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Background: Pituitary growth hormone (GH) is a key hormone in the maintenance of glucose homeostasis.

Results: GH acts on the macrophage to blunt the deleterious effects of diet-induced obesity (DIO) on insulin sensitivity.
Conclusion: The effect of GH on glucose homeostasis is tissue-specific.

Significance: Administration of GH could have salutary effects on DIO-associated chronic inflammation and insulin resistance

in humans.

We investigated GH action on macrophage (M®) by creating
a M®-specific GH receptor-null mouse model (MacGHR KO).
On anormal diet (10% fat), MacGHR KO and littermate controls
exhibited similar growth profiles and glucose excursions on
intraperitoneal glucose (ipGTT) and insulin tolerance (ITT)
tests. However, when challenged with high fat diet (HFD, 45%
fat) for 18 weeks, MacGHR KO mice exhibited impaired ipGTT
and ITT compared with controls. In MacGHR KO, adipose-tis-
sue (AT) M® abundance was increased with skewing toward M1
polarization. Expression of pro-inflammatory cytokines (IL1f3,
TNF-«, IL6, and osteopontin (OPN)) were increased in
MacGHR KO AT stromal vascular fraction (SVF). In MacGHR
KO AT, crown-like-structures were increased with decreased
insulin-dependent Akt phosphorylation. The abundance of
phosphorylated NF-«B and of OPN was increased in SVF and
bone-marrow-derived M® in MacGHR KO. GH, acting via an
NF-kB site in the distal OPN promoter, inhibited the OPN pro-
moter. Thus in diet-induced obesity (DIO), lack of GH action on
the M® exerts an unexpected deleterious effect on glucose
homeostasis by accentuating AT inflammation and NF-kB-de-
pendent activation of OPN expression. These novel results in
mice support the possibility that administration of GH could
have salutary effects on DIO-associated chronic inflammation
and insulin resistance in humans.

Pituitary growth hormone (GH)? is a key hormone in the
maintenance of glucose homeostasis. The canonical action of
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GH is to induce insulin resistance. The decrease in insulin sen-
sitivity observed during puberty and in gestational diabetes is,
in part, attributed to increased GH action (1, 2). Insulin resis-
tance is a prominent clinical manifestation of GH treatment in
adults and children, and glucose intolerance and diabetes mel-
litus are major clinical manifestations of GH excess in acromeg-
aly (3,4). Animal models of GH excess exhibit insulin resistance
with hyperinsulinemia and hyperglycemia (5, 6) and endoge-
nous GH contributes to impaired glucose metabolism in dia-
betic rats (7). Hence, the prevailing models of GH action predict
that loss of GH action is likely to have salutary effects on insulin
sensitivity.

Obesity is characterized by infiltration, accumulation, and
activation of macrophage (M®) in adipose tissue (8, 9). M® in
adipose tissue presents two distinct phenotypes, M1 and M2.
In lean adipose tissue, M® expresses markers of M2 activation
and secrete anti-inflammatory cytokines (10). Under this con-
dition, glucose metabolic homeostasis and insulin sensitivity is
maintained. Adipose tissues in obese individuals and in animal
models of obesity are infiltrated by a large number of M®,
which express M1 markers and secrete pro-inflammatory cyto-
kines such as TNF-q, IL1b, and IL-6 (11, 12). These cytokines
interact with adipocytes and cause chronic inflammation and
insulin resistance (13). Certain chemoattractants, such as
osteopontin (OPN), monocyte chemoattractant protein 1, and
M® inflammatory proteins (MIPs) accelerate M® infiltration
(14-17). OPN is a phosphorylated glycoprotein secreted by
M®, monocytes, and activated T lymphocytes (18). Mice with
global knock-out of OPN are resistant to diet-induced obesity
(DIO) associated diabetes and this relative protection against
DIO is attributed to decreased infiltration of M® in adipose
tissue (19).

intraperitoneal glucose; ITT, insulin tolerance; HFD, high fat diet; OPN,
osteopontin; SVF, stromal vascular fraction; DIO, diet-induced obesity; MIP,
M® inflammatory protein.
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Whereas the role of M® in the pathogenesis of DIO associ-
ated diabetes is well established, the factor(s) regulating M®
function in the development of DIO associated diabetes are not
clear. One of the factors that could regulate the M® role in the
pathogenesis of DIO is GH. Circulating levels of GH are low in
obese individuals and both spontaneous GH secretion (20) and
the GH secretory response to stimuli (e.g. arginine, GHRH-ar-
ginine, insulin-induced hypoglycemia) are impaired compared
with normal subjects (21-25). The precise biological signifi-
cance of low circulating levels of GH in obesity is not known.
GH has been previously shown in vitro to regulate M® pro-
liferation, migration, and cytokines production, and cellular
uptake and degradation of low-density lipoprotein and rate of
cholesterol esterification (26 -30). Our previous studies indi-
cate that GH can regulate M® cytokine production (27). To test
these functions in vivo, we created a mouse model with targeted
abrogation of GH receptor in the M® and using this model we
now report novel, M®-dependent effects of GH on adipocyte
function. Thus in DIO lack of GH action on the M® resulted in
increased inflammation and decreased insulin sensitivity in adi-
pose tissue. Furthermore, our studies reveal a direct effect of
GH on OPN expression in the pathogenesis of these novel
effects of GH on the M®.

EXPERIMENTAL PROCEDURES

Animals— Animals were housed in a specific pathogen-free
animal facility at the University of Michigan, and all experi-
ments were approved by the University of Michigan IACUC.
Mice were maintained under a continuous light-dark cycle
(light from 5:00 a.m. to 5:00 p.m.) and received either a standard
diet or a high-fat diet (HFD) containing 45 kcal% fat (D12451,
Research Diets, Inc). Mice were 7— 8 weeks old at the beginning
of the feeding of HFD. Body composition, measured at end
of 18 weeks on HFD, was analyzed using NMR spectroscopy
(minispec LF90; Bruker Optics).

Reagents—Phospho-Akt, total Akt antibodies, phospho-NF-
kB, and total-NF-«kB were purchased from Cell Signaling.
B-Actin monoclonal antibody was obtained from Sigma-Al-
drich. OPN and Anti-F4/80 antibodies were from Abcam. PE-
conjugated anti-F4/80, PE/Cy7-conjugated anti-CD11c, Alexa
647-conjugated anti-CD206, and isotype antibodies were pur-
chased from eBioscience. Anti-GH receptor AL-47 antibody
was obtained from Dr. S. Frank (University of Alabama).

Generation of Mice with Targeted Deletion of GH Receptor in
MP/Monocyte (MacGHR KO)—The generation of the homozy-
gous GHR exon 4 floxed mice (Ghr™™), MacGHR conditional
knock-out mice (Ghr®/®tysM-ere(+/=), designated as GHRMac
KO), and Ghr®/BLysM-cre(=/7) (designated as heterozygous con-
trol) have been previously described (27, 31).

Genotyping—DNA isolation and PCR were carried out using
Terra PCR Direct Polymerase Mix (Clonetech). Primers for GH
receptor genotyping: A: 5'-ctacacaaatacacacagatatac-3'; B: 5'-
tcagcatgtttagaatcacaaga-3'; C: 5'-cttatagagaagccaagtattgga-3'.

Isolation of Peritoneal M®, Splenic Monocyte/Macrophage,
and Stromal Vascular Fraction (SVF)—To isolate peritoneal
M®, the mice were injected intraperitoneally with 3 ml of aged
thioglycolate for 3 days prior to being euthanized. Peritoneal
M® were obtained and purified by adherence as previously
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described (32). To isolate the adipose tissue stromal vascular
fraction (SVF), the mice were perfused with PBS for 3 min to
remove blood cells from circulation prior to harvesting of the
epididymal and subcutaneous fat pads. The isolated fat pads
were minced and incubated with 1 mg/ml collagenase (Sigma)
for 20-30 min and filtered through a 100 wm nylon cell
strainer. The strained cell mixtures were centrifuged at 1000 X
g for 10 min and the pellet treated with ACK lysing buffer
(Lonza) to remove erythrocytes to yield SVF. Splenic mono-
cyte/macrophage cells were isolated by extruding the spleen
through the cell strainer and rinsing the cell strainer with
DMEM. Cells were collected by centrifugation and resus-
pended in 1 ml of ACK lysing buffer to remove erythrocytes
Monocytes/macrophages were further purified by differential
adherence to the culture plate; purity (>95%) of monocytes/
macrophages was confirmed by staining for the macrophage
marker, F4/80.

Isolation and Culture of Bone Marrow-derived M® (BMDM)—
Femoral and tibial bones were isolated from control and
MacGHR KO mice. Bone marrow cells were obtained by flush-
ing the marrow cavity with DMEM using a 26 72 gauge needle
attached to a lcc syringe. The bone-marrow cells were dis-
persed by pipetting and the erythrocytes were lysed with ACK
lysing buffer. Cells were cultured in DMEM containing 10%
heat-inactivated FBS, penicillin/streptomycin and 10 ng/ml
M-CSEF for 6 days. M-CSF was removed after 6 days of culture,
and cells were treated with 10 ng/ml LPS or 40 ng/ml IL-4 for
24 h prior to collection for RNA extraction.

PCR Array—PCR array analysis was performed using RT>
profiler PCR array (Qiagen, SABiosciences mouse chemokines,
and receptors, # PAMM-022) on the Applied Biosystems 7000
Prism using RT? Real-Time SYBR Green PCR master mix. The
total volume of the PCR was 25 ul. The thermocycler parame-
ters were 95 °C for 10 min, followed by 40 cycles of 95 °Cfor 15 s
and 60 °C for 1 min.

Real-Time Quantitative PCR Assay (RT-qPCR)—Total RNA
was isolated using Trizol reagent and then repurified using a
column (RNeasy minikit; Qiagen, Valencia, CA) according to
the manufacturer’s protocol. In-column deoxyribonuclease
digestion was performed for each sample to remove genomic
DNA. Quantitative PCR was performed using QuantiTect
SYBR Green RT-PCR Kit (Qiagen # 204243) as described pre-
viously (27). Primers for the cytokines were: IL1-b forward
5'-GGACCCATATGAGCTGAAAGC-3', reverse 5'-TCGT-
GGCTTGGTTCTCCTTGT-3'; IL-6 forward 5'-TGGAGTC-
ACAGAAGGAGTGGCTAAG-3', reverse 5'-TCTGACCAC-
AGTGAGGAATGTCCAC-3'; TNEF-a, forward 5'-GACCCT-
CACACTCAGATCATCTTCT-3', reverse 5'-CCACTTGGT-
GGTTTGCTACGA-3'; OPN forward 5'-CAGTATCCTGAT-
GCCACAGATGA-3', reverse 5'-ATGACATCGAGGGACT-
CCTTAGAC-3".

Glucose and Insulin Tolerance Tests—Glucose tolerance
tests were performed by intraperitoneal injection of glucose (2 g
glucose per kg body weight) after a 16—18 h overnight fast.
Insulin tolerance was performed by intraperitoneal injection of
recombinant human regular insulin (1 unit insulin per kg body
weight for mice on normal diet; 1.5 unit insulin per kg body
weight for mice on HED) in mice that had been fasted for 5 h.
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Blood glucose levels were measured using a glucometer from
tail blood taken at indicated time points.

In Vivo and Ex Vivo Akt Activation—Akt activation in vivo
was assessed in mice that had been fasted for 5 h and then
injected intraperitoneally with 2 units/kg of insulin. 10 min
after the injection, the respective tissue was harvested for fur-
ther processing as described below. For assessing activation of
Akt ex vivo, epididymal adipose tissue was harvested and pre-
incubated for 10 min at 37 °C in Krebs-Ringer solution. For
insulin stimulation, the adipose tissue was transferred directly
to Krebs-Ringer solution containing 100 nM/ml insulin for 2 or
5 min at 37 °C. The tissue designated as the treatment control
was similarly incubated but without insulin. After the treat-
ment, the adipose tissues were washed with cold PBS and snap-
frozen in dry ice, and stored at —80 °C until further processing.
The tissues were homogenized in RIPA buffer (50 mm Tris-
HCl, pH 7.5, 150 mm NaCl, 2 mm EGTA, 0.1% Triton X-100)
containing protease inhibitors and 0.1 mm NaOV, and centri-
fuged (15,000 X g X 10 min). The protein extracts were sub-
jected to Western blot analysis for quantification of total and
phosphorylated Akt. Specific signals were detected using
chemiluminescence techniques (ECL Plus; GE Healthcare)
after incubation with appropriate horseradish peroxidase-con-
jugated secondary antibodies.

Flow Cytometry Analysis—SVF cells were incubated with Fc
blocking solution for 5 min followed by fluorescence-conju-
gated antibodies (CD 206, CD11C, and F4/80) for 60 min at
4 °C. After staining, cells were washed twice with cold PBS,
fixed in 0.5% PFA in PBS and analyzed using FACS Canto II.

Macrophage populations were identified by first gating sin-
glets (by FSC-height versus FSC width) and identifying F4/80+
cells (PE). F4/80+ cells were gated and examined for CD11c
(PE-Cy7) and CD206 (eFluor650) staining). The data analysis
was performed using BD FACSDiva Software.

Histologic Analysis—Representative samples of adipose tis-
sue isolated from the control and MacGHR KO mice were fixed
in 1% of paraformaldehyde immediately after excision. These
tissues were rinsed with PBS and blocked in 5% BSA in PBS for
1 h. Tissues were then stained with primary antibodies for 1 h
prior to incubation with fluorescent-conjugated secondary
antibodies for 1 h. After staining, sample was placed on a cov-
erslip and examined using inverted fluorescence microscopy.

Luciferase Assay—OPN promoter regions were cloned into
the pGL3 luciferase reporter vector (Promega) using the follow-
ing primers. Forward primer: (F1 construct) 5'-GTCATAT-
GGTTCAGCTCGAGGTGGCGCAGCTCCA-3’; Forward
primer: (F2 construct) 5'-CACCCCTCGAGAGCAAGCATT-
CCAGTCTCACAAACTGCT-3’; Forward primer: (F3 con-
struct) 5'-ATCAACTCGAGATTGTGTATCCATGTGGCC-
TTTATCTG-3'. Reverse primer for all the constructs:
5'-GGCCAAAGCTTCTGCAGGCTTACCTTGGC-
TGGTTTCCT-3'.

Renilla luciferase, pRL-TK (Promega) was used as an internal
control. Luciferase activity was measured in cell extracts using
the Dual Luciferase Assay system (Promega).

Mutagenesis—NF-kB binding site was mutated using muta-
genesis kit from Promega. The sequence of the top strand was
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5'-TGCTGCCTTAGGATTTGTGCCTGAACAACACTGAA-
AACA-3’; the sequence of the bottom strand was 5'-TGT-
TTTCAGTGTTGTTCAGGCACAAATCCTAAGGCAGCA.

Statistical Analysis—Mann-Whitney and Kruskal-Wallis
nonparametric tests were used to analyze statistical differences
between the distributions of two or multiple independent sam-
ples respectively. p values equal to or less than 0.05 were con-
sidered significant.

RESULTS

Characterization of MacGHR KO Mice—Targeted deletion
of GH receptor in M® in MacGHR KO was confirmed by PCR
of genomic DNA isolated from peritoneal M® (Fig. 14), Taq-
Man RT-PCR (Fig. 1B), and Western blot analysis (Fig. 1C).
Genomic DNA isolated from peritoneal M® from heterozy-
gous controls and liver of both MacGHR KO and heterozygous
controls yielded bands corresponding to both the intact Ghr
allele (longer band), and the allele with the excised exon 4
(shorter band) because of their Ghr*'" genotype (Fig. 1A). In
contrast, PCR of genomic DNA isolated from peritoneal M®
from MacGHR KO yielded only the shorter band correspond-
ing with excision of exon 4. These results indicate that excision
of GH receptor exon 4 in MacGHR KO was restricted to M®.
Whereas the expression level of GH receptor mRNA was not
changed in liver and adipose tissue, expression was significantly
decreased in monocytes, and M® isolated from spleen or peri-
toneal cavity of the MacGHR KO mice (Fig. 1B). Similarly,
Western blot confirmed the absence of GH receptor protein
expression in MacGHR KO M® (Fig. 1C).

Diet-induced obesity associated impairment in glucose tol-
erance and increased insulin resistance are accentuated in
MacGHR KO mice. On normal chow diet, there were no signif-
icant differences in the growth profile of MacGHR KO and their
littermate controls (Fig. 1D). Similarly, feeding the animals with
HEFD for 18 weeks did not reveal significant differences between
the weight profile of MacGHR KO and their littermate controls
(Fig. 1E). To further investigate a potential role for GH in M®
homeostasis in DIO, peritoneal glucose tolerance test (ipGTT)
was performed on MacGHR KO and their littermate controls
fed normal chow or HFD for 18 weeks. On normal chow diet
there was no significant difference in the glucose profile of
MacGHR KO compared with the control cohort (Fig. 2A).
However, contrary to expectations based on the generally
accepted notion that GH increases insulin resistance, on a HFD
MacGHR KO progressively (at 8 and 18 weeks of HFD) exhib-
ited higher glucose levels compared with the control cohort
(Fig. 2, B & C). At 18 weeks glucose levels were significantly
higher at 15, 30, 60, and 120 min after a glucose challenge in
MacGHR KO versus control (Fig. 2C). To determine whether
the impaired ipGTT observed in MacGHR KO mice was due to
decreased insulin sensitivity, insulin tolerance test (ITT) was
performed in both groups of mice. As seen in Fig. 2D, decreased
insulin sensitivity was observed in MacGHR KO mice on HFD
for 18 weeks. To further investigate the decrease in insulin sen-
sitivity, insulin-stimulated phosphory-lation of Akt was pro-
filed in adipose tissue, muscle, and liver. These results indicate
that insulin stimulation of pAkt was significantly impaired in
adipose tissue of MacGHR KO (Fig. 3, A & B). In contrast, there
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FIGURE 1. Targeted deletion of GH receptor in M®. A, genomic DNA PCR for Cre and the floxed GH receptor exon 4; absence of AC band containing exon 4
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anti-GH receptor antibody (AL-47, 1:1000) demonstrating absence of GH receptor band in SVF M® from MacGHR KO. Positive control (F442A pre-adipocytes);
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was no demonstrable difference in insulin stimulated p-Aktlev-
els in muscle and liver between MacGHR KO versus control
(Fig. 3, C& D).

MacGHR KO Mice Exhibit Increased Epididymal Fat and
Increased Adipocyte Cell Size—There were no differences in
whole body composition measurements between MacGHR KO
and the control cohort (Fig. 44) mice fed HFD for 18w. How-
ever, examination of the epididymal (visceral) and subcutane-
ous fat depots revealed that the MacGHR KO mice had
increased epididymal fat depots, expressed as either absolute
weight or percent of total body weight (Fig. 4, B & C). On his-
tological examination of epididymal fat depots, the size of adi-
pocytes from MacGHR KO adipose tissue appeared larger than
those from control animals (Fig. 4D, right panels). This was
confirmed by morphometric analysis that demonstrated skew-
ing toward the larger adipocyte cell sizes in the MacGHR KO
mice (Fig. 4E). This size difference was not observed in the
subcutaneous fat (Fig. 4D, left panels), suggesting that GH
action on the M® disproportionately affected visceral fat
depots in DIO.

MacGHR KO Mice Develop Increased Inflammation in Adi-
pose Tissue—Glucose intolerance and insulin insensitivity in
obesity are associated with inflammation in adipose tissue. To
investigate whether lack of GH action on the M® modulates the
inflammatory state of the adipose tissue, expression level of a
cadre of relevant cytokines were measured by RT-qPCR. Our
results indicated that when fed HFD for 18w pro-inflammatory
cytokines, such as NF-«B, IL6, IL13, and TNFa were expressed
at higher levels in SVF isolated from MacGHR KO mice com-
pared with SVF from litter mate controls (Fig. 54). In contrast,
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there was no significant difference in the IGF-1 mRNA expres-
sion level between the MacGHR KO and control animals (Fig.
5A). Consistent with the increased expression of proinflamma-
tory cytokines, crown-like-structures which typically associate
with obesity associated chronic inflammation in adipose tissue
were also increased in epididymal fat depots of MacGHR KO
mice (Fig. 5B). Furthermore, Western blot analysis revealed
increased levels of the phosphorylated 65 kDa subunit of NF-«B
in M® isolated from MacGHR KO mice (Fig. 5C).

Increased Inflammation in Adipose Tissue of MacGHR KO Is
Associated with Increased M® Infiltration and M1/M2 Ratio—
Inflammation is associated with increased macrophage infiltra-
tion and M1 macrophage population. To profile M® popula-
tion in adipose tissue of MacGHR KO mice, SVF were isolated
from the control or MacGHR KO mice fed HFD for 18w and
phenotyped by flow cytometry analysis using M1(CD11c) and
M2 (CD206) markers. As shown in Fig. 6B, the total number of
adipose tissue M® was increased in epididymal fat from
MacGHR KO mice. Additionally, in MacGHR KO, the propor-
tion of M1 M® with pro-inflammatory phenotype (CD11c™)
was significantly increased with corresponding decrease in the
anti-inflammatory phenotype M2 M® tagged with CD206 (Fig.
6, C & D). Sybr-RT-PCR also showed increased M1 marker,
CD11C in SVF from MacGHR KO mice (Fig. 64).

Lack of GH Action on M® Increases Expression of Osteopon-
tin (OPN)—To elucidate mechanisms that link the absence of
GH action in the M® with the observed increase in inflamma-
tion and M® accumulation in adipose tissue, we surveyed
the expression of candidate genes using targeted microarray.
These results revealed that the expression of OPN was sig-
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nificantly elevated in SVF from the MacGHR KO mice fed
HEFD for 18w (Fig. 7A). The increase in steady state levels of
mRNA was confirmed by RT-qPCR of independent samples
(Fig. 7B). Furthermore, Western blot analysis revealed that
the expression of OPN protein, both the secreted form in the
supernatant and the intracellular form in the cell lysate, was
also increased in bone marrow-derived M® from MacGHR
KO mice (Fig. 7B).

GH Increases OPN Expression via Direct Effect on the OPN
Promoter—Increased levels of OPN expression in the MacGHR
KO mice on HFD could be due to a direct effect of GH on OPN
gene expression or indirect action mediated via effect of GH on
regulators of OPN expression such as cytokines (e.g. TNFa that
increase OPN expression or PPARy and/or LXR ligands that
antagonize OPN expression). To investigate the possibility of
direct effects of GH on OPN gene expression we cloned varying
lengths of the murine OPN promoter (F1 —2044 to —7, F2
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—985 to —7 and F3 —482 to —7) into the luciferase reporter
vector pGL3 and measured the effect of GH on the activity of
the OPN promoter in transient transfection assays. These
experiments revealed that GH significantly down-regulated F1
OPN promoter activity (Fig. 84). In contrast, the promoter
activities of F2 and F3 promoter fragments were not signifi-
cantly altered by GH treatment, thus mapping the GH respon-
sive region to between —2044 and —986 of the OPN promoter.
In silico analysis of the —2044 to —986 region identified a puta-
tive NF-«kB binding site (GGAATTTCCC). Previous reports
had identified this NF-kB binding site to act as an inhibitor of
OPN promoter activity (33, 34). To investigate the role of this
NE-«B binding site in transducing GH action on the OPN pro-
moter, we mutated the site in the F1 luciferase-promoter con-
struct. Transient transfection experiments revealed that mutat-
ing the NF-«B site resulted in loss of GH inhibitory effect on the
OPN promoter (Fig. 8B). These results indicate that GH inhib-
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its OPN promoter via interaction with this NF-«B site in the
distal OPN promoter.

DISCUSSION

The seminal finding of this study is the discovery of a hitherto
unknown role for GH action on the M® in the maintenance of
adipose tissue homeostasis in DIO. Thus on a HED, lack of GH
action on the M® resulted in increased M® infiltration and
chronic inflammation in adipose tissue, insulin resistance, and
glucose intolerance. The increased inflammation in adipose tis-
sue of mice with targeted knock-out of GH receptor (MacGHR
KO) in M® is associated with increased adipose tissue expres-
sion of the chemokine osteopontin (OPN), a critical regulator
of obesity-associated adipose tissue inflammation and insulin
resistance. Our studies also identify a mechanism for this
increased expression of OPN to be the loss of a suppressive
effect of GH on a NF-«B cis-element in the distal OPN pro-
moter. These phenotypic changes in MacGHR KO are not
accompanied by changes in M® IGF1 expression, thus sup-
porting a novel direct action of GH on the M®. The prevail-
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ing models of GH metabolic actions do not involve the M®;
our findings argue for a paradigm shift in the current under-
standing of the metabolic sequelae of tissue-specific GH
action.

The conventional model of GH action is based on the pre-
mise that the preponderance of GH action is mediated via gen-
eration of liver-derived IGF1 (35). This paradigm is being chal-
lenged by mouse genetic models that do not support an
essential role for liver-derived IGF1 in transducing GH actions
on statural growth (31, 36, 37). Consequently, these studies
have highlighted the urgency to understand the physiological
significance of direct action of GH at the cell/tissue level. The
adipocyte is a major target for GH action. Traditionally, the
actions of GH on the adipocyte are believed to be mediated
through activation of GH receptors on the adipocyte which
results in increased lipolytic activity via catecholamine-induced
lipolysis secondary to up-regulation of B-adrenergic receptors,
and decreased accumulation of triglyceride in the adipocyte via
inhibition of lipoprotein lipase activity (3). However, our previ-
ous studies had identified a potential paracrine mechanism for
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GH effects on adipose tissue (4). Using in vitro cell culture mod-
els we had demonstrated that GH acts directly on the macro-
phage (M®) to alter the profile of cytokines secreted by the M®,
and thus in a paracrine manner increases adipocyte differenti-
ation. The present study identifies a physiological significance
of this novel paradigm of GH acting on the M® to alter adi-
pocyte function in a paracrine manner. Specifically, our studies
establish that on a HFD, lack of GH action on the M® results in
preferential accumulation of M1-polarized M® in adipose tis-
sue. It is noteworthy that a recent study reported that targeted
ablation of GHR expression in adipose tissue in mouse did not
alter glucose metabolism on a normal diet (38). These results
were obtained on a normal diet and it would be of interest to
compare the effect of GH action on adipose tissue versus adi-
pose tissue macrophage on a high fat diet.

The results of the ITT indicate that the lack of GH action on
the M® results in worsening of whole body insulin resistance in
DIO and the studies with ex vivo adipose tissue explants dem-
onstrate adipose tissue insulin resistance in the MacGHR KO
animals. In addition to the adipose tissue, M® are also resident
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in other tissues/organs, such as skeletal muscle and liver, that
play direct roles in determining whole body insulin sensitivity.
Our results indicate that insulin sensitivity is not impaired in
muscle and liver tissue of the MacGHR KO animals, thus impli-
cating the adipose tissue as the primary site for insulin resis-
tance in this model. A recent study demonstrated that disrup-
tion of GH action in skeletal muscle in mice was associated with
reduced adiposity and improved insulin sensitivity in DIO (39).
In contrast, Mavalli et al. (40) reported that ablation of GHR in
skeletal muscle resulted in increased body weight and adiposity,
and deterioration in insulin sensitivity. The exact reason(s) for
the variance in findings between these two studies is not clear,
but could be related to the differences in the genetic back-
ground and the promoters used to drive the Cre-recombinase.
Thus, these studies emphasize the importance of analyzing and
understanding tissue-specific actions of GH on glucose
homeostasis and insulin sensitivity. Furthermore, the dem-
onstration of effects of GH action on adipose tissue M® in
the present study highlights the importance and relevance of
investigating the role of GH in macrophages resident in
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other organs and tissues such as liver (Kupffer cells) and
brain (microglia).

Adipose tissue M@ (ATMs) is a major source of inflamma-
tory cytokines in DIO. Our results reveal that abrogating GH
action on M® accentuates the inflammatory state of the adi-
pose tissue in DIO. Proinflammatory cytokines, such as TNF-a,
IL-1b, IL-6, and OPN, are expressed at higher level in SVF of
MacGHR KO versus controls (Fig. 54). The increase in crown-
like structures observed in MacGHR KO mice compared with
control mice provides further evidence of increased adipose
tissue inflammation in MacGHR KO. Consistent with these
findings, phosphorylation of NF-«B, a key component in
inflammatory pathway, is also increased in MacGHR KO. The
increase in NF-«kB activity in the MacGHR KO ATMs is con-
sistent with the inhibitory effect of GH on LPS stimulated
NF-kB nuclear translocation in human monocytes (41) and our
previous studies demonstrating GH-dependent inhibition of
NEF-kB activity in J774A.1 M® (27). In contrast in the lung, GH
enhanced LPS stimulated NF- B activity (42), suggesting that
the effect of GH on NF-«B activation is tissue/cell type-specific.

Osteopontin (OPN; also known as ETA1 and encoded by
SPPI) is a cytokine that is secreted by M® and other types of
cells (43, 44). OPN modulates the function of M® including
migration and M® accumulation (45). In DIO, expression of
OPN is enhanced and is posited to increase the migration of M1
M® into adipose tissue and subsequently increase inflamma-
tion and decrease insulin sensitivity (46, 47). Total OPN knock-
out mice fed a HFD display decreased M® infiltration and less
insulin resistance than control mice (17). Our data show that
OPN is up-regulated in adipose tissue SVF and bone marrow-
derived M® of MacGHR KO (Fig. 7). The increase in OPN
could be due to a direct effect of GH on OPN gene expression or
an indirect action mediated via the increased inflammation in
adipose tissue in MacGHR KO. It is noteworthy that the
increase in OPN expression in bone marrow-derived M® of
MacGHR KO was not accompanied by parallel changes in the
expression of other cytokines (e.g. IL-13 and IL-6, data not
shown), thus suggested a specific effect of GH on OPN expres-
sion. Our studies establish that GH action directly inhibits OPN
promoter activity (Fig. 8). Furthermore, we demonstrate that
this inhibitory effect is regulated through NF-«kB pathway since
mutating a NF-«B binding site on the OPN promoter, previ-
ously demonstrated to inhibit OPN promoter activity (33, 34)
abolishes the inhibitory effect of GH on the OPN promoter
(Fig. 8B).

Pituitary GH is essential for postnatal linear growth and also
exerts pleotropic actions on metabolism of fat, carbohydrate,
and protein. In the adult, wherein the linear growth promoting
actions of GH are not apparent, GH effects on metabolism are
preeminent. However, the precise biological significance and
the essential nature of these actions in the adult remain unclear.
Consequently, there is lack of consensus about the need to treat
adult GH deficiency with GH (48). Our results support a model
wherein GH plays an essential and biologically significant role
in the adult via its actions on the M®. Our study indicates that
GH actions on the M® blunt the deleterious effects of DIO on
adipose tissue. These novel actions of GH highlight a hitherto
not described physiological role for GH in the adult.
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In summary, our results argue for a paradigm shift in our
understanding of the biological roles of GH by placing the M®,
acell type hitherto not well studied as a GH target, central to the
metabolic (non-growth) actions of GH in the intact animal. Our
results support a model wherein in DIO, lack of GH action on
the M® results in increased inflammation and decreased insu-
lin sensitivity in adipose tissue. This effect is in part mediated by
increased OPN expression resulting from loss of GH inhibitory
effect on an NF-kB element in the OPN promoter. We con-
clude that one of the physiological roles of GH in the M® is to
suppress NF-«B activation and OPN expression. Our results in
mice provide novel insights into GH role in the maintenance of
metabolic homeostasis in DIO and support the possibility that,
despite the dogma of GH being a diabetogenic hormone that
increases insulin resistance, administration of GH could have
salutary effects on DIO-associated chronic inflammation and
insulin resistance in humans.
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