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Abstract 
Growth hormone (GH) modifies liver gene transcription in a sexually dimorphic manner to meet liver metabolic demands related to sex; thus, GH 
dysregulation leads to sex-biased hepatic disease. We dissected the steps of the GH regulatory cascade modifying GH-dependent genes involved 
in metabolism, focusing on the male-predominant genes Lcn13, Asns, and Cyp7b1, and the female-predominant genes Hao2, Pgc1a, Hamp2, 
Cyp2a4, and Cyp2b9. We explored mRNA expression in 2 settings: (i) intact liver GH receptor (GHR) but altered GH and insulin-like growth 
factor 1 (IGF1) levels (NeuroDrd2KO, HiGH, aHepIGF1kd, and STAT5bCA mouse lines); and (ii) liver loss of GHR, with or without STAT5b 
reconstitution (aHepGHRkd, and aHepGHRkd + STAT5bCA). Lcn13 was downregulated in males in most models, while Asns and Cyp7b1 
were decreased in males by low GH levels or action, or constant GH levels, but unexpectedly upregulated in both sexes by the loss of liver 
Igf1 or constitutive Stat5b expression. Hao, Cyp2a4, and Cyp2b9 were generally decreased in female mice with low GH levels or action 
(NeuroDrd2KO and/or aHepGHRkd mice) and increased in HiGH females, while in contrast, Pgc1a was increased in female NeuroDrd2KO but 
decreased in STAT5bCA and aHepIGF1kd females. Bioinformatic analysis of RNAseq from aHepGHRkd livers stressed the greater impact of 
GHR loss on wide gene expression in males and highlighted that GH modifies almost completely different gene signatures in each sex. 
Concordantly, we show that altering different steps of the GH cascade in the liver modified liver expression of Lcn13, Asns, Cyp7b1, Hao2, 
Hamp2, Pgc1a, Cyp2a4, and Cyp2b9 in a sex- and gene-specific manner.
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Growth hormone (GH), a key hormone regulating postnatal 
growth, plays a major role in metabolic function after puberty 
[1], and GH deficiency is associated with increased adiposity, 
accumulation of fat in the liver, and the development of non
alcoholic fatty liver disease (NAFLD) and nonalcoholic stea
tohepatitis (NASH), which is reduced by GH replacement 
[2]. GH signals through the GHR/JAK2/STAT5b (growth 
hormone receptor/Janus kinase 2/signal transducers and acti
vators of transcription 5b) pathway to maintain hepatic ex
pression of Igf1 [3], and secreted insulin-like growth factor 
1 (IGF1) exerts a negative feedback on pituitary GH. This 
pathway also regulates the expression of a large subset of hep
atic metabolic genes, many in a sex-dependent fashion [4]. Sex 

bias in liver gene transcription may be envisioned as an orch
estrated action by which GH regulates key genes according to 
their function, to accommodate liver metabolic demands in re
lation to sex [5, 6].

In rodents, GH secretion is sexually fine-tuned, with high 
intermittent pulses in males, and a more constant release pat
tern in females. Sexually dimorphic GH secretion is also ob
served in humans, although to a lesser extent [7]. It has been 
established that the male-dependent pattern of GH secretion 
leads to intermittent activation/phosphorylation of hepatic 
STAT5b and subsequent binding to DNA, while the female 
GH release pattern leads to continuous pSTAT5b and 
DNA binding [8, 9]. In this respect, persistent hepatocyte 
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pSTAT5b (female pattern) repressed more than 90% of hepat
ic male-biased genes, and de-repressed 60% of hepatic female- 
biased genes [10].

Of clinical importance, there is a differential susceptibility 
between sexes to liver disease. Specifically, steatosis, non
alcoholic steatohepatitis, and progression to hepatocellular 
carcinoma (HCC) predominate in men, while primary biliary 
cirrhosis, autoimmune hepatitis, or alcoholic liver disease pre
dominate in women [11-14]. Given the sexual dimorphism of 
GH-induced hepatic gene expression, it is logical to assume 
that the sex-dependent predisposition to liver diseases may 
be in part regulated by GH/GHR/Jak2/Stat5b-signaling mech
anisms. In this context, we focused on dissecting the steps of 
the GH regulatory cascade that influence liver gene sexual di
morphism. We centered our analysis on studying genes that 
play key roles in liver metabolism and disease, and therefore 
may be relevant in the sexual dimorphism for the susceptibil
ity to liver disease. Furthermore, the dependence of their ex
pression on the different steps of GH signaling in each sex 
has not been studied. Two GH-dependent male-predominant 
genes were studied: lipocalin 13 (Lcn13) and asparagine 
synthetase (Asns), and 3 female-predominant genes: hydrox
yacid oxidase 2 (Hao2), peroxisome proliferator-activated 
receptor-gamma coactivator 1 alpha (Pgc1a), and hepcidin 
antimicrobial peptide 2 (Hamp2).

Hepatic LCN13 (also known as odorant binding protein2a, 
OBP2a) has a striking sexual dimorphism and marked GH de
pendence [15]. In male mice, it suppresses gluconeogenesis 
and lipogenesis, increases fatty acid β oxidation, and enhances 
insulin sensitivity in adipocytes [16-18]. Obesity is associated 
with its downregulation, while LCN13 therapies in mice with 
either genetic or dietary obesity lead to an improvement in 
their hyperglycemia, hyperinsulinemia, insulin resistance, glu
cose intolerance, and hepatic steatosis [18, 19]. A recent study 
highlights the local and not systemic action of hepatic LCN13 
in steatosis [20].

Asns is a GH-dependent male-predominant gene that enco
des an enzyme involved in the synthesis of asparagine, an ami
no acid essential for cell growth and survival. It regulates 
plasma glucose levels [21], and its liver deletion reduces plas
ma glucose levels [22], while a high-fat diet upregulates its liv
er expression levels [23]. It is a potential biomarker associated 
with progression to liver fibrosis and HCC [24], and its hepat
ic expression was proposed as an independent predictor of 
overall survival in HCC [25].

HAO2 oxidizes several l-2-hydroxyacids. In HCC, a de
crease in HAO2 may represent an early event in carcinogen
esis in humans and rodents, and correlates with an 
unfavorable prognosis, while the reintroduction of HAO2 in 
HCC cells decreases tumorigenesis [26, 27]. Of note, HAO2 
is a female-predominant gene, and HCC is more prevalent 
in men [28]. In nude mice, tumor overexpression of HAO2 in
hibited cell proliferation, migration, and invasion [27]. 
Nevertheless, in acute liver failure, bioinformatic analysis of 
microarray datasets indicated that HAO was one of the 7 
overexpressed genes [29].

Pgc1a, a GH-dependent female-predominant gene, is a tran
scriptional coactivator of genes that regulate mitochondrial 
biogenesis, respiration, and hepatic gluconeogenesis [30]. 
Interestingly, Pgc1a−/− mice, especially females, develop abnor
mally increased body fat, and following short-term starvation, 
hepatic steatosis [31]. Therefore, it has been suggested as a tran
scriptional target in hepatic steatosis [32]. Furthermore, in male 

rats, overexpression of liver Pgc1a reduced triacylglycerol [33], 
while hepatic disruption of Pgc1a evoked a 70% greater high- 
fat/high-sucrose diet-induced weight gain compared to wild- 
type mice [34]. This may indicate that Pgc1a levels that are 
higher in female compared to male livers may be protective 
against steatosis development in females.

Hamp2 is a GH-dependent female-predominant gene, ori
ginally described for its antimicrobial activity [35], and it is 
known as a regulator of iron utilization [36]. In mice, 2 genes 
of this hepcidin are synthesized, Hamp and Hamp2 [37]. Iron 
(Fe)-catalyzed oxidative damage is considered to be a causal 
factor in the development of hepatic fibrosis and HCC [38]. 
In this context, environmental toxicants, which play a role in 
the development of the metabolic syndrome and NAFLD re
pressed hepatic expression of hepcidin, resulting in an increase 
in serum Fe with accumulating Fe spilling into urine [39].

We compared the hepatic expression levels of Lcn13, Asns, 
Hao2, Hamp2, and Pgc1a in multiple mouse lines with altered 
GH production or action, focusing on sexual dimorphism in 
the search of druggable sex-related vulnerabilities in liver dis
ease. The simultaneous analysis of mouse lines allowed evalu
ation of first, the comparison of the impact of different 
alterations of circulating GH/IGF1 levels in the context of nor
mal hepatic GHR signaling, and second, the impact of liver 
Ghr ablation with or without Stat5b re expression. In the first 
case we included 4 transgenic mouse models: (i) central knock
out for dopamine receptor D2 (NeuroDrd2KO) mice that 
have reduced GHRH leading to GH/IGF1-deficiency [40]; (ii) 
a somatotrope-specific knockout for both IGF1 (Igf1r) and insu
lin receptors (Insr), which leads to loss of negative feedback 
and elevation in circulating GH and IGF1 (HiGH mice) 
[41]; (iii) adult-onset hepatocyte-specific Igf1 knockdown 
(aHepIGF1kd), which leads to increased circulating GH due 
to the loss of IGF1 negative feedback; and (iv) mice expressing 
a constitutively active form of Stat5b (STAT5bCA) exclusively 
in hepatocytes to mimic a female-specific pattern of STAT5b ac
tivation [10]. In the second case, to determine the direct impact 
of hepatocyte Ghr loss, we used a mouse line of adult-onset 
hepatocyte-specific knockdown of Ghr (aHepGHRkd), with re
duced hepatic Igf1 expression and circulating IGF1 levels, loss of 
negative feedback, and increased circulating GH levels [42]. In 
subsets of aHepGHRkd mice, a constitutively active form of 
Stat5b (STATCA) was expressed exclusively in the hepatocytes 
[10]. Mouse line characteristics are summarized in Table 1. In 
addition, we compared the changes in the expression levels of 
these metabolic genes with well-known GH-dependent sexual 
dimorphic cytochrome genes, that is, the male-predominant 
Cyp7b1 and the female-predominant Cyp2a4 and Cyp2b9 
genes.

Materials and Methods
Mice were housed with lights on at 06:00 and off at 18:00 
hours, at 22 to 24 °C, and maintained on a standard rodent 
chow diet. Female and male mice were 4 to 6 months of age, 
ad libitum fed animals were euthanized between 09:00 and 
12:00 hours. These studies were approved by the Institutional 
Animal Care and Use Committees of the Jesse Brown VA 
Medical Center and University of Illinois at Chicago, and 
Instituto de Biología y Medicina Experimental, Buenos Aires 
(granted approval #07/2016; in accordance with the Division 
of Animal Welfare NIH, for the Institute of Biology and 
Experimental Medicine A#5072-01).
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Experimental Models

Mice lacking dopamine receptor D2 in neurons: 
NeuroDrd2KO
To ablate dopamine D2 receptors from cells of neural 
origin, Drd2loxP/loxP mice [46] were crossed with B6.Cg- 
Tg(Nes-cre) 1Kln/J to obtain cohorts of Drd2loxP/loxP (control 
mice) and Drd2loxP/loxP.B6.Cg-Tg(Nes-cre) 1Kln/J littermates 
[40]. Thereafter, breeding pairs of Drd2loxP/loxP and 
Drd2loxP/loxP,Tg(Nes-Cre) 1Kln/J mice were used to generate 
Drd2loxP/loxP (control) and Drd2loxP/loxP,Tg(Nes-Cre) 
(NeuroDrd2KO) littermates [40]. Body weight was lower in 
male and female NeuroDrd2KO mice compared with sex- 
matched Drd2 loxP/loxP mice. They had a decreased GH axis 
with lower GH pituitary content, Igf1 liver mRNA, and serum 
IGF1 (Table 1) [43]. These alterations may be accounted for 
Drd2 ablation from neurons, though it has also been sug
gested that brain expression of hGH may be involved [47].

Mice with elevated GH/IGF1 model: HiGH
This model was obtained by somatotrope-specific Cre- 
mediated inactivation of IGF1 receptor (IgfIr) and insulin 
receptor (Insr) genes [41]. IgfIr,Insr loxP/loxP were used as 
controls. HiGH mice have elevated GH and IGF1 (Table 1) 
and a modest increment in body weight. Female HiGH mice 
are protected from some of the deleterious effects of high-fat 
feeding [41].

Mice without hepatic Igf1 expression: aHepIGF1kd
The aHepIGF1kd mice were obtained by injecting IgfloxP/loxP 

mice (Jax Mice #016831) in the lateral vein 1.5 × 1011 genome 
copies of adeno-associated virus (AAV) bearing hepatocyte- 
specific thyroxine-binding protein (TBGp) promoter driving 
a Cre recombinase transgene (AAV8-TBGp-Cre; Cat 
#107787-AAV8, AAV.TBG.PI.Cre.rBG [AAV8], Addgene, 
Watertown, MA, diluted in 100 μL sterile phosphate-buffered 
saline [PBS]), or a null allele (AAV8-TBGp-Null vector 
[Addgene]), referred to as Null, or controls. Sixty-six days later 
animals were euthanized and the livers were collected. These 
mice have high GH levels due to the loss of IGF1 negative feed
back (Table 1).

Mice with constitutive hepatic Stat5b expression: STAT5bCA
Constitutively active Stat5b hepatocyte expression was ob
tained by injecting in the lateral vein 10- to 12-week-old fe
male and male mice with 0.75 × 1011 GC of AAV8 bearing 
the Stat5b gene (AAV-TBGp-STAT5b CA, 0.75 × 1011 GC 
per mouse), diluted in sterile PBS, with the dose of 
AAV8-Null vector adjusted to equalize the total GC of 
AAV8 per mouse across groups [10]. Sixty-six days later ani
mals were euthanized and the livers were collected. Described 
in [10].

Adult-onset hepatocyte-specific GHR knockdown: 
aHepGHRkd and STAT5bCA reconstitution
To generate aHepGHRkd and STAT5bCA in aHepGHRkd 
mice, 10- to 12-week-old Ghr loxP/loxP mice were injected in 
the lateral tail vein with 1.5 × 1011 GC of AAV bearing 
hepatocyte-specific TBGp promoter driving a Cre recombinase 
transgene (AAV8-TBGp-Cre; Cat #107787-AAV8, 
AAV.TBG.PI.Cre.rBG [AAV8], Addgene, Watertown, MA, di
luted in 100 μL sterile PBS), or a null allele (AAV8-TBGp-Null 

vector [Addgene]), referred to here as Null, and used as a con
trol. Expression of Cre recombinase exclusively in hepatocytes, 
leads to recombination of the floxed Ghr allele and knockdown 
of the hepatic Ghr mRNA and protein [42]. The generation of 
this model has been previously described [42, 44, 48]. Sixty-six 
days later, animals were euthanized and the livers were col
lected. In contrast to congenital models of Ghr ablation, in 
aHepGHRkd mice hepatic GH resistance occurs after sexual 
maturation. Livers of male aHepGHRkd mice exhibit slow on
set steatosis associated with increased de novo lipogenesis, and 
modest hepatocyte ballooning and inflammation, while female 
aHepGHRkd are relatively protected against steatosis and liver 
injury [42, 44, 45]. To reconstitute hepatocyte STAT5b expres
sion in aHepGHRkd, a subset of mice were co-injected with 
AAV8-TBGp-mStat5bCA (0.30 or 0.75 × 1011 GC per mouse); 
the STAT5bCA construct was validated and described in [10].

Tissue RNA Extraction, Total cDNA Preparation, and 
Quantitative Real-Time PCR
After euthanasia, liver samples were frozen; thereafter, ap
proximately 50 mg of the tissue was homogenized and RNA 
extracted, and then the first-strand cDNA was synthesized 
from 1 µg of total RNA as described [43].

Sense and antisense oligonucleotide primers (Invitrogen, 
Argentina) were designed based on published results or by 
the use of PrimerBlast (http://www.ncbi.nlm.nih.gov/tools/ 
primer-blast/). The sequences are described in Table 2.

Quantitative measurements of specific mRNA levels were 
performed by kinetic PCR as described [43]. Each sample 
was analyzed in duplicate and cyclophilin was used as house
keeping gene, and its cycle thresholds (CTs) did not show sex 
differences and were not altered by genotype.

Statistical Analysis
Results are expressed as means ± SEM. The differences be
tween means were analyzed by Student t test (only 2 groups); 
and 2-way ANOVA for independent measures for the effects 
of sex and genotype followed by Newman-Keuls test or 
Tukey honest significant difference test for unequal N. If 
P of the interaction was significant, individual means were 
compared by Tukey honest significant difference test; if not 
significant, groups of means (main effects) were analyzed 
by the same test. Kruskall-Wallis test was performed when a 
non-parametric test was necessary. P ≤ .05 was considered 
significant.

Liver RNAseq Differential Expression Analysis
RNAseq count data obtained from male and female livers (6 
mice/sex) from GHR-intact controls, and aHepGHRkd mice 
(available in the Gene Expression Omnibus [GEO] repository, 
accession number GSE154217) were reanalyzed in R. These 
samples were taken 8 months post-AAV injection performed 
between 10 and 12 weeks of age [45]. The multidimensional 
scaling plot as well as boxplots of the transformed counts to 
test homogeneity were done for aHepGHRkd and Null males, 
aHepGHRkd and Null females with the edgeR package, fol
lowed by the limma package with its voom method, to assess 
differential expression. The resulting P values were adjusted 
using the Benjamini and Hochberg method to control the 
False Discovery Rate. Genes with an adjusted P value <.05 
were considered as differentially expressed.
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Pathway enrichment analyses Gene Ontology (GO) for dif
ferentially expressed genes (DEGs) with > 1.5-fold change and 
adjusted P ≤ .05 were implemented using the clusterProfiler 
package.

Results
Male-Predominant Genes Are Generally Altered in 
Male and Not Female Livers, in Mouse Models With 
Low or Constant GH Levels in the Context of 
Preserved Hepatic GHR
Lcn13, Asns, and Cyp7b mRNA expression levels were on 
average 267-, 18-, and 5-fold higher in control males com
pared to control females across models tested (Fig. 1).

Low GHRH/GH levels in the NeuroDrd2KO, as well as 
constant mildly high GH levels in HiGH mice lowered the 3 
male-predominant genes in males, and abolished sex differen
ces, while no changes in these male-predominant genes were 
observed in female livers (Fig. 1A and 1B).

Interestingly, disruption of liver Igf1 expression which leads 
to GH increase (aHepIGF1kd mice), and constitutive hepato
cyte Stat5b expression (STAT5bCA mice) which mimics a 
female-specific pattern of STAT5b activation, upregulated 
Asns and Cyp7b1 in both sexes (Fig. 1C and 1D), preserving 
sex differences. In contrast, the male-predominant gene 
Lcn13 was downregulated in male STAT5bCA livers 
(Fig. 1D).

Female-Predominant Genes Are Altered in a 
Gene-Specific Manner in Mouse Models With Low 
or Constant GH Levels, in the Context of Preserved 
Hepatic GHR
The female-predominant genes Hao2, Hamp2, Pgc1a, 
Cyp2a4, and Cyp2b9 were on average 27-, 3.1-, 2.7-, 2.7-, 
and 530-fold higher in control females compared to control 
males, respectively, across models tested (Figs. 2 and 3).

In males, low GH levels (NeuroDrd2KO) upregulated the 
female-predominant genes Pgc1a, Cyp2a4, and Cyp2b9 
(Fig. 2A and 3A), constant mildly high GH levels (HiGH) in
creased Hao2 and Cyp2b9 expression levels (Figs. 2B and 3B) 
while disruption of liver Igf1 (aHepIGF1kd) increased 
Cyp2a4 (Fig. 3C), and constitutive expression of Stat5b 
(STAT5bCA) marginally increased female-predominant genes 
Hamp2 and Cyp2b9 (not significantly in a two-way analysis 
of variance, but in a t test Null males vs STAT5, 0.75 
Males: 0.0023 and 0.026, for Hamp2 and Cyp2b9, respect
ively; Figs. 2D and 3D) while Pgc1a was downregulated 
(Fig. 2D). Therefore, low or constant GH levels, or Stat5b ac
tion feminized some of the female-predominant genes in male 
livers.

In females, on the other hand, there was a differential sus
ceptibility to GH changes according not only to the female- 
predominant gene but also to the mouse model. In 
NeuroDrd2KO female mice, Hao2 and Cyp2a4 levels de
creased, while Pgc1a increased (Fig. 2A and 3A). In HiGH fe
males, Hao2, Cyp2a4, and Cyp2b9 increased (Fig. 2B and 3B) 
and in aHepIGF1kd females Cyp2a4 levels increased 
(Fig. 3C), consistent with the feminizing action of constant 
GH levels. Unexpectedly, deletion of Igf1 expression from 
hepatocytes (aHepIGF1kd) decreased Hamp2 and Pgc1a in 
females (Fig. 2C). Therefore, even though aHepIGF1kd mice 
have high GH levels, male (Asns and Cyp7b1) and female- 

predominant (Hamp2 and Pgc1a) did not have the expected 
female-specific response, suggesting a role for liver Igf1 on 
gene expression independent of GH levels.

In addition, in female STAT5bCA livers, the female- 
predominant Pgc1a and Cyp2b9 genes were downregulated 
(Fig. 2D and 3D), suggesting that constitutive activation of 
STAT5b expression may trigger different responses compared 
with physiological GH constant activation of pSTAT5b.

Therefore, in males, low or constant levels of circulating 
GH downregulate male-predominant genes, and upregulate 
most, though not all, female-predominant genes—with the in
teresting exception of Asns and Cyp7b1 genes, which are up
regulated in aHepIGF1kd and STAT5bCA males. In females, 
male-predominant genes are not modified, once again with the 
exception of Asns and Cyp7b1, which are upregulated in 
aHepIGF1kd and STAT5bCA females. On the other hand, 
female-predominant genes are differentially regulated, 
changes being gene-specific, and varying in the different 
mouse models.

Male-Predominant and Female-Predominant Genes 
Are Altered in Both Sexes in Mouse Models With 
Adult-Onset Hepatocyte Knockdown of the GHR 
(aHepGHRkd)
Adult-onset Ghr knockdown from hepatocytes prevents GH 
action, and markedly lowered the 3 male-predominant genes 
(Lcn13, Asns, and Cyp7b1) in males and Asns in females 
(Fig. 4A). On the other hand, the female-predominant genes, 
Hao2, Pgc1a, Cyp2a4, and Cyp2b9, were upregulated in 
males (Figs. 5A and 6A) and unchanged in females, with the 
exception of decreased Hao2 levels (Fig. 5A). For all genes, 
sexual dimorphism was lost (or decreased for Asns and 
Hao2), revealing the need of an intact Ghr for adequate differ
ential expression of male and female-predominant genes in 
liver.

Therefore, loss of hepatic Ghr had a great impact on 
male-predominant genes that were downregulated, mostly re
sembling the outcome in NeuroDrd2KO mice with low serum 
GH levels. Nevertheless, in aHepGHRkd male mice, there was 
no increase in female-predominant genes as found in 
NeuroDrd2KO male mice. Disruption of liver Ghr had a low
er impact in females compared to that in the NeuroDrd2KO 
mice.

Effect of Constitutive Expression of STAT5b in 
aHepGHRKd Female and Male Mice
We studied whether STAT5b reconstitution in aHepGHRkd 
mice could revert the changes induced by loss of liver Ghr 
and the resulting lack of STAT5b activation. In female 
aHepGHRkd mice, Stat5b constitutive expression increased 
the 3 male-predominant genes compared to female 
aHepGHRkd mice (Fig. 4B), and Lcn13 and Cyp7b1 com
pared to Null mice. Therefore, the effect for these 2 genes 
seemed to be higher than just reconstitution of STAT5b in 
aHepGHRkd mice and was in concordance with the effect 
shown for STATCA expression in wild-type mice for the 
Cyp7b1 gene (Fig. 1D).

On the other hand, in male aHepGHRkd mice, Stat5b con
stitutive expression did not modify the male-predominant 
genes, which remained low compared to Null male mice 
(Fig. 4C).
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Figure 1. Male-predominant Lcn13, Asns, and Cyp7b1 mRNA expression in mouse models with changes in circulating GH/IGF1 levels, in the context of 
normal hepatic GHR signaling. Lcn13, Asns, and Cyp7b1 mRNA levels in female and male livers from A) NeuroDrd2KO and their control Drd2loxp/loxP mice 
(N between 5 and 7; male Drd2loxP/loxP vs male NeuroDrd2KO, P = .0066, P = .041, and P = .0002 for Lcn13, Asns, and Cyp7b1, respectively), B) HiGH and 
their control Null mice (N = between 5 and 6, except for Lcn13 in females N = 3; male Null vs male HiGH P = .002, P = .00002, and P = .00031 for Lcn13, 
Asns, and Cyp7b1, respectively); C) aHepIGF1kd and their control Null mice (N between 5 and 7, except for Lcn13 in females N = 5 and 3, main effect of 
genotype P = .039 and P = .0099 for Asns and Cyp7b1, respectively, and main effect of sex (upper bars) = .016, < .0001, and P = .0001 for Lcn13, Asns, 
and Cyp7b1); and D) Mice with constitutive expression of STAT5b (STATCA 0.75, 0.75 × 1011 GC per mouse; N = between 5 and 4, except for Lcn13 in 
females N = 4, 3; main effect of genotype P = .0005 and P ≤ .0001 for Asns and Cyp7b1, respectively, and male Null vs male STAT5bCA 0.75 P = .0025 for 
Lcn13). Percentage of target mRNA levels (detailed at the bottom of the column) normalized to cyclophilin mRNA levels, in relation to control females 
(100%) are represented in the Y axis, * ≤ P .05, ** P ≤ .005, *** P ≤ .0005. When P values close to .05 were observed, the exact P value was included.
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Figure 2. Female-predominant Hao2, Hamp2, and Pgc1a mRNA expression in mouse models with changes in circulating GH/IGF1 levels, in the context 
of normal hepatic GHR signaling. Hao2, Hamp2, and Pgc1a mRNA levels in female and male livers from A) NeuroDrd2KO and their control Drd2loxp/loxP 

mice (N = 6; Pgc1a: main effect of genotype P = .06; female Drd2loxP/loxP vs female NeuroDrd2KO: P = .0045 for Hao2; for Pgc1a main effect of sex 
P = .06); B) HiGH and their control Null mice (N = between 5 and 6; male Null vs male HiGH P ≤ .0001 for Hao2; female Null vs female HiGH:  
P = .0086 for Hao2, and main effect of sex P = .0003, P = .0007 and P = .0086 for Hao2, Hamp2, and Pgc1a, respectively, upper bars); C) aHepIGF1kd and 
their control Null mice (N between 5 and 7; female Null vs female aHepIGF1kd P = .050 and P = .018, for Hamp2 and Pgc1a, respectively; and main effect 
of sex P < .0001 for Hao2); D) Mice with constitutive expression of STAT5b (STATCA 0.75, 0.75 × 1011 GC per mouse; N = between 5 and 4; main effect 
of genotype P = .011 for Pgc1a, and main effect of sex P < .0001 and P = .0004 for Hao2 and Hamp2, respectively). For all panels, in the Y axis the 
percentages of target mRNA levels normalized to cyclophilin mRNA levels in relation to control females (100%) are represented (gene detailed at the 
bottom of the column). * ≤ P .05, ** P ≤ .005, *** P ≤ .0005. When P values close to .05 were observed, the exact P value was included.
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Female-predominant genes, on the other hand, were un
modified in aHepGHRkd female mice when Stat5b was con
stitutively expressed (Figs. 5B and 6B). Furthermore, in 
males, the increase in Pgc1a, Cyp2a4, and Cyp2b9 in response 
to Ghr loss (Figs. 5A and 6A) was not modified by simultan
eous expression of STAT5b (Figs. 5C and 6C), probably 
pointing to a prevalent effect of Ghr disruption. Therefore, 
even though STAT5b overexpression had effects in wild-type 
mice (Figs. 1D, 2D, and 3D), these effects were dampened by 
the loss of Ghr.

Differential Response to the Loss of Hepatic Ghr in 
Liver Gene Expression in Both Sexes, Reanalyzing 
RNAseq Databases
Finally, to interpret results obtained in our selected genes in 
the context of large-scale gene variations, we reanalyzed 
RNAseq data from GEO (GSE154217) from male and female 
Null and aHepGHRKd mice [45]. We imported, organized, 
filtered, and normalized the data, using the edgeR package, 
and performed linear modeling and empirical Bayes moder
ation to assess differential expression and perform gene set 
testing using the limma package with its voom method.

MDS plot of principal components of the RNAseq data 
(Fig. 7A) generated separate clusters for sex on dimension 1, 
and within each sex the samples were separated into individ
ual clusters for Null and aHepGHRKd based on dimension 
2. Consistent with the modest impact of Ghr disruption on 
specific genes in female mice in the present work (see Figs. 
4A, 5A, and 6A), MDS plot revealed an overlap in gene ex
pression in females, in contrast with cluster separation in 
males according to genotype.

Boxplots of the transformed counts showed similar total 
counts across all 24 samples (Fig. 7B). Differential expression 
of genes (DEG: ≥ 1.5-fold difference, adjusted P < .05) 
identified 122 upregulated, 140 downregulated, and 
12 821 unmodified genes in males, and 13 upregulated, 38 
downregulated, and 13 352 unmodified genes in females 
(Supplementary Tables S1-S4) [49]. The comparison of 
Volcano plots (Fig. 7C) from males and females also revealed 
that fewer genes were differentially regulated in aHepGHRkd 
females (0.38%, compared to 2.00% in aHepGHRkd males). 
Within the Volcano plots, the sexually dimorphic genes ana
lyzed in this study, as well as Ghr, Igf1, and Socs2 are pointed. 
In the available data sets, Lcn13 and Asns were not present. A 
Venn diagram showing the numbers of genes simultaneously 
altered by hepatic Ghr disruption in males and females 
(Fig. 7D) revealed a minimal overlap of DEG between sexes; 
only 5.8% of upregulated, and 10.5% of downregulated 
genes overlapped (Fig. 7D), highlighting the marked sex- 
specific gene response to loss of Ghr. The number of genes 
in Venn diagrams vary from Volcano plots, as the analysis 
considers only genes found in the datasets of both males and 
females. Of the overlapping downregulated genes, 29% 
were associated with GHR signaling (Ghr, Igf, Socs2, 
Cish1). Furthermore, of the overlapping downregulated 
genes, 4 were female-predominant (Cish, Nipal1, Rgs3, and 
Tgm1) and 2 were male-predominant (Egfr and Ghr), while 
of the upregulated genes, 3 were female-predominant 
(Krt23, Mup-ps10, and Sult2a5) and 1 was male-predominant 
(Pnldc1), indicating that 48% of the overlapping up- or 
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Figure 3. Female-predominant Cyp2a4 and Cyp2b9 mRNA expression 
in mouse models with changes in circulating GH/IGF1 levels, in the 
context of normal hepatic GHR signaling. Cyp2a4 and Cyp2b9 mRNA 
levels in female and male livers from A) NeuroDrd2KO and their control 
Drd2loxp/loxP mice (N between 6 and 9; female Drd2loxP/loxP vs female 
NeuroDrd2KO: P = .026 for Cyp2a4; male Drd2loxP/loxP vs male 
NeuroDrd2KO P = .002 and P = .0008 for Cyp2a4 and Cyp2b9, 
respectively); B) HiGH and their control Null mice (N = between 4 and 6; 
female Null vs female HiGH: P = .0078 for Cyp2a4; male Null vs male 
HiGH main effect of genotype Cyp2b9: P = .0019, and main effect of sex 
P < .0001 for Cyp2b9); C) aHepIGF1kd and their control Null mice (N 
between 5 and 7; main effect of genotype P = .021 for Cyp2a4; and main 
effect of sex P = .0005 and P < .0001 for Cyp2a4 and Cyp2b9, 
respectively); D) Mice with constitutive expression of STAT5b (STATCA 
0.75, 0.75 × 1011 GC per mouse; N = between 5 and 4; female Null vs 
female STAT5bCA 0.7 P = .0026 for Cyp2b9, and main effect of sex 
P = .0016 for Cyp2a4). For all panels, in the Y axis the percentages of 
target mRNA levels normalized to cyclophilin mRNA levels in relation to 
control females (100%) are represented (gene detailed at the bottom of 
the column). * ≤ P .05, ** P ≤ .005, *** P ≤ .0005.
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downregulated genes were sexually dimorphic. These data 
were obtained from 12- to 13-month-old mice and cannot 
be strictly compared to real-time PCR analyses, which were 
performed in samples obtained from 6- to 7-month-old mice.

Finally, analysis of significantly regulated GO pathways 
comparing aHepGHRkd and GHR-intact livers from males 
and females revealed that more pathways were upregulated 
by Ghr loss in males compared with females (1349 and 803, 
in males and females, respectively) from a total of 21 333 

and 21 403 pathways, respectively (Supplementary Tables 
S5 and S6) [50]. Notably fewer pathways were downregulated 
(310 and 99, in males and females, respectively). When regu
lated pathways were filtered for the terms lipid, fatty acid, or 
sterol, it became evident that lipid pathways were more upre
gulated in males compared to females (70 compared to 29; 
Supplementary Table S7) [51]. Of these pathways, 22 were 
significantly upregulated in the livers of both sexes, and the 
analysis of the comparative Hits (% of DEG of the pathway) 
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Figure 4. Male-predominant Lcn13, Asns, and Cyp7b1 mRNA expression in mouse models with adult-onset hepatocyte knockdown of the GHR 
(aHepGHRkd), without or with reconstitution of STAT5b (aHepGHRkd + STATCA). Lcn13, Asns, and Cyp7b1 mRNA levels in female and male livers from 
A) aHepGHRkd and their control Null mice (N = 10-13; male Null vs Male aHepGHRkd P = .00017, P = .00017 and P = .00018 for Lcn13, Asns, and 
Cyp7b1, respectively, and female Null vs female aHepGHRkd, P = .048 for Asns; and main effect of sex P = .004 for Asns, upper bar); B) Female Null, 
aHepGHRkd, and aHepGHRkd plus STATCA 0.35 or 0.75 ×  1011 GC per mouse (N = 5-7, female aHepGHRkd vs female aHepGHRkd.STATCA 0.75: 
P = .011, P = .021, and P = .0001, for Lcn13, Asns, and Cyp7b1, respectively); C) male Null, aHepGHRkd, and aHepGHRkd plus STATCA 0.35 or 
0.75 × 1011 GC per mouse (N = 6-7; Lcn13: P = .024, P = .012, and P = .03; Asns: P = .0020, P = .0044, and P = .0030; Cyp7b1: P = .00018, P = .0001, and 
P = .0003 for Null compared to aHepGHRkd, aHepGHRkd.STAT5bCA 0.35, and aHepGHRkd.STAT5bCA 0.75, respectively). For all panels, in the Y axis 
the percentages of target mRNA levels normalized to cyclophilin mRNA levels in relation to control females (100%) are represented (gene detailed at the 
bottom of the column). * ≤ P .05, ** P ≤ .005, *** P ≤ .0005.
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as well as the number DEG (size of the circle) for each of these 
22 pathways showed a greater upregulation of lipid pathways 
in males (Fig. 7E). In Supplementary Table S7 [51], the selected 
enriched GO terms filtered by lipid pathways, for aHepGHRkd 
vs Null males and females are detailed, and the 22 terms en
riched in both sexes are highlighted in bold case.

Discussion
Liver gene expression is sexually dimorphic depending mainly 
on GH. The complex and dynamic physiology of the liver 

discloses a clockwork precision in gene expression in order to 
cope with the metabolic needs particular to each sex. 
Although mostly a pulsatile pattern of GH secretion will en
hance male-predominant genes and a constant female secretory 
GH pattern will increase female-predominant genes, a wide 
spectrum of responses has been detailed [10, 15]. Additionally, 
differential gene response varies according to zonation of the liv
er architecture [52] uncovering a sophisticated organ partly co
ordinated by brain neuroendocrine signals.

The maintenance of GH-dependent dimorphism is para
mount for establishing a healthy liver metabolism as well as 
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Figure 5. Female-predominant Hao2, Hamp2, and Pgc1a mRNA expression in mouse models with adult-onset hepatocyte knockdown of the GHR 
(aHepGHRkd), without or with reconstitution of STAT5b (aHepGHRkd + STATCA). Hao2, Hamp2, and Pgc1a mRNA levels in female and male livers from 
A) aHepGHRkd and their control Null mice (N = 12-13; male Null vs Male aHepGHRkd P = .015 and P = .03 for Hao2 and Pgc1a, respectively, and female 
Null vs female aHepGHRkd P = .030 for Hao2; and main effect of sex P = .0019 for Asns); B) Female Null, aHepGHRkd, and aHepGHRkd plus STATCA 
0.35 or 0.75 × 1011 GC per mouse (N = 5-7); C) male Null, aHepGHRkd, and aHepGHRkd plus STATCA 0.35 or 0.75 × 1011 GC per mouse (N = 6-7). For all 
panels, in the Y axis the percentages of target mRNA levels normalized to cyclophilin mRNA levels in relation to control females (100%) are represented 
(gene detailed at the bottom of the column). * ≤ P .05, ** P ≤ .005, *** P ≤ .0005.
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adequate drug and xenobiotic clearance, and its disruption 
has been associated with liver disease and sex-biased prone
ness to liver disorders [5]. Clinical and experimental data indi
cate that reductions in circulating GH levels or hepatic 
response are principal components of NAFLD. Importantly, 
it is well-known that humans have sex-biased proneness to 
different liver disorders [11-14, 53]. In particular, NAFLD is 
predominant in men compared to premenopausal women 
[11] and NAFLD occurrence may enhance the risk for liver fi
brosis, and ultimately HCC. This different sex susceptibility is 
recapitulated in mouse models providing unique experimental 
tools to analyze gene responses to GH.

In the present work, using strategies aimed at altering differ
ent steps of the GH signaling process, we studied the sexually 
dimorphic response of several genes that participate in liver 

metabolism, and display a strong GH dependence. We used 
transgenic mouse lines in which growth hormone–releasing 
hormone (GHRH), liver GHR, STAT5b, or IGF1 were modi
fied, leading to alterations in circulating GH and IGF1. 
Phenotypic sex differences have been described in some mouse 
models, although the underlying molecular causes remain to 
be elucidated. For example, in aHepGHRkd mice there is 
early hepatic de novo lipogenesis in both sexes, but only males 
develop steatosis [42]. Enhanced de novo lipogenesis and stea
tosis increase with age in males and are associated with hep
atocyte ballooning, inflammation, and mild fibrosis [44]. 
Insulin resistance and increased triglycerides are also present 
in male aHepGHRkd mice, while systemic metabolic end
points are only modestly modified in females, indicating that 
females are relatively protected from steatosis and liver injury 
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Figure 6. Female-predominant Cyp2a4 and Cyp2b9 mRNA expression in mouse models with adult-onset hepatocyte knockdown of the GHR 
(aHepGHRkd), without or with reconstitution of STAT5b (aHepGHRkd + STATCA). Cyp2a4 and Cyp2b9 mRNA levels in female and male livers from A) 
AHepGHRkd and their control Null mice (N between 10-13; male Null vs Male aHepGHRkd P ≤ .0001, and P = .0002 for Cyp2a4 and Cyp2b9, 
respectively); B) Female Null, aHepGHRkd, and aHepGHRkd plus STATCA 0.35 or 0.75 × 1011 GC per mouse (N between 5 and 7); C) Male Null, 
aHepGHRkd, and aHepGHRkd plus STATCA 0.35 or 0.75 × 1011 GC per mouse (N between 6 and 7). For all panels, in the Y axis the percentages of target 
mRNA levels normalized to cyclophilin mRNA levels in relation to control females (100%) are represented (gene detailed at the bottom of the column). 
* ≤ P .05, ** P ≤ .005, *** P ≤ .0005.
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that result from the loss of hepatic GHR. On the other hand, 
Stat5b deletion in the male mice liver leads to a 90% reduction 
of male-specific and 61% upregulation of female-specific 
genes, while in females more than 90% of sexually dimorphic 
genes remain unaltered [54-56]. In Ghr−/− mice, increased adi
posity and altered fasted glucose levels are more prominent in 
males than females [57]. These data point to a differential sex 
susceptibility in liver malfunction induced by altered GH 
signaling.

Lcn13, Asns, Hao2, Hamp2, and Pgc1a are GH-dependent 
sexually dimorphic liver genes which participate in liver glu
cose and/or lipid metabolism, and/or hepatocyte cellular pro
liferation. While Cyp2a4, Cyp2b9, and Cyp7b1 encode 
cytochrome P450 enzymes, which catalyze oxidative conver
sion of steroids, lipids, and xenobiotics. Most of the work 
studying their physiological or pathological role was per
formed in one sex and the striking sex differences were not ad
dressed. We therefore explored the different steps of the GH 

A B

C

D

E

Figure 7. Liver transcriptome analysis of female and male Null and aHepGHRkd mice. Data re- analyzed from GEO data set GSE154217. A) MDS Plot of 
hepatic transcriptomes in control (Null), aHepGHRkd (kd) female and male mice. B) Boxplots of the transformed RNAseq counts across the 24 samples 
analyzed. C) Volcano Plots for females and males showing Log2 Fold Change (logFC) expression vs −Log10 (adj P Value) of differentially expressed genes 
(DEGs) (*adj P < .05; cutoff was set at 1.5). D) Venn diagram of the overlap between genes that were down- or upregulated in aHepGHRkd compared to 
Null in female or male mice. Number of genes in Venn diagrams vary from Volcano plots as the analysis considers only genes found in the datasets of both 
males and females. Right panel: list of up- and downregulated genes in both sexes. E) Plot showing Gene Ontology (GO) analysis results of significantly 
enriched GO terms filtered by lipid, fatty acid, or sterol of DEG in aHepGHRkd males and females (P value < .05). X axis (Hits %) equals the percentage of 
DEGs in relation to the number of genes associated with a GO term, while the size of the circle indicates the number of DEGs in each pathway.
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axis affecting the sex-dependent expression of these genes in 2 
settings: (i) intact liver GHR expression but altered GH and 
IGF1 levels; and (ii) liver loss of GHR, with or without 
STAT5b reconstitution. Each mouse line is unique in its levels 
of serum GH, IGF1, and liver STAT5b or IGF1 expression, or 
GH resistance.

Our results demonstrate a specific regulation for each male- 
or female-predominant GH-dependent gene related not only 
to sex but also to the signaling pathway involved. Although 
gene alterations evoked by the different molecular approaches 
were more prominent in male livers, in concordance with the 
greater dependence on GH signaling, our results uncover un
expected gene responses in some mouse models which under
line the complexity of liver metabolic regulation by GH.

Lcn13 is a relatively low expressed gene, as revealed from 
RNAseq analysis, but with a striking sexual dimorphism— 
and interestingly in males, it was downregulated in every 
mouse model with the exception of aHepIGF1kd mice, indi
cating its great susceptibility to modifications of the GH sig
naling process. Of note, downregulation of its hepatic 
expression has been associated with obesity and altered glu
cose metabolism [18, 19].

Asns was decreased in males by low GH levels or action, or 
by constant GH levels, as expected for a male-predominant 
gene, but strikingly, the loss of liver Igf1 or constant activation 
of STAT5b led to its upregulation in both sexes, suggesting 
that additional mechanisms participate in its regulation. A 
parallel behavior was observed for the Cyp7b1 gene. 
Noteworthy, in RNAseq data recently published [10], 
Cyp7b1 in males was not feminized by constant STAT5b ac
tivation and was even increased 2.3-fold, while constant 
GH infusion did feminize this gene (fold change −8.28). Of 
note, in that study, of a total of 176 male-biased genes, 62 
were repressed in the male liver by constant GH infusion, 
but not by STAT5bCA, and 4 were unexpectedly induced 
by AAV8-STAT5bCA, similar to our findings for Asns and 
Cyp7b1, highlighting the heterogeneity of gene responses. 
Therefore, our results point to STAT5b-independent signaling 
pathways participating in GH action on Asns and Cyp7b1 
regulation [3, 58, 59]. Notably, in both STAT5bCA and 
aHepIGF1kd mice, suppressor of cytokine signaling 2 
(Socs2) mRNA levels were increased, while it has been demon
strated that continuous GH administration does not increase 
Socs2 [60]. From a metabolic context, ASNS is increased in 
the liver by NAFLD.

Higher levels of Hamp2 and Pgc1a in females compared to 
males may be protective in terms of metabolic function. Even 
though sexual difference in Pgc1a expression was not particu
larly marked, higher levels in females were evidenced in most 
mouse models. Loss of liver Igf1 and constant STAT5bCA led 
to Pgc1a decrease in females or in both sexes, respectively, 
which might be harmful in terms of metabolic liver health. 
In concordance, hepatic steatosis progressed in Pgc1a−/− 

mice, especially in females [61]. Furthermore, in patients 
with NAFLD, hepatic expression PGC1A was inversely corre
lated with liver fat and disease severity [62, 63]. Conversely, 
low GH levels in female and male NeuroDrd2KO mice, and 
disrupted GH action in male aHepGHRkd mice increased 
its expression levels, indicating GH may be inhibitory to this 
gene.

Expression levels of Hamp2, on the other hand, were large
ly unaffected in most mouse models. The only effect was ob
served in aHepIGF1kd females, in which decreased Hamp2 

expression was found. In this regard, it has been described 
that lowering Hamp2 by environmental toxicants led to in
creased serum Fe, a causal factor in hepatic fibrosis [38, 39].

There are few data on the role of HAO2 in the liver besides 
its antiproliferative role in HCC cells [26], while its sexual di
morphism is noticeable. We demonstrate that Hao2 expres
sion levels decreased with low GH levels or action in 
females and increased with the constantly elevated GH levels 
in HiGH mice of both sexes, indicating the need for adequate 
GH levels, and the expected feminizing action of constant GH 
for this gene.

Even though pulsatile secretion could not be measured in all 
mouse models, major urinary proteins or MUPs [64] can be 
used an indirect parameter of GH pulsatility. These proteins 
are excreted in mouse urine, adult males secrete more than 3 
times as much MUP as do females and importantly, their liver 
expression requires pulsatile occupancy of liver GH receptors 
[64]. A significant reduction of MUP production was pub
lished in NeuroDrd2KO males [40, 43], in aHepGHRkd 
male mice [45], and in STAT5bCA male mice [10], which 
may suggest reduced pulsatility in these groups. In concord
ance, in both NeuroDrd2KO and aHepGHRkd males, the 3 
male-predominant genes were reduced, while the female- 
predominant genes Cyp2a4, Cyp2b9, and Pgc1a were upregu
lated. Nevertheless, in the STAT5bCA male mice, once again a 
differential response was found. Even though decreased pulsa
tility could be inferred from decreased MUP levels [10] only 
the male-predominant gene Lcn13 was decreased, while unex
pectedly, Asns and Cyp7b1 mRNA levels were increased in 
both sexes. Furthermore, in aHepGHRkd females, the 3 
male-predominant genes were increased by the higher dose 
of STAT5bCA, and in the case of Cyp7b1 and Lcn13, expres
sion levels increased also in comparison to Null mice. In this 
respect, physiological serum GH levels may generate different 
time-related signals or magnitude of STAT5b activation, com
pared with those reached in AAV8-STAT5bCA-infected hep
atocytes, in which induced STAT5b levels may even exceed 
physiological levels of activated STAT5b. Moreover, GH 
also signals through other STAT-independent signal transduc
tion pathways such as PI-3 kinase, ERK signaling, and Src 
family kinases [58, 59], which might not be activated in the 
STAT5bCA mouse model. Finally, though there are almost 
no IGF1Rs in the liver, except for stellate and Kupffer cells 
[65], a local action of liver IGF1 cannot be discarded, in 
view of the unexpected results found in the aHepIGF1kd mod
el. Therefore, GH regulation of sexually dimorphic genes is far 
from linear, and although most male-predominant genes are 
downregulated by lack of pulsatility or constant GH infusion, 
there is a percentage which is not [10, 66]

Bioinformatic analyses helped to interpret results in the 
context of large-scale gene variations and were mostly in ac
cordance with qPCR results in the aHepGHRkd mouse mod
el. The few differences found (for example lack of Hamp2 
induction in aHepGHRkd mice by qPCR), may be related to 
the age of mice, or to the different analytical methods, as 
found when validating RNAseq data with qPCR. Results un
derscored the fact that GH modifies almost completely differ
ent gene signatures in each sex and highlighted the greater 
impact of Ghr loss in male compared to female mice for a 
wide variety of genes. Interestingly, annotation of these genes 
using the GO database showed that a large group of DEGs 
was associated with lipid metabolism, and differences were 
higher in males compared to females. This may underlie the 
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greater susceptibility to steatosis of male compared to female 
aHepGHRkd mice and may be relevant in the study of therap
ies for liver disease.

There is almost no information on RNAseq data or gene ex
pression levels in livers from patients with acromegaly or GH 
deficiency. In a recent randomized placebo-controlled trial in 
HIV patients, the GHRH analogue tesamorelin reduced liver 
fat and prevented fibrosis progression in HIV-associated 
NAFLD over 1 year [67]. In a transcriptomic analysis 
from paired liver biopsies specimens from this trial [68], 
HAMP mRNA was decreased after 1 year of tesamorelin vs 
placebo treatment, indicating a masculinization of the 
gene and in accordance with low Hamp2 mRNA levels in 
female aHepIgf1kd, which have increased GH. Nevertheless, 
in the mentioned trial, there was no discrimination of results 
by sex.

On the other hand, in patients with acromegaly, gene ex
pression signature has been described in adipose tissue [69], 
but the genes evaluated in our manuscript did not show signifi
cant changes, maybe pointing to organ-specific gene signa
tures in acromegaly.

Clinical trials have started to examine the impact of low- 
dose GH therapy to treat NAFLD (NCT02726542, 
NCT03375788) and [70]. It is therefore important to evaluate 
the impact of each therapy in a wide array of genes, which may 
modulate the ultimate clinical outcome. We demonstrate here
in that important metabolic genes such as Lcn13, Asns, Hao2, 
Hamp2, or Pgc1a, are differentially modified by diverse strat
egies which alter the GH cascade. Our results showcase the 
complex and specific regulation of liver genes, which depends 
on not only the pattern or plasma levels of GH, and the pres
ence of liver GHR, but also may be fine-tuned by the levels of 
STAT5b, other GH signaling pathway activation, and/or local 
Igf1 synthesized. Hence, unraveling the intracellular path
ways mediating the protective or harmful effects of specific liv
er genes should be considered when identifying the 
vulnerabilities and assets of GH therapeutic strategies.

Funding
R.K.: VA RCS BX005382, VA Merit BX004448, VA Merit 
BX001114, National Institutes of Health R01 DK116878. 
D.B.V.: Argentinean Agency for Promotion of Science and 
Technology (PICT 2020-2226 and PICT 2019-1619 to 
D.B.V.), National Research Council of Argentina 
(CONICET PIP 2021-2023 N° 273 to D.B.V.), Fundación 
Williams and Fundación Rene Barón (to D.B.V.). Nano GH 
Small Research Grants (to D.B.V.).

Disclosures
The authors have nothing to disclose.

Data Availability
Some or all datasets generated during and/or analyzed during 
the current study are not publicly available but are available 
from the corresponding author on reasonable request.

Current Affiliation for Andre Sarmento Cabral
Maimonides Institute for Biomedical Research of Córdoba 
(IMIBIC), Cordoba, Spain; Department of Cell Biology, 
Physiology, and Immunology, University of Córdoba, 

Cordoba, Spain; Hospital Universitario Reina Sofía (HURS), 
Cordoba, Spain; Centro de Investigación Biomédica en Red 
de Fisiopatología de la Obesidad y Nutrición, (CIBERobn), 
Cordoba, Spain.

References
1. Vijayakumar A, Novosyadlyy R, Wu Y, Yakar S, LeRoith D. 

Biological effects of growth hormone on carbohydrate and lipid 
metabolism. Growth Horm IGF Res. 2010;20(1):1-7.

2. Dichtel LE, Cordoba-Chacon J, Kineman RD. Growth hormone 
and insulin-like growth factor I regulation of nonalcoholic fatty liv
er disease. J Clin Endocrinol Metab. 2022;107(7):1812-1824.

3. Ranke MB, Wit JM. Growth hormone—past, present and future. 
Nat Rev Endocrinol. 2018;14(5):285-300.

4. Waxman DJ, O’Connor C. Growth hormone regulation of sex- 
dependent liver gene expression. Mol Endocrinol. 2006;20(11): 
2613-2629.

5. Brie B, Ramirez MC, De Winne C, et al. Brain control of sexually 
dimorphic liver function and disease: the endocrine connection. 
Cell Mol Neurobiol. 2019;39(2):169-180.

6. Garcia-Tornadu I, Risso G, Perez-Millan MI, et al. Neurotransmitter 
modulation of the GHRH-GH axis. Front Horm Res. 2010;38: 
59-69.

7. Jessup SK, Dimaraki EV, Symons KV, Barkan AL. Sexual dimorph
ism of growth hormone (GH) regulation in humans: endogenous 
GH-releasing hormone maintains basal GH in women but not in 
men. J Clin Endocrinol Metab. 2003;88(10):4776-4780.

8. Hao P, Waxman DJ. STAT5 regulation of sex-dependent hepatic 
CpG methylation at distal regulatory elements mapping to sex- 
biased genes. Mol Cell Biol. 2021;41(2):e00166-20.

9. Waxman DJ, Holloway MG. Sex differences in the expression of 
hepatic drug metabolizing enzymes. Mol Pharmacol. 2009;76(2): 
215-228.

10. Lau-Corona D, Ma H, Vergato C, et al. Constitutively active 
STAT5b feminizes mouse liver gene expression. Endocrinology. 
2022;163(5):bqac046.

11. Lonardo A, Nascimbeni F, Ballestri S, et al. Sex differences in non
alcoholic fatty liver disease: state of the art and identification of re
search gaps. Hepatology. 2019;70(4):1457-1469.

12. Durazzo M, Belci P, Collo A, et al. Gender specific medicine in liver 
diseases: a point of view. World J Gastroenterol. 2014;20(9): 
2127-2135.

13. Rogers AB, Theve EJ, Feng Y, et al. Hepatocellular carcinoma asso
ciated with liver-gender disruption in male mice. Cancer Res. 
2007;67(24):11536-11546.

14. Guy J, Peters MG. Liver disease in women: the influence of gender 
on epidemiology, natural history, and patient outcomes. 
Gastroenterol Hepatol (N Y). 2013;9(10):633-639.

15. Wauthier V, Sugathan A, Meyer RD, Dombkowski AA, Waxman 
DJ. Intrinsic sex differences in the early growth hormone respon
siveness of sex-specific genes in mouse liver. Mol Endocrinol. 
2010;24(3):667-678.

16. Sheng L, Cho KW, Zhou Y, Shen H, Rui L. Lipocalin 13 protein 
protects against hepatic steatosis by both inhibiting lipogenesis 
and stimulating fatty acid beta-oxidation. J Biol Chem. 
2011;286(44):38128-38135.

17. Cho KW, Zhou Y, Sheng L, Rui L. Lipocalin-13 regulates glucose 
metabolism by both insulin-dependent and insulin-independent 
mechanisms. Mol Cell Biol. 2011;31(3):450-457.

18. Zhou Y, Rui L. Lipocalin 13 regulation of glucose and lipid metab
olism in obesity. Vitam Horm. 2013;91:369-383.

19. Ekim UB, Friedrich K, Maida A, et al. Control of diabetic hypergly
caemia and insulin resistance through TSC22D4. Nat Commun. 
2016;7(1):13267.

20. Buhler L, Maida A, Vogl ES, et al. Lipocalin 13 enhances insulin se
cretion but is dispensable for systemic metabolic control. Life Sci 
Alliance. 2021;4(4):e202000898.

14                                                                                                                                     Journal of the Endocrine Society, 2024, Vol. 8, No. 3



21. Yang X, Schadt EE, Wang S, et al. Tissue-specific expression and 
regulation of sexually dimorphic genes in mice. Genome Res. 
2006;16(8):995-1004.

22. Iida S, Kamiya H, Nakaya A, et al. Reduced plasma glucose by as
paragine synthetase knockdown in the mouse liver. Biol Pharm 
Bull. 2013;36(12):2009-2011.

23. Wang C, Tao Q, Wang X, Wang X, Zhang X. Impact of high-fat 
diet on liver genes expression profiles in mice model of nonalcoholic 
fatty liver disease. Environ Toxicol Pharmacol. 2016;45:52-62.

24. Yan J, Fang X, Feng Y, et al. Identification of key genes associated 
with the progression of liver fibrosis to hepatocellular carcinoma 
based on iTRAQ proteomics and GEO database. Ann Hepatol. 
2022;27(3):100681.

25. Zhang B, Dong LW, Tan YX, et al. Asparagine synthetase is an in
dependent predictor of surgical survival and a potential therapeutic 
target in hepatocellular carcinoma. Br J Cancer. 2013;109(1): 
14-23.

26. Mattu S, Fornari F, Quagliata L, et al. The metabolic gene HAO2 is 
downregulated in hepatocellular carcinoma and predicts metastasis 
and poor survival. J Hepatol. 2016;64(4):891-898.

27. Li Y, Zhang M, Li X, et al. Hydroxyacid oxidase 2 (HAO2) inhibits 
the tumorigenicity of hepatocellular carcinoma and is negatively 
regulated by miR-615-5p. J Immunol Res. 2022;2022:5003930.

28. Massarweh NN, El Serag HB. Epidemiology of hepatocellular car
cinoma and intrahepatic cholangiocarcinoma. Cancer Control. 
2017;24(3):1073274817729245.

29. Shi M, Zhou Z, Zhou Z, et al. Identification of key genes and infil
trating immune cells among Acetaminophen-induced acute liver 
failure and HBV-associated acute liver failure. Ann Transl Med. 
2022;10(14):775.

30. Bost F, Kaminski L. The metabolic modulator PGC-1alpha in can
cer. Am J Cancer Res. 2019;9(2):198-211.

31. Zhai N, Sun C, Gu W, et al. Resistance to high-fat diet-induced 
obesity in male heterozygous Pprc1 knockout mice. Endocr J. 
2015;62(7):633-644.

32. Barclay JL, Nelson CN, Ishikawa M, et al. GH-dependent STAT5 
signaling plays an important role in hepatic lipid metabolism. 
Endocrinology. 2011;152(1):181-192.

33. Morris EM, Meers GM, Booth FW, et al. PGC-1alpha overexpres
sion results in increased hepatic fatty acid oxidation with reduced 
triacylglycerol accumulation and secretion. Am J Physiol 
Gastrointest Liver Physiol. 2012;303(8):G979-G992.

34. Morris EM, Noland RD, Ponte ME, et al. Reduced liver-specific 
PGC1a increases susceptibility for short-term diet-induced weight 
gain in male mice. Nutrients. 2021;13(8):2596.

35. Barroso C, Carvalho P, Nunes M, Goncalves JFM, Rodrigues PNS, 
Neves JV. The era of antimicrobial peptides: use of hepcidins to pre
vent or treat bacterial infections and iron disorders. Front 
Immunol. 2021;12:754437.

36. Courselaud B, Troadec MB, Fruchon S, et al. Strain and gender 
modulate hepatic hepcidin 1 and 2 mRNA expression in mice. 
Blood Cells Mol Dis. 2004;32(2):283-289.

37. Vazquez-Borrego MC, Rio-Moreno M, Pyatkov M, et al. Direct and 
systemic actions of growth hormone receptor (GHR)-signaling on 
hepatic glycolysis, de novo lipogenesis and insulin sensitivity, associ
ated with steatosis. Metabolism. 2023;144:155589.

38. Casals-Casas C, Desvergne B. Endocrine disruptors: from endo
crine to metabolic disruption. Annu Rev Physiol. 2011;73(1): 
135-162.

39. Kew MC. Hepatic iron overload and hepatocellular carcinoma. 
Liver Cancer. 2014;3(1):31-40.

40. Noain D, Perez-Millan MI, Bello EP, et al. Central dopamine D2 re
ceptors regulate growth-hormone-dependent body growth and phero
mone signaling to conspecific males. J Neurosci. 2013;33(13): 
5834-5842.

41. Gahete MD, Cordoba-Chacon J, Anadumaka CV, et al. Elevated 
GH/IGF-I, due to somatotrope-specific loss of both IGF-I and insu
lin receptors, alters glucose homeostasis and insulin sensitivity in a 
diet-dependent manner. Endocrinology. 2011;152(12):4825-4837.

42. Cordoba-Chacon J, Majumdar N, List EO, et al. Growth hormone 
inhibits hepatic de novo lipogenesis in adult mice. Diabetes. 
2015;64(9):3093-3103.

43. Ramirez MC, Ornstein A, Luque GM, et al. Pituitary and brain 
dopamine D2 receptors regulate liver gene sexual dimorphism. 
Endocrinology. 2015;156(3):1040-1051.

44. Cordoba-Chacon J, Sarmento-Cabral A, Rio-Moreno M, 
Diaz-Ruiz A, Subbaiah PV, Kineman RD. Adult-onset hepatocyte 
GH resistance promotes NASH in male mice, without severe sys
temic metabolic dysfunction. Endocrinology. 2018;159(11): 
3761-3774.

45. Sarmento-Cabral A, Rio-Moreno M, Vazquez-Borrego MC, et al. 
GH directly inhibits steatosis and liver injury in a sex-dependent 
and IGF1-independent manner. J Endocrinol. 2021;248(1):31-44.

46. Bello EP, Mateo Y, Gelman DM, et al. Cocaine supersensitivity and 
enhanced motivation for reward in mice lacking dopamine D2 au
toreceptors. Nat Neurosci. 2011;14(8):1033-1038.

47. Declercq J, Brouwers B, Pruniau VP, et al. Metabolic and behav
ioural phenotypes in nestin-cre mice are caused by hypothalamic 
expression of human growth hormone. PLoS One. 2015;10(8): 
e0135502.

48. Kineman RD, Majumdar N, Subbaiah PV, Cordoba-Chacon J. 
Hepatic PPARgamma is not essential for the rapid development 
of steatosis after loss of hepatic GH signaling, in adult male mice. 
Endocrinology. 2016;157(5):1728-1735.

49. Brie B, Sarmento-Cabral A, Pascual FL, Cordoba-Chacon J, 
Kineman RD, Becu-Villalobos D. Data from: modifications of the 
GH axis revealunique sexually dimorphic liver signatures 
forLcn13, Asns,Hamp2, Hao2, and Pgc1a. Figshare Repository. 
2024. https://doi.org/10.6084/m9.figshare.24033960.v1

50. Brie B, Sarmento-Cabral A, Pascual FL, Cordoba-Chacon J, 
Kineman RD, Becu-Villalobos D. Data from: modifications of the 
GH axis reveal unique sexually dimorphic liver signatures for 
Lcn13, Asns,Hamp2, Hao2, and Pgc1a. Figshare Repository. 
2024; Dataset: https://doi.org/10.6084/m9.figshare.24926184.v2

51. Brie B, Sarmento-Cabral A, Pascual FL, Cordoba-Chacon J, 
Kineman RD, Becu-Villalobos D. Data from: Modifications of the 
GH axis reveal unique sexually dimorphic liver signatures for 
Lcn13, Asns,Hamp2, Hao2, and Pgc1a. Figshare Repository. 
2024; https://doi.org/10.6084/m9.figshare.24926247.v1

52. Becu-Villalobos D. Liver sex dimorphism and zonation shaped by 
growth hormone. Endocrinology. 2022;163(8):bqac087.

53. Poynard T, Bedossa P, Opolon P. Natural history of liver fibrosis 
progression in patients with chronic hepatitis C. The OBSVIRC, 
METAVIR, CLINIVIR, and DOSVIRC groups. Lancet. 1997; 
349(9055):825-832.

54. Holloway MG, Miles GD, Dombkowski AA, Waxman DJ. 
Liver-specific hepatocyte nuclear factor-4alpha deficiency: greater 
impact on gene expression in male than in female mouse liver. 
Mol Endocrinol. 2008;22(5):1274-1286.

55. Clodfelter KH, Holloway MG, Hodor P, Park SH, Ray WJ, 
Waxman DJ. Sex-dependent liver gene expression is extensive and 
largely dependent upon signal transducer and activator of tran
scription 5b (STAT5b): STAT5b-dependent activation of male 
genes and repression of female genes revealed by microarray ana
lysis. Mol Endocrinol. 2006;20(6):1333-1351.

56. Holloway MG, Cui Y, Laz EV, Hosui A, Hennighausen L, Waxman 
DJ. Loss of sexually dimorphic liver gene expression upon 
hepatocyte-specific deletion of Stat5a-Stat5b locus. Endocrinology. 
2007;148(5):1977-1986.

57. Rowland JE, Lichanska AM, Kerr LM, et al. In vivo analysis of 
growth hormone receptor signaling domains and their associated 
transcripts. Mol Cell Biol. 2005;25(1):66-77.

58. Rotwein P. Regulation of gene expression by growth hormone. Mol 
Cell Endocrinol. 2020;507:110788.

59. Chhabra Y, Lee CMM, Müller AF, Brooks AJ. GHR signalling: re
ceptor activation and degradation mechanisms. Mol Cell 
Endocrinol. 2021;520:111075.

Journal of the Endocrine Society, 2024, Vol. 8, No. 3                                                                                                                                     15

https://doi.org/10.6084/m9.figshare.24033960.v1
https://doi.org/10.6084/m9.figshare.24926184.v2
https://doi.org/10.6084/m9.figshare.24926247.v1


60. Benencia F, Harshman S, Duran-Ortiz S, et al. Male bovine GH 
transgenic mice have decreased adiposity with an adipose depot- 
specific increase in immune cell populations. Endocrinology. 
2015;156(5):1794-1803.

61. Leone TC, Lehman JJ, Finck BN, et al. PGC-1alpha deficiency 
causes multi-system energy metabolic derangements: muscle dys
function, abnormal weight control and hepatic steatosis. PLoS 
Biol. 2005;3(4):e101.

62. Westerbacka J, Kolak M, Kiviluoto T, et al. Genes involved in fatty 
acid partitioning and binding, lipolysis, monocyte/macrophage re
cruitment, and inflammation are overexpressed in the human fatty 
liver of insulin-resistant subjects. Diabetes. 2007;56(11): 
2759-2765.

63. Ahrens M, Ammerpohl O, von Schonfels W, et al. DNA methyla
tion analysis in nonalcoholic fatty liver disease suggests distinct 
disease-specific and remodeling signatures after bariatric surgery. 
Cell Metab. 2013;18(2):296-302.

64. Norstedt G, Palmiter R. Secretory rhythm of growth hormone reg
ulates sexual differentiation of mouse liver. Cell. 1984;36(4): 
805-812.

65. Takahashi Y. The role of growth hormone and insulin-like growth 
factor-I in the liver. Int J Mol Sci. 2017;18(7):1447.

66. Lau-Corona D, Suvorov A, Waxman DJ. Feminization of male 
mouse liver by persistent growth hormone stimulation: activation 
of sex-biased transcriptional networks and dynamic changes in 
chromatin states. Mol Cell Biol. 2017;37(19):e00301-17.

67. Falutz J, Allas S, Mamputu JC, et al. Long-term safety and effects of 
tesamorelin, a growth hormone-releasing factor analogue, in HIV 
patients with abdominal fat accumulation. AIDS. 2008;22(14): 
1719-1728.

68. Fourman LT, Billingsley JM, Agyapong G, et al. Effects of tesamor
elin on hepatic transcriptomic signatures in HIV-associated 
NAFLD. JCI Insight. 2020;5(16):e140134.

69. Hochberg I, Tran QT, Barkan AL, Saltiel AR, Chandler WF, 
Bridges D. Gene expression signature in adipose tissue of acromeg
aly patients. PLoS One. 2015;10(6):e0129359.

70. Dichtel LE, Corey KE, Haines MS, et al. Growth hormone admin
istration improves nonalcoholic fatty liver disease in overweight/ 
obesity: a randomized trial. J Clin Endocrinol Metab. 2023;108(12): 
e1542-e1550.

16                                                                                                                                     Journal of the Endocrine Society, 2024, Vol. 8, No. 3


	Modifications of the GH Axis Reveal Unique Sexually Dimorphic Liver Signatures for Lcn13, Asns, Hamp2, Hao2, and Pgc1a
	Materials and Methods
	Experimental Models
	Mice lacking dopamine receptor D2 in neurons: NeuroDrd2KO
	Mice with elevated GH/IGF1 model: HiGH
	Mice without hepatic Igf1 expression: aHepIGF1kd
	Mice with constitutive hepatic Stat5b expression: STAT5bCA
	Adult-onset hepatocyte-specific GHR knockdown: aHepGHRkd and STAT5bCA reconstitution

	Tissue RNA Extraction, Total cDNA Preparation, and Quantitative Real-Time PCR
	Statistical Analysis
	Liver RNAseq Differential Expression Analysis

	Results
	Male-Predominant Genes Are Generally Altered in Male and Not Female Livers, in Mouse Models With Low or Constant GH Levels in the Context of Preserved Hepatic GHR
	Female-Predominant Genes Are Altered in a Gene-Specific Manner in Mouse Models With Low or Constant GH Levels, in the Context of Preserved Hepatic GHR
	Male-Predominant and Female-Predominant Genes Are Altered in Both Sexes in Mouse Models With Adult-Onset Hepatocyte Knockdown of the GHR (aHepGHRkd)
	Effect of Constitutive Expression of STAT5b in aHepGHRKd Female and Male Mice
	Differential Response to the Loss of Hepatic Ghr in Liver Gene Expression in Both Sexes, Reanalyzing RNAseq Databases

	Discussion
	Funding
	Disclosures
	Data Availability
	Current Affiliation for Andre Sarmento Cabral
	References


