo-
sterone administered transdermally enters the
systemic circulation reaching both hepatic and
extrahepatic tissues. When low-dose (40 mg/day)
oral crystalline unconjugated testosterone was
administered exposing only liver to testosterone,
it reduced whole-body protein loss equivalent to
Health, Inc. All rights reserved.
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FIGURE 1. Regulation of whole-body protein metabolism by
testosterone – liver-mediated mechanism. A proportion of
amino acids derived from proteolysis is metabolized
irreversibly to urea in the liver and excreted by the kidney.
New evidence demonstrates that testosterone specifically
reduces hepatic loss of nitrogen, thereby increasing amino
acid nitrogen for muscle anabolism. Adapted from [29&&].
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that seen with systemic testosterone administration.
It should be noted that this is an oral crystalline
unconjugated testosterone used at a dose that will
only expose the liver; therefore, it will not exert
systemic adverse effects or hepatotoxicity, as only
oral 17 alpha-alkylated androgens are hepatotoxic
[26,27]. Such liver-mediated anticatabolic effect of
testosterone is evident in postmenopausal women
and in hypogonadal men without increasing circu-
lating testosterone levels [22,28]. Thus, the liver is
the primary site underpinning the anticatabolic
effect of testosterone. But what is the basis for this
hepatic mechanism?

Recently, the evidence has been provided that
this effect is mediated through the hepatic urea
cycle [29

&&

]. The liver is a major site of protein
metabolism which is controlled by the urea cycle.
Amino acid nitrogen is oxidized into ammonia via
the hepatic urea cycle and subsequently eliminated
as urea by the kidney, representing a rate-limiting
step for an irreversible loss of protein nitrogen [30].
Reduction in urea synthesis is paralleled by an
increase in amino acid uptake in muscle [31]. Hor-
mones that cause catabolism, such as glucocorti-
coids and glucagon, stimulate urea synthesis,
whereas the reverse occurs with the anabolic growth
hormone (GH) administration [32–35]. As hepato-
cytes express androgen receptors [3], testosterone
may directly affect hepatic protein metabolism.
Indeed, restoring testosterone levels into the normal
range in hypogonadal men, reduced hepatic urea
production by approximately 20% [29

&&

]. Thus,
androgens, by inhibiting the hepatic urea cycle
reduce hepatic loss of nitrogen, which increases
amino acid nitrogen for protein synthesis translat-
ing into whole-body anabolism (Fig. 1). This opens
up a novel approach to inducing whole-body ana-
bolic effect without systemic exposure to androgens.
ANDROGENS AND HEPATIC LIPID
METABOLISM

Testosterone plays an important role in regulating
body fat [36,37]. Testosterone supplementation
reduces fat mass in hypogonadal men and in aging
men [11,38–42]. A recent meta-analysis of studies
comprising 13 721 men revealed that circulating
testosterone was lower in men with nonalcoholic
fatty liver disease (NAFLD) than in those without
fatty liver [43

&

]. As obesity associates with NAFLD
and low testosterone levels, the causality of this
association is difficult to ascertain from cross-
sectional studies. In patients with prostate cancer,
ADT increases fat mass, induces metabolic syn-
drome and liver fat accumulation [44,45]. Further-
more, animal studies suggest that testosterone
 Copyright © 2018 Wolters Kluwe
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deficiency enhances diet-induced liver fat accumu-
lation [46], whereas testosterone administration
in obese men significantly reduces liver fat [47].
Whether such hepatic effects of testosterone are
direct or mediated through modification of
whole-body fat metabolism is unclear.

One of the mechanisms by which testosterone
regulates the amount of fat is the stimulation of lipid
oxidation [48–50]. As fat is oxidized both in the liver
and in extrahepatic tissues, such as skeletal muscle,
a study was conducted comparing hepatic and
systemic effects of testosterone on fat oxidative
disposal. Solely liver-targeted testosterone adminis-
tration in hypogonadal men does not stimulate
whole-body fat oxidation, which is however
enhanced by transdermal testosterone administra-
tion [51]. This indicates that for full effect on
fat oxidation, systemic testosterone exposure is
required. Other mechanisms by which testosterone
affects fat mass involve regulation of lipid storage
[52], tissue-dependent inhibition of lipid uptake in
visceral adipose tissue [53], inhibition of adipocyte
precursor cell differentiation [54] and inhibition of
lipoprotein lipase activity in adipocytes [55]. The
effect of testosterone on fat mass is also mediated
through modulation of other hormones, such as
enhancing adrenergic stimulation of lipolysis
[56,57], or increasing GH secretion and action that
in turn stimulates lipolysis and fat utilization [58].

There is also evidence of a direct androgen effect
on hepatic lipid metabolism. Androgen receptor
activation is of importance in determining hepatic
r Health, Inc. All rights reserved.
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lipid deposition. High fat-fed hepatic androgen
receptor knockout male mice and aging chow-fed
androgen receptor knockout males develop insulin
resistance and hepatic steatosis through upregula-
tion of genes involved in fatty acid (FA) synthesis
and downregulation of genes involved in fat oxida-
tion [59]. Furthermore, mice with Srd5A1 knockout,
who cannot convert testosterone to Dihydrotestos-
terone (DHT), show similar changes in gene expres-
sion during high-fat feeding [60,61]. Similarly,
administration of a 5a-reductase inhibitor in male
obese Zucker rats induces hyperinsulinemia and
hepatic steatosis, indicative of a direct androgen
receptor-mediated effect [61]. However, androgen
receptor-independent action on hepatic lipid
metabolism by androgens is also present. Mice with
nonfunctional androgen receptors and low circulat-
ing testosterone show accelerated increase in
hepatic steatosis during high-fat feeding, which is
reversed by testosterone administration [62].

The effect of androgens on hepatic fat metabo-
lism may also depend on the testosterone-to-estradiol
ratio. It has been suggested that in men, the aromati-
zation of testosterone to estradiol is important in
reducing fat mass, especially intra-abdominal fat
[63]. Importantly, men who cannot produce estradiol
from testosterone because of aromatase deficiency
develop steatohepatitis [64]. In male mice with aro-
matase knockout, fatty-liver develops [65,66] in par-
allel to an increase in de-novo lipogenesis and hepatic
FA uptake, as shown by upregulation in hepatic
SREBP-1c and CD36 [66]. This indicates that testos-
teroneconversiontoestradiolplaysamajor role in the
regulation of hepatic lipid metabolism.

Thus, androgens may exert direct and estrogen-
mediated effects on hepatic-lipid metabolism.
Human studies indicate that for full androgen effect
on lipid utilization, systemic exposure to androgens
is required.
ANDROGENS AND LIVER GLUCOSE
METABOLISM

It has long been debated whether the effect of
androgens on glucose metabolism is direct, or a
consequence of changes in fat and muscle mass,
or liver fat content, that in turn affects whole-body
insulin sensitivity. ADT in prostate cancer patients
results in rapid deterioration in glucose metabolism.
The risk of new onset diabetes is increased four to
five fold in the 1st year of treatment [67]. Impor-
tantly, insulin resistance is increased by more than
30% as early as 3 months after initiation of ADT [68].
Acute testosterone withdrawal for as little as 2 weeks
reduces insulin sensitivity in young men with
idiopathic hypogonadotropic hypogonadism [69].
 Copyright © 2018 Wolters Kluwer 
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As changes in glucose metabolism occur before any
changes in body composition take place, this points
to a direct effect of androgens onglucose metabolism.

Androgen receptor knockout animals show pro-
gressive reduction in glucose tolerance and insulin
sensitivity with advancing age [70]. These androgen
receptor knockout male mice display accelerated
weight gain, almost double the amount of triglycer-
ide content in skeletal muscle and liver, hyperinsu-
linemia and hyperglycemia. Castration in male mice
increases circulating glucose levels and hepatic
GLUT2 expression, accompanied by an inhibitory
effect on serum insulin, Akt phosphorylation,
GLUT4 expression and its translocation, glycogen
content and glucose uptake in the liver [71,72

&

]. The
study suggested that regulation of hepatic GLUT2
expression and glycogen production requires andro-
gen receptor activation, whereas both testosterone
and estrogen are required for full effect on hepatic
Akt phosphorylation [71]. Others report that castra-
tion-induced hepatic gluconeogenesis and glucose
output associates with an increase in FoxO1 expres-
sion, an effect inhibited by testosterone admin-
istration [73,74]. Importantly, hepatic androgen
receptor knockout male mice develop insulin resis-
tance during high-fat feeding, with decreased phos-
phoinositide-3 kinase activity and increased
phosphenolpyruvate carboxykinase and protein
tyrosine phosphatase 1B expression in the liver
[59]. Only on a high-fat diet do these animals
develop hyperinsulinemia and hyperglycemia, indi-
cating that lack of testosterone in the liver will
exacerbate diet-induced impairment in glucose
metabolism. Another evidence of a direct androgen
effect stems from a study in a human liver cell line,
showing that testosterone increases insulin receptor
mRNA and insulin sensitivity [75]. Thus, human
and animal studies provide evidence of a direct
effect of androgens on glucose metabolism.

Testosterone effect on glucose metabolism may
be mediated through aromatization, as castration-
induced impairment in glucose tolerance and insulin
secretion are restored by testosterone but not by the
nonaromatizable androgen, DHT [72

&

]. In men with
centralobesity, at thedosesused,DHT had no effecton
insulin sensitivity incontrast to thebeneficial effectsof
testosterone [41]. Furthermore,malearomataseknock-
out mice and men with aromatase deficiency show
insulin resistance and hyperglycemia, demonstrating
the importance of testosterone aromatization in the
regulation of glucose metabolism [64,76].

Extrahepatic androgen action is also of great
importance in modulating glucose metabolism, in
particular, brain and pancreatic androgen receptor
activation plays a significant role. Not only does
hypogonadism reduce overall activity and
Health, Inc. All rights reserved.
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motivation to move, in turn promoting obesity and
insulin resistance, selective neuronal androgen
receptor deficiency leads to impaired hypothalamic
insulin signaling that contributes to increased
hepatic glucose production and systemic insulin
resistance [72

&

,77]. Testosterone also directly stim-
ulates insulin release from the pancreas [78] and
inhibits pancreatic beta-cell apoptosis by competing
with glucocorticoid signaling [79].

Collectively, although systemic effects of andro-
gens in modifying central androgen receptors or
body composition will play a major role in deter-
mining effects on glucose metabolism, there is
strong evidence pointing to a rapid direct effect
on insulin secretion and hepatic glucose metabo-
lism by aromatizable androgens.
OTHER HEPATIC EFFECTS OF
ANDROGENS

Sex differences in an extensive set of liver gene
expression have been widely recognized [80]. It’s
been proposed that this sex-specific hepatic gene
expression largely depends upon signal transducer
and activator of transcription 5b [81]. There are also
sex differences in drug-metabolizing enzyme expres-
sion in the liver [82], with hepatic cytochrome
modulation particularly affected by androgens
[83]. Neonatal androgen imprinting is critical in
modulating hepatic gene expression, contributing
to the defeminization of hepatic steroid-metaboliz-
ing enzymes and remodeling of the GH axis [84].
Androgens also play a role in the development of
hepatocellular carcinoma with nuclear androgen
receptor overexpression and androgen receptors
crosstalk with mammalian target of rapamycin,
growth factors, endoplasmatic reticulum stress
and immune response being proposed as potential
mechanisms [85,86]. Hepatotoxicity is a recognized
side effect of oral androgens; however, only oral 17
alpha-alkylated androgens exert direct hepatotoxic
effect that may even lead to development of peliosis
hepatis, adenoma or sarcoma [26,27]. Thus, oral 17
alpha-alkylated androgens should not be used for
long-term androgen replacement therapy.
ANDROGENS AND GROWTH HORMONE
INTERACTION

Testosterone may exert certain effects by stimulat-
ing the GH-IGF-1 system [48,87–90]. In men, tes-
tosterone stimulates GH secretion that drives
hepatic IGF-1 production [91]. This process requires
testosterone conversion to estradiol; nonaromatiz-
able androgens do not stimulate GH secretion [92],
and aromatase inhibition or central estrogen
 Copyright © 2018 Wolters Kluwe
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antagonism attenuates the stimulation of GH secre-
tion by testosterone [91,93]. Importantly, in men
with aromatase deficiency, GH secretion is reduced
and is not rescued by systemic estrogen replacement
[94]. It has been proposed that in men, the aromati-
zation of testosterone to estradiol is important in
reducing fat mass, especially intra-abdominal fat
[63]. In this study, Finkelstein et al. report that in
healthy men with induced hypogonadism, the com-
bination of an aromatase inhibitor with testosterone
replacement dampens testosterone-mediated posi-
tive effects on fat mass. However, treatment with
aromatase inhibitors is also expected to reduce GH
secretion and thus, hepatic action of GH. As GH
significantly reduces fat mass and promotes hepatic
lipid clearance, the effects on whole body and par-
ticularly hepatic lipid metabolism in this study may
be due to reduced GH secretion and hepatic action,
rather than estrogen deficiency per se [95–102].

Testosterone also enhances the action of GH on
liver and extrahepatic tissues by increasing GH recep-
tor expression [103]. Human studies show that testos-
terone augments the biological effectsof GH, inwhich
to attain the full effect of GH on anabolism and lipid
utilization, cotreatment with testosterone is required
[48,104,105]. Similarly, in hypogonadal men with GH
deficiency, testosterone replacement induced a pro-
tein anabolic effect only in the presence of GH [22].
The interaction is bidirectional, as testosterone stim-
ulates muscle IGF-1 gene expression [106,107],
whereas GH increases androgen receptor gene expres-
sion in muscle of hypogonadal men [108]. The ana-
bolic effects of GH on physical performance are also
potentiated by androgens [10]. These observations
provide strong evidence that androgens increase GH
secretion and tissue responsiveness to GH.

To optimize whole-body protein anabolism,
hepatic interaction of both hormones is required.
Only in GH-replete individuals, liver-targeted tes-
tosterone administration enhances whole-body pro-
tein anabolism by reducing protein oxidative loss
through the hepatic urea cycle [22,28,29

&&

]. Solely
liver exposure to testosterone stimulates hepatic
IGF-1 production [22,28]. Evidence of a direct
hepatic androgen effect on IGF-1 comes also from
animal studies of male hepatic androgen receptors
knockout mice, who present with a marked reduc-
tion in circulating IGF-1 [59]. These observations
indicate that androgens interact with GH in the liver
to stimulate GH effect on hepatic IGF-1 production,
thus enhancing whole-body protein anabolism.
CONCLUSION

Androgens exert rapid and direct effects on various
aspects of metabolism that are mediated through
r Health, Inc. All rights reserved.
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the liver. The liver is a primary site in which testos-
terone and GH interact to regulate protein meta-
bolism, in which both GH and testosterone are
required to exert full anabolic effect. The finding
of a hepatic urea cycle-mediated anticatabolic effect
of testosterone opens a novel approach of targeting
the hepatic urea cycle to enhance whole-body pro-
tein anabolism. This liver-targeted approach has an
advantage in situations in which systemic testoster-
one treatment poses a health risk in men (ADT in
prostate cancer) or virilization in women. Therefore,
it has a potential to be developed as a novel, well
tolerated and cost-effective treatment for sarcopenia
in both men and women. Furthermore, androgen
replacement requires testosterone rather than non-
aromatizable androgens to induce the full spectrum
of testosterone effects which are achieved by andro-
gen receptor activation, aromatization to estradiol
and interaction with the GH system.
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