
INTRODUCTION

Adropin is a peptide hormone composed of 42 amino acids,
produced from an 76 amino acids precursor (1). Adropin peptide
is encoded by energy homeostasis associated (Enho) gene (1).
Enho mRNA is abundantly expressed in the brain as well as in
the liver (1). Initial study showed that Enho expression in the
liver is low in mice with genetically induced obesity (1). There
is evidence indicating that biological effects of adropin, such as
inhibition of water drinking in rats or upregulation of E-catherin
expression in breast cancer cells are mediated through G protein-
coupled receptor 19 (GPR19) activation (2).

There is growing evidence indicating that adropin controls
glucose and lipid metabolism. It was shown that adropin
overexpression in mice delays high-fat diet-induced weight gain
as well as improves glucose control and lipid parameters (1).
Consistently, mice fed high-fat diet and treated with exogenous
adropin lose body weight and have improved insulin sensitivity
(1). Moreover, adropin depleted animals are obese, dyslipidemic
and insulin resistant (3). A recent study provided strong evidence
that low levels of adropin in the circulation predict metabolic
abnormalities and body weight gain in rhesus macaque, fed
carbohydrate-rich diet (4). In addition, adropin suppresses
hepatic glucose synthesis and promotes insulin sensitivity in
mice (5). Overall, these results collectively indicate that adropin
modulates glucose and lipid metabolism.

It is well-known that insulin modulates lipid and
carbohydrate metabolism (6). Insulin is produced and secreted in
pancreatic beta cells, in a glucose-dependent manner (7). Insulin
stimulates glucose uptake in muscle and adipose tissue (8).
Furthermore, insulin promotes lipid synthesis in adipocytes and
hepatocytes (7). By contrast, insulin attenuates gluconeogenesis
in the liver (7).

Although it was found that adropin may contribute to glucose
control and lipid metabolism, the direct role of adropin in the
modulation of insulin synthesis and secretion remains unknown.
Importantly, there is growing evidence indicating that amino acid-
derived and peptide hormones are implicated in controlling
pancreatic beta cell functions (9-12). Thus, in the present study,
we evaluate the effects of adropin on insulin secretion from
insulin-producing INS-1E cells and rat pancreatic islets. In
addition, we characterize the effects of adropin on insulin mRNA
expression and INS-1E cell proliferation, and viability.

MATERIALS AND METHODS

Drugs

Adropin (34-76) (human, mouse, rat) was purchased from
Bachem AG (Bubendorf, Switzerland). Media and supplements
for cell culture were from Biowest (Nuaille, France). 3-(4,5-
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Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) was from Calbiochem (Merck, Darmstadt, Germany).
BrdU Cell Proliferation kit (#11 647 229001) was from Roche
Diagnostic (Manheim, Germany). Rat insulin RIA kit (#RI-13K)
was from Merck Millipore (Billerica, MA, USA). cAMP ELISA
kit (#KA3388) was from Abnova (Taipei, Taiwan). Other
reagents were purchased from Sigma-Aldrich (St. Louis, MO,
USA), unless otherwise stated.

Cell culture

Rat insulin-producing INS-1E cells were purchased from
AddexBio (San Diego, CA, USA). INS-1E cells were cultured in
RPMI 1640 medium supplemented with 10% FBS, 2 mmol/l
glutamine, 10 mmol/l HEPES buffer, 1 mmol/l sodium pyruvate,
50 µmol/l mercaptoethanol and antibiotics (100 kU/l penicillin
and 100 mg/l streptomycin). Cells were cultured at 37°C in
humidified atmosphere, containing 5% CO2 and 95% air.

Isolation of pancreatic islets

Male Wistar rats (body weight 300 – 350 g) were obtained
from the Department of Toxicology (Poznan University of
Medical Sciences, Poznan, Poland). Pancreatic islets were
isolated as described in our previous study (13). Briefly,
pancreas was injected with 8 ml of ice-cold Hank’s balanced salt
solution (HBSS) supplemented with HEPES (25 mmol/l) and
collagenase type XI (0.35 mg/ml). Then, pancreas was excised
and digested for 30 min in a water bath at 37°C. Isolated islets
were purified with Histopaque 1077 discontinuous gradient.
Next, islets were repeatedly washed with HBSS supplemented
with 0.2% bovine serum albumin (Biowest) and maintained
overnight in RPMI 1640 supplemented with 10% (v/v) FBS for
regeneration.

All applicable international, national and/or institutional
guidelines for the care and use of animals were followed,
according to The Act on The Protection of Animals used for
Scientific or Educational Purposes in Poland adopted on 15
January 2015 and according to earlier regulations. Those
experiments focused on analysis of tissues obtained from dead
animals, which did not undergo any experimental procedures did
not require any permission of The Local Ethical Commission for
Investigation on Animals.

Real-time PCR

Total RNA was extracted using Extrazol (DNA Gdansk,
Gdansk, Poland). RNA (1 µg) was reverse transcribed to cDNA
by FIREScript RT cDNA Synthesis Mix (Solis BioDyne, Tartu,
Estonia). A real-time quantitative PCR reaction with
primer/probes and TaqMan Universal PCR Master Mix (Applied
Biosystems, Foster City, CA, USA) was performed using a
QuantStudio 12K Flex (Thermo Fisher Scientific, Waltham,
MA, USA). The following primers/probes (Applied Biosystems)
were used: Enho, Rn01436637_m1; Gpr19, Rn02758803_s1;
Ins1, Rn02121433_g1; Ins2, Rn01774648_g1; Hprt1,
Rn01527840_m1. Gene expression was calculated by the 2–DD Ct
method. The Hprt1 was used as the reference gene.

Insulin secretion

INS-1E cells were seeded into 24-well plates at the density
of 1.5 × 105 cells/well and cultured for 48 hours. Thereafter, cells
were incubated (1 h) in a glucose-free Krebs-Ringer-HEPES
buffer (KRHB) containing in mmol/l: 136 NaCl, 4.7 KCl, 1
CaCl2, 1.2 MgSO4, 1.2 KH2PO2, 2 NaHCO3, 10 HEPES (pH
7.4), 0.1% free fatty acid BSA. Next, cells were washed with the

same buffer and exposed to 2.8 mmol/l or 16.8 mmol/l glucose
in KRHB with or without adropin (1, 10 or 100 nmol/l) for 60
min. Then, the incubation medium was collected and centrifuged
(250 × g for 5 min). Insulin content was determined in the
supernatants using Rat Insulin RIA RI-13K (Merck Millipore).
Data were normalized to protein concentrations, determined by
BCA Protein Assay kit (Thermo Scientific).

In experiments with pancreatic islets, following 1 h
preincubation with glucose-free KRHB supplemented with 0.1%
free fatty acid BSA, groups of 5 pancreatic islets per well were
exposed to 2.8 mmol/l or 16.8 mmol/l glucose in KRHB with or
without adropin (1, 10 or 100 nmol/l) for 60 min. Medium was
collected and stored at –20°C for further analysis.

INS-1E cell proliferation and viability INS-1E cells were
seeded into 96-well plate at the density 4 × 104 cell/well. After
48 h, cells were incubated in a serum-free medium for additional
24 hours. Thereafter, cells were incubated with serum-free
medium containing 0.1% free fatty acid BSA and 0, 1, 10 or 100
nmol/l adropin for 24 or 48 hours. Cell viability was studied by
MTT assay, cell proliferation was detected using Cell
Proliferation ELISA BrdU kit (Roche Diagnostics) according to
the manufacturer’s procedure, as previously described in our
earlier studies (14, 15).

cAMP assay

INS-1E cells were seeded into 12 well plate (3 × 105

cells/well) for 48 hours. Next, cells were incubated in Krebs-
Ringer-HEPES buffer without glucose for 1 h and exposed to 2.8
mmol/l or 16.8 mmol/l glucose in KRHB with or without
adropin (1, 10 or 100 nmol/l) for 60 min. Thereafter, cAMP
intracellular content was measured using cAMP ELISA Kit
(Abnova) according to the manufacturer’s protocol.

Statistical analysis

Data are presented as the mean ± standard error of the mean.
Statistical analysis were performed using GraphPad Prism
version 8.0 (GraphPad Software, Inc.). Student’s t-test for
comparison between two groups or one-way ANOVA followed
by the Bonferroni post hoc test for comparison between more
than two groups were used. Each experiment was repeated
independently at least two times. P < 0.05 was considered to
indicate a statistically significant difference.

RESULTS

Expression of Enho and Gpr19 mRNA in INS-1E cells and rat
pancreatic islets.

First, we investigated mRNA expression of Enho and
putative adropin receptor Gpr19 in rat tissues, INS-1E cells
and rat isolated pancreatic islets. Enho mRNA was detected in
rat hypothalamus (positive control (1)) (Fig. 1A).
Approximately 88-fold lower expression was detected in INS-
1E cells in comparison to that detected in the hypothalamus
(Fig. 1A). Enho mRNA was not detectable in rat pancreatic
islets (Fig. 1A). Gpr19 mRNA was expressed in rat
hypothalamus (positive control (2)) as well as in INS-1E cells
and rat pancreatic islets (Fig. 1B). Expression of Gpr19 in
pancreatic islets and INS-E cells was approximately 13- and 2-
fold higher as compared to that detected in the brain (Fig. 1B).
Taken together, these results indicate that Enho mRNA is not
expressed in rat pancreatic islets, while very low Enho levels
are detectable in INS-1E cells. Gpr19 mRNA is present in INS-
1E cells and pancreatic islets.
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Adropin suppresses insulin mRNA expression in INS-1E cells

As demonstrated in Fig. 2, adropin at the concentration of
100 nmol/l failed to modulate Ins1 mRNA expression after 3

hours (Fig. 2A). By contrast, adropin (100 nmol/l) suppressed
Ins2 mRNA expression after 3 hours (Fig. 2B). In addition,
adropin (100 nmol/l) attenuated expression of Ins1 and Ins2 after
24 h (Fig. 2A and 2B).
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Fig. 1. Enho and Gpr19 expression in rat pancreatic islets and INS-1E cells. (A): Real-time PCR detection of Enho in the
hypothalamus (positive control), rat pancreatic islets and INS-1E beta cells. (B): Gpr19 mRNA expression in the hypothalamus, rat
pancreatic islets and INS-1E beta cells. ND, not detected. Results are mean ± SEM, (n = 6).

Fig. 2. Effects of adropin on insulin expression in INS-1E cells. The expression of Ins1 (A) and Ins2 (B) in cells exposed to adropin
(1, 10 and 100 nmol/l) for 3 and 24 hours. Results are mean ± SEM, (n = 5 – 6). *P < 0.05.

Fig. 3. Effects of adropin on insulin secretion in INS-1E cells and pancreatic islets. Insulin secretion evaluated in cells (A) and rat
pancreatic islets (B) treated with or without adropin (1 and/or 10 and 100 mmol/l) in the presence of 2.8 or 16.7 mmol/l glucose for
60 min. Results are mean ± SEM, (n = 5 – 7). *P < 0.05.



Adropin inhibits insulin secretion in INS-1E cells and rat
pancreatic islets

Next, we evaluated the effects of adropin on insulin
secretion from INS-1E cells and rat pancreatic islets. We found
that adropin (100 nmol/l) suppresses insulin secretion from INS-
1E cells (Fig. 3A). Inhibition of insulin secretion by 100 nmol/l

adropin was also detectable in isolated rat pancreatic islets (Fig.
3B). These results show that adropin suppresses insulin secretion
from INS-1E cells and rat pancreatic islets.

Adropin suppresses glucose-induced cAMP production in INS-
1E cells

cAMP signalling modulates insulin secretion in pancreatic
beta cells (16, 17). Thus, we next assessed the effects of adropin
on cAMP levels in INS-1E cells. As shown in Fig. 4, glucose at
16.7 mmol/l increased intracellular level of cAMP as compared
with cells exposed to 2.8 mmol/l glucose. Moreover, stimulation
of cAMP production by glucose was attenuated by adropin (100
nmol/l) (Fig. 4).

Adropin does not modulate INS-1E cell proliferation and
viability

As shown in Fig. 5A and 5B, adropin failed to modulate INS-
1E cell proliferation assessed after 24 or 48 hours. Moreover,
cell viability was not affected in cells exposed to adropin for 24
(Fig. 5C) or 48 h (Fig. 5D).

DISCUSSION

Our study shows that adropin suppresses insulin expression
and secretion, while it fails to affect INS-1E cell replication and
viability. First of all, we found that adropin’s putative receptor
Gpr19 is expressed in INS-1E cells and rat pancreatic islets. By
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Fig. 4. Effects of adropin on cAMP synthesis in INS-1E cells.
The cAMP production in cells exposed to adropin (10 and 100
nmol/l) in the presence of 2.8 or 16.7 mmol/l glucose for 60 min.
Results are mean ± SEM, (n = 6 – 7). *P < 0.05.

Fig. 5. Effects of adropin on proliferation and viability of INS-1E cells. Cell proliferation and viability measured by BrdU
incorporation and formazan production, respectively, in cells exposed to adropin (1, 10 or 100 nmol/l) for 24 (A, C) or 48 hours (B,
D). Results are mean ± SEM, (n = 8).



contrast, we found very low levels of Enho mRNA expression in
INS-1E cells and the absence of Enho mRNA in rat pancreatic
islets. These results indicate that adropin is rather not produced
by endocrine cells in rat pancreas. It is worth to note that an
earlier study showed that adropin is present in rat pancreas and
its immunoreactivity is increased in animals with type 2 diabetes
mellitus (18). Nevertheless, adropin immunoreactivity was
found in the acini, thereby supporting our finding with respect to
the lack of adropin production in the endocrine pancreas.
Overall, these results suggest that adropin rather does not
modulate endocrine cells of islets via autocrine mechanism.
However, since adropin is present in the circulation (1, 18, 19),
it cannot be excluded that adropin may affect pancreatic islets
via endocrine mode of action.

Another finding in our study is the ability of adropin to
suppress insulin mRNA expression and glucose-induced insulin
secretion from both INS-1E cells as well as rat pancreatic islets.
It is worth to note that adropin suppressed more potently Ins2
mRNA expression. Importantly, Ins2 is the orthologue of the
human insulin gene (20) which may suggest a potential role of
adropin in controlling human insulin mRNA expression.
Nevertheless, the effect of adropin on insulin mRNA expression
in human beta cells remains still unknown. An in vivo study
showed that adropin treatment suppressed PKA phosphorylation
and cAMP production in the liver (5). Moreover, the same work
showed that adropin is able to attenuate forskolin-induced
cAMP production in human liver cancer HepG2 cells (5). It is
well known that insulin exocytosis is caused by an increase in
intracellular calcium levels (21). Nevertheless, there is
convincing evidence that glucose-induced insulin secretion is
additionally mediated via cAMP and its downstream targets
protein kinase A and Epac (22, 23). Thus, since adropin
suppressed insulin exocytosis in our current study, we assessed
the effects of adropin on glucose-induced cAMP levels in INS-
1E cells. We found that adropin suppressed cAMP levels in INS-
1E cells. These results suggest that adropin suppresses insulin
secretion via downregulation of glucose-induced cAMP
production in beta cells. In this context, it is also important to
consider that cAMP is implicated in promoting insulin mRNA
expression (24, 25). Therefore, these results suggest that adropin
may attenuate insulin mRNA expression via downregulation of
cAMP production.

Several studies showed that adropin is able to affect cell
proliferation. For example, it was shown that adropin stimulates
proliferation of endothelial or 3T3-L1 cells (26, 27). Since
stimulation of beta cell replication is considered as a novel
therapeutic strategy in diabetic patients (28), we assessed the
effects of adropin on INS-1E cell proliferation. We failed to find
any effect of adropin on cell vitality and replication. Overall,
these data show that adropin’s influence on mitogenesis is cell-
specific. On the other hand, it needs to be pointed out that our
observations are restricted to INS-1E cells, only. Thus, more
experiments with a different beta cell line and/or primary beta
cells are needed to confirm our findings.

To our best knowledge, this is the first report indicating that
adropin may be involved in the modulation of endocrine
activities of pancreatic beta cells. A previous study showed that
mice over-expressing adropin display low levels of fasting
insulin (1). In line with these results it was also found that
intraperitoneal injection of adropin for 14 days significantly
reduced fasting insulin levels in mice challenged to high-fat diet
(1). Furthermore, another animal study showed that adropin
deficiency is associated with increased fasting insulin levels (3).
Consistently, others demonstrated that adropin treatment for 3
days attenuates fasting hyperinsulinemia in mice fed high-fat
diet (29). These data may indicate that adropin may be
considered as an insulinostatic factor. Nevertheless, it needs to

be pointed out that in vivo adropin improves insulin resistance
and ameliorates obesity-induced metabolic dysfunctions such
increased triacylglycerol level (1). Thus, it remains unknown
whether adropin prevents from hyperinsulinemia by acting on
beta cells or whether lower levels of insulin in adropin-treated
animals result from improved insulin sensitivity or lipid
metabolism. More experiments are needed to study whether
adropin suppresses insulin synthesis and/or secretion in vivo.

Our study has several limitations. First of all, all experiments
were performed in vitro using either permanent cell model of
beta cells or isolated islets. Thus, in vivo experiments should
confirm insulinostatic action of adropin in the living organism.
Moreover, although adropin suppresses cAMP production, more
experiments are needed to answer the question regarding the role
of adropin in calcium signalling in beta cells which plays an
essential role in insulin exocytosis (30).

In summary, our study shows that adropin suppresses insulin
mRNA expression in INS-1E cells but not cell proliferation.
Furthermore, we demonstrated that adropin attenuates insulin
mRNA expression in INS-1E cells and isolated rat pancreatic
islets. In conclusion, these results suggest that adropin may
contribute to glucose and lipid metabolism through suppression
of insulin neogenesis and secretion from pancreatic beta cells.
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