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Growth hormone (GH) supplementation therapy to adults with GH deficiency has beneficial effects on adipose tissue
lipid metabolism, improving thus adipocyte functional morphology and insulin sensitivity. However, molecular nature of
these effects remains unclear. We therefore tested the hypothesis that lipid-mobilizing adipokine zinc-a2-glycoprotein
is causally linked to GH effects on adipose tissue lipid metabolism. Seventeen patients with severe GH deficiency
examined before and after the 5-year GH replacement therapy were compared with age-, gender- and BMI-matched
healthy controls. Euglycemic hyperinsulinemic clamp was used to assess whole-body and adipose tissue-specific insulin
sensitivity. Glucose tolerance was determined by oGTT, visceral and subcutaneous abdominal adiposity by MRI,
adipocyte size morphometrically after collagenase digestion, lipid accumulation and release was studied in
differentiated human primary adipocytes in association with GH treatment and zinc-a2-glycoprotein gene silencing.
Five-year GH replacement therapy improved glucose tolerance, adipose tissue insulin sensitivity and reduced adipocyte
size without affecting adiposity and whole-body insulin sensitivity. Adipose tissue zinc-a2-glycoprotein expression was
positively associated with whole-body and adipose tissue insulin sensitivity and negatively with adipocyte size. GH
treatment to adipocytes in vitro increased zinc-a2-glycoprotein expression (>50%) and was paralleled by enhanced
lipolysis and decreased triglyceride accumulation (>35%). Moreover, GH treatment improved antilipolytic action of
insulin in cultured adipocytes. Most importantly, silencing zinc-a2-glycoprotein eliminated all of the GH effects on
adipocyte lipid metabolism. Effects of 5-year GH supplementation therapy on adipose tissue lipid metabolism and
insulin sensitivity are associated with zinc-a2-glycoprotein. Presence of this adipokine is required for the GH action on
adipocyte lipid metabolism in vitro.

Introduction

Severe GH deficiency in adults is associated with abdomi-
nal adiposity, marked adipocyte hypertrophy, reduced muscle

mass, strength and physical performance, dyslipidemia, local
and systemic inflammation and insulin resistance.1–4 Com-
mon obesity and metabolic syndrome are frequently associ-
ated with decreased levels of circulating GH and some
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beneficial effects of low-dose GH treatment to obese individ-
uals with relative GH deficiency were reported.5–7 Long-term
GH supplementation to GH deficient adults has been shown
to reverse some of the negative metabolic consequences of
GH deficiency and reduce metabolic and cardiovascular mor-
bidity among these patients.3,8 However, conflicting data
regarding the effect of GH therapy on cardiovascular risk
exist.9,10 Our previous study identified profound molecular
and morphological changes in subcutaneous adipose tissue of
GH deficient adults, pointing at extreme adipocyte hypertro-
phy and enhanced pro-inflammatory state, indicating defects
in adipose tissue lipid metabolism.1 Aim of the presented fol-
low-up study was to learn if GH treatment effectively coun-
teracts aforementioned unfavorable adipose tissue and whole-
body phenotypes and to better understand the mechanisms of
beneficial GH action in the adipose tissue.

Adipose tissue is a highly dynamic multifunctional organ,
producing a wide range of adipokines, modulating many
physiological processes in different tissues.11–13 Changes in
adipose tissue secretory profile such as found in common
obesity or in severe GH deficiency invariably associated with
extreme adipocyte hypertrophy, might severely impact the
whole-body lipid metabolism, leading to the development of
metabolic disease.1,14 Previous reports suggest that adipokine
zinc-a2-glycoprotein (ZAG) acts as a modulator of body fat
mass by stimulating adipose tissue (AT) lipolysis, lipid oxida-
tion (AT, skeletal muscle) and thermogenesis (brown AT)
and by modulating lipogenesis (AT).15–20 ZAG was first iso-
lated from human plasma and subsequently identified as a
product of secretory epithelial cells and several malignant
tumors.21–23 Later, ZAG was shown to be identical to a
lipid-mobilizing factor responsible for loss of fat mass in can-
cer cachexia.24 In human adipocytes, ZAG was found to be
secreted at levels comparable to those of adiponectin with a
similar regulatory pattern in obesity.25,26 Production of ZAG
in the adipose tissue is elevated proportionally to the degree
of weight loss in patients with cancer cachexia.27 Interest-
ingly, administration of ZAG to either lean (NMRI) or obese
(ob/ob) mice induced a selective reduction in body fat with
no effect on lean body mass, food and water intake.28 ZAG
deficient mice display decreased adipose tissue lipolysis and
are prone to diet-induced obesity.17 ZAG has also been
shown to promote catecholamine-induced lipolysis in adipose
tissue of cachectic cancer patients and in 3T3-L1 adipo-
cytes.16 Reduction of ZAG in the adipose tissue of obese
individuals is associated with a decrease in lipid-mobilizing
capacity and might participate in the development of obesity-
related metabolic disease.26

The primary aim of our study was to investigate the effects
of 5-year GH replacement therapy to patients with severe
GH deficiency on adiposity, whole-body insulin sensitivity
and adipose tissue morphologic, metabolic and secretory
properties. Hypothesis that adipokine ZAG plays a key role
in regulating GH effects on lipid metabolism was tested in
vitro in 3T3-L1 and differentiated human primary
adipocytes.

Results

Effects of 5-year GH supplementation to GH deficient
adults on adiposity, whole-body and adipose tissue metabolic
phenotypes

GH treatment-related changes in BMI, waist circumference,
visceral and subcutaneous adiposity were analyzed in the entire
cohort as well as in 9 patients who underwent both initial and
follow-up examination. Considering both analyses we observed
that long-term GH supplementation failed to significantly
change any of these parameters (Table 1). It is however impor-
tant to note that GH therapy normalized serum IGF-1 to levels
found in healthy controls and lowered levels of circulating FFA
(Table 1). Five-year GH replacement therapy had no effect on
the whole-body insulin sensitivity (Table 1) and fasting glycemia
(Table 1), however, a significant improvement of glucose toler-
ance (2h glycemia; Fig. 1A) was observed. Moreover, adipose tis-
sue insulin sensitivity (determined as a degree of insulin-induced
FFA suppression during steady state of EHC) was substantially
improved by GH treatment (Fig. 1B) leading to even higher
insulin sensitivity than that found in healthy age-, gender- and
BMI-matched controls (Table 1). In addition, GH therapy sig-
nificantly reduced the size of subcutaneous adipocytes (»13%,
Fig. 1C), while circulating adiponectin levels were not affected
(GHD 10.3 § 1.1 mg/ml vs. GH treated 12.2 § 1.8 mg/ml;
p D 0.37). It has to be noted that only a tendency toward a
decrease in fat cell size (p D 0.056) was observed in a subpopula-
tion of the 9 “real follow-up” patients, likely due to the low
patient numbers (Table 1). Nevertheless adipose tissue ZAG
mRNA was positively associated with the whole-body (Fig. 1D)
and adipose tissue insulin sensitivity (determined as an ability of
insulin to suppress FFA during EHC) (Fig. 1E) and negatively
with fat cell size (Fig. 1F), suggesting a potential role for this adi-
pokine in mediating GH-induced changes in adipose tissue lipid
metabolism and insulin action. Moreover, ZAG protein content
was also positively associated with adipose tissue insulin sensitiv-
ity (R D ¡0.36, P < 0.05; R2 D 0.13, P < 0.05). It is important
to note that all these associations were at least in part indepen-
dent on subcutaneous adiposity (M-value: R D 0.41, P < 0.01;
fat cell size: R D ¡0.51, P < 0.001; adipose tissue insulin sensi-
tivity: R D ¡0.43, P < 0.01; R2 D 0.19, P < 0.01). In addition,
no significant differences between adult-onset and childhood-
onset GHD patients related to 5-year rhGH treatment were
found in any of the measured parameters except the 2 h glycemia
and fat cell size, which were decreased in the entire cohort, as
well as in childhood-onset GHD patients, but showed only a ten-
dency toward a decrease in adult-onset GHD patients (data not
shown).

GH inhibits lipid accumulation in adipocytes in vitro
To study the effects of GH on lipid metabolism in adipo-

cytes, we exposed differentiated 3T3-L1 adipocytes to GH for
6 days. Treatment with 50 ng/ml rhGH induced 50% increase
in basal ZAG gene expression in 3T3-L1 adipocytes (Fig. 2A).
More importantly, we have observed that GH-induced increase
of ZAG mRNA was paralleled by 30–40% reduction in lipid
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accumulation (Fig. 2B, photo documentation - Supplementary
Fig. 2), which was already apparent after 2 d of GH treatment.
Lack of the change in gene expression for adiponectin (p D
0.69) and fatty acid binding protein 4 (FABP4; p D 0.20),
markers of differentiated adipocytes, indicates that there was
no major effect of GH on adipocyte differentiation capacity
(data not shown). Decreased lipid accumulation might be at
least in part explained by GH-induced reduction in the adipose
tissue gene expression of diacylglycerol acyltransferase
(DGAT), a key enzyme of triglyceride synthesis (Fig. 2C). Fur-
thermore, DGAT mRNA was strongly negatively associated
with the expression of ZAG mRNA (Fig. 2D), indicating a
potential role for this adipokine in mediating the anti-lipo-
genic effect of GH. This in vitro observation is in line with in
vivo findings of 2-fold increased DGAT mRNA in subcutane-
ous adipose tissue of GH deficient adults, which was fully nor-
malized by GH substitution therapy (Supplementary Fig. 3).
GH treatment had no effect on expression of fatty acid syn-
thase (FAS) and acetyl-CoA carboxylase 1 (ACC-1) (Fig. 2C).
The lipid content-lowering effect might also be explained by
stimulatory action of GH on basal lipolysis (Fig. 2E). It is
important to note that GH promoted isoproterenol-induced
lipolysis in 3T3-L1 adipocytes, indicating increased sensitivity
to catecholamine-induced lipolysis (Fig. 2F). These complex in
vitro data indicate that the inhibitory effect of GH on lipid
accumulation in adipocytes could be explained by stimulation
of lipolytic and inhibition of lipogenic processes and suggest a
potential role for ZAG in mediating these effects.

Zinc-a2-glycoprotein as a mediator of GH effects on
adipocyte lipid metabolism in vitro

To verify the possible involvement of zinc-a2-glycoprotein in
mediating GH-induced changes in adipose tissue lipid metabo-
lism and insulin sensitivity, differentiated human primary adipo-
cytes were transfected with ZAG siRNA. Subsequently, both
negative control and ZAG silenced adipocytes were exposed to 0,
50 and 500 ng/ml rhGH. Efficiency of ZAG silencing was clearly
demonstrated by near elimination of mRNA (¡98%) and sub-
stantial reduction in protein (¡83%) 6 d post-transfection
(Fig. 3A). GH induced a 51% increase of ZAG mRNA in differ-
entiated primary human adipocytes (Fig. 2A). This was paralleled
by reduction in lipid accumulation, which could already be seen
after 2 d and fully develops after 6 d of GH treatment (»38%
decrease, Fig. 3B, C). Importantly, this occurred without any
decrease in adipocyte differentiation as evidenced by expression
of adiponectin, FABP4 and perilipin 1 (data not shown). The
essential finding was that ZAG silencing largely abolished the
inhibitory effect of GH on lipid accumulation in adipocytes as it
increased triglyceride accumulation by 23% (Fig. 3B and C) and
reduced glycerol release by 19% (Fig. 3D) in differentiated
human primary adipocytes.

Our next experiment revealed that ZAG silencing signifi-
cantly decreased insulin-sensitizing effect of GH in adipocytes
(Fig. 3E). First, we showed that GH treatment enhanced the
antilipolytic effect of insulin as exemplified by the suppres-
sion of glycerol release in differentiated human primary adi-
pocytes by almost 40% (Fig. 3E). Second key finding was

Table 1. Clinical characteristic of study cohorts

GHD (cohort 1) 5 y follow-up (cohort 2)

controls
(n D 17)

GHD real
follow-up (n D 9)

GHD entire
cohort (n D 17)

controls
(n D 17)

GH treated
real follow-up (n D 9)

GH treated
entire cohort (n D 17)

gender (M/F) 11/6 6/3 11/6 11/6 6/3 11/6
age (years) 30.9 § 1.6 33.6 § 2.9 30.9 § 1.9 34.8 § 2.0 39.4 § 2.9 35.8 § 2.4
BMI (kg/m2) 26.1 § 1.1 27.7 § 1.6 26.7 § 1.2 26.1 § 1.4 30.8 § 1.8 27.4 § 1.4
body fat (%) – – – 24.5 § 2.4 33.8 § 4.1 29.4 § 2.8
waist circumference (cm) 88.5 § 3.5 100.0 § 2.8 95.6 § 3.5 94.3 § 4.9 103.7 § 4.5 94.7 § 3.7
SAT (cm2) 198.5 § 32.8 288.3 § 41.0 265.5 § 31.2 238.4 § 28.9 320.6 § 56.4 256.8 § 35.2
VAT (cm2) 88.9 § 21.0 132.2 § 15.8 113.5 § 11.3 87.4 § 27.5 144.2 § 29.7 115.9 § 18.0
adipocyte diameter (mm) 86.8 § 3.6 113.1 § 5.7a 114.0 § 4.2a 94.4 § 5.7 101.8 § 5.3# 98.8 § 3.8b

growth hormone (ng/mL) 2.11 § 0.73 0.28 § 0.12a 0.18 § 0.02a – – –
IGF-1 (ng/mL) 207.2 § 18.5 42.2 § 12.3a 39.5 § 8.7a 153.8 § 11.8 114.1 § 17.3b 116.4 § 15.3b

triglycerides (mM) 1.01 § 0.14 1.98 § 0.35a 1.73 § 0.20a 1.07 § 0.11 1.64 § 0.21 1.33 § 0.14
FFA fasted state (mM) 0.93 § 0.08 1.08 § 0.10 1.16 § 0.08 0.67 § 0.05 0.87 § 0.10 0.86 § 0.11b

FFA during EHC (mM) 0.16 § 0.04 0.35 § 0.09a 0.35 § 0.06a 0.10 § 0.03 0.06 § 0.02a,b 0.04 § 0.01a,b

M-value/insulin
(mg/kgBW/min/insulin mU/ml)

0.12 § 0.01 0.06 § 0.01a 0.07 § 0.01a 0.13 § 0.02 0.05 § 0.01a 0.07 § 0.01a

fasting glycemia (mM) 4.89 § 0.11 4.90 § 0.12 4.90 § 0.11 4.64 § 0.15 5.07 § 0.22 4.77 § 0.15
2h glycemia, oGTT (mM) 6.27 § 0.30 7.69 § 0.49a 7.94 § 0.44a 5.86 § 0.38 6.53 § 0.61b 6.02 § 0.41b

AUC glucose, oGTT 26.37 § 0.82 30.44 § 1.75 31.01 § 1.42a 25.55 § 1.39 28.13 § 1.46 25.96 § 1.24b

insulinemia (mU/l) 6.03 § 1.28 6.46 § 1.07 5.91 § 0.90 6.00 § 0.90 11.94 § 1.75 8.97 § 1.24

The “real follow-up” group is represented by 9 individuals who underwent clinical phenotyping both before and after 5 y of rhGH replacement. The entire
cohort includes also 8 GHD individuals phenotyped in 2006 and matching GHD patients who were phenotyped in 2011–2012 after 5 y of rhGH supplemen-
tation. GHD, growth hormone deficiency; EHC, euglycemic hyperinsulinemic clamp; oGTT, oral glucose tolerance test; SAT, subcutaneous adiposity; VAT, vis-
ceral adiposity; Data are expressed as mean § SEM, significant differences from acontrol and bGHD patients are marked in bold; P < 0.05; # p D 0.056.
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that this insulin-sensitizing effect was alleviated by ZAG
silencing (Fig. 3E). Results of all these in vitro experiments
clearly showed that inhibitory action of GH on lipid accumu-
lation in differentiated human primary adipocytes was largely
mediated by ZAG.

Combining results of in vitro silencing experiments with
outcomes of clinical and ex vivo molecular analyses allowed us
to propose, that ZAG might be involved in mediating benefi-
cial effects of GH replacement therapy on adipose tissue meta-
bolic phenotype in patients with severe GH deficiency.

Discussion

In our work, we describe beneficial effects of 5-year GH
replacement therapy on adipose tissue insulin sensitivity and the
whole-body glucose metabolism. We also propose a novel mecha-
nism by which GH via its action on zinc-a2-glycoprotein regu-
lates adipose tissue lipid metabolism influencing thus the adipose
tissue as well as whole-body insulin sensitivity.

Beneficial effects of GH replacement therapy on adipose
tissue morphology and metabolic phenotype

In our previous work we have shown that abdominal obesity in
severe GH deficiency is associated with extreme adipocyte hypertro-
phy, paralleled by a specific shift in the spectrum of produced adipo-
kines, possibly contributing to the negative impact of GH deficiency
on the whole-body and adipose tissue insulin sensitivity.1 However,
very limited information linking extreme adipocyte hypertrophy
with molecular changes related to GH deficiency is available.1,29,30

Five years of GH administration to adults with severe GHdeficiency
significantly reduced the size of subcutaneous adipocytes, without
affecting subcutaneous and visceral adiposity, indicating a possibility
of positive effect of GH on adipocyte differentiation. This observa-
tion is in line with previous findings in children with GH defi-
ciency.31 GH-induced reduction of adipocyte size was in our hands
paralleled by a massive improvement of adipose tissue insulin sensi-
tivity and up-regulation of lipid-mobilizing adipokine zinc-a2-gly-
coprotein in both adipose tissue and circulation.32 It is well known
that GH stimulates lipolysis in adipocytes as well as uptake and oxi-
dation of FFA in skeletal muscle, preventing thus the excessive lipid

Figure 1. Positive effects of 5-year GH replacement therapy on the whole-body and adipose tissue metabolic phenotypes. The effect of 5-year GH
replacement therapy on (A) glucose tolerance (2h glycemia in oral glucose tolerance test), (B) adipose tissue insulin sensitivity (ability of insulin to sup-
press FFA during EHC) and (C) adipocyte size (lines connect the data points of the “real follow-up” patients). Associations of adipose tissue ZAG gene
expression with the (D) whole-body and (E) adipose tissue insulin sensitivity (ability of insulin to suppress FFA during EHC) and (F) adipocyte size (D con-
trols; � baseline GH naive patients; � GH treated GHD patients). GHD, patients with growth hormone deficiency; EHC, euglycemic hyperinsulinemic
clamp; FFA, free fatty acids; ZAG, zinc-a2-glycoprotein; rhGH, recombinant human growth hormone; *P < 0.05; **P < 0.01; ***P < 0.001.
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deposition.33–36 However, the mechanism of GH lipolytic action
remains elusive. Since adipose tissue ZAGmRNA and protein levels
were increased by GH treatment to GHD individuals in vivo 32 as
well as in vitro and expression of ZAGwas associated with adipocyte
size, whole-body and adipose tissue insulin sensitivity independently
on subcutaneous adiposity, we hypothesized that GHmight exert its
effects on lipid metabolism and insulin sensitivity in adipose tissue
by regulating this lipid-mobilizing adipokine.

Zinc-a2-glycoprotein mediates GH effects on adipose tissue
lipid metabolism

Important role of ZAG in regulation of lipid metabolism was
first accentuated in studies with ZAG-deficient mice, which are

prone to diet-induced obesity and their adipose tissue is formed
by huge hypertrophic adipocytes resistant to catecholamine-
induced lipolysis.17 In addition, the direct antiobesity and antidi-
abetic effect of intravenously or orally administered ZAG has
recently been demonstrated in ob/ob mice and Wistar rats with
diet-induced obesity.19,20,37,38 Our in vitro experiments clearly
showed that GH treatment effectively limited excessive lipid
accumulation in both differentiated 3T3-L1 and human primary
adipocytes and that this effect was abolished by ZAG silencing.
In line with these findings, experiments with ZAG transgenic
mice demonstrated reduced expression of key lipogenic enzymes
(FAS, ACC1 and DGAT) and increased hormone sensitive lipase
(HSL) mRNA in epididymal adipose tissue.15 We found that the

Figure 2. Growth hormone regulates ZAG and inhibits lipid accumulation in 3T3-L1 adipocytes in vitro. (A) The effect of 6-day GH treatment on ZAG
gene expression in differentiated 3T3-L1 and primary human adipocytes. (B) The effect of 6-day GH treatment on lipid accumulation and (C) expression
of FAS, ACC1, DGAT mRNA in differentiated 3T3-L1 adipocytes. (D) Association of ZAG gene expression with DGAT mRNA. Effect of 6-day GH treatment
on (E) basal and (F) isoproterenol-induced lipolysis in differentiated 3T3-L1 adipocytes. Presented data represent an average value of 3 (A, B) or 4 (C, D, E,
F) independent experiments. ACC1, acetyl CoA carboxylase 1; DGAT, acyl CoA:diacylglycerol acyltransferase; FAS, fatty acid synthase; GH, growth hor-
mone; ZAG, zinc-a2-glycoprotein; *P < 0.05; **P < 0.01; ***P < 0.001.
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in vitro inhibitory effect of GH on lipid accumulation is medi-
ated by reduction in lipid synthesis (lower DGAT expression)
and stimulation of lipolysis (higher free fatty acid and glycerol
release). This GH action seemed to be abolished by silencing
ZAG in 3T-L1 adipocytes (preliminary data in Supplementary
Fig. 4). Therefore, it is plausible to think that zinc-a2-glycopro-
tein mediates at least some of the beneficial effects of GH in adi-
pose tissue by stimulating basal lipolysis and inhibiting excessive
lipogenesis. Published in vitro studies have indicated that GH

exerts dual action on adipogenesis, and its direction depends on
the stage of cell differentiation. GH promoted differentiation
(lipid accumulation) of preadipocytes when added in the early-
induction phase, but had lipolysis and lipid utilization-promot-
ing effects in mature adipocytes.39 Importantly, this GH effect
could not be replicated by IGF-1.39,40 It needs to be emphasized
that in our hands no changes of adipocyte differentiation markers
were found in GH-treated cells. We have also clearly shown that
GH treatment intensified the insulin-induced suppression of

Figure 3. Silencing ZAG eliminates GH effects on lipid metabolism in vitro. The effect of ZAG silencing on (A) ZAG gene and protein expression in differ-
entiated human primary adipocytes. Representative western blot shows ZAG protein in siRNA transfected adipocytes when compared to control - scram-
ble transfected cells. The effect of 6-day growth hormone treatment and transfection of ZAG/scramble siRNA on (B, C) lipid accumulation, (D) basal
lipolysis (glycerol release in absence of insulin) and (E) insulin sensitivity (glycerol release in presence of 66 nM insulin) in differentiated human primary
adipocytes. The results represent an average of 3 (A, B, C, D) or 4 (E) independent experiments. GH, growth hormone; ZAG, zinc-a2-glycoprotein; TG, tri-
glycerides; picture presented in (C) was taken at magnification of 50x; *P < 0.05; **P < 0.01; ***P< 0.001.
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lipolysis in adipocytes, which was largely mitigated in the absence
of ZAG, emphasizing importance of GH - ZAG axis in the adi-
pose tissue insulin sensitivity. Our previous work with patients
differing in the degree of obesity, glucose intolerance and insulin
resistance revealed a strong positive associations between ZAG
and the whole-body as well as adipose tissue-specific insulin sen-
sitivity.41 In vitro experiment showed that lower sensitivity to
antilipolytic action of insulin found in ZAG-silenced adipocytes
could directly be mirrored by the adipose tissue insulin resistance
of GH deficient adults in vivo which was improved with GH
substitution therapy and associated with upregulation of zinc-
a2-glycoprotein. Moreover, we have previously shown that
silencing ZAG in differentiated human primary adipocytes low-
ered expression levels of IRS1, SLC2A4 (GLUT4) and
PPARGC1A (PGC1a).41 All these results support the notion
that GH prevents excessive hypertrophy of adipocytes and the
lipolytic, antilipogenic and insulin-sensitizing effects of GH seem
to be mediated by zinc-a2-glycoprotein, pointing at a novel
ZAG-dependent mechanism of GH action.

Conclusions

Our results demonstrate that 5-year GH replacement therapy
improved glucose tolerance and adipose tissue insulin sensitivity
and reduced adipocyte size. In addition, we identified zinc-a2-
glycoprotein as a key factor in GH beneficial action on adipose
tissue lipid metabolism and insulin sensitivity. Zinc-a2-
glycoprotein was positively associated with the whole-body and
adipose tissue insulin sensitivity and negatively with adiposity
and adipocyte size. Silencing zinc-a2-glycoprotein in differenti-
ated human primary adipocytes abolished GH effects on lipid
metabolism and insulin sensitivity clearly indicating a potential
role for GH - ZAG axis in protecting against the development of
obesity and GH deficiency-related metabolic disease.

Patients/Methods/Materials

Study cohorts
All studies were approved by the Local Ethics Committee and

conform to the ethical guidelines of the 2000 Helsinki declara-
tion. All study participants provided witnessed-written-informed
consent prior entering the study.

Adults with untreated GH deficiency (cohort 1)
Seventeen adults with untreated GH deficiency and 17 healthy

age-, gender- and BMI-matched controls were included. GH defi-
ciency was diagnosed as a peak of GH response <3 mg/l in an
insulin tolerance test. Eleven patients had adult-onset GHD due
to ablation of pituitary macroadenoma (n D 8), craniopharyng-
eoma (n D 2), or as a result of the Sheehan’s syndrome (n D 1).
Six patients had childhood-onset GHD of congenital/idiopathic
origin. Patients with the adult-onset GHD diagnosed on average
at the age of 27 § 3 y were demonstrably GH naive for approxi-
mately 5 y. Patients with the childhood-onset GHD were treated

with recombinant human GH (rhGH) until the age of 18. Dura-
tion of their GHD before entering the baseline study in 2005
lasted for 4.9 § 1.7 y. Insulin sensitivity index (M-value) was in
GHD patients 25% lower than in healthy age-matched controls
(GHD 8.00 § 0.50 vs. controls 6.01 § 0.44 mg/kg BW/min).
Detailed characteristics of the study population and design are
summarized in Table 1 and Supplementary Figure 1.

Adults with GH deficiency after 5 y of GH replacement
therapy (cohort 2)

Nine initially examined patients were willing to undergo the
follow-up examination. The cohort was supplemented with 8 GH
deficient patients who were not fully phenotyped in 2005 (Table 1
and Supplementary Fig. 1). All participants with GH deficiency
were receiving rhGH (0.3–0.8 mg/day) for 5 y, resulting in nor-
malization of IGF-1 levels (Table 1). All patients were suffering
from multiple pituitary deficiencies and received adequate hor-
mone replacement therapy which was assessed regularly (last exam-
ination <3 months before study) by measuring serum free-thyroid
hormones, testosterone/estradiol, and urinary free-cortisol. Patients
with malignant or vascular disease, diabetes, hypertension or lipid-
lowering treatment were excluded. Two groups of healthy control
individuals were age-, gender- and BMI-matched to cohort 1 and
2, respectively. Eight healthy individuals were participating to the
study in both time points (Supplementary Fig. 1).

Clinical phenotyping
Body weight, height and waist circumference were measured.

Body composition was assessed by bioelectric impedance (BF511,
Omron Healthcare LTD, Muko, Japan). In vivo insulin sensitivity
was determined by the euglycemic hyperinsulinemic clamp (EHC)
as described previously.42

Magnetic resonance imaging
Abdominal fat distribution was measured in all individuals by

MRI using GRE sequence, TR: 134ms, TE: 2.38/5.24ms on a
1.5T Magnetom Symphony MRI scanner (Siemens, Munich,
Germany), as described previously.42 Area of subcutaneous and
visceral abdominal adipose tissue depots was evaluated from 1 slice
centered in the umbilical region between the L4 and L5 vertebrae.

Tissue collection and isolation of adipocytes
Subcutaneous adipose tissue samples (»500 mg) were taken by

needle biopsy from abdominal region in the fasted state as described
previously.1 Samples were immediately rinsed, blotted and (i) frozen
in liquid nitrogen and stored at¡80�C or used to isolate adipocytes
by collagenase digestion. Adipocyte diameter was determined histo-
morphometrically. Microscopic images were analyzed with Image
Tool software (UTHSCSA, San Antonio, TX, USA). Average diam-
eter of 100 cells from each adipocyte suspension was calculated.

Cell culture experiments
3T3-L1 preadipocytes were maintained in Dulbecco’s Modi-

fied Eagle Medium (DMEM) containing 10% fetal bovine serum
(FBS) and 1% Penicillin/Streptomycin (growth medium; Gibco,
Carlsbad, CA, USA) in 5% CO2 and 37�C. Differentiation was
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induced by isobutyL-methylxanthine (0.5 mM), dexamethasone
(1 mM) and insulin (1 mg/ml; all from Sigma, St. Louis, MA,
USA). After 48h, cells were maintained in growth medium con-
taining insulin (1 mg/ml) and after 96 h in growth medium.43

To study effects of GH, rhGH (0, 50 and 500 ng/ml; Genotro-
pin, Pfizer, New York, NY, USA) was added to the media from
day 5. Adipocytes were kept in culture until day 10 and serum-
starved for 14h before harvesting for RNA. To assess sensitivity
of 3T3-L1 adipocytes to lipolytic stimuli, cells were exposed for
30 minutes to 10 mM isoproterenol in Krebs-Ringer buffer with
0.5% fatty acid-free bovine serum albumin (BSA; Sigma, USA)
and free fatty acids (FFA) were measured (Wako, Dusseldorf,
Germany).

Differentiated human primary adipocytes
Human white preadipocytes were obtained from abdominal

subcutaneous adipose tissue collected perioperatively from lean
(BMI D 23 kg.m-2) 47 y old Caucasian female and cultured as
previously described.44 Differentiation of confluent preadipo-
cytes (passage 5) was induced by supplementing the adipocyte
medium (DMEM-HamF12, 33 mM biotine, 17 mM D-pan-
thotenate, 66 nM insulin, 1 nM T3, 10 mg/ml transferrine,
50 mg/ml gentamycine and 100 U/ml Penicillin/Streptomycin;
all from Sigma, USA) with rosiglitazone (1 mM), dexamethasone
(1 mM) and isobutyL-methylxanthine (0.25 mM). After 6 d of
differentiation, cells were maintained in adipocyte medium until
day 12. Medium was replaced every other day. Effects of GH
were studied by addition of rhGH (0, 50 and 500 ng/ml) from
day 7. Medium was replaced 14 hours before harvesting (for
RNA and media) with fresh adipocyte medium.

Transfection experiments
Differentiated primary human adipocytes (day 7) were trans-

fected with human ZAG siRNA (30 nM) or non-targeting con-
trol (On-Target plus siRNA, Thermo Fisher Scientific,
Waltham, MA, USA) using Lipofectamine (Invitrogen, Carlsbad,
CA, USA). Silencing of ZAG was confirmed at both mRNA and
protein levels with aid of real-time PCR and immunoblotting,
respectively (Fig. 3A). After 24h, transfection mix was replaced
by adipocyte medium containing 0, 50 or 500 ng/ml of rhGH
and cells were kept in culture until day 12. For lipolytic and lipid
accumulation assays, insulin-free medium was utilized. Medium
was replaced every other day and eventually collected to measure
glycerol.

Lipid accumulation
Adipocytes fixed with 10% formaldehyde were stained with

0.3% Oil Red O (Sigma, USA). After extensive washing, Oil
Red O bound to lipid droplets was extracted to isopropanol and
quantified spectrophotometrically. An empty well staining pro-
vided blank measurement.

Western blot analysis
Cells were homogenized in RIPA containing protease inhibi-

tors Complete (Roche, Basel, Switzerland), aprotinin, pepstatin
A, leupeptin and phosphatase inhibitor cocktails (Sigma, USA).

Proteins (40 mg) were separated, transferred to Immobilon-FL
membrane (Millipore, Billerica, MA, USA) and incubated with
anti-ZAG antibody (sc-13585; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) diluted 1:500 in Odyssey blocking buffer (Li-
Cor Biosciences, Lincoln, NE, USA) overnight at 4�C. Odyssey
Infrared Imaging System (Li-Cor Biosciences, USA) was used for
signal detection and evaluation. ZAG protein levels were normal-
ized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
1:1000; MAB374, Chemicon, Millipore), which was stably
expressed.

RNA isolation and real-time PCR
Total RNA was extracted from subcutaneous adipose tissue

(»150 mg) and cultured adipocytes using Trizol (Invitrogen,
USA). Traces of genomic DNA were removed by DNase treat-
ment (Qiagen, Valencia, CA, USA). RNA was reverse transcribed
(High Capacity RNA to cDNA kit; Applied Biosystems, Carls-
bad, CA, USA) and cDNA was used for qRT-PCR on ABI-
7900HT (Applied Biosystems, USA) to measure expression of
specific genes with either TaqMan� Gene Expression Assays
(Applied Biosystems, USA) or using sybr green and specific set of
primers designed with Primer Express 3.0 (Supplementary
Table). 18S rRNA, GAPDH and RPL13a were stably expressed
in subcutaneous adipose tissue and cultured adipocytes and used
as internal reference genes (Supplementary Table). All the analy-
ses were performed in duplicates, calibration curve was used and
PCR efficiency was optimized for every set of primers.

Biochemical assays
Fasting serum was used for biochemical analyses. ZAG and

adiponectin concentrations were both determined with ELISA
kits from BioVendor (Modrice, Czech Republic). Glucose was
measured using the glucose oxidase method (Beckman Coulter,
Brea, CA, USA), IGF-1 and insulin with IRMA (Immunotech,
Marseille, France); GH, triglycerides, total & HDL cholesterol
with diagnostic assays from Roche (Switzerland), free fatty acids
in serum and media with kit by Randox (London, UK) and glyc-
erol in conditioned media with the Free Glycerol Reagent
(Sigma, USA).

Statistical analyses
Differences between the 2 groups were analyzed by Student’s

t-test, more than 2 groups differences were evaluated with
ANOVA followed by the Tukey post hoc test. Pearson correla-
tions between ZAG, clinical and molecular parameters were cal-
culated. Every single data set was tested for normality of
distribution by the Shapiro-Wilk test and by evaluating the nor-
mal probability plot. Logarithmic transformation or non-
parametric methods were used where appropriate. Stepwise mul-
tiple regression analysis was used to reveal associations indepen-
dent on BMI (JMP, SAS Institute, USA). The data are reported
as mean § SEM, with P < 0.05 indicating statistical significance.
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