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Glucagon like peptide 1 (GLP1) is an incretin hormone released from the enteroendocrine

L-type cells of the lower gastrointestinal tract. The active isoforms of GLP1 are rapidly

degraded (<2min) by protease dipeptidyl peptidase-4 (DPP-4) after their release. Among

its functions, GLP1 exerts a pivotal role in regulating glucose and lipid metabolism. In

particular, GLP1 increases glucose stimulated insulin secretion, functional pancreatic

β-cell mass and decreases glucagon secretion from pancreatic α-cells. GLP1 can also

be a regulator of lipid and lipoprotein metabolism ameliorating diabetic dyslipidemia,

liver steatosis, and promoting satiety. Interestingly, it has been found that GLP1 and

GLP1 agonists can modulate the expression of different microRNAs (miRNAs), a ∼22

nucleotides small non-coding RNAs, key modulators of protein expression. In particular,

in pancreas, GLP1 increases the expression levels of miRNA-212 and miRNA-132,

stimulating insulin secretion. Similarly, GLP1 decreases miRNA-338 levels, leading to

an increase of pancreatic β-cell function, followed by an improvement of diabetic

conditions. Moreover, GLP1 modulation of miRNAs expression in the liver regulates

hepatic lipid storage. Indeed, GLP1 down-regulates miRNA-34a and miRNA-21 and

up-regulates miRNA-200b and miRNA-200c expression in liver, reducing intra hepatic

lipid accumulation and liver steatosis. Clinical and pre-clinical studies, discussed in

this review, suggest that modulation of GLP1/miRNAs pathway may be a useful and

innovative therapeutic strategy for prevention and treatment of metabolic disorders, such

as diabetes mellitus and liver steatosis.
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GLP1: AN IMPORTANT REGULATOR OF METABOLIC CHRONIC
DISEASES

Glucagon-Like Peptide 1 (GLP1) is a 30 amino acids incretin hormone mainly produced and
secreted by L cells from the lower intestine following meal ingestion. GLP1 secretion becomes
very rapid and has two phases: the early phase occurs within 5–15min after nutrient ingestion,
while the late phase arises after 30–60min, with two different peaks (1). GLP1 is secreted primarily
in two forms, GLP1 (7–36), and GLP1 (7–37), which are the bioactive forms with an equipotent
insulinotropic effect (1, 2). At position 2 of its aminoacid sequence, GLP1 isoforms (7–36) and (7–
37) are cleaved and inactivated by the dipeptidyl peptidase-4 (DPP-4), within <2min from their
release (3) (Figure 1). In order to counteract the activity of DPP-4 increasing the bioavailability of
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FIGURE 1 | GLP1 release and inactivation. After food ingestion, GLP1 is secreted by the L-cells of lower intestine as GLP1 (1–36) NH2 and GLP1 (1–37), which are

inactive, and as GLP1 (7–36) NH2 and GLP1 (7–37) which are the bioactive forms. Subsequently, within 2–3min from its release, the dipeptidyl peptidase-4 (DPP-4)

cleaved the bioactive forms of GLP1, producing the inactive products, GLP1 (9–36) NH2 and (9–37).

circulating GLP1, DPP-4 inhibitors, also known gliptins, have
been developed (4). Moreover, GLP1 receptor agonists (GLP1-
RAs) resistant to DPP-4 cleavage have been synthetized (4).
Gliptins and GLP1-RAs are recommended as hypoglycemic
agents for the treatment of Type 2 Diabetes Mellitus (T2DM).

GLP1 and Pancreatic Beta Cell
The human GLP1-R (GLP1-receptor) is broadly expressed in all
tissues. In particular, GLP1-R is mainly localized in pancreatic β-
cells, although its expression in the islet of Langerhans has also
been reported in α and δ cells (5, 6). GLP1 enhances glucose-
stimulated insulin secretion (GSIS) and reduces glucagon
secretion (7, 8). GLP1 stimulation of β-cell lines, in fact,
amplifies plasma membrane depolarization subsequent to the
closure of KATP dependent channels, and increases the refilling
of the readily-releasable pools of insulin granules (9), through
the activation of cAMP-PKA (10). Moreover, GLP1 raise the
activity of several voltage dependent calcium channels enhancing
calcium intracellular influx, necessary for insulin granules
exocytosis (5, 11).

Additionally, GLP1 improves murine pancreatic islets growth
(12) and differentiation by activating pancreatic duodenal
homeobox-1 (Pdx1) transcription factor (13, 14). All these

findings suggest a pleiotropic role of GLP1 on pancreatic beta
cells that results in its powerful therapeutic effect.

GLP1 and Lipid Metabolism
GLP1 decreases lipids absorption by reducing intestinal
chylomicron output and postprandial hypertriglyceridemia,
which are predictors of cardiovascular risk (4). Treatment
with GLP1-RAs or gliptins reduces low density lipoprotein
cholesterol (LDL-C), total cholesterol (TC), and triglycerides
(TAG) levels in T2DM and obese individuals (15, 16). Although,
hematic concentration of high-density lipoprotein cholesterol
(HDL-C) was not affected by GLP1-RAs treatment, it has been
reported as its function was ameliorated in diet-induced obese
rats after Liraglutide (GLP1-RA) administration, which restores
HDL-mediated cholesterol efflux capacity (17).

Furthermore, in patients with non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH), glucose-
induced GLP1 secretion was significantly decreased, suggesting
that down-regulation of GLP1 levels may contribute to NAFLD
and NASH (18). According to these results, several pre-clinical
and clinical studies reported that GLP1-RAs and/or gliptins
treatment reduced hepatic steatosis and ameliorated hepatic
dyslipidemia (19–21). This highlights the potential benefic
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effect of GLP1 and GLP1-based therapies in NAFLD (18). In
agreement with the possible role of GLP1 and GLP1-RAs in
counteracting NAFLD, a meta-analysis conducted by Dong and
colleagues outlined that Exenatide and Liraglutide improved liver
histopathology, and reduced body weight and aminotransferase
levels (22). Therefore, based on these evidences, gliptins and
GLP1-RAs may be considered potential novel drugs for the
treatment of NAFLD.

miRNAs AND METABOLIC DISEASE

MicroRNAs (miRNAs) are ∼22 nucleotides non-coding RNA
molecules, which act as translational repressor and/or transcript
degradation (mRNA) (23, 24). Nowadays, it is expected that
more than 45,000 miRNAs target sites are present in human
DNA, affecting near 60% of coding genes (25). miRNAs are
transcribed as long RNA precursors with a stem-loop structure.
Subsequently, are processed into a pre-miRNA, which is a hairpin
loop structure of 70 nucleotides. Pre-miRNAs, translocated
to cytoplasm where are cleaved into mature miRNAs (26).
Mature miRNAs can complementary bind to target mRNA
by inducing its degradation or, in absence of complementary
association, blocking its translation and resulting in reduced
protein synthesis (27). Physiologically, miRNAs regulate several
processes, such cell metabolism (28), cell death and division,
among others (29).

miRNAs and Diabetes
Several studies have reported as miRNAs hematic levels
may be predictive of the T2DM onset. Indeed, specific
miRNAs profile expression has been associated with different
pathophysiological state, including Diabetes Mellitus (DM) (30).
Many evidences suggest that miRNAs can modulate insulin
action and glucose metabolism (31). For instance, miR-126
expression is significantly reduced in both impaired fasting
glucose and T2DM individuals (32). Moreover, Yan et al.
analyzing miRNAs profile in pre-diabetic and newly diagnosed
T2DM subjects, have shown that miR-1249, miR-320b, and
miR-527 might be biomarkers of T2DM susceptibility (33).
Furthermore, miRNAs can also modulate pancreatic β-cells
functionality, suggesting that they can be potential therapeutic
targets for DM (34). Recently, a study described as mice
knockout for miR-375 displayed a reduced β-cell mass and GSIS,
showing hyperglycemia, demonstrating that miR-375 may be
an important regulator of pancreatic β-cell functionality (35).
Besides these findings, Kloosterman et al. reported a pivotal role
of miR-375 in inducing pluripotent stem cells proliferation into
pancreatic islets (36). Lastly, changes in the level of miRNAs have
been demonstrated to play a role in the development of long-term
diabetes complications, such renal fibrosis, visual loss, and lower
limb ischemia (37, 38).

miRNAs and Lipid Metabolism
Evidences linking aberrant miRNAs profile expression with
lipid disorders have been demonstrated in clinical and animal
experimental models. Among all miRNAs, miR-122 is the
most abundantly expressed in liver where it regulates several
physiological processes, such TAG and cholesterol metabolism

(39). In particular, mice carryingmiR-122 deletion, show reduced
cholesterol and TAG plasma levels associated to decrease of
very low-density lipoprotein (VLDL) formation and release
(40). Moreover, the authors reported an accumulation of liver
cholesterol and TAG, which contributes to the pathogenesis
of liver steatosis (40). According to this result, the silencing
of miR-122 significantly increased gene expression of lipid
metabolism regulators (41). Taken together, these data suggested
that miR-122 plays a pivotal role in NAFLD progression
providing a novel potential therapeutic target. However, a
controversial study reported as antagonizing miR-122 in mice
fed with high fat diet (HFD), showed reduced expression of
lipogenic factors and increased lipid oxidation resulting in
improved hepatic steatosis (42). The discrepancy with previous
studies could arise from the different experimental models
employed, and miRNA inhibition system. In particular, Esau
et al. (42) used a short-term inhibition of miR-122 with antisense
oligonucleotide, while Tsai et al. (40) used a knockoutmicemodel
from miR-122 from the germline. It is well-known that miR-
122 expression increased in mice liver during embryogenesis
probably contributing to liver development and hepatocytes
differentiation (43). Thus, impairing miR-122 expression from
germline may induce a more negative effect on liver (increased
levels of steatosis and fibrosis) and lipid metabolism compared
to a short-term inhibition. Moreover, Tsai et al. analyzed the
expression levels of microsomal TG transfer protein (MTTP)
which is responsible for VLDL assembly and secretion. MTTP
levels were downregulating in knockout mice for miR-122
suggesting that MTTP reduction by impairing TG release
promotes intrahepatic accumulation contributing to steatosis
and fibrosis.

Higher levels of miR-34a were found in patients with NAFLD
and in ob/ob mice, which might be involved in the modulation
of fatty acid synthesis and oxidation, and in the metabolism of
cholesterol and TAG (44). Lately, Ding et al. have found that
miR-34a expression was enhanced in human hepatocytes treated
with free fatty acids (FFA) and in mice fed with high fat diet
(HFD) (45). Inhibition of miR-34a in both models significantly
improved steatosis and triglycerides plasma levels, suggesting
that miR-34a may be a novel pharmaceutical target for NAFLD
(45).

All these evidences suggest that liver and circulating miRNA
profiles correlate with liver histological changes and may be used
as diagnostic biomarkers for hepatic lipid dysfunction.

GLP1 AND miRNAs IN DIABETES

Different cellular signaling pathways have been identified to be
activated by GLP1 in pancreatic β-cells. GLP1, mainly, stimulates
adenylyl cyclase leading to higher cellular levels of cAMP,
followed by the activation of PKA and EPAC and, finally by
potentiation of GSIS (5). However, the molecular mechanisms
leading to enhanced GSIS in response to GLP1 have not been
completely elucidated. Different evidences underlie that GLP1
action on pancreatic β-cells can be mediated by miRNAs profile
expression. GLP1, in fact, selectively induces the expression of
miR-132 and miR-212, which can increase glucose and GLP1-
stimulated insulin secretion (46) (Table 1). These findings were
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TABLE 1 | Metabolic effects of GLP1, GLP1-RAs, and DPP-4 inhibitors mediated by miRNAs modulation.

Molecule used Experimental

model

Targeted

miRNA

Metabolic effect References

GLP1 GLP1-RAs DPP-4 Inhibitors

GLP1 Exenatide Cell line

Animal

Human

↑miR132

↑miR-212

↑insulin secretion (46)

Exenatide Animal ↓miR-338 ↑Pdx1 expression and insulin

secretion

(47)

GLP1 Cell line ↓miR-758 ↓cholestrol accumulation (48)

Liraglutide Cell line ↓miR34a

↓miR-21

↓hepatic steatosis (49)

Sitagliptin Cell line

Animal

Human

↑miR-

200b

↑miR-200c

↓TAG

↓intracellular lipid accumulation

(50)

GLP1, Glucagon like peptide 1; GLP1-RAs, GLP1-Receptor Agonists; DPP-4, dipeptidyl peptidase-4; Pdx, Pancrease/duodenum homeobox protein 1; TAG, triglycerides. The up arrow

means increased while the down arrow mean reduced.

confirmed in freshly isolated rat, mouse and human pancreatic
islets after 24 h of GLP1 administration (46). In order to further
validate these results, authors treated C57BL/6N mice with
Exendin-4 (Ex-4), a GLP1-RAs, and GLP1, observing a dose
dependent increase of miR-132 and miR-212 expressions in
association with reduced plasma glucose levels (46). Moreover,
the increase in miRNAs expression was directly related to
cAMP/PKA signaling pathway activation since the inhibition of
cAMP dramatically blunted the up-regulation of miR-132 and
miR-212 (46). The increase of miR-132 and miR-212 expression
was mediated by GLP-1 and remained unexpectedly significant
after 8 h and the effect lasted for 24–48 h. High levels of these
miRNAs might stimulate GSIS by downregulating carnitine acyl-
carnitine translocase (CACT) gene expression and increasing β

cell survival (51). Furthermore, obesity increases the expressions
of miR-132 and miR-212 in the islets of diabetes-resistant (B6)
and diabetes-susceptible (Black and Tan, BRachyury) mice, with
higher levels in B6 ∼13-fold compared to Black and Tan,
BRachyury∼3-foldmice (52), suggesting that thesemiRNAsmay
be implicated in the pathogenesis of DM.

Besides these evidences, Keller et al. found that administration
of Ex-4 on isolated rat pancreatic islets significantly reduced
miR-375 expression via cAMP/PKA dependent pathway (53),
even if this result has not yet been confirmed by another
study (46) (Table 1). Taken together, these evidences suggest
a novel potential GLP1-mediated molecular pathway to exert
insulinotropic effect, providing novel targets for innovative
therapeutic strategies against diabetes.

Environmental factors, such endocrine disrupting compounds
utilized by industries, contribute to the onset of T2DM (54).
Among those, urinary levels of Bisphenol A (BPA) has been
associated to alteration of glucose metabolism and diabetes
(47). In particular, Wei et al. demonstrated that 8 weeks BPA
administration induced peripheral insulin resistance linked to
an increase in compensatory insulin secretion from pancreatic
β-cells in C57BL/6 mice (47). Besides, they also showed an
up-regulation of Pdx1 in freshly isolated pancreatic islets from

C57BL/6 mice after 8 weeks BPA administration. In order to
investigate the regulators of Pdx1, authors found a significant
down-regulation of miR-338 (47). Subsequently, a Luciferase
reporter assay was performed to study the putative link between
miR-388 and Pdx1, finding that miR-338 directly bound the Pdx1
promoter, decreasing Pdx1 gene expression and protein levels.
This suggested that BPA action on insulin secretion was mediated
bymiR-338-Pdx1 axis (47) (Table 1). According to these findings,
the authors also showed that ex vivo BPA administration for 4 h
on freshly isolated islets, significantly increased Pdx1 levels and
decreased miR-388 expression, confirming the early adaptation
to insulin resistance induced by BPA administration. Lastly,
they found that GLP1-R expression was down-regulated in
freshly isolated islets chronically treated with BPA for 48 h in
association to the increased levels of miR-388. Moreover, in the
same experimental condition, an enhancement of pro-apoptotic
genes was also observed, which could at least in part explain
the reduced expression of Pdx1 and GLP1-R. Accordingly,
Ex-4 administration dramatically reduced miR-338 expression,
increasing Pdx1 gene expression levels and insulin secretion,
this action might be due to its well-established anti-apoptotic
effect. Taken together these findings suggest that effects of BPA
are finely controlled by the action of GLP1 on the GLP1-R-
miR338-Pdx1 axis (47). Increased levels of Pdx1, in fact, are
necessary to compensate impaired insulin secretion induced by
BPA treatment.

GLP1 AND miRNAs EXPRESSION IN LIPID
METABOLISM

Although different actions of GLP1 and miRNA have been
reported to affect lipid metabolism, to date little is known
about the effect of GLP1 or GLP1-RAs on lipid metabolism
based on their specific modulation of miRNAs expression profile.
Recently, it has been reported that GLP1 administration in
HepG2 cells reduced the expression of miR-758, decreasing
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the levels of ATP-binding cassette transporter A1 (ABCA1),
with an improvement of cholesterol metabolism (48). ABCA1
reduction blunts cholesterol efflux and HDL-C formation
lowering aberrant cholesterol accumulation, associated with
defects of lipid metabolism, DM and atherosclerosis (48). These
findings suggest that GLP1 may be a new therapeutic target of
hypercholesterolemic diseases. A study conducted by Shen on
in vitro model of liver steatosis, demonstrated as administration
of Liraglutide significantly decreased intracellular lipid droplets
(49). The miRNAs expression profile in response to FFA and
Liraglutide revealed about 123 miRNAs differently expressed.
Liraglutide increased miRNAs that were down-regulated by
FFA treatment, and those one that were up-regulated by FFA
administration were down-regulated by additional treatment
with Liraglutide, highlighting the potential miRNAs involvement
in Liraglutide-mediated protection against hepatic steatosis
(49). Amongst them, miR-34a and miR-21, which are well-
known biomarkers of lipid disorders (45), were markedly
increased by FFA administration (49). Additional treatment
with Liraglutide dramatically reduced miR-34a and miR-21
expression, suggesting that these miRNAs may be therapeutic
targets of GLP1-RAs, improving liver steatosis, and supporting
the hypothesis to utilize GLP1-RAs for NAFLD treatment
(Table 1).

Recently, a study conducted in mice fed with HFD and in
human subjects with NAFLD, reported the role of sitagliptin
(DPP-4 inhibitor) as modulator of miR-200 family, resulting
in an improvement of hepatic steatosis (50). In particular, a
significant reduction in miR-200b and miR-200c expression
was found, compared to control groups, in association to
increased levels of lipogenic factors, such as sterol regulatory
element-binding proteins (SREBP1) and Fas (50). These results
were, also, confirmed in murine hepatic cell lines, where
inhibition of miR-200b and miR-200c resulted in increased
TAG levels and enhanced expression of SREBP1 and Fas,
suggesting that miR-200 family contributes to abnormal lipid
accumulation (50). According to this finding, miR-200b and
miR-200c overexpression in murine cell lines and in HFD
mice, significantly blunted the intracellular lipids accumulation
and reduced SREBP1 and Fas expression (50). Since sitagliptin
has been demonstrated to reduce lipid accumulation in rats
with diet-induced NAFLD and in T2DM patients (55, 56),
the researchers treated murine cell lines and HFD mice with
sitagliptin to evaluate its effect on lipid metabolism and miR-
200 family (50). Sitagliptin treatment rescued miR-200b and
miR-200c expression levels, reduced TAG and intracellular lipid
accumulation, decreasing the protein levels of SREBP1 and Fas;
these results suggest that sitagliptin effect on liver steatosis may
be mediated by miR-200 family (50).

CONCLUSION

In this manuscript we reported the state of art on GLP1
mediated miRNAs expression profile modulation and its effect
on glucose and lipid metabolism. Furthermore, some specific
aspect of GLP1 and miRNAs function in metabolic diseases,

mainly T2DM, have been explored. All these findings improved
the knowledge of GLP1 action. In particular they shed light
on the molecular mechanism by which GLP1 contributes to
ameliorate lipid and glucose metabolism throughout miRNAs
modulation. Once understood the intracellular pathway, it could
be useful to develop novel therapeutic strategies targeting the
different miRNAs to counteract a specific pathological aspect
(e.g., lipid metabolism rather than glucose alterations) without
affecting whole human body and especially avoiding or reducing
systemic side effects. Then, we can assert that miRNAs might
be considered novel therapeutic targets to treat hyperglycemia
and dyslipidemia. In fact, it could be possible to target altered
miRNAs expression profile with the aim to restore the defect
present in different metabolic pathways to counteract chronic
diseases like T2DM and NAFLD.

It might be useful, to explore more in depth which are the
differently expressedmiRNAs in response to GLP1 (physiological
conditions) and GLP1-R agonists (supra-physiological levels), to
better understand which miRNAs have a potential impact on
metabolic diseases. Moreover, it could be also helpful to consider
miRNAs which modulate the GLP1-R expression. In particular,
miR-204 has been reported to downregulate GLP1-R expression
in β-cells impairing glucose tolerance and insulin secretion
(57). Thus, targeting miR-204 could improve β-cells function
preventing at least in part the onset of T2DM. Recently, miRNA
therapies were applied in oncology pre-clinical and clinical
studies, such as the sandwich RNA inhibition; this strategy is
realized with multiple different agents acting to major molecular
alteration of the disease. Using this approach, the combination
of siRNA (small interfering RNA) of EphA2, which inhibits its
expression and miR-338 suppressed gastric tumor cells growth
(58).

In recent clinical studies, the antimiR against miR-103/107
were used for the treatment of NASH, in affected patients and
obesemice. These anti-miRNAs silencingmiR-103/107 improved
insulin sensitivity mediated by caveolin-1, ameliorating liver
function (59). Moreover, it has been recently reported that
several miRNAs are dysregulated in diabetes and their restoration
improves metabolic dysfunctions and the severity of its
complications (60). Since to date, the gliptins and GLP1-RAs
are important drugs for the treatment of T2DM, it could be
of interest to find and target “new” specific miRNAs substrates
modulated by GLP1, which affect the pathogenesis of metabolic
diseases.

Finally, new data about the use of miRNAs as a drug
in pre-clinical studies and additional molecular information
regarding GLP1-mediated miRNAs regulation may generate a
useful strategy in the innovative field of miRNAs therapy to treat
metabolic diseases.

AUTHOR CONTRIBUTIONS

BC identified the topic of the review and wrote paper.
FP prepared figures and wrote paper. DD-M revised the
literature and the manuscript. DL wrote and revised the
paper.

Frontiers in Endocrinology | www.frontiersin.org 5 December 2018 | Volume 9 | Article 719

https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Capuani et al. Identification of miRNAs as New Substrates of GLP1

FUNDING

This work has been supported by following grants: Fondazione
RomaNCDS-2013-00000331 - Sarcopenia and Insulin Resistance
in the Elderly; Age-Associated Inflammation as a Shared
Pathogenic Mechanism and Potential Therapeutic Target;

Fondazione Roma NCDS-2013-00000308 - Mechanism Linking
Increased Adiposity and Metabolic Dysfunctions to Premature
Aging and Vascular Damage: Role of Oxidative Stress and
Gastric Hormones; PRIN 2015 # 2015373Z39_009 Pancreatic
β-cell identity, glucose sensing and the control of insulin
secretion.

REFERENCES

1. Baggio LL, Drucker DJ. Biology of incretins: GLP-1 and GIP.Gastroenterology

(2007) 132:2131–57. doi: 10.1053/j.gastro.2007.03.054

2. Drucker DJ. The biology of incretin hormones. Cell Metab. (2006) 3:153–65.

doi: 10.1016/j.cmet.2006.01.004

3. Marguet D, Baggio L, Kobayashi T, Bernard AM, Pierres M, Nielsen

PF, et al. Enhanced insulin secretion and improved glucose tolerance

in mice lacking CD26. Proc Natl Acad Sci USA. (2000) 97:6874–9.

doi: 10.1073/pnas.120069197

4. Farr S, Taher J, Adeli K. Glucagon-like peptide-1 as a key regulator

of lipid and lipoprotein metabolism in fasting and postprandial

states. Cardiovasc Hematol Disord Drug Targets (2014) 14:126–36.

doi: 10.2174/1871529X14666140505125300

5. MacDonald PE, El-Kholy W, Riedel MJ, Salapatek AM, Light PE,

Wheeler MB. The multiple actions of GLP-1 on the process of glucose-

stimulated insulin secretion. Diabetes(2002) 51(Suppl. 3):S434–42.

doi: 10.2337/diabetes.51.2007.S434

6. Aroor A, Nistala R. Tissue-specific expression of GLP1R in mice: is the

problem of antibody nonspecificity solved? Diabetes (2014) 63:1182–4.

doi: 10.2337/db13-1937

7. Holst JJ. The physiology of glucagon-like peptide 1. Physiol Rev. (2007)

87:1409–39. doi: 10.1152/physrev.00034.2006

8. Tura A, Bagger JI, Ferrannini E, Holst JJ, Knop FK, Vilsboll T, et al. Impaired

beta cell sensitivity to incretins in type 2 diabetes is insufficiently compensated

by higher incretin response. Nutr Metab Cardiovasc Dis. (2017) 27:1123–9.

doi: 10.1016/j.numecd.2017.10.006

9. Caporarello N, Parrino C, Trischitta V, Frittitta L. Insulin receptor signaling

and glucagon-like peptide 1 effects on pancreatic beta cells. PLoS ONE (2017)

12:e0181190. doi: 10.1371/journal.pone.0181190

10. Andersen A, Lund A, Knop FK, Vilsboll T. Glucagon-like peptide

1 in health and disease. Nat Rev Endocrinol. (2018) 14:390–403.

doi: 10.1038/s41574-018-0016-2

11. Eiki J, Saeki K, Nagano N, Iino T, Yonemoto M, Takayenoki-Iino Y,

et al. A selective small molecule glucagon-like peptide-1 secretagogue acting

via depolarization-coupled Ca(2+) influx. J Endocrinol. (2009) 201:361–7.

doi: 10.1677/JOE-08-0528

12. Edvell A, Lindstrom P. Initiation of increased pancreatic islet growth in

young normoglycemic mice (Umea +/?). Endocrinology (1999) 140:778–83.

doi: 10.1210/endo.140.2.6514

13. Perfetti R, Zhou J, Doyle ME, Egan JM. Glucagon-like peptide-1 induces

cell proliferation and pancreatic-duodenum homeobox-1 expression and

increases endocrine cell mass in the pancreas of old, glucose-intolerant rats.

Endocrinology (2000) 141:4600–5. doi: 10.1210/endo.141.12.7806

14. Hui H, Wright C, Perfetti R. Glucagon-like peptide 1 induces differentiation

of islet duodenal homeobox-1-positive pancreatic ductal cells into insulin-

secreting cells. Diabetes (2001) 50:785–96. doi: 10.2337/diabetes.50.

4.785

15. Pi-Sunyer X, Astrup A, Fujioka K, Greenway F, Halpern A, Krempf M, et al. A

randomized, controlled trial of 3.0mg of liraglutide in weight management. N

Engl J Med. (2015) 373:11–22. doi: 10.1056/NEJMoa1411892

16. Sun F, Wu S, Wang J, Guo S, Chai S, Yang Z, et al. Effect of glucagon-

like peptide-1 receptor agonists on lipid profiles among type 2 diabetes: a

systematic review and network meta-analysis. Clin Ther. (2015) 37:225–41.e8.

doi: 10.1016/j.clinthera.2014.11.008

17. Osto E, Doytcheva P, Corteville C, Bueter M, Dorig C, Stivala S, et al.

Rapid and body weight-independent improvement of endothelial and

high-density lipoprotein function after Roux-en-Y gastric bypass:

role of glucagon-like peptide-1. Circulation (2015) 131:871–81.

doi: 10.1161/CIRCULATIONAHA.114.011791

18. Bernsmeier C, Meyer-Gerspach AC, Blaser LS, Jeker L, Steinert RE, Heim

MH, et al. Glucose-induced glucagon-like Peptide 1 secretion is deficient in

patients with non-alcoholic fatty liver disease. PLoS ONE (2014) 9:e87488.

doi: 10.1371/journal.pone.0087488

19. Tushuizen ME, Bunck MC, Pouwels PJ, van Waesberghe JH, Diamant M,

Heine RJ. Incretin mimetics as a novel therapeutic option for hepatic steatosis.

Liver Int. (2006) 26:1015–7. doi: 10.1111/j.1478-3231.2006.01315.x

20. Ohki T, Isogawa A, Iwamoto M, Ohsugi M, Yoshida H, Toda N, et al.

The effectiveness of liraglutide in nonalcoholic fatty liver disease patients

with type 2 diabetes mellitus compared to sitagliptin and pioglitazone.

ScientificWorldJournal (2012) 2012:496453. doi: 10.1100/2012/496453

21. Wang X, Hausding M, Weng SY, Kim YO, Steven S, Klein T, et al. Gliptins

suppress inflammatory macrophage activation to mitigate inflammation,

fibrosis, oxidative stress, and vascular dysfunction in models of nonalcoholic

steatohepatitis and liver fibrosis. Antioxid Redox Signal. (2018) 28:87–109.

doi: 10.1089/ars.2016.6953

22. Dong Y, Lv Q, Li S, Wu Y, Li L, Li J, et al. Efficacy and safety of glucagon-like

peptide-1 receptor agonists in non-alcoholic fatty liver disease: a systematic

review and meta-analysis. Clin Res Hepatol Gastroenterol. (2017) 41:284–95.

doi: 10.1016/j.clinre.2016.11.009

23. Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, et al. Characterization of

microRNAs in serum: a novel class of biomarkers for diagnosis of cancer and

other diseases. Cell Res. (2008) 18:997–1006. doi: 10.1038/cr.2008.282

24. Ali AS, Ali S, Ahmad A, Bao B, Philip PA, Sarkar FH. Expression of

microRNAs: potential molecular link between obesity, diabetes and cancer.

Obes Rev. (2011) 12:1050–62. doi: 10.1111/j.1467-789X.2011.00906.x

25. Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs

are conserved targets of microRNAs. Genome Res. (2009) 19:92–105.

doi: 10.1101/gr.082701.108

26. Deiuliis JA. MicroRNAs as regulators of metabolic disease: pathophysiologic

significance and emerging role as biomarkers and therapeutics. Int J Obes.

(2016) 40:88–101. doi: 10.1038/ijo.2015.170

27. Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM,

Castle J, et al. Microarray analysis shows that some microRNAs

downregulate large numbers of target mRNAs. Nature (2005) 433:769–73.

doi: 10.1038/nature03315

28. Rayner KJ, Esau CC, Hussain FN, McDaniel AL, Marshall SM, van

Gils JM, et al. Inhibition of miR-33a/b in non-human primates raises

plasma HDL and lowers VLDL triglycerides. Nature (2011) 478:404–7.

doi: 10.1038/nature10486

29. Ng R, Song G, Roll GR, Frandsen NM, Willenbring H. A microRNA-21 surge

facilitates rapid cyclin D1 translation and cell cycle progression in mouse liver

regeneration. J Clin Invest. (2012) 122:1097–108. doi: 10.1172/JCI46039

30. Zampetaki A, Kiechl S, Drozdov I, Willeit P, Mayr U, Prokopi M,

et al. Plasma microRNA profiling reveals loss of endothelial miR-126

and other microRNAs in type 2 diabetes. Circ Res. (2010) 107:810–7.

doi: 10.1161/CIRCRESAHA.110.226357

31. Massart J, Katayama M, Krook A. microManaging glucose and lipid

metabolism in skeletal muscle: role of microRNAs. Biochim Biophys Acta

(2016) 1861 (Pt B):2130–8. doi: 10.1016/j.bbalip.2016.05.006

32. Zhang T, Lv C, Li L, Chen S, Liu S,Wang C, et al. PlasmamiR-126 is a potential

biomarker for early prediction of type 2 diabetes mellitus in susceptible

individuals. Biomed Res Int. (2013) 2013:761617. doi: 10.1155/2013/761617

33. Yan S, Wang T, Huang S, Di Y, Huang Y, Liu X, et al. Differential expression of

microRNAs in plasma of patients with prediabetes and newly diagnosed type

2 diabetes. Acta Diabetol. (2016) 53:693–702. doi: 10.1007/s00592-016-0837-1

Frontiers in Endocrinology | www.frontiersin.org 6 December 2018 | Volume 9 | Article 719

https://doi.org/10.1053/j.gastro.2007.03.054
https://doi.org/10.1016/j.cmet.2006.01.004
https://doi.org/10.1073/pnas.120069197
https://doi.org/10.2174/1871529X14666140505125300
https://doi.org/10.2337/diabetes.51.2007.S434
https://doi.org/10.2337/db13-1937
https://doi.org/10.1152/physrev.00034.2006
https://doi.org/10.1016/j.numecd.2017.10.006
https://doi.org/10.1371/journal.pone.0181190
https://doi.org/10.1038/s41574-018-0016-2
https://doi.org/10.1677/JOE-08-0528
https://doi.org/10.1210/endo.140.2.6514
https://doi.org/10.1210/endo.141.12.7806
https://doi.org/10.2337/diabetes.50.4.785
https://doi.org/10.1056/NEJMoa1411892
https://doi.org/10.1016/j.clinthera.2014.11.008
https://doi.org/10.1161/CIRCULATIONAHA.114.011791
https://doi.org/10.1371/journal.pone.0087488
https://doi.org/10.1111/j.1478-3231.2006.01315.x
https://doi.org/10.1100/2012/496453
https://doi.org/10.1089/ars.2016.6953
https://doi.org/10.1016/j.clinre.2016.11.009
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1111/j.1467-789X.2011.00906.x
https://doi.org/10.1101/gr.082701.108
https://doi.org/10.1038/ijo.2015.170
https://doi.org/10.1038/nature03315
https://doi.org/10.1038/nature10486
https://doi.org/10.1172/JCI46039
https://doi.org/10.1161/CIRCRESAHA.110.226357
https://doi.org/10.1016/j.bbalip.2016.05.006
https://doi.org/10.1155/2013/761617
https://doi.org/10.1007/s00592-016-0837-1
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles


Capuani et al. Identification of miRNAs as New Substrates of GLP1

34. Hashimoto N, Tanaka T. Role of miRNAs in the pathogenesis and

susceptibility of diabetes mellitus. J Hum Genet. (2017) 62:141–50.

doi: 10.1038/jhg.2016.150

35. Poy MN, Hausser J, Trajkovski M, Braun M, Collins S, Rorsman P, et al. miR-

375maintains normal pancreatic alpha- and beta-cell mass. Proc Natl Acad Sci

USA. (2009) 106:5813–8. doi: 10.1073/pnas.0810550106

36. Kloosterman WP, Lagendijk AK, Ketting RF, Moulton JD, Plasterk RH.

Targeted inhibition of miRNA maturation with morpholinos reveals a role

for miR-375 in pancreatic islet development. PLoS Biol. (2007) 5:e203.

doi: 10.1371/journal.pbio.0050203

37. Kantharidis P, Wang B, Carew RM, Lan HY. Diabetes complications: the

microRNA perspective. Diabetes (2011) 60:1832–7. doi: 10.2337/db11-0082

38. De Rosa S, Arcidiacono B, Chiefari E, Brunetti A, Indolfi C, Foti DP. Type

2 diabetes mellitus and cardiovascular disease: genetic and epigenetic links.

Front Endocrinol. (2018) 9:2. doi: 10.3389/fendo.2018.00002

39. Liu XL, Cao HX, Fan JG. MicroRNAs as biomarkers and regulators

of nonalcoholic fatty liver disease. J Dig Dis. (2016) 17:708–15.

doi: 10.1111/1751-2980.12408

40. TsaiWC, Hsu SD, Hsu CS, Lai TC, Chen SJ, Shen R, et al. MicroRNA-122 plays

a critical role in liver homeostasis and hepatocarcinogenesis. J Clin Invest.

(2012) 122:2884–97. doi: 10.1172/JCI63455

41. Moore KJ, Rayner KJ, Suarez Y, Fernandez-Hernando C. The role of

microRNAs in cholesterol efflux and hepatic lipidmetabolism.Annu RevNutr.

(2011) 31:49–63. doi: 10.1146/annurev-nutr-081810-160756

42. Esau C, Davis S, Murray SF, Yu XX, Pandey SK, Pear M, et al. miR-122

regulation of lipid metabolism revealed by in vivo antisense targeting. Cell

Metab. (2006) 3:87–98. doi: 10.1016/j.cmet.2006.01.005

43. Xu H, He JH, Xiao ZD, Zhang QQ, Chen YQ, Zhou H, et al. Liver-enriched

transcription factors regulate microRNA-122 that targets CUTL1 during liver

development. Hepatology (2010) 52:1431–42. doi: 10.1002/hep.23818

44. He Z, Hu C, Jia W. miRNAs in non-alcoholic fatty liver disease. Front Med.

(2016) 10:389–96. doi: 10.1007/s11684-016-0468-5

45. Ding J, Li M,Wan X, Jin X, Chen S, Yu C, et al. Effect of miR-34a in regulating

steatosis by targeting PPARalpha expression in nonalcoholic fatty liver disease.

Sci Rep. (2015) 5:13729. doi: 10.1038/srep13729

46. Shang J, Li J, Keller MP, Hohmeier HE, Wang Y, Feng Y, et al. Induction

of miR-132 and miR-212 expression by glucagon-like peptide 1 (GLP-1) in

rodent and human pancreatic beta-cells. Mol Endocrinol. (2015) 29:1243–53.

doi: 10.1210/me.2014-1335

47. Wei J, Ding D, Wang T, Liu Q, Lin Y. MiR-338 controls BPA-

triggered pancreatic islet insulin secretory dysfunction from compensation

to decompensation by targeting Pdx-1. FASEB J. (2017) 31:5184–95.

doi: 10.1096/fj.201700282R

48. Yao Y, Li Q, Gao P, Wang W, Chen L, Zhang J, et al. Glucagon-like peptide-

1 contributes to increases ABCA1 expression by downregulating miR-758

to regulate cholesterol homeostasis. Biochem Biophys Res Commun. (2018)

497:652–8. doi: 10.1016/j.bbrc.2018.02.126

49. Shen Y, Liu M, Chen C, Lai X, Zhang M. MicroRNA profile changes in

liraglutide treated steatotic HepG2 cells. Int J Clin Exp Med. (2017) 10:4856–

64.

50. Guo J, Fang W, Sun L, Lu Y, Dou L, Huang X, et al. Reduced miR-200b

and miR-200c expression contributes to abnormal hepatic lipid accumulation

by stimulating JUN expression and activating the transcription of srebp1.

Oncotarget (2016) 7:36207–19. doi: 10.18632/oncotarget.9183

51. Soni MS, Rabaglia ME, Bhatnagar S, Shang J, Ilkayeva O, Mynatt R, et al.

Downregulation of carnitine acyl-carnitine translocase by miRNAs 132 and

212 amplifies glucose-stimulated insulin secretion. Diabetes (2014) 63:3805–

14. doi: 10.2337/db13-1677

52. Zhao E, Keller MP, Rabaglia ME, Oler AT, Stapleton DS, Schueler

KL, et al. Obesity and genetics regulate microRNAs in islets, liver,

and adipose of diabetic mice. Mamm Genome (2009) 20:476–85.

doi: 10.1007/s00335-009-9217-2

53. Keller DM, Clark EA, Goodman RH. Regulation of microRNA-375

by cAMP in pancreatic beta-cells. Mol Endocrinol. (2012) 26:989–99.

doi: 10.1210/me.2011-1205

54. Gifford R, Siribaddana S, Forbes S, Eddleston M. Endocrine-disrupting

chemicals and the diabetes epidemic in countries in the WHO

South-East Asia region. Lancet Diabetes Endocrinol. (2015) 3:925–7.

doi: 10.1016/S2213-8587(15)00423-4

55. Akaslan SB, Degertekin CK, Yilmaz G, Cakir N, ArslanM, Toruner FB. Effects

of sitagliptin on nonalcoholic fatty liver disease in diet-induced obese rats.

Metab Syndr Relat Disord. (2013) 11:243–50. doi: 10.1089/met.2012.0128

56. Kato H, Nagai Y, Ohta A, Tenjin A, Nakamura Y, Tsukiyama H,

et al. Effect of sitagliptin on intrahepatic lipid content and body fat in

patients with type 2 diabetes. Diabetes Res Clin Pract. (2015) 109:199–205.

doi: 10.1016/j.diabres.2015.04.008

57. Jo S, Chen J, Xu G, Grayson TB, Thielen LA, Shalev A. miR-204 controls

glucagon-like peptide 1 receptor expression and agonist function. Diabetes

(2018) 67:256–64. doi: 10.2337/db17-0506

58. Song B, Lin HX, Dong LL, Ma JJ, Jiang ZG. MicroRNA-338 inhibits

proliferation, migration, and invasion of gastric cancer cells by the Wnt/beta-

catenin signaling pathway. Eur Rev Med Pharmacol Sci. (2018) 22:1290–6.

doi: 10.26355/eurrev_201803_14470

59. Trajkovski M, Hausser J, Soutschek J, Bhat B, Akin A, Zavolan M, et al.

MicroRNAs 103 and 107 regulate insulin sensitivity. Nature (2011) 474:649–

53. doi: 10.1038/nature10112

60. Mao Y, Mohan R, Zhang S, Tang X. MicroRNAs as pharmacological targets in

diabetes. Pharmacol Res. (2013) 75:37–47. doi: 10.1016/j.phrs.2013.06.005

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Capuani, Pacifici, Della-Morte and Lauro. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Endocrinology | www.frontiersin.org 7 December 2018 | Volume 9 | Article 719

https://doi.org/10.1038/jhg.2016.150
https://doi.org/10.1073/pnas.0810550106
https://doi.org/10.1371/journal.pbio.0050203
https://doi.org/10.2337/db11-0082
https://doi.org/10.3389/fendo.2018.00002
https://doi.org/10.1111/1751-2980.12408
https://doi.org/10.1172/JCI63455
https://doi.org/10.1146/annurev-nutr-081810-160756
https://doi.org/10.1016/j.cmet.2006.01.005
https://doi.org/10.1002/hep.23818
https://doi.org/10.1007/s11684-016-0468-5
https://doi.org/10.1038/srep13729
https://doi.org/10.1210/me.2014-1335
https://doi.org/10.1096/fj.201700282R
https://doi.org/10.1016/j.bbrc.2018.02.126
https://doi.org/10.18632/oncotarget.9183
https://doi.org/10.2337/db13-1677
https://doi.org/10.1007/s00335-009-9217-2
https://doi.org/10.1210/me.2011-1205
https://doi.org/10.1016/S2213-8587(15)00423-4
https://doi.org/10.1089/met.2012.0128
https://doi.org/10.1016/j.diabres.2015.04.008
https://doi.org/10.2337/db17-0506
https://doi.org/10.26355/eurrev_201803_14470
https://doi.org/10.1038/nature10112
https://doi.org/10.1016/j.phrs.2013.06.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

	Glucagon Like Peptide 1 and MicroRNA in Metabolic Diseases: Focusing on GLP1 Action on miRNAs
	GLP1: An Important Regulator of Metabolic Chronic Diseases
	GLP1 and Pancreatic Beta Cell
	GLP1 and Lipid Metabolism

	miRNAs and Metabolic Disease
	miRNAs and Diabetes
	miRNAs and Lipid Metabolism

	GLP1 and miRNAs in Diabetes
	GLP1 and miRNAs Expression in Lipid Metabolism
	Conclusion
	Author Contributions
	Funding
	References


