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High circulating nonesteri�ed fatty acids (NEFAs) concentration, o	en reported in diabetes, leads to impaired glucose-stimulated
insulin secretion (GSIS) through not yet well-de�nedmechanisms. Serotonin and dopamine might contribute to NEFA-dependent
�-cell dysfunction, since extracellular signal of thesemonoamines decreasesGSIS.Moreover, palmitate-treated�-cellsmay enhance
the expression of the serotonin receptor Htr2c, a
ecting insulin secretion. Additionally, the expression of monoamine-oxidase type
B (Maob) seems to be lower in islets from humans and mice with diabetes compared to nondiabetic islets, which may lead to
increased monoamine concentrations. We assessed the expression of serotonin- and dopamine-related genes in islets from db/db
and wild-type (WT) mice. In addition, the e
ect of palmitate and oleate on the expression of such genes, 5HT content, and GSIS
in MIN6 �-cell was determined. Lower Maob expression was found in islets from db/db versus WT mice and in MIN6 �-cells in
response to palmitate and oleate treatment compared to vehicle. Reduced 5HT content and impaired GSIS in response to palmitate
(−25%; � < 0.0001) and oleate (−43%; � < 0.0001) were detected in MIN6 �-cells. In conclusion, known defects of GSIS in islets
from db/dbmice and MIN6 �-cells treated with NEFAs are accompanied by reduced Maob expression and reduced 5HT content.

1. Introduction

Both insulin resistance and �-cell failure are involved in
the etiology of type-2 diabetes (DM2) phenotype [1]. High
circulating nonesteri�ed fatty acids (NEFAs) concentration
is o	en reported in fasting physiological state [2] or phys-
iopathological conditions such as stressed states [3] and
DM2 [4–6]. Lipid infusion in nondiabetic subjects lead-
ing to circulating NEFAs levels similar to those found in
diabetic people (500–800 �M) decreased glucose-stimulated
insulin secretion (GSIS) [7]. Similar results were obtained
in animal models [8]. Moreover, several in vitro studies

have demonstrated that long-term exposure of �-cells lines
and murine islets to palmitic (C16:0) and oleic (C18:1) acids
leads to impaired GSIS [5, 8–10]. In rat pancreatic islets,
the mechanism of �-cell lipodysfunction has been associated
with reduced glucose uptake and mitochondrial oxidation
caused by decreased activity of pyruvate dehydrogenase
(PDH) and increased expression of UCP2 [11]. Other studies
have explained impaired GSIS as a consequence of excessive
production of radical oxygen species (ROS), which is depen-
dent on mitochondrial fatty acid metabolism [9]. However,
these mechanisms do not fully explain such decreased GSIS,
and alternative mechanisms may be taking place.
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Other molecular signals including serotonin and dopam-
ine might contribute to NEFA-dependent �-cell dysfunction.
In this context, high circulating levels of serotonin are
observed under fasting conditions [2] and also in patients
with DM2 [12, 13]. Furthermore, dietary fat compositionmay
alter serotonin and dopamine concentration in the brain
[14]. Moreover, NEFAs may directly modify the expression
of some monoamines signaling genes in �-cells. It has been
reported that expression of the serotonin receptor Htr2c
is higher in pancreatic islets from diabetic versus control
mice, and it is positively regulated in mice �-cells exposed
to palmitic acid [15]. Moreover, agonists of Htr2c reduce
the GSIS and may contribute to NEFAs-dependent �-cell
dysfunction [15]. In addition, it has been recently reported
that the activity of monoamine-oxidase type B (Maob),
which degrades the monoamines, is reduced in diabetic
human and mice islets [16], suggesting that higher content of
monoamines in �-cells contributes to reduced GSIS in DM2.
In support of this hypothesis, gut-derived serotonin and
dopamine [2, 17–19] or synthesized [18, 20] and coreleased
from �-cells could, in an endocrine or auto/paracrine man-
ner, negatively modulate GSIS [15, 18, 19, 21–27]. In fact, sero-
tonin acting through Htr2c receptor and dopamine through
D2 or D3 receptor decrease GSIS in �-cell lines and human
or mice islets [27–31]. In addition, antagonism of dopamine
D2 receptors signaling in human islets enhanced GSIS [27].

In this regard, long-term exposure of �-cells to NEFAs
may change the expression of some monoamines-related
genes leading to increased serotonin and dopamine content
and chronic autocrine signaling that consequently impair
GSIS.�e aims of this studywere (i) to assess and qualitatively
compare the expression of serotonin- and dopamine-related
genes in pancreatic islets from wild-type (WT) and db/db
mice and (ii) to evaluate the e
ect of palmitate and oleate on
expression of such genes, 5HT content, and GSIS in MIN6
�-cells.

2. Material and Methods

2.1. MIN6 Cell Culture. MIN6 �-cells were cultured in Dul-
becco’s modi�ed Eagle medium (DMEM) (Gibco; Life Tech-
nologies Co., Grand Island, NY) containing 10% fetal bovine
serum (FBS), 25mmol/L glucose, 3.7 g/L sodiumbicarbonate,
100 U/mL penicillin, and 100 �g/mL streptomycin. MIN6
�-cells were cultured at 37∘C in a humidi�ed atmosphere
containing 95% air and 5% CO2. �ese cells were provided
by Professor Francisco Pérez-Bravo (University of Chile,
Santiago, Chile).

2.2. NEFAs Preparation andTreatment Protocol. Sodium salts
solutions of nonesteri�ed palmitic (Sigma, code P9767) and
oleic (Sigma, code O7501) acids were prepared as previously
reported [34]. Brie�y, 1mL of 100mM palmitic or oleic
solutions (27.8mg of palmitate and 30.4mg oleate) was
dissolved in NaOH 0.1M and warmed up to 60∘–70∘C and
gently shaken. �en, the solutions were diluted twenty times
in DMEM medium with 10% fatty acid-free Bovine Serum
Albumin (BSA). Diluted NEFAs solutions were �ltered

(0.45 �m), aliquoted in amber tubes, and frozen at −20∘C.
Experiments were then conducted by diluting 10x with fresh
and sterile DMEMmedium (10% fetal bovine serum, FBS) to
reach the �nal concentration of 0.5mM of NEFAs salts and
1% BSA.

MIN6 �-cells were incubated with palmitate or oleate
(0.5mM, 1% BSA) in DMEM medium (10% FBS) for 24
hours, and then glucose-stimulated insulin secretion was
assessed. In parallel, the viability of MIN6 �-cells a	er 24 h
of exposure to fatty acids was measured by Trypan Blue
exclusion assay and the percentage of viability was quanti�ed
by an automated cell counter (Luna, Logos Biosystems).

2.3. Glucose-Stimulated Insulin Secretion (GSIS) Assay. MIN6
�-cells were evaluated by means of the static GSIS protocols.
Brie�y, GSIS protocol consisted in sensitizing the MIN6 �-
cells by exposing them to Krebs-Ringer HEPES bu
er (KRH;
NaCl 130mmol/L, KH2PO4 1.25mmol/L, MgSO4 1.25mmol/
L, CaCl2 2.68mmol/L, NaHCO3 5.26mmol/L, and HEPES
10mmol/L) without or with low glucose (2.8mM), during
thirty minutes. Immediately a	er that, MIN6 �-cells were
stimulated to secrete insulin with KRH bu
er (0.5% BSA)
without or with glucose (20mM) for one hour. �e super-
natants were spun to 5000 rpm during 10 minutes to 4∘C and
storage to −20∘C. Later, the extracellular (secreted) insulin
concentration was measured using the mouse/rat insulin
ELISA kits (Merck-Millipore, code EZRMI-13K). GSIS was
expressed as either the concentration of insulin secreted,
at basal and stimulated glucose levels (normalized by total
mass protein), or through the ratio of both, de�ned as the
Stimulation Index (SI).

2.4. Animal Models. db/db mice were obtained from Jack-
son Laboratories (strain B6.BKS(D)-Leprdb/J). Male, 16–
20-week-old wild-type (WT) C57BL6/J (WT (24–30 g) and
db/db (55–60 g)) mice were studied.

�is research was conducted in accordance with the
experimental protocol approved by the Bioethical and Ani-
mal Welfare Committee from the School of Medicine, Ponti-
�cia Universidad Católica de Chile.

2.5. Plasma Insulin and NEFAs Assessment. Insulin and total
NEFAsmeasurements were performed from a pool of plasma
of db/db and WT mice (� = 5 per group). �e total NEFAs
quantitation was performed by the colorimetric test NEFA
HR (Wako, code 993-35191) and the insulin levels by ELISA
(Merck, code EZRMI-13K).

To quantify the speci�c NEFAs species from plasma
pools, total lipids were quantitatively extracted by Bligh
and Dyer method [35]. Brie�y, the samples were homoge-
nized with ice-cold chloroform/methanol (2 : 1 v/v) contain-
ing 0.01% butylated hydroxytoluene (BHT) as an antioxidant.
�en the fatty acid methyl ester (FAME) were prepared and
processed by Bond ElutNH2 columns (Agilent Technologies,
USA) and the NEFAs were eluted with hexane. �e NEFAs
were separated and quanti�ed by gas-liquid chromatography
in Agilent Hewlett-Packard equipment (model 7890A, CA,
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Figure 1: Diagram of biosynthetic pathways of monoamines. Serotonin (5-hydroxytryptamine or 5HT) biosynthesis is carried out by
two sequential steps: (1) conversion of the essential amino acid tryptophan into 5-hydroxytryptophan (5HTP) by the enzyme tryptophan
hydroxylase (TPH) and (2) decarboxylation of 5HTP to serotonin catalyzed by the enzyme Dopa-decarboxylase (DDC). Two isoforms of
tryptophan hydroxylase are known: TPH1, which is found in nonneurons cells, and TPH2, which is predominantly found in neurons cells
(mainly in CNS) [32], being both subtypes expressed in pancreatic �-cells [33]. Two additional enzymatic steps from serotonin are involved in
melatonin synthesis, while DDC is also involved in the synthesis of dopamine from L-Dopa, which in turn is synthetized from the amino acid
tyrosine by the action of enzyme tyrosine hydroxylase (TH). Finally, noradrenaline and adrenaline are synthetized from dopamine through
the consecutively action of dopamine �-hydroxylase (DBH) and phenylethanolamine N-methyltransferase. �e enzymes whose gene has
been evaluated for expression were highlighted in italic.

USA) using a capillary column (Agilent HP-88, 100m ×
0.250mm; ID 0.25 �m) as previously reported [36].

2.6. Pancreatic Islets Isolation. Pancreatic islets isolation
from mice was carried out based on standard, previously
reported protocols, with some modi�cations [37, 38]. Brie�y,
mice were anesthetized by an intraperitoneal injection of
ketamine/xylazine (100/10mg/kg) before surgery. �e pan-
creases were removed by laparotomy a	er perfusion with
3mL of collagenase (0.21mg/mL, Liberase TL Research
Grade, Roche; code: 5401020001) through the common bile
duct. Pools of three pancreases per tube were incubated
during 14min at 37∘C, and the digestion reactionwas stopped
with RPMI medium plus 10% FBS. A	er several washes
and centrifugations (200 g, 2min, 4∘C) homogenates were

�ltered using a 250�m wire mesh, and islets were separated
by Histopaque 1077 (Sigma, cat. 10771) gradient. Isolated
islets were rapidly stored in lysis bu
er (Ambion PureLink
System, Life Technologies) at −80∘C until the pool of islets
was gathered completely.

2.7. Gene Expression Analysis. Expression of several genes
related to metabolism, degradation, and transport of sero-
tonin and dopamine, as well as some genes related to
synthesis of melatonin (synthetized from serotonin) and
adrenaline/noradrenaline (from dopamine), was included
in this study (Figure 1 and Table 2). Additionally, typical
genes related to pancreatic �-cell function were evaluated
(Table 1). For mRNA quanti�cation, total RNA was isolated
from MIN6 �-cells or from a pool of 335 and 312 islets from
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Table 1: mRNA expression of energymetabolism-related genes in islets from db/dbmice. Total RNAwas extracted from a pool of 335 and 312
islets from WT (� = 11) and db/db (� = 12) male mice, respectively. Relative mRNA levels of genes related to glucose and lipid metabolism
and to mitochondrial function were evaluated by RT-qPCR using custom RT-Pro�ler.�emRNA levels are expressed as fold-change in 2−ΔCt
of the speci�c gene in islets from db/db relative to WT mice (see Section 2).

Gene Name
Islets Cts in

Fold change Related pathway
WT db/db

Slc2a2
Solute carrier family 2,

member 2; Gut2
21.17 23.06 0.33 Glucose metabolism

Gck Glucokinase 24.26 24.62 0.96 Glucose metabolism

G6pc2
Glucose-6-phosphatase,

catalytic, 2
19.32 19.06 1.47 Glucose metabolism

PPAR� Peroxisome proliferator
activated receptor alpha

29.93 30.78 0.68 Lipids metabolism

PPAR� Peroxisome proliferator
activated receptor gamma

26.14 26.86 0.75 Lipids metabolism

CEBP� CCAAT/enhancer binding
protein (C/EBP), alpha

27.79 29.66 0.34 Lipids metabolism

Ffar1 Free fatty acid receptor 1 24.17 24.58 0.93 Lipids receptors

Ffar2 Free fatty acid receptor 2 26.27 24.47 4.29 Lipids receptors

Ffar3 Free fatty acid receptor 3 26.45 26.49 1.20 Lipids receptors

O3far1
Omega-3 fatty acid receptor

1
28.51 32.08 0.10 Lipids receptors

Gpr119
G-protein coupled receptor

119
26.30 25.55 2.07 Lipids receptors

PGC1� PPAR� coactivator 1 alpha 30.00 30.66 0.46 Mitochondrial metabolism

PGC1� PPAR� coactivator 1 beta 27.80 29.21 0.78 Mitochondrial metabolism

UCP2 Uncoupling protein 2 21.33 20.59 2.06 Mitochondrial metabolism

Ndufa1
NADH dehydrogenase 1
alpha subcomplex, 1

21.89 21.10 2.13 Mitochondrial complex

Sdha
Succinate dehydrogenase

complex, subunit A
22.59 23.29 0.76 Mitochondrial complex

Cyc1 Cytochrome c-1 23.84 23.84 1.23 Mitochondrial complex

Cox5a
Cytochrome c oxidase,

subunit Va
23.79 24.61 0.70 Mitochondrial complex

Atp4a
ATPase, H+/K+
exchanging, alpha

polypeptide
26.83 28.70 0.34 Mitochondrial dynamics

Opa1 Optic atrophy 1 homolog 25.86 25.64 1.43 Mitochondrial dynamics

Mfn1 Mitofusin 1 24.91 25.27 0.96 Mitochondrial dynamics

Mfn2 Mitofusin 2 24.26 24.7 0.91 Mitochondrial dynamics

WT (� = 11) and db/db (� = 12) male mice, respectively,
using the a�nity columns systems (Ambion PureLink Sys-
tem, Life Technologies, code 12183018A). �e mRNA was
transformed in cDNA using reverse transcriptase (RT2 �rst-
strand kit, code 330401, Qiagen), which was analyzed in the
Stratagene Mx3000P equipment using RT-Pro�ler Custom
PCR-Array (Custom Pro�ler, code CAPM12071 RT2, SABio-
sciences). Gene expression pro�les were determined by PCR-
Array platform that allows for simultaneous quanti�cation
of mRNA expression of several genes in a single PCR
reaction. �e gene expression pro�les of NEFAs-treated and
control MIN6 �-cells were quanti�ed in three independent

experiments, while only one determination was run for each
pool of pancreatic islets from db/db and WT mice. �e

mRNA levels are expressed as fold change in 2−ΔCt (Ct)
(delta Ct means the Ct of the target gene minus the average
Ct of three housekeeping genes: �-actin, glyceraldehyde-3-
phosphate dehydrogenase, and �-glucuronidase) of a speci�c
gene in the treated versus control conditions. For experiments
involving pancreatic islets, the mRNA levels are expressed

as fold change of 2−ΔCt of target genes in islets from db/db
relative to WT mice. In this case, the changes in gene
expression were qualitatively compared and, due to the
absence of statistical analysis, changes of biological relevance
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Table 2: mRNA expression of serotonin- and dopamine-related genes in islets from db/db mice. Total RNA was extracted from a pool of
335 and 312 islets from WT (� = 11) and db/db (� = 12) male mice, respectively. Relative mRNA levels of genes related to the monoamines
(MAs) biosynthesis, degradation, and transport were evaluated by RT-qPCR using custom RT-Pro�ler. �e mRNA levels are expressed as
fold-change in 2−ΔCt of the speci�c gene in islets from db/db relative to WT mice (see Section 2).

Gene Name
Islets Cts in

Fold change Related pathway
WT db/db

Tph1 Tryptophan hydroxylase 1 33.29 35 0.38
Serotonin biosynthetic

pathway

Tph2 Tryptophan hydroxylase 2 31.04 30.27 2.10
Serotonin biosynthetic

pathway

Ddc Dopa decarboxylase 22.7 21.97 2.04 MAs biosynthetic pathway

Aanat
Arylalkylamine

N-acetyltransferase
31.37 30.05 3.07

Melatonin biosynthetic
pathway

Asmt
Acetylserotonin

O-methyltransferase
>35 >35 Not expressed

Melatonin biosynthetic
pathway

� Tyrosine hydroxylase 28.11 29.13 0.61
Adrenergic biosynthetic

pathway

Dbh
Dopamine beta
hydroxylase

33.94 35.00 0.59
Adrenergic biosynthetic

pathway

Maoa Monoamine oxidase A 28.33 28.94 0.81 MAs degradative enzymes

Maob Monoamine oxidase B 23.43 25.17 0.37 MAs degradative enzymes

Comt
Catechol-O-

methyltransferase
24.4 24.29 1.30 MAs degradative enzymes

Slc6a3
Solute carrier family 6,

member 3
>35 >35 Not expressed Dopamine transporter

Slc6a4
Solute carrier family 6,

member 4
33.17 35.00 0.35 Serotonin transporter

Slc18a1
Solute carrier family 18,

member 1; Vmat1
27.29 26.57 2.03 MAs transporters

Slc18a2
Solute carrier family 18,

member 2; Vmat2
30.30 29.05 2.93 MAs transporters

were arbitrarily de�ned as fold change higher than 2.0 or
lower than 0.5 of genes with basal expression levels of at least
Ct = 32.

2.8. Intracellular 5HT Analysis. MIN6 �-cells were supple-
mented with or without the 5HT precursor 5HTP (50�M)
and treated with palmitate (0.5mM), oleate (0.5mM), or the
Mao inhibitor Pargyline (20 �M) during twenty-four hours.
A	er treatments, cells were washed with PBS, trypsinized,
collected in tubes, and centrifuged 200 g for 5 minutes. �e
cells pellets were resuspended in 500 �L of 0.5M perchloric
acid (PCA) plus 50�L of internal standard and rapidly
frozen to −80∘C for 5 minutes. �en, cells were resuspended,
sonicated for 10 minutes, homogenized by vortexing, and le	
on ice for 10 minutes for complete precipitation of proteins.
Samples were then centrifuged at 16.000 g for 20 minutes at
4∘C.�e supernatant samples were stored at −80∘C until 5HT
analysis. �e protein pellets were resuspended in 100 �L of
1.0N NaOH for protein quanti�cation.

HPLC-electrochemical determination of intracellular
5HT was based on previously reported technical studies [39].
Brie�y, 20�L of �ltered supernatant sampleswas injected into
an HPLC system with the following con�guration: a dC18 of

3 �m column (Atlantis), an isocratic pump (Waters E2695),
and an amperometric detector (set at 500mV, 10 nA, and
latency of 5 seconds) using the so	ware EMPOWER. �e
mobile phase containing 0.1M sodium acetate, 0.1M citric
acid, 1.0mM EDTA, and 12% methanol (pH adjusted to 4.6)
was pumped at a �ow rate of 1mL/min. �e retention time
for 5HT was 5.3min and for internal standard (N-methyl-5-
hydroxytryptamine oxalate) was 6.0min.

2.9. Statistical Analysis. Data are expressed as mean ± stan-
dard errors of measurements of at least three independent
experiments. Student’s �-tests or one-way ANOVA tests were
carried out depending on whether comparisons involved two
or more groups. Signi�cant associations were declared at a
nominal level of � = 0.05.

3. Results

3.1. Metabolic Alteration and mRNA Expression in Islets from
db/db Mice. �e db/dbmice are an obesity-induced diabetes
model [40, 41]. Concordantly, db/db compared to WT mice
display obesity (55–60 g versus 24–30 g), hyperinsulinemia
(11.3 versus 0.7 ng/mL), and high plasma levels of total NEFAs
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(0.93 versus 0.34mM). Furthermore, it is known that db/db
mice islets have functional defects and increased compen-
satory �-cell mass [40–42]; in agreement we observed a
higher size in islets from db/db compared to WT mice (data
not shown).

To further study the metabolic disturbance, the mRNA
expression levels of some genes related to glucose, lipids,
and mitochondrial metabolism were measured in islets from
db/db and WT mice and they were compared qualitatively
(Table 1). Islets from db/db versus WT mice showed lower
expression of glucose transporter 2 gene Slc2a2 (Glut2) (0.33-
fold; Table 1). In turn, lipid receptor genes such as Ffar2
and Gpr119 had increased (4.29-fold and 2.07-fold), while
O3far1 decreased expression (0.10-fold) in islets from db/db
compared with WT mice (Table 1). Mitochondrial-related
genes including PGC1� (0.46-fold) and ATP synthase alpha
subunit (Atp4a) (0.34-fold) showed lower expression while
a higher expression was observed for uncoupled protein
2 (UCP2) (2.06-fold) and subunit of the mitochondrial
complex I (Ndufa1) (2.13-fold) in islets from db/db versusWT
mice (Table 1).

3.2. mRNA Expression of Serotonin- and Dopamine-Related
Genes in Islets from db/db Mice. Most of the genes involved
in monoamine biosynthesis (Tph1/2, Ddc, �, and Dbh),
vesicular transporters (Slc18a1/2-VMAT1/2), and degrada-
tive enzymes (Maoa/b and Comt) were expressed in WT
islets. �e most highly expressed gene was Ddc (Ct = 22.7)
that encode the metabolic crossroad enzyme of serotonin
and dopamine synthesis (DDC). �e second most highly
expressed gene was the monoamine-oxidase type (Maob) (Ct
= 23.4), encoding the enzyme that degrades monoamines
(Maob) (Table 2).

When the expression of these genes was qualitatively
compared among islets from db/db and WT mice, Tph2
(2.1-fold), Ddc (2.0-fold), Aanat (3.1-fold), Slc18a1 (2.0-fold),
and Slc18a2 (2.9-fold) showed higher expression, while
Maob (0.37-fold) showed lower expression. �e serotonin
and dopamine plasma membrane transporter genes (slc6a4-
SERT, slc6a3-DAT) were undetectable in islets from db/db
mice (Table 2).

3.3. Glucose-Stimulated Insulin Secretion in NEFAs-Treated
MIN6 �-Cells. Total lipids from a pool of plasma of db/db
andWTmice (� = 5 per group) were quantitatively analyzed
and con�rmed that the most abundant speci�c NEFAs were
the saturated palmitic acid (C16:0) and the monounsaturated
oleic acid (C18:1) (data not shown).�us, to ascertainwhether
high levels of these NEFAs directly impair �-cell function,
the glucose-stimulated insulin secretion (GSIS)was evaluated
in MIN6 �-cells a	er long-term treatment with palmitate
and oleate (24 hours). To avoid potentially confounding
in�uences in gene expression related to cytotoxic e
ect of
chronic NEFAs exposure, the viability was measured, con-
�rming no signi�cant decrease in cell viability a	er NEFAs
treatment (data not shown). As shown in Figure 2, the control
cells treated with vehicle were highly responsive to glucose,
increasing amean of 5-fold the insulin secretion a	er glucose
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Figure 2: Glucose-stimulated insulin secretion in NEFAs-treated
MIN6 �-cells. MIN6 �-cells were treated during twenty-four hours
with palmitate or oleate (0.5mM) and then GSIS was evaluated
with KRH bu
er with or without glucose (20mM) during one hour.
Graph bars represent the insulin secretion at low (white bars) or high
glucose (black bars). Graph bars represent mean ± standard errors
ofmeasurements of three independent experiments in triplicate.�e
numbers above bars represent the Stimulation Index (ratio of insulin
secreted in cells with and without glucose). �e statistical analysis
was made comparing treated versus control at basal and stimulated
condition. �e symbol ∗∗∗∗ denotes � < 0.0001 relative to vehicle
condition in one-way ANOVA.

stimulation (20mM) compared to basal release (without
glucose) (Stimulation Index, SI) (Figure 2). When MIN6 �-
cells were exposed to palmitate and oleate, theGSIS decreased
by 25% and 43% relative to vehicle condition, respectively
(SI = 3.7±0.2;� < 0.0001 and 2.8±0.1;� < 0.0001, Figure 2).

3.4. mRNA Expression of Energy Metabolism Genes in NEFAs-
Treated MIN6 �-Cells. In order to understand the GSIS
impairments, the mRNAs levels of some genes related to glu-
cose, lipid, and mitochondrial metabolism in MIN6 �-cells
exposed to palmitate and oleate were evaluated (Figure 3).

Among the glucosemetabolism-related genes, the expres-
sion of glucose transporter gene Slc2a2 (Glut2) was decreased
in MIN6 �-cells in response to palmitate but not with oleate
treatment compared to vehicle (0.48 ± 0.12; � = 0.049
and 0.63 ± 0.062; � = 0.168) (Figure 3). Glucokinase
(Gck) and glucose 6 phosphatase (G6pc2) showed no sig-
ni�cant changes in response to NEFAs treatment (Figure 3).
Among lipid-related transcription factor genes only PPAR�
was upregulated a	er NEFAs treatment, being statistically
signi�cant only with oleate treatment (2.87±0.56; � = 0.027).
�e fatty acids receptor genes Ffar1 (Gpr40), Ffar2 (Gpr43),
and Ffar3 (Gpr41) were highly expressed andO3far1 (Gpr120)
and Gpr119 were poorly expressed in MIN6 �-cells at basal
conditions, while their di
erences did not reach a statistical
signi�cance a	er NEFAs treatment (Figure 3). Among genes
related to mitochondrial biogenesis, function, and dynamics,
gene encoded uncoupled protein 2 (UCP2) was increased in
MIN6 �-cells in response to palmitate and oleate but only
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and ∗∗ denotes � < 0.01 in one-way ANOVA.

reaching statistically signi�cance with oleate (2.10 ± 0.34;
� = 0.019).�e gene of mitofusin 1 (Mfn1) was also increased
a	er oleate treatment (1.31 ± 0.03; � = 0.009) (Figure 3).

3.5. mRNA Expression of Monoamines-Related Genes in
NEFAs-Treated MIN6 �-Cells. �e mRNA expression levels
of several genes related to biosynthesis and metabolism of
monoamines were quanti�ed in MIN6 �-cells. As shown in
Figure 4, MIN6 �-cells at basal condition expressed almost
all genes encoding enzymes needed for serotonin (Tph1/2 and
Ddc), dopamine (TH and Ddc), and noradrenalin (TH, Ddc,
and Dbh) synthesis (Figure 1). �e most highly expressed
gene was Maob (Ct = 22.2), while the second most highly
expressed was Ddc (Ct = 22.5). Similar to mice islets, no
expression of the main plasma membrane transporter genes
of serotonin (slc6a4-SERT) and dopamine (slc6a3-DAT) (Ct
> 35) was detected in MIN6 �-cells.

�en, the expression changes of these genes in MIN6
�-cells in response to palmitate and oleate treatment were
evaluated. None of these genes showed signi�cant expression
changes in MIN6 �-cells with exception of the Maob, which
signi�cantly decreased in response to palmitate and oleate
compared to control (0.48 ± 0.03; � = 0.002 and 0.64 ± 0.05;
� = 0.014, resp.) (Figure 4).

3.6. Intracellular 5HT Content in NEFAs-Treated MIN6 �-
Cells. It was assessed whether the treatment of MIN6 �-
cells with palmitate and oleate may change intracellular
5HT content. In control conditions, the 5HT content in
MIN6 �-cells was detected in low levels (Figure 5). However,
such level strongly increased a	er supplementation with
the 5HT precursor 5HTP, con�rming the existence of a
functional microserotonergic system in �-cells. When the
5HTP supplemented MIN6 �-cells were additionally treated
with palmitate, a signi�cant reduction of intracellular 5HT
content was observed (271.6 versus 141.5 ng of 5HT/�g pro-
tein; � = 0.0479); similar trend was observed with oleate.
As expected, in MIN6 �-cells supplemented with 5HTP and
simultaneously treated with the Mao inhibitor Pargyline, the
5HT content was further increased compared with cells only
incubated with 5HTP (Figure 5).

4. Discussion

In this work, we have shown that islets from WT and db/db
mice expressedmRNAs ofmost genes related to the serotonin
and dopamine metabolism, including enzymes involved in
the synthesis (Tph1/2, TH, and Ddc), vesicular transport
(Slc18a1/2-VMAT1/2), and degradation (Maoa, Maob, and
Comt) of these monoamines. Conversely, the genes of
the main cell membrane transporter of these monoamines
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Figure 4: mRNA expression of monoamines-related genes in NEFAs-treated MIN6 �-cells. MIN6 �-cells were treated during twenty-four
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(slc6a4-SERT, slc6a3-DAT) were almost undetectable (Fig-
ure 6). �e db/db mice are an animal model of diabetes
characterized by high plasma levels of NEFAs and insulin
secretory defects of �-cells [40–42]. Remarkably, islets from
db/db compared to WT mice had higher mRNA levels of the
serotonin and dopamine common synthesis enzyme (Ddc)
and vesicular transporters VMAT1/2 and lower mRNA level
of Maob, the degradative enzyme of the monoamines. �ese
di
erences in gene expression suggest that islets from db/db
mice have an increased synthesis and storage and decreased
degradation, which might enhance autocrine signaling of
serotonin and dopamine in �-cells (Figure 6). However,
it is not possible to draw de�nitive conclusions of mRNA
expression changes obtained in our study because these were
carried out in pools of islets from db/db andWTmice rather
than in independent experiments.�is weakness is related to
the di�culty to obtain islets from the scarce db/dbmalemice.

Similarly to islets from WT mice, MIN6 �-cells at basal
conditions (vehicle) express most of the mRNAs of serotonin
and dopamine metabolism genes mentioned above and
cell membrane transporter genes (slc6a4-SERT, slc6a3-DAT)
were undetectable. However, this does not rule out the pos-
sibility that �-cells can take up monoamines because other
less known serotonin and dopamine transporters, such as
the plasmamembranemonoamines transporter (PMAT) and
organic cation transporter 3 (OCT3) [43], could be expressed.

In fact, gene expression databases indicate that PMAT and
OCT3 are present in both human and mice islets and in dif-
ferent�-cell lines (https://www.t1dbase.org/page/AtlasView).

As expected, palmitic and oleic acids were the most
abundant, saturated, andmonounsaturated NEFAs in plasma
of mice, with higher circulating concentration found in
plasma of db/db mice compared to WT mice. In agreement
with other studies [5, 6, 9, 44], here we show a decreased
GSIS in MIN6 �-cells treated with palmitate and oleate
versus vehicle. Considering previous reports of an inverse
correlation between the fetal bovine serumconcentration and
cytotoxic action of NEFAs [45, 46], we used a mild protocol
and discarded the in�uence of �-cell death on the observed
decreased GSIS.

�e gene expression changes observed in MIN6 �-cells
in response to NEFAs treatment were compatible with a
decreased use of glucose as the energy source that explains
the reduced GSIS. In this regard, we found a decrease in
the mRNA of glucose transporter Glut2 and an increase in
UCP2 and PPAR� in MIN6 �-cells treated with palmitate
or oleate versus vehicle, respectively. Importantly, we have
observed that both genes, Glut2 and UCP2, regulated by
NEFAs in MIN6 �-cells, are correspondingly di
erent in
islets from db/db versus WT mice. �e expression changes
of such genes have been associated with decreased GSIS [47–
49]. A decreased Glut2 transporter implies a reduced glucose
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Figure 5: Intracellular 5HT content in NEFAs-treated MIN6 �-
cells. MIN6 �-cells were supplemented with or without the 5HT
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to total protein content (see Section 2). Graph bars representmean±
standard errors of measurements of three independent experiments
in duplicate. �e symbol ∗ denotes � < 0.05 and ∗ ∗ ∗ denotes
� < 0.001 in one-way ANOVA.

uptake and oxidation [50], while a higher UCP2 expression
leads to decreased coupling of mitochondrial respiration and
ATP production [51] and defective mitochondrial respiration
is a mechanism that explains decreased GSIS onNEFAs long-
term treated �-cells [9, 52].

Remarkably, we have found a lowerMaob expression both
in islets from db/db compared to WT mice and in MIN6 �-
cells exposed to palmitate and oleate compared to vehicle.
Concordantly with our �ndings, a recent study showed lower
Maobprotein expression in insulin producing cells of diabetic
humans and mice compared to nondiabetic controls [16].
Some reports have previously shown that Maob expression
and activity is limited to �- and �-cells of endocrine rather
than other cells of entire pancreas of mice or rat [16, 53, 54].

Pharmacologic in vivo studies demonstrated that pre-
treatment of mice with either of two Mao inhibitors, Par-
gyline or Nialamide, decreased the insulin secretion stimu-
lated by di
erent agents [55]. �is e
ect is consistent with
the observation that inhibition of Mao triggered increased
duration of dopamine signaling in the �-cell, together with a
decreased insulin secretion [55]. In vitro studies have shown
a dual e
ect of Mao inhibition on insulin secretion in rat
pancreatic islets. Treatment of them with Mao inhibitor, in
low concentrations caused an enhancement, while in higher
concentrations it caused a reduced glucose-stimulated insulin
secretion [54]. �e most recent in vitro study con�rm that
inhibition of Maob reduces GSIS in mouse islets [16]. On
the other hand, indirect evidences supporting the role of

Maob in the function of pancreatic �-cells come from human
clinical studies, which demonstrated an association between
the long-term uses of tricyclic antidepressants, which inhibit
the Mao activity, with an increased risk of diabetes incidence
[56].

�e monoamine content in �-cells is regulated by the
activity of Mao, which also possess a selective substrate
preference. In this sense, the major substrates to Maoa are
tyramine, norepinephrine, epinephrine, and serotonin while
Maob degrades preferably benzylamine, phenylethylamine,
and dopamine. In this context, reduced Maob expression in
�-cells may lead to higher content and signaling of di
erent
monoamines, especially dopamine, which has an inhibitory
e
ect on GSIS in �-cells through D2 and D3 receptors [18,
19, 24, 27, 57] (Figure 6). Furthermore, it has been proposed
dopamine as an anti-incretin hormone counteracting the
positive action of glucagon-like peptide 1 (GLP1) on GSIS in
�-cells [19].

Our results suggest that palmitate and oleate negatively
regulate Maob expression on �-cells, possibly leading to
increased dopamine content, secretion and subsequent sig-
naling through dopamine receptors, whichmay contribute to
decreased GSIS. To support this hypothesis, further studies
should be performed to estimate dopamine content in islets
from db/db and WT mice and in MIN6 �-cells exposed to
NEFAs. On the other hand, it is unlikely that Maob reduced
expression is related to 5HT content since this monoamine
is preferentially degraded by Maoa, which has not changed
in NEFAs-treated MIN6 �-cells. Concordantly, we have not
found higher 5HT content levels in such treated cells and,
conversely, 5HT content was even signi�cantly reduced in
MIN6 �-cells treated with palmitate. In this regard, although
no signi�cant changes were observed in expression levels
of serotonergic genes in NEFAs-treated MIN6 �-cells, we
cannot discard modi�cations in rates of 5HT synthesis,
degradation, or release in response to NEFAs. �us, the
reduced 5HT content found in NEFAs-treated MIN6 �-
cells could be explained by a higher 5HT secretion and
signaling which in turn may contribute to decreased GSIS.
Interestingly, radical oxygen species (ROS) are produced
as byproducts of 5HT degradation that mediates oxidative
stress and mitochondrial toxicity in di
erent cell types [28].
�erefore, it is also possible that reduced 5HT content in
NEFAs-treated MIN6 �-cells might be related to a putative
compensation to reduce ROS derived from degradation of
5HT. �us, future studies should be conducted to decipher
which of these mechanisms may explain the decreased 5HT
content in �-cells in response to NEFAs.

5. Conclusion

We con�rmed that Maob expression was lower in islets from
db/db versus wild-type mice and decreased in MIN6 �-cells
exposed to palmitate and oleate compared to control, accom-
panied by decreased 5HT content and impaired GSIS. Our
results suggest that impaired GSIS in �-cells in response to
palmitate and oleate might be partly explained by decreased
Maob expression, which in turn would lead to increased
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dopamine content, release, and signaling through speci�c
receptors.
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no. 2, pp. 258–269, 1996.

[21] R. Ekholm, L. E. Ericson, and I. Lundquist, “Monoamines in
the pancreatic islets of the mouse. Subcellular localization of 5-
hydroxytryptamine by electron microscopic autoradiography,”
Diabetologia, vol. 7, no. 5, pp. 339–348, 1971.

[22] E. Gylfe, “Association between 5-hydroxytryptamine release
and insulin secretion,” Journal of Endocrinology, vol. 78, no. 2,
pp. 239–248, 1978.
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serotonin: insights from tryptophan hydroxylase 1 knockout
mice reveal the existence of paracrine/autocrine serotonergic
networks,” ACS Chemical Neuroscience, vol. 4, no. 1, pp. 64–71,
2013.

[31] N. Paulmann, M. Grohmann, J.-P. Voigt et al., “Intracellular
serotonin modulates insulin secretion from pancreatic �-cells
by protein serotonylation,” PLoS Biology, vol. 7, no. 10, Article
ID e1000229, 2009.

[32] D. J. Walther, J.-U. Peter, S. Bashammakh et al., “Synthesis
of serotonin by a second tryptophan hydroxylase isoform,”
Science, vol. 299, no. 5603, article 76, 2003.

[33] Y. Ohta, Y. Kosaka, N. Kishimoto et al., “Convergence of
the insulin and serotonin programs in the pancreatic �-cell,”
Diabetes, vol. 60, no. 12, pp. 3208–3216, 2011.

[34] D. Sommerweiss, T. Gorski, S. Richter, A. Garten, andW. Kiess,
“Oleate rescues INS-1E �-cells from palmitate-induced apopto-
sis by preventing activation of the unfolded protein response,”
Biochemical and Biophysical Research Communications, vol. 441,
no. 4, pp. 770–776, 2013.

[35] E. G. Bligh and W. J. Dyer, “A rapid method of total lipid
extraction and puri�cation,” Canadian Journal of Biochemistry
and Physiology, vol. 37, no. 8, pp. 911–917, 1959.



12 Journal of Diabetes Research

[36] R. Valenzuela, C. Barrera, A. Espinosa, P. Llanos, P. Orellana,
and L. A. Videla, “Reduction in the desaturation capacity of
the liver in mice subjected to high fat diet: relation to LCPUFA
depletion in liver and extrahepatic tissues,” Prostaglandins
Leukotrienes and Essential Fatty Acids, vol. 98, pp. 7–14, 2015.

[37] R. N. Kulkarni, J. N. Winnay, M. Daniels et al., “Altered
function of insulin receptor substrate-1-de�cient mouse islets
and cultured �-cell lines,” e Journal of Clinical Investigation,
vol. 104, no. 12, pp. R69–R75, 1999.

[38] D. S. Li, Y. Yuan, H. Tu, Q. Liang, and L. Dai, “A protocol for islet
isolation from mouse pancreas,” Nature Protocols, vol. 4, no. 11,
pp. 1649–1652, 2009.

[39] A. M. Kumar, M. Kumar, K. Deepika, J. B. Fernandez, and C.
Eisdorfer, “A modi�ed HPLC technique for simultaneous mea-
surement of 5-hydroxytryptamine and 5-hydroxyindoleacetic
acid in cerebrospinal �uid, platelet and plasma,” Life Sciences,
vol. 47, no. 19, pp. 1751–1759, 1990.

[40] L. S. Dalbøge, D. L. Almholt, T. S. Neerup et al., “Characteri-
sation of age-dependent Beta cell dynamics in the male db/db
mice,” PLoS ONE, vol. 8, no. 12, article e82813, 2013.

[41] O. Berglund, B. J. Frankel, and B. Hellman, “Development of the
insulin secretory defect in genetically diabetic (db/db) mouse,”
Acta Endocrinologica, vol. 87, no. 3, pp. 543–551, 1978.

[42] O. H. Do, J. T. Low, H. Y. Gaisano, and P.�orn, “�e secretory
de�cit in islets from db/db mice is mainly due to a loss of
responding beta cells,”Diabetologia, vol. 57, no. 7, pp. 1400–1409,
2014.

[43] H. Duan and J. Wang, “Selective transport of monoamine
neurotransmitters by human plasma membrane monoamine
transporter and organic cation transporter 3,” Journal of Phar-
macology and Experimental erapeutics, vol. 335, no. 3, pp.
743–753, 2010.

[44] Y. Itoh, Y. Kawamata, M. Harada et al., “Free fatty acids regulate
insulin secretion from pancreatic � cells through GPR40,”
Nature, vol. 422, no. 6928, pp. 173–176, 2003.

[45] I. Maestre, J. Jordán, S. Calvo et al., “Mitochondrial dysfunction
is involved in apoptosis induced by serum withdrawal and fatty
acids in the �-cell line INS-1,” Endocrinology, vol. 144, no. 1, pp.
335–345, 2003.

[46] T. Brun, P. Scarcia, N. Li et al., “Changes in mitochondrial
carriers exhibit stress-speci�c signatures in INS-1E �-cells
exposed to glucose versus fatty acids,” PLoS ONE, vol. 8, no. 12,
Article ID e82364, 2013.

[47] C.-Y. Zhang, G. Ba
y, P. Perret et al., “Uncoupling protein-
2 negatively regulates insulin secretion and is a major link
between obesity, � cell dysfunction, and type 2 diabetes,” Cell,
vol. 105, no. 6, pp. 745–755, 2001.

[48] J. C. Yoon,G.Xu, J. T.Deeney et al., “Suppression of� cell energy
metabolism and insulin release by PGC-1�,”Developmental Cell,
vol. 5, no. 1, pp. 73–83, 2003.
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