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Abstract

Objective—White adipose tissue (WAT) fibrosis — the buildup of extracellular matrix (ECM)
proteins, primarily collagen — is now a recognized hallmark of tissue dysfunction and is increased
with obesity and lipodystrophy. While growth hormone (GH) is known to increase collagen in
several tissues, no previous research has addressed its effect on ECM in WAT. Thus, the purpose of
this study is to determine if GH influences WAT fibrosis.

Design—This study examined WAT from four distinct strains of GH-altered mice (bGH and
GHA transgenic mice as well as two tissue specific GH receptor gene disrupted lines, fat growth
hormone receptor knockout or FRGHRKO and liver growth hormone receptor knockout or
LIGHRKO mice). Collagen content and adipocyte size were studied in all cohorts and compared to
littermate controls. In addition, mMRNA expression of fibrosis-associated genes was assessed in one
cohort (6 month old male bovine GH transgenic and WT mice) and cultured 3T3-L1 adipocytes
treated with GH.

Results—Collagen stained area was increased in WAT from bGH mice, was depot-dependent,
and increased with age. Furthermore, increased collagen content was associated with decreased
adipocyte size in all depots but more dramatic changes in the subcutaneous fat pad. Notably, the
increase in collagen was not associated with an increase in collagen gene expression or other
genes known to promote fibrosis in WAT, but collagen gene expression was increased with acute
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GH administration in 3T3-LI cells. In contrast, evaluation of 6 month old GH antagonist (GHA)
male mice showed significantly decreased collagen in the subcutaneous depot. Lastly, to assess if
GH induced collagen deposition directly or indirectly (via IGF-1), fat (Fa) and liver (Li) specific
GHRKO mice were evaluated. Decreased fibrosis in FAaGHRKO and increased fibrosis in
LIGHRKO mice suggest GH is primarily responsible for the alterations in collagen.

Conclusions—Our results show that GH action is positively associated with an increase in WAT
collagen content as well as a decrease in adipocyte size, particularly in the subcutaneous depot.
This effect appears to be due to GH and not IGF-1 and reveals a novel means by which GH
regulates WAT accumulation.
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growth hormone; bGH mice; GHA mice; FaGHRKO mice; LIGHRKO mice; adipose tissue;

fibrosis

1. Introduction

White adipose tissue (WAT) fibrosis is a characteristic feature of obesity and lipodystrophy
and associated with inflammation, insulin resistance, and decreased adipocyte size [19]. In
addition, it is believed to negatively impact metabolism by limiting the ability of adipocytes
to expand [33, 51, 53] and by contributing to other WAT dysfunctions such as hypoxia and
immune cell infiltration[28, 43, 48]. Indeed, mice lacking collagen VI, a collagen
preferentially expressed in WAT, display dramatic WAT expansion accompanied by
significant improvements in glucose and lipid metabolism as well as reduced WAT immune
cell infiltration and inflammation [33]. Though WAT fibrosis is currently associated with the
obese state, it is possible that it is a general feature of unhealthy WAT and, thus, a
consequence of other disease states as well.

Growth hormone (GH) altered mice provide a unique perspective on the relationship of WAT
and health due to the profound impact that GH has on WAT mass and distribution as well as
its negative effect on lifespan and healthspan [6, 8, 42, 49]. That is, mice with global excess
in GH action are lean but suffer drastic metabolic and lifespan consequences, whereas mice
with a reduction in GH action are obese but lack the metabolic dysfunction associated with
obese states [7]. These contradictory and counterintuitive phenotypes — unhealthy leanness
and healthy obesity — allow us to examine WAT fibrosis independent of the normal
adiposity/health relationship and determine if WAT fibrosis is a hallmark of unhealthy WAT
irrespective of obesity status.

We focused mainly on bovine GH transgenic (bGH) mice, which have life-long, chronic,
high serum levels of GH, insulin-like growth factor 1 (IGF-1), and insulin resulting in a
giant, lean phenotype. Important to consider is that their pattern of GH secretion is non-
pulsatile, and thus pathologic. Despite their leanness, bGH mice are unhealthy and suffer
from insulin resistance [23, 34, 45], increased cancer incidence [3], and shortened lifespans
[9]. Similar complications are seen in human patients with acromegaly [2, 5, 21, 41].
Notably, high levels of GH have been shown to promote fibrosis in numerous tissues such as
muscle, bone, heart and kidney [12, 20, 27, 38, 54, 56]. However, no results have been
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reported on the effect of GH on the ECM in WAT. Thus, the primary objective of this study
was to examine the effect of chronic excess GH exposure on collagen accumulation in WAT
using bGH mice. For comparison, we also assessed a mouse line with decreased GH
stimulus, the GH receptor antagonist (GHA) mouse, to determine if the inhibition of GH
action decreased collagen content. Lastly, to determine if GH induced increased collagen
deposition directly or indirectly (via IGF-1), we studied WAT samples from adipose tissue-
specific growth hormone receptor (GHR) knockout animals (FaGHRKO) [36] and liver-
specific GHR knockout animals (LIGHRKO) [37], the latter of which have elevated
circulating GH but reduced endocrine IGF-1.

2. Materials and methods

2.1 Animals

All mice were housed in the facility at the Edison Biotechnology Institute where they were
kept on a 14-hour light/10-hour dark cycle and had ad /ibitum access to water and normal
chow unless otherwise noted. Development and breeding of bGH and GHA transgenic mice,
both on a C57BL/6J background, have been described previously [9, 13-15]. Generation of
adipose tissue-specific (FAGHRKO) and liver-specific (LiIGHRKO) GHR mice, both in the
C57BL/6 background, have also been described previously [36, 37]. All animal procedures
were approved by the Ohio University Institutional Animal Care and Use Committee.

Four separate cohorts of mice were utilized in this study and will be referred to as cohort 1
through 4 for clarity. Cohort 1 consisted of two male and female bGH and wild type (WT)
control mice from three different age groups (26 weeks, 42 weeks, and 64 weeks). Cohort 2
was comprised of 6-month old male bGH mice and WT littermate control mice. Males were
solely used in this cohort due to availability of samples. Since bGH mice have very little
WAT, it was not possible to perform all of the experiments for this group on the same mice.
Thus, separate mice from this cohort were necessary to complete the immunohistochemistry
(n=8), hydroxyproline (n=10), gPCR expression (n=8) and RNA-seq (n=3) analyses. Cohort
3 consisted of 6-month old male GHA mice and WT littermate controls (n=7). Cohort 4
included a subset of the adipose tissue samples (n=8) from FaGHRKO and LiGHRKO male
mice along with floxed littermate controls collected and described previously [36, 37].

2.2 Body Composition

Body composition and body weight were measured one day prior to dissection (cohorts 2—
4). Body weight was measured using a Mettler Toledo PL 202-S balance and body
composition was measured using the Minispec mq Benchtop Nuclear Magnetic Resonance
analyzer (Bruker Instruments, Minispec ND2506) as previously described [10].

2.3 Tissue Weights

Mice were fasted for 12 hours prior to being sacrificed by cervical dislocation. For all
cohorts, four distinct WAT depots [inguinal subcutaneous (sc), perigonadal (peri),
mesenteric (mes), and retroperitoneal (retro)] were collected and weighed. WAT used for
histological measures was fixed in a 10% formalin solution, then rinsed and stored in a 70%
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ethanol solution. For gene expression (RNA) analysis, the harvested WAT depot was flash
frozen in liquid nitrogen and stored at —80 °C until further processing.

2.4 Immunohistochemistry

Formalin-fixed WAT samples from cohorts 1-4 were sent to AML Labs (Baltimore, MD) for
paraffin embedding, sectioning and staining with picrosirius red, a general collagen stain.
Slides were analyzed using a Nikon Eclipse E600 microscope. Images for both collagen
staining and cell sizing were obtained using a Spot RT digital camera at 200x magnification.
For collagen staining quantification, pictures of 20 non-overlapping fields were taken per
WAT depot per mouse and then analyzed using ImageJ software [46]. Collagen staining [30]
and cell size [36] were quantified as described previously.

2.5 Cell Culture

Adipogenic differentiation was induced by treating confluent 3T3-L1 preadipocyte cells
with 1 uM dexamethasone, 0.5 UM isobutylmethylxanthine, 200 nM insulin, and 1 uM
rosiglitazone in growth media (DMEM- high glucose with 10% FBS). After 2 days, the
medium was replaced with growth medium containing 100 nM insulin and 1 uM
rosiglitazone 2 more days, then for 2—3 days with growth medium alone to allow for
differentiation. Mature 3T3-L1 adipocytes were starved for four hours in DMEM-high
glucose alone and treated with or without 500 ng/mL of recombinant bGH (ProSpec) for 24
hours.

2.6 Quantitative PCR and RNAseq

Total RNA was isolated using a QIAzol™ Lysis Reagent (Qiagen). 1 pg of total RNA was
reverse transcribed in 20 pl using the High Capacity cDNA Reverse Transcription (RT) Kit
(Applied Biosystems). A portion (5 pl) of diluted (1/10) RT reaction was amplified with
specific primers (300 nM each) in a 20 pl PCR reaction using an iQ™ SYBR® Green
Supermix (BioRad). Analysis of gene expression was carried out in a BioRad MyiQ™
sequence detector with initial denaturation at 95°C for 3 min, followed by 40 PCR cycles,
each cycle consisting of 95°C for 10 s and 58°C for 1 min. SYBR green fluorescence
emissions were monitored after each cycle. For each gene, mMRNA expression was calculated
relative to acidic ribosomal protein 36B4 (36B4) expression. Amplification of specific
transcripts was confirmed by the melting-curve profiles (cooling the sample to 68°C and
heating slowly to 95°C with measurement of fluorescence) at the end of each PCR. Primer
sequences used included: Collal forward 5’-GGGTCTAGACATGTTCAGCTTT-3’; Collal
reverse 5’-ACCCTTAGGCCATTGTGTATG-3’; Col3al forward 5’-
CCCTTCTTCATCCCACTCTTATT-3’; Col3al reverse 5’-
GATCCTGAGTCACAGACACATATT -3’; Col4al forward 5’-
TGGCTTCTGCTGCTCTTC-3’; Col4al reverse 5’-ACGCCATGACAGTCACATT-3’;
Col5al forward 5’-GCCCTGCTGCTGTCTTC-3’; Col5al reverse 5’-
GCACAGAAACCTGTGGT-3’; Col6al forward 5’-GGCGACCCTGGGTATGA-3’; Col6al
reverse 5’-TACCCGACTGGTCCAAGAT-3’.

Growth Horm IGF Res. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Householder et al. Page 5

For RNA-Seq studies, mMRNA from frozen WAT samples (cohort 2) was isolated and
sequenced at the Ohio University Genomics Facility using the lon Torrent Personal Genome
Machine as previously described [4].

2.7 Hydroxyproline Determination

Measurement of hydroxyproline was performed as previously reported [55] with minor
modifications. Briefly, 100mg of frozen WAT was heated in 6N HCI at 110°C for 24 hrs.
Samples were centrifuged and diluted; the infranatant was incubated for 20 min in
Chloramine-T solution (1.4% chloramine-T in water). Next, 3.15M perchloric acid was
added. Following 5 min incubation at room temperature, p-DMAB (20% w/v p—
dimethylaminobenzaldehyde in 2-methoxyethanol) was added, and samples were incubated
at 60°C for 20 minutes. After cooling, the absorbance was read at 550 nm, and the
concentration was determined from the standard curve using hydroxyl-L-proline (Sigma
Aldrich).

2.8 Statistics

Statistics were analyzed using Statistical Package for the Social Sciences (SPSS version
17.0, 2008; IBM, Armonk, NY). Data are shown as mean £ SEM. Comparisons of two
means was done by unpaired student’s t test. Genotype and depot differences for body
weight, composition, tissue weight, staining, cell size, hydroxyproline, and gene expression
were subjected to two-way ANOVA. Within and between-group comparisons were analyzed
using a one-way analysis of variance followed by contrast tests. Corrected degrees of
freedom were used if the groups failed Levene’s test for homogeneity of variance (p < 0.05).
RNA-seq analysis was conducted using the mm10 mouse database as a reference genome,
the on-line tool Galaxy, and the Cufflinks program version 2.1.0 as previously described [4].
Differences in gene expression were considered to be statistically significant at p < 0.05.

3. Results

3.1 Preliminary longitudinal analysis of fibrosis in bGH mice

Samples were collected from four depots — inguinal subcutaneous (sc), perigondal (peri),
retroperitoneal (retro), and mesenteric (mes) — of male and female bGH mice and WT
controls at three different ages (cohort 1). Picrosirius red staining revealed increased
collagen content with differences becoming greater with increasing age (Supplementary Fig.
1A), in all WAT depots when compared to WT controls (Supplementary Fig. 1B) and in both
male and female bGH mice compared to WT mice (Supplementary Fig. 1C). Importantly,
staining was the most increased in the sc depot and the least altered in the peri depot; thus,
for some of the subsequent experiments, these two depots were selected to represent the two
extremes in collagen staining. Although there appears to be a few differences between sexes,
a clear trend was not readily discernable. That is, fibrosis appeared to be increased in males
in the sc depot (Supplementary Fig. 1C), while females seemed to have greater collagen
content in the peri depot. Moreover, increasing fibrosis appeared to correlate with decreasing
adipocyte size. Neither staining nor adipocyte size were quantified in this cohort due to the
small sample size. Subsequent studies focused on the 6 month time point since this was a
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time at which fibrosis was readily detectable, and because samples from numerous other
mouse lines were available for comparison.

3.2 Body weight, depot weight of 6 months old bGH mice

Next, a more in-depth investigation of WAT fibrosis in bGH mice was performed in 6 month
old males (cohort 2). As reported previously, we confirmed that bGH mice had significantly
greater body weights (p<0.001) and lean mass (p<0.001), but significantly less fat mass
(p<0.001) than their WT controls (Fig. 1A) [9]. All measured WAT depot weights were
significantly decreased in the bGH mice (sc: p<0.05; peri: p< 0.05; retro: p <0.01; mes: p
<0.01; Fig. 1B). Importantly, adipocyte size was significantly decreased in bGH mice in all
depots compared to WT (sc: p < 0.01; peri: p<0.001; retro: p<0.001; mes: p<0.001, Fig. 1C).

3.3 Analysis of fibrosis at 6 months of age in bGH mice

Picrosirius red staining indicated an apparent increase in the collagen content of bGH WAT
in both the sc and peri depots compared to WT controls (cohort 2) (fig. 2A). Quantification
of stained area confirmed that bGH mice had a significantly higher percentage of stained
area in both the sc (p<0.01) and peri (p<0.05) depots compared to WT mice (Fig. 2B).
Moreover, the sc depot had significantly greater collagen staining than the peri depot
independent of genotype (p<0.01). As an additional measure of collagen content in WAT, the
concentration of hydroxyproline was determined and found to closely mirror the results of
the staining quantification. That is, the hydroxyproline concentration was significantly
higher in bGH WAT compared to WT in both the sc (p<0.001) and peri depots (p<0.001,
Fig. 2C), and the sc depot had a significantly higher hydroxyproline concentration than the
peri depot (p<0.001). To ensure our results were a reflection of increased collagen and not
an artifact of smaller adipocyte size, hydroxyproline was also calculated relative to depot
weight. Normalized hydroxyproline concentration (ug/mg hydroxyproline*mg weight of
depot) was also significantly increased in the sc depot (0.48 for bGH vs. 0.33 for WT,
p<0.001) and in the peri depot (0.25 for bGH vs. 0.15 for WT, p>0.001). As is apparent in
Fig. 2D, the distribution of collagen within a given bGH WAT depot, particularly the sc
depot, was not homogeneous. bGH WAT contained areas of high fibrosis and small
adipocytes (Fig. 2D, arrow indicated as a), as well as areas with less fibrosis and larger
adipocytes (Fig. 2D, arrow indicated as b). In addition, bGH WAT contains abundant
collagenous streaks, similar to what is seen in obese WAT [28](Fig. 2D, arrow indicated as
c). This heterogeneity in staining is quantified in Fig. 2E, which shows the distribution of
picrosirius red stained area in the various WAT depots. The WT sc and peri depots as well as
the bGH peri depot show minimal variation in the percent stained area with no images
having greater than 20% staining. In contrast, in the bGH sc depot, the amount of staining
varies greatly from < 10% to < 70% picrosirius red stained area (Fig. 2E).

3.4 Analysis of collagen and fibrosis-related gene expression in bGH mice

As a further assessment of fibrosis in bGH mice at 6 mo of age, gPCR was performed to
determine mRNA transcript levels of collagen subunit genes in bGH versus control WAT
(Fig. 3A). Curiously, none of the collagen genes evaluated were significantly upregulated in
the bGH sc depot compared to the WT sc depot. In fact, we found significantly lower
expression of Col1al (p<0.01), Col3al (p<0.01) Col4al (p<0.05)and Col5al (p<0.05) in
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the bGH sc depot compared to controls. No significant differences in mRNA expression
were found in the peri fat pad.

As expression of collagen genes provided little insight into the cause of the WAT fibrosis in
bGH mice, we turned to a more global approach to evaluate differentially expressed,
fibrosis-related genes by using a RNA-seq dataset previously generated [4]. We examined
genes for collagen proteins, ECM remodeling enzymes, as well as other genes that have
been associated with WAT fibrosis. A full list of genes analyzed and statistical comparisons
can be viewed in the supplementary data (Supplementary Tables 1 & 2). Regarding genes
coding for collagen subunits, no genes were significantly upregulated in the bGH sc depot
compared to the WT sc depot, while Col4a2, Col5al, Col5a3, Col6al, Col15a1, and
Col18a1 were all significantly downregulated in the bGH sc depot. In the perigonadal depot,
Collal, Col4a2, Col5a2, and Col6a2 were significantly upregulated in bGH WAT, while no
collagen subunits were significantly downregulated. Next, the expression of ECM
remodeling enzymes, including matrix metalloproteinases (MMPs) and tissue inhibitors of
MMPs (TIMPs), were examined. When comparing genotypes, only 77mp-4 was altered with
significantly lower expression in the bGH sc depot compared to littermate controls but with
no difference between perigonadal depots.

As the tissue expression data for chronic exposure to GH excess could not explain the
increased collagen deposition, we turned to an /7 vitro system in which we evaluated the
effect of acute administration of GH to 3T3-L1 cells. After a 24 hour bGH treatment of
differentiated cells, expression of Co/lal, Col3aland Col6al were significantly increased
(Fig. 3B) while no change or a decreased in expression was observed for Co/5a1 and
Col4al, respectively

3.5 Body composition, WAT distribution, Adipocyte Size, and WAT collagen content in GHA

mice

Next, we examined WAT collagen content in 6 month old male GH receptor antagonist
(GHA) transgenic mice, which have a reduction in GH induced signaling. As expected, these
mice were found to have decreased total body weight (p<0.001) and decreased lean mass
(p<0.001) but normal absolute fat mass (Fig 4A). When normalized to body weight, GHA
mice were relatively obese (18.2% fat mass) compared to littermate controls (13.9% fat
mass) (data not shown) similar to previously documented GHA cohorts [11]. Regarding
WAT distribution, GHA mice showed reductions in the absolute mass of all depots (sc,
p<0.05; peri, p<0.001; retro, p<0.01; and mes, p<0.01; Fig 4B), but the mass of the sc depot
was the only depot significantly enlarged when normalized to total body weight (p<0.01). A
difference in mean adipocyte size was found for the sc depot (19.2x1073 um2 for WT vs.
29.5x1073 pm? for GHA, p<0.001) and trended but did not reach statistical significance for
the peri depot (16.2x1073 um? for WT vs. 18.7x1073 um? for GHA, p<0.001). To assess
WAT collagen content, picrosirius red staining and hydroxyproline measurements were
performed. Comparison between genotypes revealed a significant decrease in both
picrosirius red staining (p<0.01) as well as hydroxyproline (p<0.05) in the GHA sc depot
(Fig. 4C&D). However, the results were less clear in the peri depot where there was a
significant increase in staining (p<0.001) but with no difference in hydroxyproline content.
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When comparing depots, the sc depot had greater collagen content than the peri depot for
both picrosirius red staining (p<0.01) and hydroxyproline measurements (p<0.001; Fig. 4C
& D).

3.6 WAT collagen content in FaGHRKO and LIGHRKO mice

Finally, in order to evaluate if GH alters collagen content directly or indirectly via IGF-1, we
examined two additional mouse lines with tissue specific disruption of GHR in either
adipose tissue or liver (Fig. 5). As reported previously, male FaAGHRKO mice are obese with
slightly elevated IGF-1 levels along with normal GH levels and normal glucose homeostasis
whereas the male LIGHRKO mice are leaner with increased GH but dramatically decreased
endocrine IGF-1 and exhibit impairment in glucose homeostasis [36, 37]. Thus, these mice
provided an /n vivo model in which IGF-1 and GH levels are disconnected. Interestingly,
FaGHRKO mice had larger adipocyte sizes in both the sc (p<0.05) and peri depots (p<0.05)
(Fig 5A, left panel), but only the sc depot had significantly decreased picrosirius red staining
(p<0.001) (Fig. 5B, left panel) and hydroxyproline content (p<0.05) (Fig. 5C, left panel).
For the LIGHRKO mice, there was no difference in adipocyte size (Fig 5A, right panel) yet
the sc depot had significantly increased quantification of the picrosirius red staining
(p<0.001) and hydroxyproline content (p<,0.001) (Fig 5B & C, right panel). The results with
the peri depot were less consistent with significantly increased picrosirius red staining
(p<0.001) and a trend but nonsignificant difference in hydroxyproline content (p=0.06).

4. Discussion

The purpose of this study was to analyze the influence of chronic, life-long alterations to the
GH/IGF-1 axis on the collagen content of WAT. Our major findings reveal a positive
relationship between GH action and collagen content in WAT of mice as well as an inverse
relationship between GH and adipocyte size. In addition, mMRNA expression of collagen and
fibrosis-related genes were decreased in 6 month old male bGH mice, a trend that was
opposite of the amount of collagen deposition. However, /in vitro studies showed that acute
GH stimulation results in an increased collagen expression, suggesting that GH may not be
the cause of decreased collagen mMRNA expression but rather a secondary consequence of
chronic GH exposure. Our investigation of tissue-specific GHRKO mice suggests that
collagen content may be more dependent on GH than on IGF-1 (discussed below). The
results reveal a distinct effect on collagen content and adipocyte size at the tissue level that
may represent a novel mechanism by which GH alters fat mass either directly or indirectly
via lipolysis and, as a result, influences metabolic health.

Analyses of picrosirius red staining and hydroxyproline concentration in WAT reveal that
GH has a striking, positive effect on collagen content. This study is the first evidence that
GH increases the collagen content of WAT, though previous studies have shown that GH
increases collagen content in other tissues such as liver, kidney, heart, bone and muscle [12,
20, 27, 38, 54]. Our preliminary study on bGH mice suggests that collagen content increases
with age and may have sex differences; however, larger studies are needed to confirm these
findings. Importantly, both our preliminary study and further investigation of 6 month old
bGH males reveal that GH had the greatest influence on collagen content in the sc depot.
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This reinforces conclusions from previous research showing that the sc depot is the most
affected by GH action at least in mice [10]. Analysis of GHA mice confirmed that decreased
GH signaling had the opposite result: decreased WAT collagen content. Notably, this
difference was primarily apparent in the sc depot, as collagen staining and hydroxyproline
were both only significantly different between genotypes in this depot. Importantly, clinical
studies suggest a more significant effect on the visceral adipose depots in obese, GH-
deficient states with GH treatment [22, 31] and in acromegaly in which a visceral adiposity
index has been suggested as an indicator of the severity of disease state [17, 18]. In contrast,
our results in mice suggest a more dramatic impact on sc depots. It is unknown whether this
represents a species difference or whether the reduction in WAT mass in humans is
correlated with depot alterations in fibrosis. Regardless, these data highlight the importance
of investigating multiple WAT depots in future studies and are consistent with GH action
being directly correlated with collagen content in WAT.

One of the primary actions of GH is the stimulation of IGF-1 production. Predominantly
secreted by the liver, it is also a potent growth factor and stimulator of somatic growth [35].
However, GH and IGF-1 have different actions in WAT as IGF-1, like its namesake insulin,
prevents lipolysis, promotes lipogenesis, and is insulin sensitizing [32]. In order to
differentiate the effects of GH and IGF-1 signaling on WAT collagen, we studied two tissue-
specific KO mouse lines: FARGHRKO and LiGHRKO mice. FaGHRKO mice lack GH
signaling only in WAT; thus, the GH/IGF-1 axis is relatively normal with the exception of a
modest elevation in serum IGF-1 in males; conversely, LIGHRKO mice lack GH signaling in
the liver and thus have significantly decreased serum IGF-1 but elevated circulating GH [36,
37]. Therefore, these tissue-specific GHR gene disrupted mouse lines allow us to begin to
separate the effects of GH and IGF-1 signaling on collagen in WAT. Our results reveal that
FaGHRKO mice have lower collagen content than WT, similar to the GHA mice results. In
contrast, LIGHRKO mice, with elevated circulating GH and decreased endocrine IGF-1,
have increased collagen content, similar to bGH mice. Thus, our results show that collagen
content has a positive relationship with GH action in WAT, and does not seem to be
dependent on or altered by changes in endocrine IGF-1.

WAT health appears to be inversely related to ECM deposition. This might be expected as
you would need a highly flexible ECM for a tissue that has to adapt to changing nutrient
conditions. Indeed, an increased and rigid ECM, as seen in both obese and lipodystrophic
states, has been shown to impede WAT growth and promote local and systemic pathologies,
including chronic inflammation, insulin resistance and cell death [1, 19, 33, 52]. The central
role of a flexible WAT ECM in metabolic health is illustrated by knocking out collagen VI,
which weakens the ECM and results in larger adipocytes but also improved metabolic
outcomes, including decreased WAT inflammation and improved insulin sensitivity [33].
Likewise, a dramatic phenotype is seen in the absence of MTP1-MMP (MMP14) in which a
rigid ECM develops in the sc depots due to abnormal accumulation of collagens. These
MTP1-MMP null mice have a developmental fibrotic response that dramatically blunts
adipose expansion and promotes complete lipodystrophy [16]. Results from our study show
a strong positive correlation between GH and WAT fibrosis. GH has long been known to
impair WAT health and decrease adipocyte size/WAT mass, which has been largely
attributed to GH’s stimulation of lipolysis and inhibition of lipogenesis [24, 25]. Results

Growth Horm IGF Res. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Householder et al.

Page 10

from the current study suggest that increased fibrosis, whether directly caused by GH excess
or a secondary effect of increased lipolysis due to GH action, occurs in bGH WAT. As the
ability to reverse fibrosis is thought to be limited, the resultant, rigid WAT ECM in bGH
mice would ultimately alter overall metabolic fitness of the fat pad and the health of the
organism. To that end, bGH mice have been repeatedly shown to have greater insulin
resistance and WAT inflammation [9, 30, 39]. Conversely, inhibition of GH signaling, as
seen in GHA mice, appears to weaken the ECM and allows adipocytes to expand, promoting
obesity but a without the metabolic dysfunction commonly associated with obese states.
Thus, GH’s influence on WAT fibrosis may be a novel means by which GH alters or controls
WAT mass and health.

The ECM of WAT is comprised of many of the same collagens found in other tissues.
Specifically, collagens I, I11, 1V, V, and VI have been identified as ECM components
involved in WAT fibrosis [19, 40, 47]. Collagen VI is of particular importance as it is
preferentially expressed in WAT with little expression present in other tissues [33, 40].
Collagen gene expression is known to be altered in other tissues such as muscle and bone in
response to GH [20] leading us to hypothesize that the bGH mice, with their increased
collagen deposition, would have increased collagen mRNA expression in WAT. However,
our results with WAT from mice were unexpected and not consistent between depots. For
example, in the sc depot, many collagen genes were downregulated in bGH mice when
compared to controls as well as when compared to the bGH peri depot. Thus, gene
expression and fibrosis showed opposite trends with the bGH sc depot having the greatest
collagen deposition but the lowest gene expression. Overall, the existing RNAseq data
agreed with the gPCR data and also showed that other fibrosis-associated genes showed
opposite trends of what we would expect.

Several possible explanations exist for an increased ECM deposition in bGH mice without a
concomitant increase in expression of fibrosis-associated genes. First, GH may affect post-
translational modification of collagen or other relevant proteins rather than mRNA
expression. In support of this, post-translational modifications of signaling intermediates in
the TGF-p and PDGFRa signaling pathways as well as a generation of a C-terminal
cleavage product of COL6a3 called endotrophin, have been implicated in the WAT fibrosis
associated with obesity [26, 29, 44, 50]. Second, whole tissue may mask gene expression
changes in a subset of cells within WAT. For example, in obese human WAT, the expression
of collagens 1al, 3a.l, and 6a.l are significantly greater in the stromal vascular fraction
(SVF) cells when compared to their expression in mature adipocytes or whole tissue [19].
GH is known to alter the SVF cell population. Specifically, bGH mice have an altered WAT
immune cell populations [4], with an overall increase in immune cell numbers as well as a
substantial shift toward an M2 macrophage phenotype, particularly in the sc depot [4].
Interestingly, M2 macrophages, also known as alternatively activated macrophages, have
been associated with increased ECM remodeling and decreased insulin sensitivity in
subcutaneous WAT from obese human subjects [48]. Thus, a disproportionate number of
these cells would be expected to influence mRNA expression data from whole tissue.
Finally, chronic exposure to excess GH, as occurs in bGH mice, may result in a largely
dysfunctional and inactive tissue by 6 months of age. Importantly, our data from 3T3-L1
cells treated with pharmacological doses of GH reveal at least a transient increase in
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expression of Collal, Col3al, and Col6al, which may dissipate with prolonged exposure.
Regardless, expression of the obvious collagen and fibrosis-associated genes do not appear
to provide insight into how GH increases fibrosis and further studies are needed to elucidate
the mechanism responsible for the increase in fibrosis observed in WAT of these mice.

Notably, this study included different experimental mouse models that have important
clinical correlations. bGH mice experience chronic GH excess similar to patients with
acromegaly; GHA mice have reduced GH action through a mechanism similar to the drug
Pegvisomant, which is used to decrease GH action in patients with acromegaly. In light of
our findings and previous research showing increased fibrosis in other tissues, we believe
that fibrosis should be an important factor to consider in patient management. Specifically,
we believe that drugs for the treatment of acromegaly should be evaluated for their
antifibrotic properties. There are a number of available therapeutic strategies to reduce
fibrosis albeit they have mainly been studied in the context of pulmonary, liver, and kidney
fibrotic disorders. Perhaps antifibrotic drugs in combination therapy with pharmaceutical
agents that reduce the activity of the GH/IGF-1 axis would further attenuate the metabolic
disturbances that accompany acromegaly. Lastly, we believe that the potential for fibrosis
and subsequent alterations to normal tissue function represent an added caution to be
considered when utilizing GH supplementation.

In summary, GH-altered mice provide a unique perspective in that we are able to study
hallmarks of obese WAT in lean unhealthy mice and obese healthy mice. This study has
revealed genotypic and depot differences in collagen content and adipocyte size,
strengthening the argument that unhealthy WAT has similar characteristics in both obese and
lean states. Thus, associated diseases of obesity may be attributed to the health of the tissue,
rather than the amount of tissue. In addition, this study reveals that chronic high levels of
GH increase fibrosis in WAT and decrease adipocyte size. This appears to be due primarily
to the effects of GH and not to IGF-1. In obese WAT, fibrosis has been associated with
limiting the storage capacity of adipocytes thus inhibiting their function, leading us to
question whether this is also true in GH influenced WAT. GH is known to decrease fat mass
by increasing lipolysis and decreasing lipogenesis, and it is important to acknowledge that
our data do not discern whether the alterations in fibrosis are due to GH’s lipolytic effect or
to GH directly. Perhaps future studies that employ other lipolytic factors, such as beta and
renergic receptor agonists, could be evaluated for their impact on WAT fibrosis; this would
determine whether fibrosis is a common phenomenon with other potent lipoloytic molecules
or unique to the lipolytic action of GH. Regardless, if the increased collagen/fibrosis seen in
our study does, in fact, limits the storage capacity of adipocytes, then the increased collagen
content in bGH mice could be a contributing factor to the decreased fat mass caused by GH.
Therefore, our results suggest that restriction of adipocyte size via enhanced collagen
deposition may be a novel mechanism by which GH may reduce fat mass beyond
lipogenesis or lipolysis.
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HIGHLIGHTS

. GH action is positively associated with collagen content in adipose tissue
(AT).

. Effect of GH on AT is depot-dependent with the subcutaneous fat pad most
impacted.

. Fibrosis-related RNA expression is not related to AT collagen levels in bGH
mice.

. WAT fibrosis appears to be a direct consequence of GH action and not IGF-1.

. Acute GH stimulation in vitro increases collagen mRNA expression.
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WT and bGH mice at 6 months of age (n=8 for both groups). In panel B, bGH tissue weights
were significantly lower when analyzed by univariate analysis (F1 56 = 26.3, p = 3.7 x 1076).

In panel C, a two-way ANOVA found significant main for genotype (F1 302 = 130.7, p=2.2

x 10725), depot (F3 302 = 79.2, p = 7.9 x 10738), and the interaction of genotype and depot
(F3302=12.0,p=2.0x 1077) on adipocyte size. All data are expressed as mean = SEM of
eight mice per group. Sc, subcutaneous; Peri, perigonadal; Retro, retroperitoneal; Mes,
mesenteric. *, P < 0.05 versus WT using one way ANOVA with Student’s t test (panel A) or

contrasts tests (B, C).
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Fig. 2.

Analysis of collagen deposition in WAT of 6 month old male bGH and WT mice (n=8 for
both groups). A, Representative images of sc and peri WAT from WT and bGH mice stained
with picrosirius red (200x magnification). B, Quantification of picrosirius red stained area
vs. total area in sc and peri WAT sections. Two way ANOVA analysis indicated significant
main effects of genotype (F1 25 = 22.8, p =5.1 x 1079), depot (F1,28=136.3,p=1.7 x 10-6),
and the interaction of genotype and depot (F1 2g = 11.5, p = 0.002). C, Hydroxyproline
concentration was measured in sc and peri a WAT from bGH and WT mice. Two way
ANOVA found significant main effects of genotype (F1 36=34.9, p=9.2x10""), depot
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(F1,36=272.2, p=2.3x10718), and the interaction of genotype and depot (F1 36=13.0,
p=9.2x107%4). D, A representative picrosirius red stained WAT section showing an example
of the bGH mouse sc depot at 4x magnification. The arrow labeled a indicates an area of
high collagen deposition and small adipocytes. Arrow c indicates a characteristic
collagenous streak, and arrow b indicates an area with relatively less collagen and larger
adipocytes size. E, Shows the number of images in each 10% picrosirius red stained
percentage range. *, P < 0.05 versus WT in the same depot using one way ANOVA with
contrasts tests.
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Fig. 3.
Analysis of collagen gene expression. A, Collagen gene expression of 6 month old WT and

bGH mice. Two way ANOVA found significant main effects of genotype for Co/lal (Fq 39=
7.2,p=0.01), Col3a1 (F1 35=8.1, p=0.007), and Cof5a1 (F1 35=4.6, p=0.04). There was also a
significant main effect of depot for Co/lal (Fy 35=8.0, p=0.008), Col4al (F1 35=5.1, p=0.3)
and Cof5al (Fq 35=4.4, p=0.4) as well as a significant interaction of genotype and depot for
Collal (F1 35=12.0, p=0.001) and Co/3al (F1 35=15.4, p=0.0003). All data are expressed as
mean + SEM of ten mice per group. *, P < 0.05 versus WT of the same depot using one way
ANOVA with contrasts tests. B, Collagen gene expression in 3T3-L1 cells with and without
24 treatment with exogenous bGH. An unpaired student’s t-test, revealed a significant
difference in Collai (p=0.002), Col3al (p=0.008), Col4al (p=0.01) and Col6al (p=0.001)
expression. *, P < 0.05.
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Fig. 4.

A, Body weight, fat, and lean mass of GHA and WT mice. B, Comparison of WAT depot
weights between GHA and WT mice. Two-way ANOVA found significant main effects of
genotype (F1,62=94.1, P=4.8x10714), depot (F(362)=36.2, P=1.2x10713), and the interaction
of genotype and depot (F(3 2)=17.5, P=2.4x1078). C, Comparison of picrosirius red stained
area from WAT histology sections. Two-way ANOVA revealed a significant effect of
genotype (F1,504)=17.4, P=3.7x107°) and depot (F 1 504)=181.5, P=1.5x10~%) but not the
interaction of genotype and depot (F1 504)=.1, P=.7). D, Comparison of hydroxyproline
concentration in WAT tissue from GHA and WT mice. Two-way ANOVA found a
significant effect of depot (F(1 32)=14.6, p=.001), but not genotype or the interaction of
genotype and depot on hydroxyproline concentration. *, p<.05 using one way ANOVA with
contrasts tests.
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Fig. 5.

Comparison of A, average adipocyte size; B, picrosirius red stained area; and C,
hydroxyproline content in FAGHRKO mice (left panels) and LiIGHRKO mice (right panels)
compared to floxed littermate controls at 6 months of age (n=8 for all groups). In panel A
and using a two-way ANOVA, FaGHRKO mice had a significant main effect of genotype
(F1, 26=14.4, p=0.001) and depot (F1 28 =15.1, p=0.001) on adipocyte size. In panel B, a
two-way ANOVA found significant main effects for genotype (FaAGHRKO: F1 476=76.4,
p=4.1x10717; LIGHRKO: Fy 446 =55.0, p=6.1x10713), depot (LIGHRKO: Fy 476=115.3,
p=3.1x10724; LIGHRKO: Fy, 446=550.4, p7.1x10780) and the interaction of genotype and
depot (FaGHRKO: Fy 476=72.5, p=2.2x10716; LiGHRKO: F1 446=6.6, p=0.01) for
picrosirius red stained area for both FaGHRKO and LiGHRKO samples compared to floxed
controls. In panel C, a two-way ANOVA found significant main effects for genotype
(FaGHRKO: F1 25=3.5, p=0.05; LIGHRKO: F1 24=6.2, p=0.02) and depot (FaGHRKO:
F128=16.5, p=3.6x107%; LIGHRKO: F1 446 =93.1, p9.3x10719) but only a significant the
interaction of genotype and depot in LIGHRKO samples (F1:24=12.9, p=0.001) compared to
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floxed controls. All data are expressed as mean + SEM of eight mice per group. *, P < 0.05
using one way ANOVA with contrasts tests.
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