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Abstract

Background: Evidence is accumulating that growth hormone (GH) protects against the
development of steatosis and progression of non-alcoholic fatty liver disease (NAFLD). GH may
control steatosis indirectly by altering systemic insulin sensitivity and substrate delivery to the
liver and/or by the direct actions of GH on hepatocyte function.

Approach: To better define the hepatocyte-specific role of GH receptor (GHR) signaling
on regulating steatosis, we used a mouse model with adult-onset, hepatocyte-specific GHR
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knockdown (aHepGHRKkd). To prevent the reduction in circulating insulin-like growth factor 1
(IGF1) and the subsequent increase in GH observed after aHepGHRkd, subsets of aHepGHRkd
mice were treated with adeno-associated viral vectors (AAV) driving hepatocyte-specific
expression of IGF1 or a constitutively active form of STATSb (STAT5bCA). The impact of
hepatocyte-specific modulation of GHR, IGF1 and STAT5b on carbohydrate and lipid metabolism
was studied across multiple nutritional states and in the context of hyperinsulinemic:euglycemic
clamps.

Results: Chow-fed male aHepGHRkd mice developed steatosis associated with an increase

in hepatic glucokinase (GCK) and ketohexokinase (KHK) expression and de novo lipogenesis
(DNL) rate, in the post-absorptive state and in response to refeeding after an overnight fast. The
aHepGHRkd-associated increase in hepatic KHK, but not GCK and steatosis, was dependent

on hepatocyte expression of carbohydrate response element binding protein (ChREBP), in
re-fed mice. Interestingly, under clamp conditions, aHepGHRKd also increased the rate of

DNL and expression of GCK and KHK, but impaired insulin-mediated suppression of hepatic
glucose production, without altering plasma NEFA levels. These effects were normalized with
AAV-mediated hepatocyte expression of IGF1 or STAT5bCA, Comparison of the impact of AAV-
mediated hepatocyte IGF1 versus STAT5bCA in aHepGHRkd mice across multiple nutritional
states, indicated the restorative actions of IGF1 are indirect, by improving systemic insulin
sensitivity, independent of changes in the liver transcriptome. In contrast, the actions of STAT5b
are due to the combined effects of raising IGF1 and direct alterations in the hepatocyte gene
program that may involve suppression of BCL6 and FOXOL1 activity. However, the direct

and IGF1-dependent actions of STAT5b cannot fully account for enhanced GCK activity and
lipogenic gene expression observed after aHepGHRKkd, suggesting other GHR-mediated signals
are involved.

Conclusion: These studies demonstrate hepatocyte GHR-signaling controls hepatic glycolysis,
DNL, steatosis and hepatic insulin sensitivity indirectly (via IGF1) and directly (via STAT5b).
The relative contribution of these indirect and direct actions of GH on hepatocytes is modified
by insulin and nutrient availability. These results improve our understanding of the physiologic
actions of GH on regulating adult metabolism to protect against NAFLD progression.
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Introduction

Growth hormone (GH) is negatively associated with steatosis and the progression of non-
alcoholic fatty liver disease (NAFLD). Patients with primary GH deficiency (GHD) have a
higher prevalence of NAFLD, while those with elevated GH levels due to GH-producing
pituitary tumors (acromegaly) have reduced liver fat [1]. Obesity is also associated with
reduced GH levels, where up to 70 % of patients with obesity present with NAFLD [1-3].
In fact, patients with NAFLD demonstrate a reduced capacity to secrete GH in response
to a GH-secretagogue challenge [1]. Low GH levels appear to contribute to excess hepatic
fat accumulation based on studies showing GH treatment reduces steatosis in patients with
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GHD [1] and dramatically reduces hepatic triglyceride content in wild type mice made obese
by high-fat diet feeding [4]. Both clinical and animal studies indicate that GH may protect
against steatosis by acting directly on hepatocytes via GH receptor (GHR) signaling or
indirectly via GH’s effects to augment whole body energy expenditure, alter other peripheral
endocrine signals and/or change immune cell function [1,5]. Some of these non-hepatocyte
effects may be due to GH-mediated insulin-like growth factor 1 (IGF1) [1-3]. However,

high concentrations of GH can antagonize the actions of insulin leading to insulin resistance,
which is also associated with NAFLD [5-8].

To tease apart the complex interplay between the systemic metabolic actions of GH and
IGF1 from the direct actions of GH on hepatocyte metabolism, our laboratory has generated
a mouse model of adult-onset, hepatocyte-specific, GHR knockdown (aHepGHRKkd) [9].
Chow-fed, male aHepGHRkd mice develop steatosis within one week of GHR knockdown.
Steatosis is associated with increased de novo lipogenesis (DNL), assessed by incorporation
of deuterated water into newly formed fatty acids (FA) associated with triglycerides (TG).
Of note, the elevated hepatic DNL was observed in the post-absorptive state, that was
associated with increased expression of genes important for glycolysis and DNL [9,10]. The
steatosis and increased rate of DNL observed in aHepGHRKd mice was not accompanied
by glucose intolerance and could not be explained by altered hepatic VLDL release or by
increases in white adipose tissue (WAT) lipolysis or hepatic FA uptake [9,10]. Interestingly,
female aHepGHRkd mice were protected from steatosis and this protection was lost

after ovariectomy and restored with estrogen replacement [9,11]. These changes in liver
phenotype persist with age, independent of IGF1, with males developing mild non-alcoholic
steatohepatitis, even when maintained on a standard chow diet [11].

The goal of the current study was to determine the key mechanisms driving DNL

and steatosis after aHepGHRkd, and if these are regulated directly by GHR signaling

in hepatocytes, or due to systemic alterations in metabolic function evoked by the

loss of hepatocyte GHR expression. Short term studies were conducted to minimize
compensatory mechanisms that may evolve over time that could mask the early events

that drive alterations in liver metabolism after GHR loss. We previously demonstrated that
aHepGHRKkd dramatically reduces circulating IGF1 levels, which removes negative feedback
from pituitary somatotrope and increases circulating GH levels [9,11]. Since this reciprocal
shift in IGF1 and GH alters systemic metabolic function, which could indirectly impact
liver metabolism via changes in systemic insulin sensitivity and production [5], we sought
to maintain IGF1 expression in hepatocytes of aHepGHRKkd mice by treatment with an
adeno-associated viral vector driving expression of a rat IGF1 transgene under the control
of a hepatocyte-specific, thyroxine-binding globulin promoter (AAV-TBGp-rIGF1; [11]).
Many of the direct hepatocyte actions of GHR signaling are mediated by JAK2-dependent,
STAT5b activation, including GHR-dependent IGF1 gene expression [12]. Therefore, to
determine if GHR-mediated STAT5b is a key signal transduction pathway that alters liver
metabolic function, aHepGHRkd mice were treated with an AAV-TBGp that expresses

a constitutively active mouse STAT5b (STAT5bCA), a construct we recently showed can
maintain STAT5b activity and IGF1 in the absence of hepatocyte GHR signaling [13].
Comparison of the relative impact of maintaining hepatocyte expression of IGF1 versus
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STATS5D activity in aHepGHRkd mice provides insight into the IGF1-dependent versus
IGF1-independent actions of hepatocyte STAT5b on liver metabolism.

2. Materials and methods

2.1. Generation of aHepGHRkd mice without or with maintenance of hepatocyte IGF1 or
STAT5b activity

Mouse studies were approved by the Institutional Animal Care and Use Committees of the
Jesse Brown VA Medical Center, University of Illinois at Chicago and Vanderbilt University
(hyperinsulinemic:euglycemic clamps). Mice were housed in a specific pathogen-free barrier
facility maintained at 22-24 °C with a 12 h light-dark cycle (lights on 0600 h) on a

standard chow diet (Teklad LM-485, Envigo, Madison, WI), with water provided ad libitum.
As previously described [9,11], 10-12 week-old GHR™/fl mice [14] received a single
injection (lateral tail vein or retro-orbital venous plexus) of 1.5 x 1011 genome copies (GC)
of AAV-TBGp expressing Cre recombinase (AAV8-TBGp-Cre; AAV.TBG.PI. Cre.rBG,
Addgene, Watertown, MA). Subsets of mice were co-injected with AAV8-TBGp-rIGF1

(2.0 x 1011 GC; AAV8.TBG.PI.ratIGF1.WPRE. bGH; [11]) or AAV8-TBGp-STAT5hCA
(0.75 x 1011 GC; AAV8.TBG.PI.N-FLAG-mSTAT5bCA.WPRE.bGH; [15]). Injection of an
AAVE-TBGp-Null (pAAV8.TBG.PI.Null.bGH, Addgene) was used to generate GHR-intact
control mice and to equalize the total amount of AAVS injected in each mouse (total 3.5 x
1011 GC per mouse). Tissue (liver) and cell type (hepatocyte) specificity of the AAV8-TBGp
vector was reported previously [9,16].

Consistent with the ARRIVE guidelines, within each nutritional state tested (post-
absorptive, overnight fasting without or with 6 h refeeding), the GHR/fl mice used were
born within a 2 weeks’ time frame and housed with littermates (3—4 mice/per cage within
sex). Within cage, each mouse randomly received a different AAV. All mice within each
cage were euthanized sequentially, and all mice within each experiment were euthanized
within a 2 h window. Within each experiment, all samples of each tissue type (liver,
pituitary, plasma) were processed at the same time, blinded to experimental group, and
analytical assays used to assess the various endpoints described below.

2.2. Hormones and metabolic parameters

Plasma GH (MilliporeSigma, Burlington, MA), insulin (Mercodia, Uppsala, Sweden),

IGF1 (ALPCO Diagnostics, Salem, NH), NEFA, 3-hydroxybutyrate and TG (FUJIFILM
Wako Diagnostics, Mountain View, CA), and hepatic glycogen (BioVision, Milpitas, CA)
were measured following the manufacturer’s instructions. Blood glucose was assessed by
glucometer (Accu-Chek® Aviva Plus; Roche, Basel, Switzerland). Tissue-specific FA uptake
was determined by incorporation of boron-dipyrromethene labeled palmitate (BODIPY-C16)
[10]. The rate of hepatic VLDL-TG secretion was assessed after tyloxapol injection as
previously described [9].

2.3. Lipids and DNL analysis

Hepatic neutral lipids were extracted as previously described [9,10], to determine hepatic
TG content (FUJFILM Wako Diagnostics). Hepatic DNL was assessed using the deuterated
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water (2H,0; Sigma-Aldrich, Madison, WI) method, as measured by the 2H-labeled FA, and
newly made TG were assessed by TG bound 2H-labeled glycerol as previously described [9]
by the Metabolic Phenotyping Mass Spectrometry Core, Dr. Michelle Puchowicz Director
(UTHSC).

2.4. Gene expression and protein analysis

Pituitary gland and liver gene expression was assessed by quantitative PCR (qPCR) after
reverse transcription of RNA to cDNA, where Actb, Ppiaand Hprtwere used as reference
genes to calculate a normalization factor, as previously reported [11,17]. The specific
sequences of qPCR primers are provided in Table S1. For protein analysis, 50 pg of liver
protein extract from each sample was separated by SDS-PAGE gels (Bio-Rad, Hercules,
CA), transferred to nitrocellulose membranes, and incubated with the respective primary and
secondary antibodies (Table S2), as previously described [11]. Blots were developed by ECL
(Clarity ECL, Bio-Rad).

2.5. RNA-seq analysis

Total liver RNA was extracted using RNeasy Plus Mini Kit (Qiagen, Germantown, MD)
according to the manufacturer’s instructions. RNA-seq library preparation and sequencing
were performed by Novogene Corporation Inc. (Sacramento, CA) as previously described
[11]. Data analysis was performed using an in-house custom RNA-seq pipeline as

described [15], with sequence reads aligned to mouse genome build mm9 (NCBI 37)

using STAR aligner and FeatureCounts used to count sequence reads mapping to the

union of exonic regions in all isoforms of a given gene. Counting was based on an mm9
Gene Transfer Format file comprised of 75,798 mouse genes, including 20,884 RefSeq
protein coding genes, 48,360 mouse liver-expressed IncRNAs genes described elsewhere
[18] and 6554 other non-coding RNA genes [15]. Raw sequencing files and processed

data files are available at GEO (https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE222513. Differential gene expression across four comparisons (Kd/Control, rIGF1/Kd,
STAT5bCA/Kd, and STATShCA/rIGF1) was analyzed using edgeR (ver. 3.28), which yielded
a total of 1504 genes meeting the threshold values of [fold-change| > 2 and false discovery
rate < 0.05 in one or more of the four comparisons. Expression values (FPKM units,
fragments per kilobase RNA per million sequence reads) for the 1504 genes were used to
create a tSNE (t-distributed stochastic neighbor embedding) dimensionality reduction plot
(Rtsne R package, ver. 0.15) with the following parameters: perplexity = 2, ndims = 3,

theta = 0.5. The tSNE plot is a non-deterministic, unsupervised non-linear dimensionality
reduction and data visualization technique that tries to preserve the local structure (cluster)
of the data. \enn diagrams were used to compare the gene overlaps across the four
comparisons. Pathway enrichment analysis was implemented using ClueGO from Cytoscape
[19].

2.6. Metabolomic analysis

For metabolomic analysis, liver samples were homogenized at a ratio of 20 pL/mg tissue in
80 % cold methanol. Then, 200 uL of the homogenate were mixed with 800 pL of 80 % cold
methanol and incubated overnight at — 80 °C. Samples were then centrifuged at 20,0009,

for 30 min, at 4 °C. Supernatants were transferred to the Metabolomics Core Facility of
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the Northwestern University (Chicago, IL) and liquid chromatography-mass spectrometry
was used to assess hydrophilic metabolites. Pellets were resuspended in 8 M urea buffer,
quantified using Pierce™ BCA protein assay kit (Thermo Fisher Scientific) and total protein
levels used to normalize metabolomic data. Results were analyzed using MetaboAnalyst 5.0
[20].

2.7. Hyperinsulinemic:euglycemic clamp

Mice were shipped to Vanderbilt University, Mouse Metabolic Phenotyping Center
(Associate Director, Dr. Owen McGuiness). Mice were implanted with jugular vein and
carotid artery catheters as previously described [21] and injected iv with AAVs 7d prior

to clamp study. On the day of the clamp, food was withdrawn at 0600 h and 3 h later
primed, then followed by a continuous infusion of [6,6-2H,]-glucose and 2H,0, for 2 h. Ten
minutes before starting the insulin clamp, a basal blood sample (t = —10) was drawn. At time
t0 the constant [6,6-2H,]-glucose was stopped and a variable glucose infusion containing,
[6,6-2H,]-glucose and 2H,0 along with constant infusions of insulin (2 mU/kg/min) and
saline-washed erythrocytes (5.5 uL/min) were initiated. Blood was drawn at t80, t90, t110,
t120 and t145 min after the start of the insulin infusion. At t120 min, 2-deoxy-[14C]-glucose
bolus was given and arterial blood samples were taken over the subsequent 25 min period
and mice were then sacrificed under pentobarbital anesthesia. Blood and tissues were
collected, weighed and snap-frozen. Assessment of isotope labeled glucose metabolites was
as previously reported [22]. Newly formed TG, with newly formed palmitate (DNL) was
assessed in liver samples, as well in plasma samples taken at t-10 and t145. Plasma NEFA
was assessed in lipase-inhibitor treated samples at t10 and t145.

2.8. Statistical analysis

Except for RNA-seq and metabolomics data, values are represented as mean = SEM

and individual data points shown. Grubbs’ test was used to identify outliers, which were
excluded from the analysis and graphs. One-way or two-way ANOVA was used, followed
by Bonferroni post hoc test or Kruskal-Wallis followed by a Dunn’s multiple comparison
test if the data set did not pass the normality test. Statistical analysis was performed using
GraphPad Prism 8 (San Diego, CA). p-Values <0.05 were considered significant.

3. Results

3.1. Inthe post-absorptive state, maintenance of hepatocyte IGF1 expression or STAT5b
activity prevents the aHepGHRkd-mediated increase in GH levels, but does not normalize
hepatic steatosis, DNL rate, or glycolytic and lipogenic gene expression

Schematic representation of the study design is illustrated in Fig. 1A. Loss of the hepatocyte
GHR led to a reduction in hepatic /gfZ mRNA and circulating IGF1 levels, in both

female and male mice (Fig. 1B). This was associated with an increase in pituitary G/
mRNA and circulating GH levels, as well as an increase in pituitary expression of GH
stimulatory receptors, Ghsrand Ghrhr. When hepatocyte /g expression was maintained

in aHepGHRKkd mice, plasma IGF1 levels were normalized. It should be noted that plasma
IGF1 in this context would be considered largely in the free form (bioactive), due to the
fact that GHR is also required to maintain the expression of the binding protein, IGF1
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acid label subunit (/gfals) [23]. The increase in IGF1 normalized circulating GH levels and
pituitary expression of Gh, Ghsrand Ghrhr. When hepatocyte-specific STAT5b activity was
sustained in the absence of GHR, hepatic /gf1 and /gfals mRNA and circulating IGF1 levels
were normalized, which was also sufficient to restore negative feedback to the pituitary,
thereby reducing circulating GH levels. The activity of STAT5bCA was further confirmed by
a significant increase in hepatic expression of SocsZ, a direct STAT5b target that suppresses
GHR signaling via JAK2 [24].

In the postabsorptive state, liver weights were significantly increased in female and male
aHepGHRKkd mice, associated with an increase in liver triglyceride (TG) content, which
was greater in males compared to females (Fig. 1C). In male (but not female) aHepGHRkd
livers, the rate of hepatic DNL significantly increased, as indicated by an increase in the
percent of newly formed palmitate (Fig. 1C), but not stearate or oleate (Fig. S1A). In
addition, in male (but not female) aHepGHRkd mice, plasma p-hydroxybutyrate levels were
significantly reduced (Fig. 1C). Taken together these results suggest enhanced DNL and
reduced FA oxidation contribute to the steatosis observed in male aHepGHRKkd mice.

Female mice are relatively protected from diet-induced steatosis, compared to males, when
housed at standard temperatures (22—24 °C), but this protection is lost when mice are housed
at thermoneutrality (30 °C), which reduces the requirement for basal energy expenditure to
maintain core body temperature [25,26]. When aHepGHRKkd mice were maintained at 30

°C, males developed steatosis, as well as elevated plasma TG (Fig. S2). However, females
remained relatively protected (Fig. S2), suggesting alterations in basal energy expenditure do
not play a major role in the sexually dimorphic impact of aHepGHRKkd on steatosis.

Under standard housing temperatures (22—-24 °C), maintaining hepatocyte-specific IGF1
expression or increasing STAT5b activity in aHepGHRkd male mice reduced, but did not
normalize, hepatic TG and DNL, while plasma B-hydroxybutyrate was increased to the
levels observed in GHR-intact controls (Fig. 1C). These changes were not associated with
significant alterations in circulating glucose, non-esterified FA (NEFA) or TG levels (Table
S3), or differences in hepatic VLDL release (Fig. S1B). However, aHepGHRkd increased
insulin levels in both female and male mice, which were reduced by both IGF1 and
STAT5bCA (Fig. 1C). In males, IGF1, but not STAT5bCA, fully normalized insulin levels and
this pattern of insulin was reflected by hepatic pAKT levels (Fig. 1D). Although elevated
insulin levels may contribute to the increased steatosis and DNL observed in aHepGHRkd
male mice, the fact that restoring IGF1 fully controlled insulin levels, but failed to normalize
DNL and steatosis, suggest GHR can act independently of IGF1 to control liver metabolism.

Given the more dramatic impact of aHepGHRKd seen in male compared to female mice,
RNA-seq analysis was performed on a subset of male liver samples (n = 6/group) to identify
key genes and pathways altered by aHepGHRkd that may contribute to enhanced DNL

and steatosis (Fig. 2). The differentially expressed genes (DEGS) identified are shown in
Supplemental Excel file S1. Analysis of the DEGs using a tSNE dimensionality reduction
plot (Fig. 2A) revealed that loss of hepatocyte GHR caused a dramatic shift in the liver
transcriptome, compared to GHR-intact controls, with 216 upregulated genes and 526
downregulated genes (Fig. 2B). Maintenance of hepatocyte IGF1 expression, in the absence
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of the GHR, had almost no effect on global hepatic gene expression, as previously observed
in long-term aHepGHRKd livers ([11]; GEO, GSM4667026). Since the IGF1 receptor is not
expressed by adult hepatocytes [27], the effect of IGF1 on hepatic steatosis and DNL in
aHepGHRKkd mice, is likely due to reduced insulin input to the liver or to enhanced systemic
insulin-like effects of IGF1 that could alter nutrient flux to the liver. Nonetheless, there
were no differences in circulating glucose or NEFA levels across all groups (Table S3). In
contrast, increasing the activity of STAT5b by expressing STAT5bCA in male aHepGHRkd
livers partially reversed the downregulation of gene expression in the absence of liver

GHR, with 180 of the aHepGHRKd-repressed genes being upregulated by STATS5hCA, while
IGF1 had virtually no effect (Fig. 2C). Furthermore, STAT5bCA expression shifted the
transcriptome away from that observed in male GHR intact controls (Fig. 2A), as shown

by the increased expression of 575 genes and decreased expression of 48 other genes (Fig.
2B). This is explained in part by the ability of STAT5b, when activated persistently, as in
the case of the constitutively active STAT5bCA used in our experiments, to feminize the
liver transcriptome (see Supplemental Excel file S1), as we recently reported [15]. Thus,
STAT5bCA mimics the effects of the more continuous patterns of pituitary GH release in
females (compared to pulsatile GH release in males) in sustaining STAT5b activity in the
liver and in establishing a female pattern of hepatic gene expression [28].

Pathway analysis confirmed the altered expression of genes important in the GH response
and IGF1 ternary complex in aHepGHRKd livers, compared to GHR-intact controls (Fig.
2D). Pathways specifically related to alterations in carbohydrate and lipid metabolism
included lipid transport activity, cellular ketone metabolism, lipid metabolism and lipid
localization. Expression of STAT5bCA, in the context of aHepGHRKd, significantly altered
pathways important in monocarboxylic acid activity and FA metabolism. The specific DEGs
in each of the pathways illustrated by the pie charts in Fig. 2D are provided in Supplemental
Excel file S2.

The impact of aHepGHRkd without and with IGF1 or STAT5bCA on the relative expression
of specific genes related to glycolysis, gluconeogenesis, glycogenesis, lipogenesis, lipid
processing/transport and FA oxidation is summarized in Fig. 2E. A subset of the DEG
identified by RNA-seq, was confirmed by gPCR using the full sample set (n = 10; Fig.
S1C). In the context of the post-absorptive state, aHepGHRkd increased mRNA levels

for glucokinase (Gck), ketohexokinase (K#K), as well as genes important for lipogenesis
(Fasn, Scdl) and lipid transport (Ca36, VidIr). With respect to lipid oxidation, there

were no differences in expression of Cpt1/2, which is important for mitochondrial lipid
oxidation. However, genes associated with peroxisomal lipid oxidation were differentially
impacted, with Abcd2and Acnat2 upregulation; and Acot3and Acot4 downregulation.

In addition, aHepGHRKkd increased the expression of the transcription factor Bc/6, which
suppresses PPARa-mediated lipid oxidation [29], and increased SrebfI expression, which
helps maintain lipogenic gene expression [30]. Conversely, expression of genes important
for gluconeogenesis were reduced (Gotl, Pckl). Curiously, the expression of pyruvate
kinase (Pk/r), which catalyzes the final step in glycolysis, was also reduced.

Hepatocyte expression of STAT5bCA reversed aHepGHRkd-mediated upregulation of Bc/6
(Figs. 2E, S1C). This response was associated with an increase in some (Acot3/4), but
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not all (Abcd2, Acnat2, Acach) PPARa target genes [29]. In addition, STAT5bCA further
suppressed the expression of £/ov/3, a known male-specific gene, previously shown to be
suppressed by sustained STAT5b activity [15]. However, the relative changes in Geck, Khk,
Fasn, Cd36and Srebfl observed in aHepGHRKd livers, were not completely corrected by
STAT5bCA (Figs. 2E, S1C). This suggest that loss of hepatocyte GHR, independent of
STATSb, plays a role in altering the hepatic transcriptome to favor glycolysis, DNL and
steatosis. Of note, CD36, important in fatty acid transport [31], is elevated in mice with
congenital defects in hepatocyte GHR-signaling and is considered a major driver of steatosis
in these models [32,33]. However, the physiologic significance of the rise in Cd36 gene
expression observed in aHepGHRKd livers and its contribution to steatosis in this acute
model may be limited, in that the increase in Cad36 mRNA did not translate to an increase
in CD36 protein levels (Fig. S1D) or enhanced hepatic fatty acid uptake, as measured by
BODIPY-labeled palmitate (Fig. S1E). However, it should be noted CD36 protein levels
were significantly increased with STAT5hCA treatment (Fig. S1D).

In contrast to the disconnect between Cd36 mRNA and protein levels, the increase in Gck
and Khk gene expression observed in aHepGHRKd livers is translated into an increase in
total protein, as well as cytoplasmic (bioactive) protein levels (Fig. 2F, Ponceau images
used for data normalization are shown in Fig. S3). In fact, an increase in cytoplasmic GCK
protein levels was observed as early as 3d post aHepGHRKd, and is associated with an
increase in hepatic TG and glycogen content (Fig. S1F). The increase in GCK and KHK,
observed after 7d aHepGHRKkd, was not normalized by IGF1 or STAT5bCA (Fig. 2F).

3.2. Hepatic expression of GCK is elevated in aHepGHRKkd livers in response to refeeding
after an overnight fast, associated with steatosis that is independent of ChREBP, and
normalized by STAT5bCA, but not IGF1 alone

Given glycolysis and lipogenesis (de novo, as well as complex lipids formed from dietary
fatty acids) is greatest in the absorptive state (following a meal), due to elevated insulin
and dietary nutrient supply, we sought to determine if enhanced DNL and steatosis in
aHepGHRKkd male livers would persist in this context. To this end, we examined the
response of aHepGHRkd male mice without or with IGF1 or Stat5hCA treatment, to
refeeding (6 h standard chow) after an overnight fast (Fig. 3A).

In mice subjected to overnight fasting, FAs derived from white adipose tissue (WAT)
lipolysis fuels gluconeogenesis, however excess FA are re-esterified, leading to steatosis
[34]. In this context aHepGHRKd, without or with IGF1 or STAT5bCA, did not alter hepatic
TG content or circulating TG, insulin, glucose, NEFA or p-hydroxybutyrate (Fig. 3B;
Table S3). Surprisingly, elevation in expression of GCK and KHK (mRNA and cytoplasmic
protein) persisted in the fasted aHepGHRKd liver, associated with increased expression

of Fasnand Srebfl, where STAT5bCA, but not IGF1 alone, consistently normalized these
endpoints (Fig. 3C, D).

With refeeding, aHepGHRkd without or with IGF1 or STAT5hCA did not alter total

food intake or plasma glucose, p-hydroxybutyrate or plasma insulin (Table S3, Fig. 3B).
However, plasma NEFA levels, although low, were significantly greater than GHR-intact
controls (Table S3). Liver TG content and circulating TG levels were greater in refed
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aHepGHRKkd mice, compared to GHR-intact controls (Fig. 3B), that could not be accounted
for by an increase in mature SREBP1c protein levels, despite the increase in SrebIfmRNA
levels ( Figs. 3C, S4B). However, refed aHepGHRKkd mice did exhibit an increase in hepatic
GCK, KHK, and rate of DNL ( Figs. 3B-D, S4A), reflected by an increase in hepatic
tricarboxylic acid cycle metabolites, assessed by unbiased metabolomics analysis (Fig. S5;
Supplemental Excel file S3).

Since aHepGHRKkd livers consistently exhibit an increase in cytoplasmic GCK protein
levels, and GCK activity and downstream glucose metabolites have been shown to activate
the lipogenic transcription factor, carbohydrate response element binding protein (ChREBP),
we sought to determine if ChREBP contributes to the alterations in hepatic gene expression
and steatosis observed after aHepGHRkd. To this end we generated mice with adult-onset,
hepatocyte-specific knockdown of both GHR and ChREBP (aHepGHR-ChREBPKd; Fig.
S4C). Again, refeeding after an overnight fast increased Geck and SrebfI mRNA and protein
levels and steatosis in aHepGHR-ChREBPkd mice, compared to GHR/ChREBP-intact
controls, although the expression level of known ChREBP target genes (Khk, Tkfc, Fasn,
Scdl, Elovi6, and Pkir) was blunted. Of note, aHepChREBPkd alone also increased Geck
MRNA and cytoplasmic GCK protein levels (Fig. S4D), but SREBP1c expression and
protein levels tended to be reduced, and steatosis did not develop. These results indicate
ChREBP activation may promote, but is not essential, for the steatosis observed after
aHepGHRKd.

In the context of refeeding, IGF1 normalized DNL in aHepGHRKd livers ( Figs. 3B, S4A),
but this was not reflected by normalization of GCK, KHK or lipogenic gene expression

(Fig. 3C, D). In contrast, STAT5bCA suppressed the expression of GCK, KHK and lipogenic
genes, as well as expression of Bcl6, but failed to normalize DNL (Fig. 3B-D). These results
emphasize that the actions of STAT5bCA on liver metabolism are not solely due to the rise

in IGFL1. In addition, these results coupled with those observed in the post-absorptive state
demonstrate the ultimate actions of GHR-mediated STAT5b — IGF1 regulation on DNL and
steatosis is highly dependent on the nutritional state.

3.3. FOXOL1 target genes are elevated in refed aHepGHRkd mice

Curiously, G6pc mRNA levels were elevated in refed aHepGHRKd livers, which was
normalized by STAT5bCA, but not IGF1 (Fig. 3C). Elevated G6pc expression was also
observed in refed aHepGHR-ChREBPkd mice, compared to intact-controls (Fig. S4C),
despite the fact that G6pcis a known ChREBP target gene [35]. Since G6pc expression

is also stimulated by FOXO1, where FOXO1 activity should be suppressed by insulin in
response to refeeding, this suggests that in the refed aHepGHRKd liver, the gluco-regulatory
arm of hepatic insulin-signaling is resistant. This is further supported by the observation that
the expression of /gfopl, which is also a FOXOL1 target, is elevated in aHepGHRKd liver
after refeeding ( Figs. 3E, S4C), and this increase is normalized by STAT5bCA, but not IGF1
(Fig. 3E).
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3.4. aHepGHRkd impairs systemic insulin sensitivity and insulin-mediated hepatic
glucose production, while augmenting hepatic DNL rate, which can be corrected by both
IGF1 and STAT5bCA
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To better evaluate the impact of aHepGHRKkd, without and with IGF1 or STAT5bCA on
tissue-specific insulin sensitivity, male mice were subjected to hyperinsulinemic:euglycemic
clamps with stable isotope tracing (Fig. 4A-B). aHepGHRkd mice exhibited basal and
clamped hyperinsulinemia (Fig. 4C). In this context, both IGF1 and STAT5A normalized
insulin levels. Since C-peptide levels mimicked that of insulin under clamped conditions
(Fig. 4C), the rise in insulin observed in aHepGHRkd mice is primarily due to enhanced
insulin secretion and not impairment in insulin clearance. During the clamp, the glucose
infusion rate was modestly elevated in aHepGHRkd mice, that was significantly suppressed
with STAT5bCA (Fig. 4B). Under these conditions there were no differences between groups
related to rate of glucose disappearance (Fig. 4D). Also, across groups there were no
differences in glucose uptake in adipose tissue, heart and brain, however Stat5h* actually
reduced glucose uptake in the soleus and gastrocnemius relative to GHR-intact controls (Fig.
S6A). As illustrated in Fig. 4D (right panel), the fact that more insulin is required to achieve
the same level of glucose disappearance indicates aHepGHRKd mice have systemic insulin
resistance, that is corrected by maintaining hepatocyte IGF1, as well as STAT5b activity.
Impaired systemic insulin sensitivity could be attributed to the reciprocal shift in IGF1 and
GH (Fig. 4E), where it is commonly accepted that IGF1 improves insulin sensitivity, while
GH antagonizes the action of insulin [5].

However, loss of the hepatocyte GHR had an unexpected impact on hepatic insulin
sensitivity. Insulin suppression of endogenous glucose production (Fig. 4F), as well as
hepatic gluconeogenesis and glycogenolysis (Fig. S6B), was unaltered in aHepGHRkd mice,
but required more insulin tone to achieve the same effect (Fig. 4F, right panel). These data
demonstrate the gluco-regulatory arm of hepatic insulin signaling is resistant in the absence
of the hepatocyte GHR. This observation is also supported by preliminary studies (Fig.

S7), showing aHepGHRKkd mice produce more glucose in response to a pyruvate challenge,
compared to GHR-intact controls and this was reduced by STAT5bCA. How this extreme
hyperinsulinemia and hepatic insulin resistance develops in this acute model remains to be
determined. Nonetheless, this effect cannot be clearly attributed to an increase in fatty acid
flux to the liver, shown in other conditions to contribute to hepatic insulin resistance [36],
since NEFA levels did not differ between groups under basal or clamped conditions (Fig.
4E).

Like that observed in the refed state, under clamped conditions cytoplasmic GCK and KHK
levels were increased in aHepGHRkd mice, above GHR-intact controls, and this increase
was normalized by STAT5bCA (Fig. 4G). In addition, aHepGHRKkd dramatically increased
the percent of esterified newly synthesized palmitate in the plasma and in the liver (Fig.
S6C, D), as well as the percent newly synthesized palmitate, esterified to newly synthesized
glyceride in the plasma (Fig. 4H). The finding that these changes also track with elevated
insulin (Fig. 4H, right panel), indicates insulin-mediated DNL remains intact.

Metabolism. Author manuscript; available in PMC 2024 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vazquez-Borrego et al. Page 12

4. Discussion

This series of studies rigorously examined the impact of aHepGHRKkd without and with
IGF1 and STAT5bCA, in multiple nutritional states (post-absorptive [end of day] and
overnight fasted without or with refeeding), as well as in the controlled experimental
condition of a hyperinsulinemic:euglycemic clamp. Overall, the results reveal that GH,
specifically in males, regulates liver metabolism at multiple levels (direct and indirect)
dependent on the context studied.

In both the post-absorptive and refed state, aHepGHRKkd increases hepatic GCK mRNA

and cytoplasmic (active) protein levels, expression of lipogenic genes, DNL and steatosis.
Some of these changes can be attributed to an increase in insulin tone, which may be driven
in part by the reciprocal shift in circulating IGF1 and GH levels, that promotes systemic
insulin resistance. This was dramatically illustrated using hyperinsulinemic:euglycemic
clamp conditions, where AAV-mediated hepatocyte expression of both IGF1 and STAT5bCA,
normalized the elevated levels of plasma insulin and hepatic DNL observed in aHepGHRkd
mice. However, maintaining IGF1 alone, in the absence of the hepatocyte GHR, failed to
prevent steatosis in the post-absorptive and refed states, and did not prevent the increase in
the expression of Gckand lipogenic genes observed across the three nutritional states tested.
These results support the conclusion that hepatocyte GHR signaling also acts independent
of the systemic actions of IGF1, to control glycolytic and lipogenic programs. In fact,
cytoplasmic GCK protein levels observed after an overnight fast, in aHepGHRKkd livers,
without or with IGF1, were even higher than that observed in refed GHR-intact controls.
The sustained activity of hepatic GCK observed in aHepGHRkd may serve to prime the liver
to promote DNL when the insulin and nutrient milieu is optimal. This is consistent with
reports showing overexpression of hepatic Gck increases DNL in humans and mice [37,38].

GHR signals through multiple signal transduction pathways to regulate cellular function
[39]. In the context of the liver, the GHR-mediated increase in STAT5b activity is thought
to be a major factor in preventing steatosis insofar as congenital liver-specific deletion of
the GHR, JAK2 or STATS5 exhibit fatty liver as adults, in association with impaired systemic
metabolic function [33,40-43]. In the current report, sustaining hepatocyte STAT5b activity,
but not sustaining IGF1, in the absence of the GHR, normalized the glycolytic and lipogenic
transcriptional programs in the overnight fasted and refed states, but failed to fully correct
these endpoints in the post-absorptive state, where DNL and steatosis remained greater

than GHR-intact controls. These observations indicate some of the anti-steatotic actions of
STAT5b are independent of IGF1’s effects on peripheral tissue. However, the actions of
STAT5b cannot be fully accounted for a direct regulation of the glycolytic and lipogenic
gene expression.

A STAT5b-dependent pathway that may account for some of the anti-steatotic effects of
STAT5bCA is direct regulation of BCL6 [44], a transcriptional repressor of PPARa target
genes, important in lipid oxidation [29]. Hepatic BCL6 is expressed at higher levels in
males than females [45], and its expression is reduced in fasting and increased with
refeeding [29]. Differential expression of hepatic Bc/6 can explain in part the increased
susceptibility of males, as compared to females, to diet-induced steatosis [46,47]. In
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the context of aHepGHRKd, hepatic expression of Bc/6 was further increased in male
livers, most dramatically in the post-absorptive state, and was reduced by STAT5bCA.
Elevated Bc/6 would be predicted to contribute to the steatosis by repression of PPARa-
mediated lipid oxidation, where RNA-seq revealed this may be in part be due to Bc/6
transcriptional regulation of a subset of genes important in peroxisomal lipid oxidation
(Acot3/Acotd) [48]. STATSb may also alter liver metabolism by impacting the FOXO1
transcriptional regulation, based on the observation that expression of classic FOXOL target
genes (Gé6pcand /gfbb1) were inappropriately elevated in aHepGHRKd after refeeding, that
could be suppressed by STAT5bCA, but not IGF1. Specifically, it was previously reported
adenoviral expression of STAT5b in the livers of hypophysectomized rats suppressed
expression of both Gépcand /gfbp1, and in vitro STAT5b directly suppressed FOXO1-
mediated increase in /gfbp1 expression without altering FOXO1 nuclear localization

or DNA binding [49]. Sustained hepatic FOXO1 activity in aHepGHRkd mice may
contribute to the relative insulin resistance of the gluco-regulatory arm of hepatic insulin
signaling revealed by hyperinsulinemic:euglycemic clamps. Although these observations
are intriguing, additional studies are required to understand the relationship between GHR/
STAT5b-mediated signaling with BCL6 and FOXOL1 activity, in controlling liver metabolism
across nutritional states.

GH has been shown to antagonize the actions of insulin [5-8], consistent with the
observation that aHepGHRkd mice with elevated endogenous GH levels exhibit a relative
impairment in insulin-mediated glucose uptake observed in basal and clamped conditions
(i.e. more insulin is required to achieve the same effect) that was normalized by IGF1 and
STAT5bCA, However, at the level of the liver, loss of GHR from hepatocytes resulted in

a relative impairment in insulin-mediated glucose suppression. Our group has previously
reported a similar tissue-specific impact of GH on insulin-mediated glucose homeostasis.
Specifically, endogenous GH levels were negatively associated with insulin-mediated
glucose uptake, but positively associated with insulin-mediated hepatic glucose suppression
in mice with adult-onset isolated GH deficiency and mice with elevated GH levels due

to loss of pituitary insulin and IGF1 negative feedback [17]. Taken together, these results
confirm GH acts systemically to suppress the actions of insulin, while at the level of

the hepatocyte GH serves to maintain insulin-mediated suppression of hepatic glucose
production. Although under basal and clamped conditions both IGF1 alone and STAT5bCA
corrected the hyperinsulinemia observed, based on our findings across multiple nutritional
states, we might speculate that the actions of free IGF1 were primarily due to improving
systemic insulin sensitivity, while the actions of STAT5b are due to the combined effects of
raising IGF1 and direct alterations in the hepatocyte gene program, as discussed above.

Despite the relative resistance of the gluco-regulatory arm of hepatic insulin signaling, basal
and clamp data suggest the insulin-mediated stimulation of hepatic glycolysis and DNL is
sustained, suggesting loss of hepatocyte GHR signaling leads to pathway selective insulin
resistance. Pathway selective insulin resistance has been reported in multiple mouse models
with diet-induced obesity and type Il diabetes, where under these conditions the primary
driver may not be impaired hepatic insulin-signaling per se, but altered substrate delivery

to the liver, due to excess dietary intake and/or systemic insulin resistance promoting WAT
lipolysis and impaired glucose disposal, as well as the repartitioning of hepatic nutrient
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handling [36,50]. However, in the current study aHepGHRkd mice were maintained on a
standard chow diet and under basal and clamp conditions the hyperinsulinemia observed

is sufficient to normalize systemic glucose uptake and suppress WAT lipolysis, based on
normal circulating NEFA levels. In addition, in all nutrient conditions tested, circulating
glucose and NEFA levels did not appreciably differ across groups. Therefore, the dramatic
increase in DNL observed under clamp conditions is unlikely due to an increase in substrate
delivery to the liver. These results suggest that hepatocyte GHR signaling plays an important
role in partitioning of hepatic nutrients in response to insulin.

This series of studies reveals novel actions of hepatocyte GHR signaling that control hepatic
carbohydrate and lipid metabolism. The major findings include: 1) loss of hepatocyte GHR
signaling increases glucokinase activity, independent of IGF1 and nutritional state; 2) loss of
hepatocyte GHR signaling enhances DNL and steatosis, dependent on the nutritional state;
3) sustaining STAT5b activity in the absence of the GHR can normalize liver metabolism, in
some but not all nutritional states; and 4) loss of hepatocyte GHR signaling sustains DNL,
but impairs insulin suppression of HGP, which cannot be explained by enhanced substrate
delivery to the liver. These results provide a foundation to design future studies to better
understand the role GH plays in regulation of adult metabolism, which may explain the
increase in NAFLD prevalence observed in patients with primary GHD, or relative GHD
observed in obese patients.
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Fig. 1.

Impact of aHepGHRkd without and with IGF1 or STAT5hCA on GH-axis function and liver
metabolic phenotype, assessed in the post-absorptive state. (A) Experimental design: 10 to
12-week-old GHR-floxed male and female mice were maintained on a standard chow diet
and treated with a single dose of different types of AAVS to generate four experimental
groups (n = 10 mice/group). Mice were studied in the post-absorptive state, 7 days after the
AAV injection. Specifically, food was removed at 0600 h. At 1200 h, mice were injected
with deuterated water and tissues and blood collected at 1600 h. (B) Female (top panel) and
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male (bottom panel), liver: Ghr, Igfl, lgfalsand Socs2 mRNA expression levels, assessed by
gPCR; plasma proteins: total IGF1 and GH assessed by ELISA; pituitary gland: Gh, Ghsr
and GhrhirmRNA expression levels, assessed by gPCR. #, indicates differences in liver and
pituitary gene expression levels, compared to GHR-intact controls set at 100 %, p < 0.05.
(C) Female (top panel) and male (bottom panel) relative liver weight, liver triglyceride (TG)
content, plasma B-hydroxybutyrate (3-HB), percentage of hepatic newly formed palmitate
and plasma insulin. (D) Male only hepatic pAKT/AKT protein quantification and western
blot. It should be noted that two separate gels/blots were run (top panel n = 6/group and
bottom panel n = 4/group) representing all biological replicates within each group (n =
10/group). Values are represented as mean + SEM, with individual data points included. For
plasma IGF1, GH and insulin levels and all other endpoints shown in panels C and D, values
that do not share a common letter (a, b, c) statistically differ (p < 0.05).
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Fig. 2.
Impact of aHepGHRkd without and with IGF1 or STAT5hCA on hepatic transcriptome

and glucokinase (GCK) and ketohexokinase (KHK) protein levels, assessed in the post-
absorptive state.

(A-E) Data derived from hepatic RNA-Seq analysis in control (Ctrl), aHepGHRKkd (Kd),
Kd + rIGF1 and Kd + STAT5bCA (n = 6 mice/group, subset of samples shown in Fig.
1A). (A) tSNE plot based on all 1504 genes differentially expressed in at least one of
the four RNA-seq comparisons, where each datapoint represents an individual biological
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replicate. (B) Venn diagrams showing intersection of up-regulated genes (top panel, red)
and down-regulated genes (bottom panel, blue) from the Kd/Crtl, rIGF1 + Kd/Kd, and Kd

+ Stat5bCA/Kd comparisons. (C) Venn Diagram showing the intersection of down-regulated
genes (blue) from the Kd/Ctrl comparison with the up-regulated genes (red) from the Kd

+ rIGF1/Kd and Kd + STAT5CA/Kd comparisons. (D) Enrichment analysis of DEG in
Kd/Ctrl and Kd + STAT5bA/Kd using ClueGO from Cytoscape. Results are illustrated as a
functionally grouped pie chart of terms including Gene Ontology (Biological Processes,
Molecular Functions and Cellular Components) and KEGG and Reactome pathways.
Percentages indicate the number of DEG included in each group with respect to total. Green
arrows indicate processes related with GH signaling and purple arrows indicate processes
mainly related to lipid metabolism. (E) Heat-map showing relative expression levels
(Log2FC) of selected genes related to carbohydrate metabolism, fatty acid biosynthesis,
fatty acid esterification, fatty acid uptake and oxidation, and transcription factors (n = 6
mice/group). (F) Total (top panel) and cytoplasmic (bottom panel) of glucokinase (GCK)
and ketohexokinase (KHK) hepatic protein levels assessed by Western Blot. It should be
noted that for Westerns two separate gels/blots were run and shown for each protein/fraction
(top panel n = 6/group and bottom panel n = 4/group) representing all biological replicates
within each group (n = 10/group). Protein levels are normalized by Ponceau S (Ponceau S
images are shown in Supplemental Fig. S3). Values in graphs are represented as mean +
SEM, with individual data points included. Values that do not share a common letter (a, b, ¢)
are statistically different, p < 0.05. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3.

In?pact of aHepGHRKd without and with IGF1 or STAT5bCA on liver metabolic phenotype
in response to fasting and refeeding. (A) Experimental design: 10 to 12-week-old GHR-
floxed male mice were treated with a single dose of different types of AAVs to generate four
experimental groups (n = 6—7 mice/group). 7 days after the injection, food was removed at
1600 h and tissues and blood collected the following morning at 0800 h or at 1400 h after

6 h of refeeding a standard chow diet. A subset of refed mice was injected with 2H,0 at
1000 h. (B) Liver and plasma TG, plasma insulin (fasting and refeeding) and percentage of
hepatic newly formed palmitate after refeeding. (C) Expression of glycolytic, gluconeogenic
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and fatty acid synthesis-related genes (assessed by gPCR, controls were set at 100 %).

(D) Cytoplasmic glucokinase (GCK) and ketohexokinase (KHK) hepatic protein levels in
fasted and refed mice assessed by Western, where two separate gels/blots were run and
shown for each protein (top and bottom panels contains n = 3 fasted and 3—4 refed/group)
representing all biological replicates within each group (n = 6 fasted and 6-8 refed/group).
Protein levels are normalized by Ponceau S (Ponceau S images are shown in Supplemental
Fig. S3). (E) Expression of Foxol and Foxol target genes /gfbpl and Pdk4, assessed by
gPCR with controls were set at 100 %. Graphical values are represented as mean + SEM,
with individual data points included (n = 6-8 mice/group). #, in panels C and E, indicates
differences in hepatic gene expression levels compared to GHR intact controls, where T
indicates a significant effect of STAT5bCA, compared to aHepGHRKd alone, p < 0.05. In
panels B and D, values that do not share a common letter (a, b, c) are statistically different, p
< 0.05.
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Fig. 4.
Hyperinsulinemic:euglycemic clamps in aHepGHRkd male mice without or with IGF1 or

STAT5bCA maintenance. (A) Schematic representation of the hyperinsulinemic:euglycemic
clamp design. All mice were injected with AAVs 7 days before the experiment to generate
the four experimental groups (Control, aHepGHRkd [Kd], aHepGHRKkd [Kd] + rIGF1

and aHepGHRKd [Kd] + STAT5bCA). (B) Blood glucose and glucose infusion rate during
hyperinsulinemic:euglycemic clamps. (C) Plasma insulin levels before and after the clamps
and C-peptide levels at different time points during the clamps. (D) Rate of glucose
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disappearance (Rd) and correlation between Rd and plasma insulin levels before and after
the clamps. (E) Plasma GH and IGF1 levels at different time points during the clamps and
circulating NEFA levels before and after the clamps. (F) Endogenous glucose production
(ERa) and correlation between ERa and plasma insulin levels before and after the clamps.
(G) Cytoplasmic GCK and KHK protein levels at steady state. (H) Percentage of plasma
new glyceride with new palmitate and correlation between newly synthesized glyceride
containing new palmitate and plasma insulin levels at baseline and during the clamps. Values
are represented as mean £ SEM, with individual points included (n = 4-9 mice/group).
Values that do not share a common letter (a, b, c) are statistically different (p < 0.05). ***p <
0.001.
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