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ABSTRACT
Upon binding to insulin, the β-subunit of insulin
receptor (IR) is phosphorylated and instantly
activates intracellular signaling. A defect in this
process causes the development of several
metabolic disorders including non-insulindependent diabetes, such as type 2 and gestational
diabetes mellitus (GDM). Under diabetic conditions
the phosphorylation of IR in placenta, but not in
platelets, is impaired. Interestingly the cellular
distribution of the serotonin transporter (SERT),
which utilizes the insulin signaling for
posttranslational modification, shows tissue-typedependent variation: SERT function is impaired
in GDM-associated placenta, but not in platelets.
In order to understand the correlation between IR,
SERT and their tissue-type-dependent features,
we tested an association between SERT and
IR and whether this association affects the
phosphorylation of IR. Using various approaches,
we demonstrated a physical association between
the Carboxyl terminal of SERT and the β-subunit
of IR. This association was found on the plasma
membrane of the placenta and the platelets. Next,
the contribution of the SERT-IR association to
the phosphorylation of IR was analyzed in
heterologous and endogenous expression systems
following insulin-treatment. The in vivo impact of
SERT-IR association on the phosphorylation of
IR was explored in placenta and platelets of SERT
gene knockout (KO) mice. The IR phosphorylation
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was significantly downregulated only in the
placenta, but not in platelets of SERT-KO mice.
These findings are supported by time course
experiments, which demonstrate that the
phosphorylation of IR occurs vis-a-vis IR-SERT
association, and at least one of the IR binding
domains is identified as the carboxyl-terminus of
SERT. These findings suggest an important role
for IR-SERT association in maintaining the
phosphorylation of IR and regulating the insulin
signaling in placenta.
KEYWORDS: platelet versus placenta, tissuetype-dependent phosphorylation of insulin receptor,
cellular distribution of serotonin transporter.
INTRODUCTION
Insulin receptor (IR) is a heterotetrameric membrane
protein with 2α- and 2β-subunits, connected
through disulfide bridges [1, 2]. The α-subunit is
located at the extracellular surface and binds
insulin; the β-subunit spans the plasma membrane
and has cytoplasmic kinase binding domain.
Homo- and hetero-oligomerization between the αand β-subunits confer the right positions to expose
tyrosine residues of the β subunit to the kinase
domain for phosphorylation [3, 4].
Binding of insulin to α-subunit stimulates the
phosphorylation of tyrosine residues on the
β-subunit and simultaneously activates the
tyrosine kinase to phosphorylate the IR leading to
the insulin signaling. This stimulates a cascade
of cellular processes and promotes membrane
trafficking of glucose transporter to the cell
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surface in order to uptake glucose in cells.
Various factors are involved in triggering the
insulin signal transduction pathways including
proteins associated with IR as well as by fed
versus fasting states, stress levels, and a variety of
other hormones.
Insulin signaling is balanced between the
phosphorylation and dephosphorylation of IR by
tyrosine kinases and phosphatases. Interestingly,
while the phosphorylation of IR on tyrosine
residues stimulates downstream insulin signaling,
the phosphorylation on serine/threonine residues
decreases the insulin signaling. Studies demonstrated
that, in addition to self-association between α- and
β-subunits, IR also associates with other proteins,
which stabilize IR at the cell surface and alter the
structure of the receptor [5-7].
A non-responsive IR to insulin signaling is the
most common metabolic complication of obesity
and non-insulin-dependent diabetes mellitus,
such as type 2 diabetes and gestational diabetes
mellitus (GDM), the most common metabolic
complication of pregnancy, affecting up to 1015% of all pregnancies [8, 9].
Diabetes-associated defects in IR are tissue-typedependent; in placental cells the phosphorylation
level of IR is low, while it is unaffected in
platelets of the maternal and cord blood of the
same subject with diabetes [10]. Interestingly, the
cellular distribution of serotonin (5-HT) transporter
(SERT) molecules was found different in placenta
and platelet; the level of SERT molecules on the
placental cell surface was downregulated, but it
is not changed on the surface of platelets from
diabetic subjects [10]. Furthermore, SERT knockout
(KO) mice were reported as developing insulin
resistance with pathologies of obesity and diabetes
[11-15]. Based on these published studies, we
hypothesized that SERT molecules on the surface
of placental cells, trophoblasts should play an
important role in developing insulin signaling.
Therefore, here our hypothesis is explored by
studying the association between the phosphorylation
of insulin β-subunit and SERT in placental cells,
trophoblasts.
The involvement of SERT in regulating the body
fat storage and glucose homeostasis have been
reported in mice [15, 16], but the mechanism by
which SERT deficiency promotes obesity, and the

Fusun Kilic et al.
glucose intolerance with similar symptoms of
type 2 diabetes remains unknown. Here, initially,
immunoprecipitation assays followed by BRET
analyses were used to investigate a possible
physical association between SERT and IR in
placenta and platelet. Then, the functional implication
of SERT-IR association was analyzed with
insulin. We found that IR-SERT association was
altered by insulin treatment as well as by diabetic
conditions. Therefore, a functional association
between SERT-IR was tested next, to understand
if their association promotes the development of
insulin signaling through assisting the phosphorylation
of IR. Using various approaches, our hypothesis
was tested in endogenous and heterologous
expression systems, and importantly, in SERT
gene-silenced, SERT-KO mouse placenta. Our
findings demonstrate that total IR expression and
cell surface levels were similar in SERT-KO as
in wild type (WT) mouse placenta, yet the
phosphorylation of IR was found significantly
reduced in SERT-KO placenta. Further time
course experiments evaluated phosphorylation of
IR vis-a-vis IR-SERT associations. These findings
clearly demonstrate that SERT-IR association
plays very important role in insulin signaling via
facilitating the phosphorylation of IR in placental
cells.
METHODS
Twelve weeks old adult male C57BL/6J mice
WT, or SERT-KO [17] mice were engineered on a
C57BL6 genetic background. SERT-KO mice
were provided by The Jackson Laboratory (Bar
Harbor, Maine). Homozygous SERT-/- male and
female mice (12 weeks old) were bred together
and litters were analyzed. These mice were
genotyped by polymerase chain reaction (PCR)
amplification of genomic DNA prepared from the
tails of SERT-/- mice [17]. Procedures involving
animals were approved by the Institutional
Animal Care and Use Committee at the University
of Arkansas for Medical Sciences and were
conducted in accordance with the NIH Guide for
the Care and Use of Laboratory Animals.
Plasmids, constructs, and cell line expression
systems

Mutant transporters were constructed utilizing a
Stratagene Quickchange XL site-directed mutagenesis
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kit. All synthetic constructs were verified via
DNA sequencing [18, 19].
JAR, human placental choriocarcinoma, cells were
maintained in RPMI. Media were supplemented
with 10% fetal bovine serum, 2 mM L-glutamine,
penicillin, and streptomycin. For all studies, cells
were transiently transfected with SERT constructs
using a 1:2.5 ratio of Lipofectamine 2000 reagent
to DNA in OPTIMEM. SERT expression was
determined with quantitative Western blot (WB)
analysis on a VersaDoc 1000 analysis system [18].
Bioluminescence resonance energy transfer
(BRET) assays

BRET assays were performed according to
published methods [20]. Briefly, CHO cells (5 x
105 per well of a 6-well plates) were transfected
with 30-100 ng plasmid DNA coding for the
BRET donor (IR-Luc) and increasing amounts of
BRET acceptor plasmids (SERT-YFP; 100-4000 ng
per well). Twenty-four hours after transfection,
cells were washed in phosphate buffer saline
(PBS), detached using 10 mM EDTA
(Ethylenediaminetetraacetic acid) in PBS, centrifuged
(1,400 g for 5 minutes), resuspended in Hankbalanced salt solution and distributed in 96-well
plates (PerkinElmer plates; 1.2 × 106 cells per
assay). After addition of the luciferase substrate,
coelenterazine-h (5 μM final concentration),
luminescence and fluorescence were measured
simultaneously (at 485 and 530 nm, respectively)
in a Mithras LB940 plate reader. The BRET ratio
was calculated as: ([emission at 530 nm/emission
at 485 nm] – [background at 530 nm/background
at 485 nm]), where background corresponds to
signals in cells expressing the Rluc fusion protein
alone under the same experimental conditions. For
better readability, results were expressed in milliBRET units (mBRET), 1 mBRET corresponding
to the BRET ratio multiplied by 1000. BRET ratios
were plotted as a function of ([YFP-YFP0]/YFP0)/
(Rluc/Rluc0), where YFP is the fluorescence signal
at 530 nm after excitation at 485 nm, and Rluc the
signal at 485 nm after addition of coelenterazineh. YFP0 and Rluc0 correspond to the same values
in cells expressing the Rluc fusion protein alone.
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NaCl, 2.2 mm EDTA, 0.44% SDS (Sodium
dodecyl sulfate), 1% Triton X-100) supplemented
with 1 mM phenylmethylsulfonyl fluoride
(PMSF), and protease inhibitor mixture (PIM) as
previously described [18]. Initially, cell lysate
was incubated with protein A sepharose beads to
eliminate non-specific interaction (preclear). AntiSERT monoclonal (Mab technology, Stone
Mountain, GA) Ab, was conjugated to protein A
bead for 2 hours prior to incubating together with
pre-cleared cell lysate overnight at 4 °C.
WB analysis was done the next day using anti-IR
Ab (Santa Cruz Biotech, Santa Cruz, CA) phosphoAKT (T308) (Cell Signaling, Danvers, MA) or
monoclonal Phospho-tyrosine for primary Ab
(eBioscience, S. Diego, CA). Horseradish peroxidase
(HRP)-conjugated anti-rabbit or anti-mouse was
used as the secondary Ab. VersaDoc 1000 gel
visualization and analysis system was applied to
determine the densitometry of individual bands.
Cell surface biotinylation

Cell surface expression of SERT was detected
after biotinylation with membrane-impermeant
NHS-SS-biotin as described previously [18, 19].
Briefly, upon the biotinylation reaction, the cells
were treated with 100 mM glycine to quench
unreacted NHS-SS-biotin and lysed in TBS
containing 1% SDS, 1% TX100, and PIM/PMSF.
The biotinylated proteins were recovered with
an excess of streptavidin-agarose beads during
overnight incubation. Biotinylated proteins were
eluted in WB sample buffer, resolved by SDSPAGE and transferred to nitrocellulose, and were
detected as described previously [18, 19].
Data analysis

Densitometric analyses were performed with Origin
software using nonlinear regression equation. Each
experiment was performed at least three times.
All data were statistically analyzed and standard
deviation (SD) and means were calculated. Data
are presented as mean ± S.D. unless otherwise noted.
Statistical significance was considered at P < 0.05.
RESULTS

Immunoprecipitation (IP) and Western blotting
(WB) analysis

Insulin-mediated physical association between
IR-SERT in JAR cells

JAR cells (1.2 × 106 cells per IP assay) were lysed
in IP buffer (55 mm triethylamine (pH 7.5), 111 mm

An association between IR and SERT was tested
by immunoprecipitation (IP) and BRET assay.
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IP assays were performed in 24-hour serumstarved JAR cells (1.2 × 106 cells per assay), which
expressed SERT and IR endogenously. Following
starvation, JAR cells were treated with insulin
at different concentrations (0-500 nM) for 10 min.
At each concentration, a group of JAR cells was
harvested, lyzed and the lysate incubated with
IR-Ab coated protein A Sepharose beads. The
proteins associated with the IR-Ab were eluted
and analyzed by Western blotting (WB) for SERT
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as well as for the phosphorylation of IR (Figure 1A).
Insulin treatment at various concentration resulted
in phosphorylation of IR at different levels but
10 and 100 nM insulin increased the level of
phosphotyrosine (pTyr) on IR to the highest level.
However, as reported previously, treatment with
500 nM insulin decreased the cellular IR level
significantly [21].
Insulin binding to IR leads to the activation of the
insulin signaling pathway, by phosphorylation of

Figure 1. Insulin-mediated physical association between IR-SERT. (A) JAR cells endogenously express IR and
SERT. JAR cells (1.2 × 106 cells per assay) were first starved overnight in serum-free medium, then treated with 0,
10, 100, 500 nM insulin for 10 min. After the incubation time, IP assay was performed with polyclonal IR-Ab and
WB with pTyr-Ab to determine the level of phosphorylation in each group of cells. The levels of p-IR reached to the
highest level with 10 nM insulin although at that concentration insulin treatment did not change the total IR
expression. At higher concentrations (100 and 500 nM) insulin treatment lower the total IR levels [31]. In serumstarved JAR cells IP analysis determined IR-SERT association only in 10 nM insulin-treated cells. (B) The results of
WB analysis are the summaries of combined data from four densitometric scans of pTyr. Rate of p-IR is expressed
as the means and SD values of triplicate determinations from three independent samples in each group. The
(*) represents the results of a two-tailed Student’s t-test with p < 0.05, compared with 0 nM insulin-treated,
control group.
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IR on cytoplasmic tyrosine residues. In JAR
cells, the basal (non-stimulated) level of the
phosphorylated IR was 0.13 ± 0.07, which was
increased by 8-fold (1.02 ± 0.2, P < 0.001) by
10 nM insulin treatment (Figure 1B). Therefore,
all subsequent analyses involving insulin treatments
were performed with 10 nM insulin.
Next, the association between SERT-IR was
tested under the same experimental conditions
and determined as 5-fold higher (P < 0.001) in
10 nM insulin-treated JAR cells than the untreated
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counterparts. The cell lysate of each sample was
blotted for total SERT and actin as the loading
control.
Bioluminescence resonance energy transfer
(BRET) analysis of SERT-IR association in
JAR cells

The putative formation of heterodimers between
SERT and IR was investigated using BRET
experiments (Figure 2). The coding region of
Renilla luciferase (Rluc, BRET donor) or the
yellow variant of the green fluorescent protein

Figure 2. Bioluminescence resonance energy transfer (BRET) analysis on YFP-SERT and IR confirms their
association in the presence of insulin treatment. BRET proximity assays between heterodimers of SERT and IR.
CHO cells (5 × 105 cells/well) were co-transfected with plasmids coding for a constant amount of RLuc-tagged IR,
(IR-RLuc, BRET donor) and increasing concentrations of the corresponding YFP-tagged SERT (SERT-YFP, BRET
acceptor). Energy transfer was measured after addition of membrane-permeable luciferase substrate coelenterazine-h.
(A) SERT and IR BRET pairs tested for association in the presence of Insulin (right) or not (Left); (B) The 25 amino
acids from the C-terminal of SERT (SERTΔ26) and IR pairs; (C) IR and YFP BRET pairs. The BRET signal was
determined by calculating the ratio of light emitted at 530 nm and that emitted at 485 nm, as described in
“experimental procedures”. Error bars indicate SEM of specific BRET-ratio values obtained from duplicates’
determination. These values, including BRET values (BRETmax, BRET50), are representative of 4 independent
experiments. Plots were established using Graphpad software.
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(YFP, BRET acceptor), was inserted at the
cytoplasmic C-terminal tail of IR and SERT,
respectively, in phase with the coding region.
Saturation BRET experiments were conducted in
CHO cells co-transfected with constant amounts
of BRET donor plasmids and increasing amounts
of BRET acceptor plasmids. In case of a close
proximity between the investigated partners,
hyperbolic saturation of the BRET signal is
expected (see methods) [20]. Hyperbolic curves
were obtained when SERT and IR were tested for
association in the presence of insulin (Figure 2A).
Noteworthy, the same experiment with IR and
YFP BRET pairs led to a linear plot, consistent
with a bystander (non-specific) BRET and thus
with the absence of association with YFP alone
(Figure 2C). Hyperbolic curves were also
obtained with IR and SERT∆C, the 25 amino
acids from the C-terminus of SERT truncated
form. (Figure 2B), suggesting that SERT∆C and
IR can form heterodimers. BRET50 values (values
of YFP/Rluc for half-maximal BRET) reflect the
propensity of association between the investigated
proteins (Figure 2B).
Time course analysis of IR phosphorylation and
IR-SERT association

Serum-starved JAR cells (1.2 × 106 cells per WB
assay) were first treated with 10 nM insulin and at
various time (0-30 min), harvested and analyzed
for the phosphorylation of IR (p-IR) and IR-SERT
association (Figure 3A). WB analysis of proteins
eluted from the IR-Ab-coated protein A beads
showed that the levels of phosphorylated IR and
the time of the insulin treatment on the starved
JAR cells are in a biphasic relationship. Specifically,
in the first 5 min of insulin treatment, the
phosphorylated forms of IR were elevated 3.7fold (P < 0.001), but then fall below normal as the
incubation time continues to 10 min. The whole cell
expression of IR or SERT appeared unchanged
with 10 nM insulin treatment in between 0-30 min.
Tyr-phosphorylation of IR in placentas and
platelets of SERT-KO mice

Placentas were dissected from E.18-day gestational
SERT-KO and WT mice, weighed and prepared
for analyses for p-IR level. An equal amount of
placental tissues was homogenized in enzymecleavage buffer on ice and the homogenized tissue
was filtered on cell strainer. Following centrifugation,
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the pellet was washed, and the intact cells were
observed under the microscope. Then, the cells
were incubated in insulin-containing buffer for
10 min and harvested for analysis.
WB analysis of the proteins bound to pTyr-Ab
detected p-IR only in insulin-treated WT, but not
in SERT-KO placental cells, although the total IR
expressions in all placental cells were not changed
(Figure 4A). Surprisingly, this was not the case
for the platelets of the same mice (SERT-KO and
WT), although insulin treatment phosphorylated
the IR in the absence of an association between IR
and SERT (Figure 4B).
The impact of 5-HT signaling on phosphorylation
of IR

The impact of 5-HT on insulin-dependent
phosphorylation of IR was analyzed in serumstarved JAR cells (1.2 × 106 cells per WB assay).
In the absence of insulin, 5-HT, regardless of
its concentration, showed no effect on IR
phosphorylation. However, a 5-HT concentration
of 50 μM, but not 20 μM, reduced the
phosphorylation rate of IR, 68% (P < 0.01),
compared to insulin-treated cells (Figure 5A).
Although 5-HT treatment did not alter the expression
level of IR up to the 20 μM concentration, at
50 μM, 5-HT reduced the phosphorylation rate of
IR even in the presence of insulin (Figure 5A).
The 5-HT-dependent p-IR was evaluated further
by elevating the extracellular 5-HT through
reducing the 5-HT uptake rates of SERT by
paroxetine (PAR), a specific SERT reuptake
inhibitor (Figure 5B). Serum-starved JAR cells
(1.2 × 106 cells per WB assay) were treated with
10 nM insulin together with 1 μM PAR. The
insulin-dependent phosphorylation of IR was
reduced by PAR by 64% only in insulin-treated
group, almost to the level of an IR blocker,
AGL (Figure 5B). However, blocking the 5-HT2
receptor with an antagonist, Sarpogrelate, in
insulin-treated JAR cells did not change the
phosphorylation rate of IR (data not presented).
Therefore, we next tested the impact of 5-HT on
p-IR by analyzing the surface level of SERT on
5-HT-treated JAR cells.
5-HT-treated JAR cells were labeled with NH-SSbiotin and the biotinylated surface proteins were
analyzed by WB with SERT-Ab (Figure 6A). The
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Figure 3. The time-course analysis of p-IR and IR-SERT association. (A) JAR cells (1.2 × 106 cells per assay) were
first starved for insulin and then treated with 10 nM insulin for various time, 0-30 min. At the end of each incubation
time, the cell lysates were either analyzed in WB with IR- or SERT-Ab, or prepared for IP with pTyr-Ab or SERTAb-coated protein A beads. The following WB analysis of pTyr- pulled down proteins with IR Ab showed a
decrease in the level of phophorylated IR in longer insulin treatment. The highest level of p-IR was found at the end
of 5 min insulin treatment. The WB analysis of SERT-pulled down proteins with IR-Ab showed an association
between IR and SERT at the end of 10 min of insulin treatment. (B) The band densities were calculated as the ratio
of each band to the level of IR or SERT. Averaged data from three independent experiments are presented ± SD.
The values are statistically different (p < 0.001, Student’s t test). Asterisks indicate statistical difference between
control (0 min) and insulin-treated groups at various time (*).

densitometry analysis of the protein bands probed
with SERT-Ab shows a 30% increase in SERT
level at the surface of 20 μM 5-HT-treated JAR
cells, whereas 50 μM 5-HT decreased the surface
level of SERT by 60%. Reciprocal changes were
also observed in SERT-Ab-depleted cell lysate,
while the whole cell expressions of SERT in
5-HT treatment were not changed (Figure 6A).
No effect of 5-HT treatment on cells was found
on the surface expression of IR. Regardless of the

concentrations, 5-HT treatment did not alter the
cellular localization of IR (Figure 6B).
The cellular location of the IR-SERT complex
Here, the 26 amino acids truncated YFP-SERT
(YFP-Δ26) or full length YFP-SERT-transfected
JAR cells (1.2 × 106 cells per assay) were treated
with 10 nM insulin and harvested for IP using
GFP-binding protein (GBP)-conjugated coated
Sepharose A beads.
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Figure 4. Differences in IR phosphorylation in platelet and placenta. (A) In the absence of SERT, placental IR
phosphorylation is impaired. Placentas were harvested from pregnant WT or SERT-KO mice at E18. Placental
tissue was minced and incubated with or without 10 nM insulin for 10 minutes. Cells were lysed and IP was
performed to analyze the phosphorylation of IR. Phosphorylated IR bands were detected in insulin-treated WT
placenta, but not in SERT-KO placenta. Experiments were performed in triplicate. (B) In platelet, insulin treatment
facilitates the phosphorylation of IR but does not facilitate an association between IR-SERT, indicating that
IR-SERT association is specific for placenta and insulin treatment. Platelets were isolated via centrifugation of
whole blood collected from WT or SERT-KO mice. After washing with Tyrode HEPES, platelets were incubated
for 10 minutes in the absence or presence of 10 nM or 100 nM insulin for 10 minutes. Co-IP was performed which
demonstrated similar IR phosphorylation levels in WT and SERT-KO platelets. Analysis also showed no association
between IR and SERT in platelets. Experiments were performed in duplicate.

IR interaction with YFP-tagged SERT was mainly
found in insulin-treated JAR cell transfected with
YFP-SERT or YFP-Δ26 (Figure 7). However,
IR interaction was noticeably reduced in cells
transfected with YFP-Δ26, compared to the YFPSERT, suggesting that the C-terminus of SERT is
at least one of the binding domains for IR. An
antibody recognizing the N-terminus of SERT
was used as a loading control for these co-IP
experiments.

The whole cell lysate was analyzed using a
specific Ab generated against the C-terminus of
SERT which did not recognize Δ26 in these cells.
In insulin-treated JAR cells either non-transfected,
SERT or Δ26-transfected cells gave rise to
phosphorylated IR (Figure 7), suggesting IR could be
activated independently of SERT. However, the
decreased IR phosphorylation in Δ26-transfected cells
suggests that the interaction between SERT and
IR contributes to the regulation of IR phosphorylation.
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Figure 5. Effects of 5-HT signaling on IR phosphorylation. (A) Serum-starved JAR cells (1.2 × 106 cells/assay)
were pre-treated with increasing concentrations of 5-HT for 20 minutes and then treated with 10 nM insulin or
untreated (controls). Subsequently, IR phosphorylation was analyzed by IP. 5-HT treatment alone does not activate
phosphorylation of IR. However, 50 μM 5-HT treatment decreases the phosphorylation of IR significantly.
Interestingly at 20 μM, 5-HT had no significant effect on IR phosphorylation. (B) Under similar conditions,
IR phosphorylation was also investigated in the presence of insulin receptor antagonist, AGL and SERT-blocker,
paroxetine. Pre-treatment with AGL or PAR decreased IR phosphorylation. 5-HT (20 μM) had no effect on
IR phosphorylation. Densitometry graph shown represents average band intensity with error bars indicating SD.
Experiments were performed in triplicate. *P < 0.05 compared to no treatment controls.

DISCUSSION
Binding of insulin to IR stimulates a cascade of
cellular processes that promote the usage or the
storage of glucose [1, 2, 8]. Various factors are
identified as triggering the insulin signal transduction
pathways including proteins associated with IR,

as well as fasting versus non-fasting states, stress
levels, and a variety of other hormones. Studies
reported a significant, 33%, increase in the incidence
of type 2 diabetes in the United States over the
past 20 years, which has been associated with a
parallel increase in obesity [9]. Like other forms
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Figure 6. 5-HT regulates plasma membrane localization of SERT but not IR. JAR cells (1.2 × 106 cells/assay) were
treated with 0 μM, 20 μM or 50 μM 5-HT and plasma membrane proteins were biotinylated with NHS-SS-biotin.
Biotinylated proteins were captured with streptavidin agarose beads and analyzed by WB. (A) Cell surface SERT
levels are dependent on extracellular 5-HT concentration. Plasma membrane SERT increased significantly when
cells were treated with 20 μM, but not 50 μM. Whole cell SERT was used as an input control. Experiments were
completed in triplicate. Densitometry graph represents average band intensity with error bars indicating SD.
*P < 0.05 compared to no treatment controls. (B) Plasma membrane IR levels are not affected by extracellular 5-HT
levels. Cell surface IR levels are similar in untreated and 5-HT-treated cells. Whole cell IR was used as an input
control. Experiment was performed in duplicate.

of hyperglycemia, decreased insulin sensitivity is
coupled with an inadequate insulin response via
impairment in insulin signaling mechanism [9],
leading to glucose uptake or production that
cannot be stimulated or suppressed, respectively,
although they normally change reciprocally [22,
23]. During pregnancy, while glucose in maternal
blood freely crosses to the placenta, insulin does
not; therefore, in a diabetic intrauterine environment

such as GDM or type 2 diabetic pregnancy, the
fetus produces an excess amount of insulin, which
in turn acts as a growth hormone and promotes
over growth and adiposity in the fetus. Growing in
a diabetic intrauterine environment presents a
high risk for the offspring to develop chronic
obesity and metabolic health problems such as
diabetes and cardiovascular disease, later in life
[22-24].
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Figure 7. One of the IR–SERT association domains is the last 26 amino acids from the C-terminus of SERT.
JAR cells (5 × 105 cells/well) were transfected with 4 μg of either YFP-SERT or YFP-Δ26 plasmids. 72-hour posttransfection, cells were starved overnight and treated with 10 nM insulin for 10 minutes. Cell lysates were prepared,
and co-IPs were performed to analyze YFP-IR association or IR phosphorylation. Insulin treatment initiated IR
association with YFP-SERT but decreased association occurred with YFP-Δ26. Additionally, IR phosphorylation
was decreased in cells transfected with YFP-Δ26, compared to YFP-SERT or mock-transfected controls. GBP: GFPbinding protein.

There is a dynamic relationship between pregnancy
and 5-HT that acts as a mitogen-promoting cell
division, and a developmental signal early in
embryogenesis [25-28]. Clinical studies suggest
that the blood 5-HT concentration is significantly
higher in type 2 diabetes or GDM than in the
blood of healthy/control groups [29]. A separate
study measured the 5-HT levels in maternal blood
and compared them with non-pregnant blood
samples. They reported 15.6% elevation in blood
5-HT levels during pregnancy [30, 31]. Preclinical
studies supported these findings by demonstrating
the involvement of 5-HT in insulin and glucose
metabolism [32-37]. 5-HT acts as an appetite
regulator and SERT gene is related with obesity
[37, 38]. However, two independent studies with
SERT-KO [11, 37] and TPH1 (the rate limiting
enzyme in peripheral 5-HT biosynthesis)-KO
mice [39] reported that obesity associated with
SERT gene is not related to appetite control by
5-HT. Due to the deletion of SERT gene, SERT-KO
mice have elevated 5-HT level in peripheral

system and exhibit reduced food intake [11], yet
they develop an obese phenotype under normal
diet [16], suggesting an involvement of other
factors in the development of obesity rather than
appetite control by 5-HT. In support to this
hypothesis, TPH1-KO mice fed a high-fat diet
did not develop obesity or insulin resistance [40]
suggesting that peripheral 5-HT functions may not
be directly involved in the development of obesity
and glucose intolerance in SERT-KO mice.
Furthermore, a low expression of SERT was
correlated with the increased risk of weight gain
and type 2 diabetes [12, 14, 40, 41].
Defect in phosphorylation of IR is tissue-type
dependent: the phosphorylation of IR is impaired
in the GDM-placenta but is unaffected in GDMplatelets [10]. Interestingly, this was also observed
on the cellular distribution of SERT molecules;
downregulation of cell surface SERT was
observed in placental cells, but not in platelets of
GDM subjects [31]. Furthermore, SERT-KO mice
were reported as developing insulin resistance [11].
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Therefore, in the current study, we investigated
the phosphorylation rate of IR in SERT-KO
placenta, and found a significant reduction in KO
compared to WT. Additional studies demonstrated
a functional role for the insulin-dependent physical
association between SERT and IR, including
BRET experiments. These findings were strongly
supported by the findings with time course
experiments, which demonstrated the phosphorylation
of IR in parallel to IR-SERT association. These
additional findings suggest an important role
for IR-SERT association in maintaining the
phosphorylation of IR and regulating the insulin
signaling in placental cells. Although the BRET
analysis did not reveal insulin-dependence of their
association, we believe that this may be related to
the heterologous expression of SERT and IR in
COS cells.
Extracellular 5-HT level is regulated by SERT,
which is expressed on the surface of the placentalbrush border membranes of trophoblast cells [10].
SERT prevents vasoconstriction in the placental
vascular bed thereby securing stable blood flow to
the embryo via regulating the plasma 5-HT level
[29, 30]. Furthermore, an earlier study from our
laboratory demonstrated that in the presence of
high glucose and a lack of insulin, at diabetic-like
conditions, the 5-HT uptake rates of placental
JAR cells were downregulated via altering the
surface level of SERT on these cells [42].
Under diabetic pregnancy, specifically in GDM,
IR phosphorylation is impaired and 5-HT levels
are significantly elevated [31]. If a lower
concentration of 5-HT was used in insulin-treated
JAR cells, the phosphorylation rate of IR was not
changed, though the p-IR levels were significantly
decreased at 50 µM 5-HT treatment. The series
of studies from our laboratory summarize the
biphasic effect of 5-HT on the cell surface level of
SERT via interfering the rate of its membrane
trafficking [18, 19, 43-46]. Furthermore, IR
phosphorylation was also partially inhibited by
treatment with paroxetine, a SERT blocker. These
data suggest a role for SERT 5-HT uptake activity
in IR phosphorylation. We have previously shown
a 5-HT concentration-dependent biphasic effect
on 5-HT uptake via SERT – 5-HT uptake increases
as 5-HT concentration reaches up to a maximum;
further increasing 5-HT causes a reduction in
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5-HT uptake [18, 19]. Perhaps reduced 5-HT
uptake rates through the SERT inhibitors, such
as paroxetine, causes the reduction in IR
phosphorylation due to high extracellular 5-HT
concentration.
CONCLUSION
In summary, this study adds to the growing
literature on the significant contribution of SERT
in diabetes and obesity by presenting an important
role for SERT in the regulation of insulin
signaling. Therefore, we propose that interaction
between IR and SERT facilitates and/or maintains
the phosphorylation of placental IR. These
findings need to be investigated further to clarify
if the phosphorylation of C-terminus of SERT
facilitates the phosphorylation of IR β-subunits
and/or binding to the SERT C-terminus exposes
the phosphorylation sites of the IR β-subunits and
maintains insulin signaling in placenta.
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