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Abstract Growth hormone (GH) acutely stimulates lipolysis
and fat oxidation, a process that operates postabsorptively
and involves activation of the JAK-STAT pathway in the target
tissue; no in vivo data exist regarding subsequent GH-regu-
lated gene transcription. We obtained serum samples and
muscle biopsies in human subjects before and 2 h after ad-
ministration of a GH bolus. A significant (~75%) elevation in
serum FFA levels was recorded post GH. Microarray identi-
fied 79 GH-regulated genes in muscle. With qRT-PCR, we
then examined the expression of selected genes in the pres-
ence and absence of glucose-induced suppression of lipoly-
sis. Four genes involved in the JAK-STAT5 signaling pathway
were regulated by GH, including SOCS1-3 and CISH, in addi-
tion to three genes associated with insulin action: NFkBIA,
PIK3C2B, and PRKAG2. The gene encoding ANGPTILA, a pro-
tein involved in lipolysis and suppression of LPL activity, ex-
hibited the most pronounced upregulation (5.6-fold) after
GH, which was abrogated by concomitant suppression of k-
polysis. Therefore, the GH-induced stimulation of ANGPTL4
gene expression seems secondary to induction of lipolysis.Hli
This new concept implies that abundant supply of circulating
FFA decreases the need for alternative triglyceride-derived
FFA through distinct inhibition of LPL mediated by increased
ANGPTIL4 gene expression in human muscle.—Clasen, B. F.
F.,, T. Krusenstjerna-Hafstrgm, M. H. Vendelbo, K. Thorsen, C.
Escande, N. Mgller, S. B. Pedersen, J. O. L. Jgrgensen, and N.
Jessen. Gene expression in skeletal muscle after an acute intra-
venous GH bolus in human subjects: identification of a mecha-
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Growth hormone (GH) is an important regulator of
lipid metabolism in skeletal muscle (1). The secretion
of GH is pulsatile in a pattern opposite to insulin with
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suppressed postprandial levels and increased activity dur-
ing fasting and exercise. Following exposure to a physiologi-
cal intravenous GH bolus, distinctive temporal changes in
substrate fluxes are recorded in skeletal muscle, character-
ized by reversible suppression of glucose uptake that peaks
after 2 h together with increased uptake of lipids (2). Trig-
lycerides (TG) in lipoproteins are hydrolyzed to FFA by
lipoprotein lipase (LPL) before entering the muscle cell
(3). Interestingly, GH treatment downregulates LPL activ-
ity (4), and hypersecretion of GH as seen in acromegaly is
associated with hypertriglyceridemia (5). It has been shown
in humans that GH stimulates turnover and oxidation of
free fatty acids (FFA) together with unaltered VLDL-TG ki-
netics (6). This finding suggests that circulating FFA rather
than VLDL-TG constitutes the major source for increased
lipid metabolism in muscle following GH stimulation, but
the mechanisms that regulate these processes are unknown.

Experimental data in human subjects suggest that these
insulin-antagonistic effects of GH, i.e., suppression of glu-
cose uptake and stimulation of FFA, are causally linked, as
pharmacological antilipolysis resulting in suppressed FFA
levels abrogates GH-induced insulin resistance during a
glucose clamp (7). In animal models and cell cultures, this
is associated with inhibition of the IRS1-Akt pathway in
muscle (8) and fat (9). However, in human subjects, GH-
induced insulin resistance does not translate into suppres-
sion of pertinent insulin signaling pathways as assessed by
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western blotting and activity assays (10-13). This indicates
that additional mechanisms apart from the IRS1-Akt sig-
naling pathway mediate the effects of GH on skeletal mus-
cle metabolism.

It has also been recorded in human subjects that systemic
exposure to GH of endogenous as well as exogenous origin
acutely translates into detectable in vivo GH receptor signal-
ing in muscle in terms of tyrosine-phosphorylation of the
transcription factor STAT5 (11, 14-16). Moreover, this is fol-
lowed by increased insulin-like growth factor 1 (IGF-1) and
suppressor of cytokine signaling (SOCS) gene expression,
both of which are known STAT5 targets (10, 11). Because
regulation of target genes mediates numerous actions of GH
(17), it is likely that identification of genes regulated by GH
in human skeletal muscle may provide novel insight into the
metabolic responses described above. Indeed, this approach
has been used in murine skeletal muscle cell lines in vitro
with GH stimulation alone (18) and in combination with
insulin (19). However, the acute response under physiologi-
cal conditions in humans is unknown. The DNA microarray
technology measures the expression levels of large numbers
of genes simultaneously, which provides a means to disen-
tangle the transcriptional mechanisms underlying the acute
effects of GH.

The aim of this study was to identify the impact of a single
GH pulse on gene expression in human skeletal muscle
in vivo. To this end, eight healthy male subjects underwent
muscle biopsies before and 2 h after administration of an
intravenous GH bolus. Microarray technology was used, in-
cluding functional classification of GH-responsive genes
and subsequent qRT-PCR verification. To test for direct and
indirect effects of GH, expression of target genes was inves-
tigated when GH was given in combination with insulin-
induced suppression of lipolysis.

RESEARCH DESIGN AND METHODS

This study presents data obtained from two clinical studies
from which data of a different nature have been published previ-
ously (10, 13).

Group 1 consisted of eight healthy men ages 24.6 + 1.8 years
(mean + SE) with a mean body mass index (BMI) of 24.2 + 1.2
kg*m_2 who were studied in a randomized, crossover design on
three occasions (13): I) after an intravenous GH bolus (0.5 mg
Genotropin, Miniquick, Pfizer, New York, NY), 2) after an intra-
venous GH bolus in combination with an oral glucose load
(OGTT) (75 g), and 3) after an OGTT alone. Muscle biopsies
from vastus lateralis were collected at t = 0 min and t = 120 min.
Blood samples were drawn at least every 30 min.

Group 2 consisted of eight patients with GH deficiency (GHD)
ages 57.0 + 2.5 years (mean + SE) with a BMI of 30.6 + 1.4 kg*m >,
who were treated with stable doses of GH and other pituitary sub-
stitution therapy for at least three months. The study design is de-
scribed in detail in a previous publication (10). We used skeletal
muscle biopsies from these patients taken on two separate exami-
nation days, separated by at least four weeks. On one study day,
a muscle biopsy was taken after discontinuation of GH therapy.
On a separate day, a muscle biopsy was taken during a low-dose
GH infusion commenced 6.5 h earlier. On each examination

day, i.e., when the biopsies were taken, patients also underwent a
6 h hyperinsulinemic-euglycemic clamp with insulin infused at
0.5 mU/kg/min (10). Blood samples were drawn at least every 2 h.

Both study protocols were approved by the Regional Scientific
Ethics Committee of Denmark (M-20070052; M-20070176), and
all participants gave oral and written informed consent to partici-
pate. The study was conducted in accordance to the Helsinki
Declaration.

Study design

We performed Human Gene 1.0 ST Array (Affymetrix Inc.,
Santa Clara, CA) analysis on muscle biopsies from group 1 ob-
tained before and 120 min after an intravenous GH bolus to test
for acute effects of GH stimulation in human skeletal muscle
(study day 1). Regulated genes were identified as a gene dis-
playing a fold change of < 0.7 or = 1.4, with a P-value < 0.05 in
response to GH treatment. These criteria are similar to those
published for similar studies (20-22). Expression of regulated
genes was examined on the mRNA level in samples from group
1 and on the mRNA and protein levels from GHD patients from
group 2.

RNA isolation

Skeletal muscle powder samples were homogenized in TriZol
reagent (Life Technologies Inc., Life Technologies, Roskilde,
Denmark), and total RNA was extracted following the manufac-
turer’s protocol. RNA was quantified by measuring absorbance at
260 and 280 nm using a NanoDrop 8000 (NanoDrop Products,
Wilmington, DE); the inclusion criterion was a ratio of at least
1.8. The integrity of the RNA was determined using Bioanalyzer
2100 (Agilent, Santa Clara, CA). A RIN score > 7 was obtained for
all samples.

Human Gene 1.0 ST Array labeling data analysis

Total RNA (100 ng) was labeled with the Ambion WT Expres-
sion Kit (Ambion, Carlsbad, CA) according to the manufacturer’s
instructions. Samples were hybridized overnight to the GeneChip
Human Gene 1.0 ST Array (Affymetrix) and scanned using an
Affymetrix GCS 3000 7G scanner.

Data analysis was performed in the GeneSpring GX11.5 soft-
ware (Agilent). Cel files were imported and quantile normalized
with the iterPLIER16 algorithm followed by baseline transforma-
tion with median scaling to the median of all arrays. Differential
gene expression analysis was performed on transcript values
using paired ttest.

Hierarchical clustering was performed vertically on genes and
horizontally on samples by Euclidian distance and centroid link-
age (default in GeneSpring). A DAVID (Database for Annota-
tion, Visualization and Integrated Discovery) analysis was performed
on the regulated genes using the available online tool (DAVID
Bioinformatics Resources v6.7).

Cell culture

C2C12 cells (ATCC, Manassas, VA) were cultured in DMEM
(1 g/1 glucose), 10% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin. When cells reached confluency, the growth me-
dium was substituted with differentiation medium consisting of
DMEM (1 g/1glucose), 2% horse serum, 100 U/ml penicillin, and
100 wg/ml streptomycin. Differentiation medium was changed
every second day for a total of seven days. Cells were starved in se-
rum-free medium for 2 h prior to a 2 h incubation with either
palmitate [0.5 mM, conjugated to 1% (w/v) FFA-free BSA (Sigma))
and/or GH (0.5 pg/ml, Genotropin], after which cells were har-
vested and collected by scraping in cold PBS. All experiments were
conducted in duplicate.
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Real-time RT-PCR

c¢DNA was constructed using random hexamer primers as de-
scribed by the manufacturer (Verso cDNA kit; Abgene, Epsom,
UK). Then KAPA SYBR FAST qPCR Master Mix (Kapa Biosys-
tems Inc., Woburn, MA) and the following primer pairs were
added: SOCS-1, 5-ACACGCACTTCCGCACATTC-3" and 5-CGA-
GGCCATCTTCACGCTAAG-3"; SOCS-2, 5-GGTCGAGGCGATC-
AGTG-8" and 5-TCCTTGAAGTCAGTGCGAATC-3"; SOCS-3,
5-GCCCTTTGCGCCCTTT-3" and 5'-CGGCCACCTGGACT-
CCTATGA-3’; IGF-1, 5-GACAGGGGCTTTATTTCAAC-3" and
5-CTCCAGCCTCCTTAGATCAC-3"; cytokine inducible SH2-
containing protein (CISH), 5-GCCCTGAGCCCTGGTAGTCC-%
and 3-GACACATTCACAGACGGGTGG-5"; angiopoietin-related
protein-like 4 (ANGPTL4), 5- TAGTCCACTCTGCCTCTCCC-%’
and 3-GAGATGGCCCAGCCAGTT-5; B2-microglobulin, 5-AAT-
GTCGGATGGATGAAACC-3" and 5-TCTCTCTTTCTGGCCTG-
GAG-3’; B-actin, 5"~ ACGGGGTCACCCACACTGTGC-3" and
3" CTAGAAGCATTTGCGGTGGACGATG-5'.

The PCR reactions were performed in duplicate using KAPA
SYBR® FAST qPCR Kit (Kapa Biosystems Inc., Woburn, MA) in a
LightCycler 480 (Roche Applied Science, Penzberg, Germany) us-
ing the following protocol: one step at 95°C for 3 min., then 95°C
for 10 s, 60°C for 20 s, and 72°C for 10 s The increase in fluores-
cence was measured in real time during the extension step. The
relative gene expression was estimated using the default “Advanced
Relative Quantification” mode of the software version LCS 480
1.5.0.39 (Roche Applied Science, Penzberg, Germany). All sam-
ples were amplified in duplicate. A similar setup was used for nega-
tive controls, except that the reverse transcriptase was omitted and
no PCR products were detected under these conditions.

Protein lysate preparation and Western blotting

Using a Precellys 24 homogenizer (Bertin Technologies,
Montigny-le-Bretonneux, France), the muscle biopsies were ho-
mogenized in an ice-cold buffer containing 20 mM Tris, 50 mM
NaCl, 50 mM NaF, 5 mM Na,P,O;, 250 mM sucrose, 1% (v/v)
Triton X-100, 2 mM DTT, 0.1 mM benzamidine, 0.5 mM PMSF,
50 pg/ml soybean trypsin inhibitor, and 4 pg/ml leupeptin (pH
7.4). Samples were rotated for 20 min at 4°C. Insoluble materials
were removed by centrifugation at 14,000 g for 20 min at 4°C.
Total protein concentrations were determined using Bradford
protein assay (Bio-Rad), and protein samples were resolved by
SDS-PAGE on precast StainFree 4-15% gels (Bio-Rad), trans-
ferred onto PVDF membranes, blocked for 2 h in 0.3% iBlock,
incubated in anti-CISH antibodies (ab88383, Abcam, Cambridge,
MA), incubated for 1 h in appropriate HRP-conjugated second-
ary AB, and then proteins of interest were visualized by ECL
using 2 ChemiDoc XRS system (Bio-Rad). Specific protein sig-
nals were quantified using Image Lab (v4.0.1, Bio-Rad). Total
protein was quantified by the Bio-Rad StainFree technique using
Image Lab.

Serum ANGPTL4 and metabolites

Serum ANGPTL4 was determined in duplicate by an ELISA
assay (RayBiotech, Norcross, GA) with an intra- and interassay CV
of 6% and 10%, respectively. The assay was performed as de-
scribed in the manufacturer’s protocol. Qualitative readings
were done on a Victor3 1420 Multilabel Counter (PerkinElmer,
Waltham, MA).

Total cholesterol and triglycerides in serum were measured
using standard enzymatic kits.

Statistics

Data are presented as means + SE when normally distributed,
and significance is assumed when P < 0.05. Statistical evaluation

1990 Journal of Lipid Research Volume 54, 2013

of differences between normally distributed data was assessed by
paired ttest. When testing for fold changes in mRNA, statistical
analysis was performed on log-transformed data. Two-way re-
peated measures ANOVA was used on ANGPTL4 serum protein
data. Posthoc tests were performed using Student-Newman-Keuls
test. Correlation analysis was performed by Person’s Product Mo-
ment correlation analysis.

RESULTS

Circulating GH and lipids

Data on circulating hormones (GH, insulin), glucose, and
FFA have previously been published (13). In short, the GH
bolus in group 1 induced a serum GH peak of 80.3 + 6.4
pg/1 (mean = SE, P< 0.001), which had returned to basal
levels of ~1.5 pg/1 at t = 120 min. The same was observed
for GH administered during an OGTT (GH,, = 78.5 =
3.8 pg/1), whereas OGTT alone was not associated with
detectable GH excursions (Fig. 1A). In group 2, GH infu-
sion caused serum GH levels of 0.09 = 0.03 pg/lat t =0 to
increase to a mean value of 2.41 + 0.24 pg/1 (mean + SE, P<
0.001) in the time interval t = 120-420 min. During saline
infusion, no change in serum GH was recorded (Fig. 1B).
In both the GH and saline infusion, insulin increased 5-fold
during the hyperinsulinemic clamp (13).

In group 1, GH induced a ~75% increase in serum FFA
levels after 120 min (P < 0.001). This lipolytic effect of GH
was suppressed by the concomitant OGTT, as character-
ized by a ~85% suppression after 120 min (P < 0.001).
OGTT alone induced a decrease in FFA of ~90% (P <
0.001). The degree of FFA suppression (AUCgg,) was simi-
lar when comparing OGTT with OGTT+GH (P = 0.083).
In group 2, infusion of GH induced a ~45% increase in
FFA (P=0.04), as opposed to a ~18% suppression during
saline infusion (P=0.01) (Fig. 1C). In both situations, FFA
was almost completely suppressed by the hyperinsulinemic
clamp (Fig. 1D).

In group 1, triglyceride levels decreased after OGTT both
alone and during concomitant GH stimulation (Table 1).
Total cholesterol levels increased ~4% after both GH and
OGTT but not after the combined OGTT and GH stimu-
lation. In group 2, cholesterol levels were slightly in-
creased 360 min after initiation of GH or saline infusion,
and this effect was independent of GH stimulation.

Acute GH-responsive genes in muscle

Genes that were differentially expressed in muscle tissue
before and 120 min after GH were identified in a gene ar-
ray analysis. After GH stimulation, 79 genes satisfied the
0.7- or 1.4-fold changes in expression and P< 0.05. Hierar-
chical clustering was performed, and the samples fell into
two distinct clusters, one containing baseline biopsies and
the other biopsies taken after GH treatment (Fig. 2). To
verify the microarray data, mRNA levels of six genes (IGF-1,
SOCS1-3, CISH, and ANGPTL4) were confirmed by qRT-
PCR (Fig. 3). Regulated genes were analyzed by the Ingenu-
ity Pathway Analysis tool to group the genes into biological
functions. The result is depicted in Table 2, in which the
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main biological functions identified are growth, prolifera-
tion, differentiation, gene expression, movement, and amino
acid metabolism. Table 3 lists the genes involved in amino
acid metabolism, carbohydrate metabolism, lipid metabo-
lism, cellular growth and proliferation, and gene expres-
sion. See supplementary Tables I and II for a complete list of
gene array data and a DAVID analysis supporting the find-
ings by the Ingenuity Pathway Analysis. Ingenuity analysis
of the genes revealed that four genes, SOCS1-3 and CISH,
involved in the JAK-STAT) signaling pathway were regu-
lated, whereas IGF-1 was not found to be regulated within
the 2 h window. Six genes that have been shown to be in-
duced during a state of insulin resistance and type-2 diabe-
tes mellitus (T2DM) were identified: SOCS1-3, NFkB1A,
PIK3C2B, and PRKAG2. In addition, ANGPTL4 and TXNIP,
putative regulators of substrate metabolism, were regulated
after GH stimulation.

GH regulation of target genes in skeletal muscle

The gene array and qRT-PCR both confirmed acute GH
regulation of the STAT5H target gene CISH. To further
characterize GH regulation of CISH, gene expression was
assessed in muscle from healthy subjects subjected to
either GH alone, OGTT, or GH + OGTT. As depicted in
Fig. 4A, CISH gene expression increased 18-fold after GH
irrespective of concomitant OGTT, while OGTT alone in-
duced no change in CISH mRNA. In addition, infusion of
GH to GHD patients increased CISH gene expression

Acute GH-induced gene expression in human skeletal muscle

4-fold (Fig. 4B). However, as shown in Fig. 4C, 7 h GH in-
fusion did not increase skeletal muscle CISH protein
content.

Similar to CISH, the gene array and qRT-PCR both
showed acute induction of ANGPTL4. We therefore exam-
ined ANGPTL4 expression in muscle stimulated with GH
during an OGTT and with OGTT alone. OGTT in combi-
nation with GH abrogated the increase in ANGPTL4 gene
expression observed with GH alone (Fig. 5A).

To further investigate the relationship between GH and
ANGPTL4, we investigated skeletal muscle biopsies from
group 2 and found a 2-fold increase in ANGPTL4 expres-
sion when GHD patients were infused with GH (Fig. 5B).
ANGPTL4 encodes a protein that is secreted from most

TABLE 1. Serum triglycerides and cholesterol
Triglycerides Cholesterol

Treatment Before After Before After
Group 1

Glucose 0.89+0.18 0.79+0.19* 3.50+0.37 3.61 +0.41%*

GH 0.83+0.44 0.84+0.23 3.65 +0.67 3.81 +0.66%

GH + glucose 0.80+0.15 0.66 +0.14* 3.66+0.41 3.69 + 0.40
Group 2

Saline 1.03+£0.30 1.09 +0.38 391+0.85 4.25+0.91*

GH 1.21+0.44 1.28+0.32 3.90+0.94 4.24+0.77*

Triglyceride and cholesterol measured in serum from group 1
before (t=0) and after (t = 120) and group 2 before (t = 0) and after
(t=360) indicated treatment. Data presented as means + SD [mM].

*P<0.05 compared with serum levels before treatment.
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tissues into the circulation (23). We therefore measured
ANGPTL4 levels in serum from GHD patients. As shown
in Fig. 5C, ANGPTLA4 levels increased 1.2-fold after GH
infusion, while GH in combination with insulin induced
no change. The hyperinsulinemic clamp decreased cir-
culating ANGPTL4 by ~20%. In group 1, there was no
correlation between serum GH and ANGPTL4 mRNA
(Pearson’s r = 0.33, P= 0.14). However, if the data from
the combined GH and glucose treatment were left out, a
correlation between ANGPTL4 mRNA and serum GH was
present (Pearson’s r= 0.56, P = 0.04). This finding, com-
bined with a described association between serum FFA
and ANGPTL4 levels (24), led us to perform correlation
analyses between the elevations in FFA and ANGPTL4
mRNA. We found a correlation between serum FFA and
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Fig. 3. Microarray validation by qRI-PCR. Microarray (open
bars) and qRT-PCR verification (filled bars) of selected genes. Data
presented as means = SE of fold changes in expression of GH-
treated samples relative to baseline samples. By paired #test, *P <
0.05 versus baseline.
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TABLE 2. Top five molecular and cellular functions

Number of

Function P Molecules
Cellular development 4.89E-06 — 4.95E-02 27
Cellular growth and proliferation  4.89E-06 — 4.95E-02 28
Gene expression 5.89E-06 — 3.98E-02 21
Cellular movement 3.71E-04 — 4.77E-02 15
Amino acid metabolism 5.21E-04 — 5.21E-04 2

Functions sorted by P value along with the number of associated
genes. Analysis performed with Ingenuity Pathway Analysis tool.

ANGPTL4 mRNA in group 1 (Pearson’s r=0.54, P=0.01)
and in group 2 (Pearson’s r= 0.7, P=0.004). In group 1,
CISH was positively correlated to GH (Pearson’s r= 0.65,
P <0.001), whereas no correlation between FFA and CISH
was found.

Finally, we incubated C2C12 murine muscle cells to
isolate the direct effects of GH and FFA (palmitate) on
ANGPTL4 and CISH gene expression. As evident from
Fig. 6, we found that palmitate increased ANGPTL4 gene
expression ~12-fold (P < 0.001), whereas palmitate
alone had no effect on CISH expression. GH induced a
~13-fold increase in CISH gene expression (P < 0.001),
while no direct effect of GH was observed on ANGPTL4
gene expression.

DISCUSSION

GH is a potent regulator of skeletal muscle metabolism
in vivo, and the underlying mechanisms include regula-
tion of gene expression (1). The aims of the present study
were to identify genes in skeletal muscle that are acutely
regulated after a bolus of GH and to investigate whether
these genes are involved in lipid metabolism. The in vivo de-
sign integrated both direct effects of stimulation of the GH
receptor in skeletal muscle mediated through JAK-STAT
signaling, as well as indirect effects, such as elevated FFA
levels, due to GH-stimulated lipolysis in adipose tissue. Our
results show that several genes encoding regulators of sig-
nal transduction, lipid metabolism, and local growth fac-
tors were increased in human skeletal muscle 120 min after
a single bolus of GH.

This study is the first to report GH-mediated regulation
of ANGPTL4 gene expression in human tissue in vivo.
ANGPTLA4 has recently been identified as an important
regulator of plasma lipoprotein levels in humans (25).
Overexpression of ANGPTL4 in transgenic animals causes
hypertriglyceridemia (26), and human subjects that carry
an inactive genetic variant of ANGPTL4 have ~25% lower
triglyceride levels than subjects with functional ANGPTL4
(27). ANGPTL4 has been demonstrated to inhibit LPL ac-
tivity by converting active LPL dimers into inactive mono-
mers (25). It could therefore be speculated that preference
for circulating FFA rather than VLDL-TG as substrates for
oxidation during GH stimulation (6) is mediated by in-
hibition of LPL by ANGPTL4. ANGPTL4 has also been
shown to directly stimulate lipolysis in 3T3-L1 adipocytes
(28), and increased circulating ANGPTL4 may therefore



TABLE 3. GH-responsive genes by function

Gene Gene Symbol Direction P Fold Change
Amino acid metabolism
Adrenoceptor B 2, surface ADRB2 Up <0.001 1.61
Bone morphogenetic protein 4 BMP4 Up <0.001 1.63
Carbohydrate metabolism
Adrenoceptor B 2, surface ADRB2 Up <0.001 1.61
Chemokine (C-X3-C motif) ligand 1 CX3CL1 Down 0.032 1.49
Dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 2 DYRK2 Down <0.001 1.50
Phosphoinositide-3-kinase, class 2, 3 polypeptide PIK3C2B Down <0.001 1.45
5-AMP-activated protein kinase, subunit y-2 PRKAG2 Up 0.031 1.46
Transforming growth factor, § 3 TGFB3 Up 0.022 1.46
Tumor necrosis factor (ligand) superfamily, member 10 TNFSF10 Up <0.001 1.64
Lipid metabolism
Adrenoceptor 2, surface ADRB2 Up <0.001 1.61
Angiopoietin-related protein 4 ANGPTL4 Up 0.001 5.56
Bone morphogenetic protein 4 BMP4 Up <0.001 1.63
FK506 binding protein 5 FKBP5 Up <0.001 1.59
Low density lipoprotein receptor LDLR Down 0.003 1.46
Phosphoinositide-3-kinase, class 2, 3 polypeptide PIK3C2B Down <0.001 1.45
5"-AMP-activated protein kinase, subunit y-2 PRKAG2 Up 0.031 1.46
Tumor necrosis factor (ligand) superfamily, member 10 TNFSF10 Up <0.001 1.64
Cellular growth and proliferation
Angiopoietin-related protein 4 ANGPTL4" Up 0.001 5.56
Bone morphogenetic protein 4 BMP4 Up <0.001 1.63
Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2 CITED2 Up <0.001 1.68
Chemokine (C-X3-C motif) ligand 1 CX3CL1 Down 0.032 1.49
Discoidin domain receptor family, member 1 DDRI1 Up < 0.001 1.62
FK506 binding protein 5 FKBP5 Up <0.001 1.59
Frizzled-7 FZD7 Down <0.001 1.74
Immediate-early response-3 IER3 Up <0.001 4.06
Krueppel-like factor 10 KLF10 Up 0.001 1.76
microRNA 1-1 mir-1 Down 0.012 1.66
microRNA 133a-1 mir-133 Down 0.003 1.91
microRNA 29a mir-29 Down <0.001 1.41
microRNA 95 mir-95 Up 0.044 1.71
Myostatin MSTN Down 0.001 1.41
v-Myc myelocytomatosis viral oncogene homolog MYC Up 0.019 1.56
Enhancer of filamentation 1 NEDD9 Down 0.002 2.10
Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, o NFKB1A Down 0.001 1.67
Pyruvate dehydrogenase kinase, isozyme 4 PDK4* Up 0.009 1.48
6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 PFKFB3 Up 0.041 1.58
Protein phosphatase 1 regulatory subunit 15A PPP1R15A Down 0.003 1.44
S100 calcium binding protein B S100B Up 0.028 1.43
Serum/glucocorticoid-regulated kinase 1 SGK1 Up < 0.001 1.55
Suppressor of cytokine signaling 1 SOCS1 Up 0.004 1.86
Suppressor of cytokine signaling 3 SOCS3 Up 0.007 1.50
Transforming growth factor, § 3 TGFB3 Up 0.022 1.46
Tumor necrosis factor (ligand) superfamily, member 10 TNFSF10 Up <0.001 1.64
Thioredoxin-interacting protein TXNIP Up <0.001 1.52
Wingless-type MMTYV integration site family, member 9A WNTIA Up 0.003 1.92
Gene expression
AT rich interactive domain 5B (MRF1-like) ARID5B Down <0.001 1.52
Bone morphogenetic protein 4 BMP4 Up <0.001 1.63
Cytokine inducible SH2-containing protein CISH Up <0.001 9.74
Cbp/p300-interacting transactivator, with Glu/Asp-rich carboxy-terminal domain, 2 CITED2 Up <0.001 1.68
FOS-like antigen 2 FOSL2 Up 0.003 1.82
Frizzled family receptor 5 FZD5 Up <0.001 2.97
Frizzled-7 FZD7 Down <0.001 1.74
Immediate-early response-3 IER3 Up <0.001 4.06
Krueppel-like factor 10 KLF10 Up 0.001 1.76
Myostatin MSTN Down 0.001 1.41
v-Myc myelocytomatosis viral oncogene homolog MYC Up 0.019 1.56
Myogenic differentiation 1 MYOD1 Up 0.049 1.43
Nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, a NFKBIA Down 0.001 1.67
Nuclear receptor subfamily 1, group D, member 1 NRID1 Down <0.001 1.71
Polo-like kinase 2 PLK2 Up 0.008 1.47
Suppressor of cytokine signaling 1 SOCS1 Up 0.004 1.86
Suppressor of cytokine signaling 2 SOCS2 Up <0.001 3.58
Suppressor of cytokine signaling 3 SOCS3 Up 0.007 1.50
Transcription factor 21 TCF21 Down 0.012 1.43
Transforming growth factor, 3 TGFB3 u 0.022 1.46
Tumor necrosis factor (ligand) superfamily, member 10 TNFSF10 Up <0.001 1.64

Genes in human skeletal muscle with an absolute fold change (FC) above 1.4 120 min after GH that are involved in either amino acid metabolism,
lipid metabolism, carbohydrate metabolism, cellular growth and proliferation, or gene expression are presented with FC and corresponding Pvalue,

by paired ttest.
“Gene that has previously been shown to be regulated by FFA alone (47).
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Fig. 4. CISH expression. (A) CISH mRNA in skeletal muscle from healthy men, before and 120 min after GH, OGTT, and GH/OGTT.
(B) CISH mRNA and (C) CISH protein (CISH protein/total protein) in skeletal muscle from GHD patients under a 6 h saline or GH infu-

sion. Data presented as means + SE. By paired #test, ¥P < 0.05.

enhance GH-stimulated FFA release from adipose tissue,
ensuring substrate availability for lipid oxidation in skele-
tal muscle. To pursue this hypothesis, it could be of rele-
vance to study the effect of GH exposure on lipolysis and
LPL activity in the 2-3% of Caucasians who carry the E40K
ANGPTL4 gene variant that results in expression of inac-
tive ANGPTL4 protein (27).

ANGPTL4 was originally identified as a gene regulated
by the peroxisome proliferator-activated receptors (PPAR)a,
PPARS, and PPARvy that function as transcription factors
(29, 30). FFA is a natural ligand of the PPARs (31), and
incubation of both murine and human myotubes with
FFA in vitro has repeatedly showed increased ANGPTL4
mRNA expression in several microarray studies and was
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Fig. 5. ANGPTLA4 expression. (A) ANGPTL4 mRNA in skeletal muscle from healthy men, before and 120 min
after GH, OGTT, and GH/OGTT. (B) ANGPTL4 mRNA in skeletal muscle from GHD patients under a 6 h
saline or GH infusion. (C) Fold changes in circulating ANGPTL4 in GHD patients measured by ELISA. Fold
changes calculated as ANGPTL4 protein levels after indicated treatment relative to the protein levels before
treatment. GH: 6 h infusion; saline: 6 h infusion; insulin: 6 h hyperinsulinemic-euglycemic clamp. Data pre-
sented as means + SE. Statistics by paired #test and two-way repeated measurements ANOVA, *P < 0.05.
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confirmed by incubation of C2C12 cells in this study (32-34).
Both saturated (palmitate), monounsaturated (oleate), bi-
unsaturated (linoleic acid), and polyunsaturated (eicosap-
entaenoicacid) fattyacidsinduce ANGPTL4 gene expression,
showing that the effect of FFA on ANGPTL4 gene induction
is independent of saturation status (33). The regulation of
ANGPTL4 by FAA may be dependent on PPARS in skeletal
muscle cells (35). In our study ANGPTL4 mRNA increased
in response to GH stimulation only when this was associated
with an increase in FFA levels. We did not see regulation of
ANGPTLA4 gene expression when GH was given during an
OGTT that suppressed FFA levels, suggesting that ANGPTL4
in skeletal muscle is not a direct target of signaling through
the GH receptor/STAT5 pathway. This is further supported
by our finding that stimulation of C2C12 cells with GH alone
had no effect on ANGPPTL4 expression, whereas palmitate
potently induced expression of ANGPTL4, which is in ac-
cordance with a previously published gene array study on
the effect of GH in C2C12 cells (36). In vitro studies show
that GH stimulation of preadipocytes that express STAT5,
but not the PPARy receptor, is associated with decreased
ANGPTL4 gene expression (37). Previous work identifying
STAT5A and STAT5B binding sites did not find STAT5 to
bind in the vicinity of the ANGPTL4 gene (38). The ob-
served increase in ANGPTL4 gene expression in human
skeletal muscle after GH stimulation in vivo is therefore most
likely mediated by stimulation of lipolysis in adipose tissue
and a subsequent increase in circulating FFA levels. This
concept implies that abundant supply of circulating FFA
decreases the need for alternative triglyceride-derived FFA
by a distinct inhibition of LPL by increased ANGPTL4
gene expression. This argument could be mechanistically
tested in humans in future studies by directly increasing
FFA levels through infusion of intralipids or by inhibiting
lipolysis with acipimox during GH stimulation.

It has been firmly established that STAT) plays a promi-
nent role in mediating the signal from the GH receptor to
gene transcription (13, 14, 39), and in accordance with this,
we recorded increased expression of four known STATH
targets. CISH, which was the most potently induced gene in
our array, has not previously been shown to be regulated by
GH in tissues from human subjects. Correlation analyses in

Acute GH-induced gene expression in human skeletal muscle

Fig. 6. ANGPTL4 and CISH expression in C2C12.
(A) ANGPTL4 mRNA. (B) CISH mRNA. Cells were
incubated for 2 h in palmitate (0.5 mM) and/or GH
(0.5 pg/ml). Data normalized to control situation

and presented as means + SE. Statistics by Student
ttest, *P < 0.05.

the present study support the notion that CISH gene ex-
pression is directly regulated by GH, not as a secondary ef-
fect by GH-mediated rises in FFA. This is in accordance with
earlier findings in which CISH was increased by the largest
magnitude in a microarray analysis of murine C2C12 myo-
tubes stimulated with GH (36). CISH, which is also known
as cytokine-induced STAT (CIS) inhibitor, is structurally re-
lated to the other regulated STAT) targets, SOCS1-3 (40),
and like the SOCS genes, a STAT5 binding sequence is
found in the CISH promoter region (41). CISH inhibits GH
signaling through STAT) by binding to the GH receptor
(42). Little is known about the role of CISH in human skel-
etal muscle, but it is likely that the protein participates in a
negative signaling feedback loop (40). In the present study,
IGF-1 was not regulated 120 min after GH exposure. IGF-1
is a well-established target of STAT) transcriptional activity
in a wide array of tissues (43), and we previously detected in-
creased IGF-1 mRNA in human skeletal muscle after 240 min
of GH infusion (11) and after 6 h GH infusion to patients
with GHD (10). It has recently been shown that GH stimula-
tion is associated with a rapid loss of the transcriptional re-
pressor Bcl6 at the SOCS and CISH promoters but not
at the IGF-1 promoter (44). Sustained Bcl6 binding to the
IGF-1 promoter could provide a mechanistic explanation
for relative delay in IGF-1 transcription in skeletal muscle,
but this remains to be experimentally proven.

GH stimulation was associated with decreased transcrip-
tion of the PIK3C2B gene, which encodes a catalytic subunit
of the phosphatidylinositol-4-phosphate 3-kinase (PI3k) en-
zyme complex. PI3k is involved in a plethora of intracellu-
lar signaling processes, including insulin receptor signaling
through insulin receptor substrate 1 (IRS1), and impaired
signaling through this signaling pathway has been suggested
as a mechanism by which GH induces insulin resistance.
However, the PIK3C2B gene encodes a class II PI3k sub-
unit, not the class I of PI3k that is involved in insulin signal-
ing. This is in accordance with previous findings of intact
insulin-stimulated PI3k activity in human skeletal muscle
(12). Only a little is known about the function of class II PI3k,
although it has been shown that the C2f subunit, which is
encoded by the PIK3C2B gene, is directly activated by
growth factors in vitro (45). It is therefore possible that the
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observed downregulation of PIK3C2B is a result of direct
GH signaling through the GH receptor.

The present data demonstrate that changes in gene ex-
pression after a single GH bolus is markedly different from
those observed after prolonged GH treatment (20). In fact,
only three genes (PDK4, SGK, and NF«kBI1A) were found to
exhibit comparable changes in expression when comparing
the present data with those reported by Sjogren et al., who
examined muscle biopsies in hypopituitary men after two
weeks of GH replacement (20). This could in part be due to
effects from GH- induced hepatic and peripheral produc-
tion of IGF-1 after more prolonged treatment. However,
two weeks of GH treatment also induced expression of
genes encoding enzymes involved in lipid oxidation in
skeletal muscle, including fatty acid-binding protein, acyl-
CoA thioesterase, and acyl-CoA synthetase (20). Similarly,
in human adipose tissue, prolonged GH treatment in-
creased genes involved in lipid metabolism, including
PNPLA3, which encodes a protein with lipase activity (46).
Together, the data from both the acute and prolonged GH
regulation of gene expression underscore the importance
of GH as a regulator of lipid metabolism.

In conclusion, the present study demonstrates that a sin-
gle bout of GH induces gene expression of regulators of
substrate metabolism and cellular growth in human skeletal
muscle in vivo. While CISH gene expression seems to be di-
rectly induced by GH, our data suggest that the GH-induced
increase in ANGPTL4 gene expression is linked to the con-
comitant increase in serum FFA levels, which sheds new light
on the regulation and action of both ANGPTL4 and GH.
This should encourage future mechanistic in vivo studies on
the impact of GH on lipid metabolism in general and the link
between GH, FFA, and ANGPTL4 in particular Bl
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