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Abstract
Purpose Obestatin and ghrelin are peptides encoded by the
preproghrelin gene. Obestatin inhibits food intake, in
addition to regulation of glucose and lipid metabolism.
Here, we test the ability of obestatin at improving metabolic
control and liver function in type 2 diabetic animals (type 2
diabetes mellitus).
Methods The effects of chronic obestatin treatment of mice
with experimentally induced type 2 diabetes mellitus on
serum levels of glucose and lipids, and insulin sensitivity
are characterized. In addition, alterations of hepatic lipid
and glycogen contents are evaluated.
Results Obestatin reduced body weight and decreased
serum glucose, fructosamine, and β-hydroxybutyrate levels,
as well as total and low-density lipoprotein fractions of
cholesterol. In addition, obestatin increased high-density
lipoproteins cholesterol levels and enhanced insulin sensi-
tivity in mice with type 2 diabetes mellitus. Moreover,

obestatin diminished liver mass, hepatic triglycerides and
cholesterol contents, while glycogen content was higher in
livers of healthy and mice with type 2 diabetes mellitus
treated with obestatin. These changes were accompanied by
reduction of increased alanine aminotransferase, aspartate
aminotransferase, and gamma glutamyl transpeptidase in
T2DM mice with type 2 diabetes mellitus. Obestatin
increased adiponectin levels and reduced leptin concentra-
tion. Obestatin influenced the expression of genes involved
in lipid and carbohydrate metabolism by increasing Fabp5
and decreasing G6pc, Pepck, Fgf21 mRNA in the liver.
Obestatin increased both, AKT and AMPK phosphoryla-
tion, and sirtuin 1 (SIRT1) protein levels as well as mRNA
expression in the liver.
Conclusion Obestatin improves metabolic abnormalities in
type 2 diabetes mellitus, restores hepatic lipid contents and
decreases hepatic enzymes. Therefore, obestatin could
potentially have a therapeutic relevance in treating of
insulin resistance and metabolic dysfunctions in type 2
diabetes mellitus.
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GAPD Glyceraldehyde-3-phosphate dehydrogenase
γGT Gamma glutamyl transferase
GLP-1R Glucagon like peptide-1 receptor
GLUT4 Glucose transporter 4
GOT Glutamic-oxaloacetic transaminase
GPR39 G-protein-coupled receptor 39
HFD High fat diet
IL-6 interleukin 6
IP Intraperitoneally
OBST Obestatin
PEPCK Phosphoenolpyruvate carboxykinase
STZ streptozotocin
T1DM Type 1 diabetes mellitus
T2DM Type 2 diabetes mellitus
TG Triglycerides
TNF-α Tumor necrosis factor alpha

Introduction

Obestatin is a 23 amino-acids peptide isolated from rat
stomach in 2005 by Zhang [1]. It arises as a result of
posttranslational processing of amino acids 76–98 of the
prepropeptide preproghrelin—obestatin name comes from
the Latin word “obedere” meaning to devour, and “statin”
meaning to suppress. Initially, it was described that obes-
tatin is able to activate G-protein-coupled receptor 39
(GPR39) [1], however, others have questioned this result
[2]. In 2008 Granata et al. suggested that glucagon-like
peptide 1 receptor (GLP-1R) may be involved in obestatin
action [3]. Initially it was shown that obestatin behaves as a
physiological opponent to ghrelin, by reducing body
weight, food intake and delaying gastric empting [1, 4].
Recently it was also shown that obestatin promotes cell
survival and proliferation, increases insulin secretion from
pancreatic beta cells, and reduces apoptosis of pancreatic
islets [3, 5]. Moreover, in adipose tissue obestatin stimulates
GLUT4 translocation to plasma membranes and increases
the uptake of free fatty acids and glucose. In addition,
obestatin decreases insulin resistance in mice and enhances
recovery of myocardial dysfunction in type 1 diabetes
mellitus (T1DM) [6, 7]. Based on these and other studies,
obestatin was suggested as a potential therapeutic agent in
type 2 diabetes mellitus (T2DM) [8].

Taking into account the above, we investigated the long-
term effects of obestatin administration on metabolic and
hormonal profiles and NASH-like liver dysfunction in mice
with experimentally induced T2DM.

Material and methods

Animals

Male Balb/c mice (15± 3 g; n= 12 per group) were pur-
chased from Academic Experimental Animal House
(Research and Service Center, University of Gdansk,
Poland) and housed under standard conditions (12/12 h
light/dark cycle, 21± 1 °C). The experiments were
approved by the Local Ethics Commission for Investigation
on Animals, Poznań University of Life Sciences. Prior to
conducting experiments, animals were fed standard
laboratory diet (Labofed–B, Kcynia, Poland) for 3 weeks
and had free access to water.

Induction of diabetes

Diabetes was induced as previously described [9]. After
3 weeks of recovery, standard diet was replaced by a high-
fat diet (HFD), containing 60% energy from fat (cat. no. C
1090-60, Altromin, Germany). Mice were fed HFD diet ad
libitum for 10 weeks, followed by administration of a single
dose of streptozotocin (STZ) (50 mg/kg body weight). After
7 days, animals with blood glucose levels above11 mmol/l
were considered diabetic.

Obestatin injections

Diabetic and healthy animals were injected daily (about 5 p.
m.) with obestatin (Tocris Bioscience, Bristol, UK) at a
dose of 75 nmol/kg b.w. or vehicle (0.9% NaCl) ip for
consecutive 30 days. Experimental design is shown in
supplementary data.

Real Time PCR

Tripure isolation reagent was used for isolation of total
RNA. For the synthesis of cDNA, 1 μg of total RNA and
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, USA) were used. Real Time PCR reaction was
performed using gene-specific intron-spanning primers:
(supplementary: Table 1), 5× HOT FIREPol® EvaGreen®
qPCR Mix Plus (ROX) on QuantStudio 12 K Flex™ Real-
time PCR system (Life Technologies, Grand Island, NY,
USA). Real Time program included 15 min of initial acti-
vation and a three-step amplification program: denaturation
at 95 °C for 15 s, annealing at 61.5 °C for 35 s, and elon-
gation at 72 °C for 20 s. The specificity of reaction products
was tested by determining the melting points (0.1 C/s
transition rate). Relative gene expression was evaluated by
Delta Delta CT (ΔΔCT) with Gapd as a reference.
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Western blot

Western blot analyses were performed as previously
described [10]. In brief, liver fragments were homogenized
in radioimmunoprecipitation assay buffer containing: 50
mmol Tris–HCl, pH 8.0 with 150 mM NaCl, 1.0% NP-40,
0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate
(SDS), 10 mM NaF and 1 mM Na3(VO4), supplemented
with protease and phosphatase inhibitors (Roche Diag-
nostics, Mannheim, Germany). Next, liver homogenates
were centrifuged at 12,000× g for 12 min and protein
concentration was determined using BCA Protein Assay Kit
(Thermo Scientific, USA). 30 μg of protein was loaded,
resolved on 12% Tris-HCl SDS-PAGE gel and blotted onto
a nitrocellulose membrane (BioRad, USA). Membranes
were incubated for 2 h using 3% bovine serum albumin in
TBST buffer. Then, membranes were incubated with pri-
mary antibodies, diluted to 1:1000 for 24 h at 4 °C (SirT1
cat. no 9475, AMPK cat. no 5831, phospho-AMPK cat. no
2535, phospho-Akt cat. no 4060, Akt cat. no 9272, β-Actin
cat. no 3700, Cell Singaling USA). After 24 h, membrane
was washed 3 times using TBST buffer and incubated with
a secondary antibody for 1 h, and washed again. Signals
were visualized using Amersham ECL prime Western
Blotting Detection Reagent (GE Healthcare Life Sciences,
UK) on VersaDoc system (BioRad, USA). Between quan-
tification of the phosphorylation and determination of the
levels of total proteins, membranes were stripped using mild
stripping buffer containing: 200 mM glycine, 0.1% SDS,
1% Tween20, pH to 2.2.

Liver triglycerides, cholesterol and glycogen
determination

Triglycerides, glycogen and cholesterol contents in liver
were determined using the same liver fragments. The values
were normalized per mg of liver tissue.

Determination of triglycerides was performed using liver
saponification in an ethanol—KOH mixture, as described
[11, 12]. In brief, liver fragments were transferred to
eppendorf tubes, pre-filled with ethanol—KOH mixture, and
incubated overnight at 55 °C. Next, the digested tissue was
added to 1 ml EtOH:H2O (1:1) and the mixture was cen-
trifuged for 5 min at 10,000 g. The supernatant was diluted to
1.2 ml with 50% ethanol and mixed. Then, 200 µl of the
upper phase was transferred to new tubes, and mixed with
215 µl of 1M MgCl2. The mixture was vortexed, incubated
on ice for 10min, and then centrifuged for 5 min at 10,000 g.
Glycerol concentration in the supernatant was analyzed using
Free Glycerol Reagent (F6428, Sigma-Aldrich, Germany).

Liver glycogen content was determined using Glycogen
Assay Kit (MAK016, Sigma-Aldrich, Germany), according
to manufacturer’s protocol.

Liver cholesterol was analyzed after lipid extraction
using cholesterol kit (Pointe Scientific, USA), as described
[13, 14].

Intraperitoneal glucose tolerance test (ipGTT)

Glucose tolerance test was performed 5 days before
decapitation. After 8 h fasting, glucose (2 g/kg body weight)
was injected ip to animals. Glucose concentration was
measured in blood drawn from tails 5 min before glucose
injection, and at the indicated time points (5, 15, 30, 45, 60,
90, and 120 min.) after glucose injections. Glucose con-
centration was measured using glucometers AccuCheck
Active (Roche Diagnostics GmbH, Mannheim, Germany).
The trapezoidal rule was used to determine the area under
the curve (AUC).

Intraperitoneal insulin tolerance test (ipITT)

After 2.5 h of fasting in the morning and 5 min before
insulin injection, blood glucose concentration was deter-
mined. Insulin (1 U/kg body weight) (Novolin,Novo Nor-
disk, Bagsværd, Denmark) was injected ip into mice at the t
= 0 min. time point. Glucose was measured 5, 15, 30, 45,
and 60 min after insulin injection. ipITT (n= 5 per group)
and ipGTT (n= 5 per group) tests were performed using
different cohorts of animals from the same group. The tra-
pezoidal rule was used to determine the AUC.

Metabolic profile

Triglycerides, NEFA, cholesterol (total, high-density lipo-
proteins (HDL) and low-density lipoproteins (LDL) frac-
tion), β-hydroxybutyrate, fructosamine and glucose levels in
serum were determined using colorimetric assays (Pointe
Scientific, USA). Serum levels of aminotransferases and
transpeptidase were determined using commercial kits
(Pointe Scientific, USA). Optical density of samples was
measured using a microplate reader Synergy 2 (Biotek,
USA). All samples were assayed in duplicates.

Hormone profile and liver cytokine level

Serum concentration of hormones was determined using
mouse specific ELISA or RIA kits: mouse insulin ELISA
(DRG International Inc, USA), glucagon RIA (Merck-Mil-
lipore, USA), mouse adiponectin ELISA (Raybiotech,
USA), mouse/rat leptin Quantikine ELISA Kit (R&D Sys-
tems, USA) and ghrelin (rat, mouse) EIA kit (Phoenix
Pharmaceuticals, Inc. USA). For quantification of the
hepatic IL-6 and TNF-α levels, liver fragments were
homogenized by sonication in CelLytic™ MT Cell Lysis
Reagent (Sigma-Aldrich, Germany). Protein protein
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concentration was determined using BCA protein Assay Kit
(Thermo Scientific, USA). TNF-α and interleukin-6 levels in
liver homogenates were measured using Mouse TNF-alpha
Quantikine ELISA Kit (R&D Systems, USA) and Mouse IL-
6 ELISA Kit (Merck-Millipore, USA). The levels of IL-6
and TNF-α were expressed as pg/mg protein.

HOMA, QUICKI

QUICKI (quantitative insulin sensitivity check index) and
HOMA-IR (homeostasis model assessment: insulin resis-
tance) were calculated based on fasting glucose (G0) and
insulin (I0) levels using the following formulas: HOMA-IR
= (G0× I0)/22.5; QUICKI= 1/[log(G0)+ log(I0)] [15,
16].

Statistical analysis

Results are presented as the arithmetic mean± SEM (Graph
Pad Prism, GraphPad Software, Inc., USA). Statistical
analysis was performed using One Way ANOVA followed
by the Bonferroni post hoc test. Statistical significance was
accepted if *p< 0.05, **p< 0.01 and ***p< 0.001.
Changes comparing T2DM groups with healthy controls
without obestatin treatment are marked as #p< 0.05, ##-p
< 0.01 and † p< 0.05 and †† p< 0.01 shows changes
comparing T2DM groups with healthy, obestatin-treated
mice.

Results

Obestatin accelerates glucose utilization and enhances
insulin sensitivity in healthy and T2DM mice

After 30 days of obestatin administration, ipGTT and ipITT
were performed (Fig. 1a–d). Insulin sensitivity increased in
both, healthy (Fig. 1c; p< 0.01) as well as T2DM mice
(Fig. 1c; p< 0.001). Additionally, the rate of glucose uti-
lization was faster in animals treated with obestatin, in both
animal groups (Fig. 1a; p< 0.05 non-diabetic; Fig. 1a; p<
0.01 T2DM). The AUC is shown in the Fig. 1b, d.

Moreover, body weight decreased after 30 days of
obestatin administration in healthy and T2DM mice (Fig.
1e; p< 0.05 and p< 0.01).

In healthy animals, serum insulin levels were higher in
obestatin group as compared to vehicle-injected controls
(Fig. 1f; p< 0.05), whereas in T2DM mice insulin levels
were lower in obestatin group, as compared to vehicle-
treated controls (Fig. 1f; p< 0.05). A significant decrease of
serum glucagon and blood glucose concentrations were
observed in the obestatin-treated diabetic group in com-
parison to vehicle-treated T2DM group (Fig. 1g; p< 0.05).

T2DM mice injected with obestatin had lower levels of
serum glucose compared to the control group (Fig. 1h;
p< 0.01). In healthy mice such differences were not
detectable.

Furthermore, also a long-term parameter of diabetes—
fructosamine—was measured in serum. After 30 days,
obestatin decreased the concentration of fructosamine in
T2DM mice (Table 1; p< 0.05). Furthermore, HOMA-IR
was lower in T2DM group after chronic obestatin injec-
tions, (Fig. 1i; p< 0.05) whereas QUICKI increased in this
animal group (Fig. 1j; p< 0.01). Additionally, we measured
cumulative food intake in every cage. We noted a small
decrease in food intake after obestatin treatment in both
investigated animal groups, however these changes were
statistically insignificant (Supp. Fig. 3a).

Obestatin decreases liver mass and modulates hepatic
triglycerides, cholesterol and glycogen contents in mice
with T2DM

In T2DM animals groups we observed increase in liver
mass as well as liver/body weight ratio compared to healthy
animals. Liver mass and liver/body weight ratios were
lower in obestatin-treated T2DM mice (Fig. 2a;
p< 0.01 and Fig. 2b; p< 0.05). Quantification of hepatic-
triglycerides, cholesterol and glycogen contents showed that
obestatin decreased triglycerides (Fig. 2c, d; p< 0.05) and
cholesterol content (Fig. 2d; p< 0.01) in T2DM
animals. In contrast, hepatic glycogen content in
obestatin-treated healthy and T2DM animals increased
(Fig. 2e; p< 0.05).

Effect of obestatin on alanine aminostransferase (ALT),
aspartate aminostransferase (AST) and gamma
glutamyl transferase (γGT) levels in serum and hepatic
cytokines contents

Next, we investigated the influence of obestatin on serum
ALT, AST, γGT, and hepatic TNF-α, and IL-6 levels (as
surrogate parameters of steatohepatitis, NASH) in the liver.
In T2DM animals, serum levels of ALT, AST, and γGT
increased. Moreover, hepatic TNF-α and IL-6 increased in
T2DM animals indicating the presence of inflammation in
livers.

ALT, AST (Fig. 3a, b; p< 0.05) and γGT (Fig. 3c; p<
0.01) serum levels were lower in obestatin treated T2DM
group compared to vehicle treatment Moreover, obestatin
lowered hepatic TNF-α (Fig. 3d; p< 0.01) and IL-6
(Fig. 3e; p< 0.05) concentrations in T2DM group. In
healthy mice, obestatin administration did not affect both
cytokines.
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Table 1 Effect of obestatin on
metabolic profile in healthy and
T2DM mice

PARAMETER Healthy T2DM

– OBST – OBST

Triglycerides [mg/dl] 110.5± 2.71 125.8± 4.72 259.2± 43.73##†† 214.6± 34.86##††

NEFA [mmol/l] 0.94± 0.03 0.98± 0.03 1.66± 0.34††## 1.16± 0.17#

Total cholesterol [mg/dl] 103.5± 4.21 97.8± 4.81 235.9± 5.97##†† 195.9± 9.57##††**

HDL cholesterol [mg/dl] 56.88± 1.70 60.49± 9.05 123.4± 7.84##†† 153.0± 7.87##††*

LDL cholesterol [mg/dl] 29.47± 5.31 34.48± 1.78 89.23± 6.79##†† 58.79± 12.82##††*

Fructosamine [mmol/l] 1.45± 0.04 1.38± 0.05 1.69± 0.07 1.07± 0.24*

β-hydroxybutyrate [mmol/l] 1.14± 0.09 1.14± 0.04 7.68± 0.39##†† 5.89± 0.45##††**

Cortisol [ng/ml] 5.55± 0.42 5.46± 0.47 6.68± 0.44 6.02± 0.6

Results are expressed as means± SEM, (n= 10 per group). Statistically significant changes in groups are
marked *p< 0.05, **p< 0.01 and ***p< 0.001, comparison of T2DM groups to healthy control without
obestatin are marked #p< 0.05, ##-p< 0.01 and † p< 0.05 and †† p< 0.01 comparison of T2DM groups to
healthy obestatin treated mice

Fig. 1 Effect of obestatin administration on body weight, glucose
metabolism and insulin sensitivity in healthy and T2DM mice. (a)
ipGTT performed in healthy (black lines) and diabetic (red lines) mice
(top figure) and blood glucose. (b) AUC calculated for individual
animals during ipGTT. (c) Blood glucose during ipITT in healthy
(black lines) and diabetic animals (red lines). (d) AUC calculated for
individual animal during ipITT. (e) effects of obestatin on body weight

in animals. (f) concentrations of insulin and (g) glucagon at the end of
the study. (h) Changes of blood glucose concentrations after experi-
ment in healthy and T2DM mice. Influence of obestatin on insulin
resistance/sensitivity calculated by (i) HOMA–IR and (j) QUICKI
indexes. Results are showed as means± SEM, (figure a–d, n= 5 per
group and in figure e–j n= 10 per group). Statistically significant
changes are marked *p< 0.05, **p< 0.01 and ***p< 0.001
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Obestatin increases adiponectin and decreases
circulating leptin and ghrelin

Obestatin increased serum adiponectin levels in healthy
(Fig. 4a; p< 0.05) and T2DM mice (Fig. 4a; p< 0.01).
Obestatin administration reduced leptin levels in T2DM
mice (Fig. 4b; p< 0.05). Serum concentrations of ghrelin
were lower in obestatin-treated T2DM mice (Fig. 4c; p<
0.05). We noted a small but statistically insignificant
decrease in obestatin levels in T2DM mice after obestatin
treatment (supp. Fig. 3b).

Effect of obestatin on lipids and ketones in blood serum

Serum triglycerides and NEFA concentrations were com-
parable in all experimental groups (Table 1; p< 0.43).
However, obestatin modified the levels of total, LDL and
HDL cholesterol. Total cholesterol (Table 1; p< 0.01) and
LDL cholesterol (Table 1; p< 0.05) concentrations
decreased, while HDL cholesterol level increased (Table 1;
p< 0.05) in obestatin-treated T2DM group as compared to
control mice.

Next, the effects on ketone bodies were studied. obestatin
reduced β-hydroxybutyrate levels in T2DM group (Table 1;
p< 0.01).

To rule out any distress associated with injections of
obestatin serum cortisol was measured. All animals had
comparable serum levels of cortisol (Table 1).

Obestatin modulates genes expression in liver

We investigated the effects of obestatin administration on
mRNA expression of putative obestatin receptors: Gpr39
and Glp-1r as well as the expression of genes involved in
carbohydrate and lipid metabolism: fatty acid binding pro-
tein 1 (Fabp1), fatty acid binding protein 4 (Fabp4), fatty
acid binding protein 5 (Fabp5), phosphoenolpyruvate car-
boxykinase (Pepck), glucose-6-phosphatase, catalytic sub-
unit (G6pc).

We found an increase of GPR39 mRNA expression after
obestatin administration in healthy and T2DM mice (Fig.
5a; p< 0.05). obestatin increased Glp-1r mRNA expression
in livers in T2DM group, only (Fig. 5b;
p< 0.05). Moreover, obestatin reduced mRNA expression
of Fgf21 (Fig. 5c; p< 0.05), G6pc (Fig. 5f; p< 0.05), Pepck
(Fig. 5g; p< 0.01) in T2DM group, whereas mRNA
expression of Fabp5 in T2DM was higher as compared to
controls (Fig. 5e; p< 0.05). All other tested genes were not
altered in obestatin -treated animals.

Fig. 2 Obestatin’s effect on liver mass (a), liver mass/body weight
ratio (b). Changes in hepatic triglycerides (c), cholesterol (d) and
glycogen (e) after 30 days of obestatin treatment in healthy and T2DM

mice. Results are showed as means± SEM, n= 10 per group. Statis-
tically significant changes are marked *p< 0.05, **p< 0.01 and ***p
< 0.001
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Fig. 3 Changes in ALT (a),
AST (b), and γGT (c) serum
levels after 30 days of obestatin
administration in healthy and
T2DM mice. Effect of obestatin
treatment on hepatic TNF-α (d)
and IL-6 (e) protein level.
Results are shown as means±
SEM. Statistically significant
changes are marked *p< 0.05,
**p< 0.01 and ***p< 0.001.
n= 10 animals per group

Fig. 4 Adiponectin (a), leptin (b) and ghrelin (c) serum concentrations at the end of the study Results are showed as means± SEM, n= 10 per
group. Statistically significant changes are marked *p< 0.05, **p< 0.01 and ***p< 0.001
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Obestatin increases both, sirtuin 1 (Sirt1) protein and
mRNA expression as well as AKT, and AMPK
phosphorylation

Obestatin increased Sirt1 mRNA expression in T2DM
group (Fig. 6a; p< 0.05) as well as SIRT1 protein pro-
duction in both, healthy (Fig. 6b; p< 0.05) and T2DM mice
(p< 0.01) (Fig. 6b). Moreover, obestatin increased AMPK
and AKT phosphorylation in both animal groups (non-
diabetic; p< 0.05 and T2DM; p< 0.01).

Discussion

Obesity, T1DM or T2DM are associated with changes of the
receptor GPR39 expression profile [1, 10, 17, 18]. Recently,
it was shown that obestatin modulates body weight, food
intake, lipid and carbohydrate metabolism [19]. Therefore,
in the present study we investigated the role of obestatin in
regulating body weights, insulin resistance/sensitivity, lipid

and carbohydrate metabolism, and its impact on liver func-
tions in a mouse model of T2DM.

Our results indicate that a chronic obestatin administra-
tion over a period of 30 days improves insulin sensitivity,
decreases body weight and influences lipid and glucose
metabolism in healthy and T2DM mice. We noted a faster
glucose clearance as well as an improvement of the insulin
sensitivity. These results are in agreement with the results
reported by others [6].

In healthy mice, obestatin increased serum insulin con-
centration in our study, whereas in T2DM animals treated
with obestatin insulin levels were lower compared to
vehicle-treated controls. It is known that obestatin increases
serum insulin concentration in healthy and obese rats, and
mice [6, 20]. Our results confirm these reports; however,
after 30 days treatment with obestatin, 4-h fasting insulin
levels were lower in T2DM mice. Additionally, we found
that blood glucose concentration was also lower in obestatin-
treated T2DM animals. These data suggest that obestatin
increases insulin sensitivity in T2DM mice. Calculation of

Fig. 5 Hepatic mRNA expression of Gpr39 (a), Glp-1r (b), Fgf21 (c),
fatty acid binding proteins: Fabp1 (d), Fabp4 (e), Fabp5 (f) and G6pc
(g), Pepck (h), Got1 (i). Results are shown as means± SEM, n= 6–7

per group. Statistically significant changes are marked *p< 0.05,
**p< 0.01 and ***p< 0.001

Endocrine (2017) 56:538–550 545



HOMA-IR and QUICKI confirmed our assumption. More-
over, we observed a decrease of body weight in both animal
groups, which may be due to possible reduction of fat mass,
as showed earlier by Granata’s lab [6]. Moreover, we
measured cumulative food intake in every cage containing
n= 10 animals. and not for individual animals. We found a
small reduction in the amount of food consumed in mice
receiving obestatin. However, the lack of statistical differ-
ences could be due to the lack of food intake measurement
per animal housed individually. Some research groups
showed that obestatin injection is able to reduce food intake
in humans and rodents [1, 21, 22]. On the other hand, some
studies did not show any inhibitory effects of obestatin on
the food consumption [23, 24]. The lack of the monitoring
of food intake per animal provides a limitation of this study.
However, we suggest that there is a tendency towards
reduced food intake after obestatin administration which is
reflected by the reduced body weights. These changes could
be relevant in the context of metabolic improvements
inT2DM mice treated with obestatin

As components of the metabolic syndrome, obesity and
T2DM are directly linked to metabolic dysfunctions of the

liver, such as non-alcoholic fatty liver disease (NAFLD) or
steatohepatitis (NASH) [25, 26]. In the pathogenesis of
NAFLD/NASH an excessive lipid accumulation, as well as
lipotoxicity due to free fatty acids and high serum level of
cholesterol LDL are highly relevant [27]. Additionally,
several studies showed that cytokines such as TNF-α and
IL-6 are key factors in the development of NASH in
humans and animals. In T2DM animals, liver weights were
increased. Obestatin reduced liver weights in T2DM mice
(p< 0.01) as well as the liver weight/body mass ratios (p<
0.05). Our results are in line with the findings of Gutierrez-
Grobe et al. who showed that high obestatin and ghrelin
levels correlate with low risk of developing NAFLD [27].
The vast part of data indicate that an increase in ALT, AST
and GGT serum levels in T2DM is related to NAFLD in the
most cases [28]. In that context we evaluated the impact of
obestatin on serum levels of ALT, AST and γGT.

Obestatin decreased ALT, AST and γGT levels in serum
in T2DM mice, which may indicate a protective effect of
obestatin on NAFLD/NASH. Moreover, it was shown that
hepatic IL-6 as well as TNF-α play important roles in
pathophysiology of NASH, and that a clear correlation

Fig. 6 Effect of obestatin on
hepatic Sirt1 mRNA expression
(a) and sirtuin protein levels (b)
as well as AMPK (c) and AKT
(d) phosphorylation. Results are
shown as means± SEM, n= 8
per group. Statistically
significant changes are marked
*p< 0.05, **p< 0.01 and ***p
< 0.001
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exists between the levels of these cytokines and NAFLD
[29–34]. Other experiments demonstrated that mice lacking
TNF-α and TNF receptors or obese, and a treatment with
anti-IL-6 antibodies improves insulin sensitivity [35, 36].
As previously shown, obestatin protects pancreatic islets as
well as insulin-producing INS-1E and HIT-T15 beta cell
lines from cytokine-induced apoptosis [3]. Our results
confirm that in T2DM mice, hepatic IL-6 and TNF-α pro-
tein are higher in comparison to control groups. Moreover,
we found that the long-term obestatin treatment decreases
the hepatic protein levels of both cytokines, which is in line
with the concept of obestatin protection against NAFLD in
T2DM.

Adipokines, like leptin and adiponectin play important
roles at inducing insulin resistance and diabetes [37–39].
Adiponectin stimulates glucose utilization and fatty-acid
oxidation by activating AMP-activated protein kinase [40].
Decreased serum adiponectin levels correlate with insulin
resistance and the severity of diabetes [41]. It is known that
in contrast to adiponectin, leptin serum levels are higher in
diabetes [42]. Moreover, high leptin levels in T2DM are
related to the high fat mass in obese subjects. In addition,
leptin may lead to lipid dysregulation and deterioration of
glucose control [43, 44]. Several studies demonstrated
that Obestatin affects adiponectin and leptin levels, thereby
protecting from diet-induced insulin resistance [6]. There-
fore, we measured the effect of obestatin on leptin and
adiponectin concentrations in serum. Obestatin increased
adiponectin serum level in both healthy and diabetic
animals, whereas the decrease of the leptin concentration
was observed in T2DM animals, only. These data
suggest that obestatin regulates carbohydrate and lipid
metabolism.

Ghrelin is important in the context of the regulation of
other important metabolic events. Ghrelin is derived from
the same precursor gene as obestatin, however, in contrast
to obestatin, ghrelin stimulates appetite [45]. Ghrelin reg-
ulates liver functions by increasing triglycerides content and
by increasing G6pc, Acc, Fas mRNA levels [46]. In our
study, obestatin lowered serum ghrelin concentration,
hepatic triglycerides content as well as G6pc mRNA of
expression. Vestergaard et al. showed also that ghrelin
infusion induces insulin resistance in humans [47]. Con-
cordantly, acute administration of ghrelin in gastrectomized
patients decreased insulin-stimulated glucose utilization
[48]. A decrease of ghrelin levels by obestatin could also
explain the reduction of insulin resistance in T2DM mice
[47].

As mentioned above, persistent high levels of LDL
cholesterol in serum may lead to liver dysfunction. In the
present study, we found that obestatin administration had no
effect on triglycerides or NEFA concentrations in serum. In
2011, Agnew and coworkers showed that N-terminally

PEGylated obestatin decreased rat serum triglycerides (TG)
level. However, there was no difference in the concentration
of TG, when the regular obestatin was used [49]. Moreover,
results obtained by Ren et al. confirmed that a long-term
obestatin as well as TAT-obestatin injection had no effect
on serum TG in mice [50]. However, obestatin decreased
total as well as LDL cholesterol concentrations, and
simultaneously increased HDL cholesterol level which is in
line with results of obestatin-treated STZ-diabetic rats [51].
Moreover, we investigated the effect of obestatin on
expression of genes involved in lipid, carbohydrate and
amino-acids metabolism. It is known that G6pc and Fgf21
are involved in regulation of gluconeogenesis and glyco-
genolysis [52]. We found that obestatin administration
modulates G6pc, Pepck, Fabp5 and Fgf21 mRNA expres-
sion levels.

As demonstrated in the present study, obestatin reduces
the glycogen content in the liver. This effect can be
explained by an influence of obestatin of the expression of
above named genes which are relevant for glucose meta-
bolism. Thus, it cannot be excluded that obestatin nor-
malizes alterations of lipid and carbohydrate metabolism in
diabetic NASH.

Sirtuin 1 (Sirt1) mRNA and protein, AKT (protein kinase
B) and AMPK (5′AMP-activated protein kinase) phos-
phorylation decreased in T2DM, which is relevant in the
context of development of insulin resistance and impaired
regulation of hepatic glucose metabolism [53–55]. Recent
studies suggest that obestatin can regulate Sirt1 expression
and activate AKT and AMPK signaling pathways [6, 18,
19, 56]. Moreover, impairments of these signaling pathways
are related to T2DM, and their reactivation improves glu-
cose metabolism [53, 54, 57, 58]. Additionally, stimulation
of AMP-activated protein kinase in the liver is considered as
one of the potential strategy for the treatment of hepatic
disorders and T2DM [54, 59]. In our study, we found that
obestatin phosphorylates both, AKT and AMPK. Further-
more, obestatin increases Sirt1 mRNA and protein pro-
duction in liver.

Our study is focused on the characterization of obestatin
impact on various liver functions in T2DM, however, we
are aware that the regulation of metabolic abnormalities by
obestatin in T2DM is more complex. Additional limitation
of our study is the use of a single animal model. However,
STZ-diabetes in animals is a well-established model of
T1DM and T2DM (in conjunction with HFD feeding) [9,
60, 61]. This is a rationale that justifies the use of a HFD/
STZ diabetic animal model. This model has some advan-
tages as compared to other genetically determined animal
models, e. g., db/db, ob/ob mice or ZDF rats. In HFD/STZ
mice diabetes is associated with obesity and a beta cell
failure. OBST is a peptide involved in regulation of food
intake and lipid metabolism. Moreover, this model of
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diabetes is accompanied by fatty liver, allowing us to study
the effects of OBST on these diabetic complications
resembling the human NASH-like pathology [62–64].

In summary, we found that the chronic obestatin treat-
ment for 30 days of animals with T2DM leads to decreased
body and liver weights, improves liver functions, carbohy-
drate and lipid metabolism, as well as insulin-resistance.
Additionally, we found that obestatin increases Sirt1 mRNA
and protein expression, and activates AKT, AMPK related
signaling pathways, which are relevant in the context of
improved insulin sensitivity. These data indicate that
obestatin may alleviate diabetes associated NASH, however
further in-depth studies focusing entirely on this aspect are
needed. Our results suggest that obestatin can be further
evaluated as a potential promising target for therapy of
T2DM.
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