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Palmitic acid‑induced lipotoxicity promotes 
a novel interplay between Akt‑mTOR, IRS‑1, 
and FFAR1 signaling in pancreatic β‑cells
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Abstract 

Background:  Free fatty acid receptor 1 (FFAR1) is G-protein coupled receptor predominantly expressed in pancreatic 
β-cells that is activated by a variety of free fatty acids (FFAs). Once activated, it promotes glucose-stimulated insulin 
secretion (GSIS). However, increased levels of FFAs lead to lipotoxicity, inducing loss of β-cell function. FFAR1 plays a 
key role in the development of type 2 diabetes (T2D), and previous studies have indicated the importance of devel‑
oping anti-diabetic therapies against FFAR1, although its role in the regulation of β-cell function remains unclear. The 
present study investigated the role of FFAR1 under lipotoxic conditions using palmitic acid (PA). The rat insulinoma 1 
clone 832/13 (INS-1 832/13) cell line was used as a model as it physiologically resembles native pancreatic β-cells. Key 
players of the insulin signaling pathway, such as mTOR, Akt, IRS-1, and the insulin receptor (INSR1β), were selected as 
candidates to be analyzed under lipotoxic conditions.

Results:  We revealed that PA-induced lipotoxicity affected GSIS in INS-1 cells and negatively modulated the activity 
of both IRS-1 and Akt. Reduced phosphorylation of both IRS-1 S636/639 and Akt S473 was observed, in addition to 
decreased expression of both INSR1β and FFAR1. Moreover, transient knockdown of FFAR1 led to a reduction in IRS-1 
mRNA expression and an increase in INSR1β mRNA. Finally, PA affected localization of FFAR1 from the cytoplasm to 
the perinucleus.

Conclusions:  In conclusion, our study suggests a novel regulatory involvement of FFAR1 in crosstalk with mTOR–Akt 
and IRS-1 signaling in β-cells under lipotoxic conditions.
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Background
Insulin signaling is a complex multifactorial mechanism 
that involves various target tissues/cells, proteins, and 
signaling pathways. Postprandial insulin secretion occurs 
in a multiphasic pattern that begins with glucose uptake 
by target tissues (muscle and adipocytes), followed by 
the stimulation of lipogenesis and attenuation of hepatic 
glucose production [1]. Factors such as age, nutrient 
overload, inflammation, and adipokines affect insulin 

sensitivity and lead to reduced glucose uptake [2]. Type 2 
diabetes (T2D) is predominantly characterized by insulin 
resistance, a state in which the dynamics of insulin sign-
aling and secretion are greatly hindered [3]. Disruption of 
insulin secretion in β-cells has also been shown to affect 
insulin sensitivity [2], and insulin secretion is unable to 
cope with insulin resistance, triggering glucose intoler-
ance [4].

Key players involved in insulin signaling/resistance 
include the insulin receptor (INSR), insulin receptor 
substrate 1 (IRS-1), phosphoinositide 3-kinase (PI3K), 
protein kinase B (Akt), and insulin. Insulin exerts its 
inhibitory effects by promoting ligand-induced internali-
zation of INSR, suppressing insulin signaling and main-
taining glucose homeostasis [5]. IRS-1 also plays a role in 
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regulating insulin signaling via PI3K [6]. The PI3K/Akt 
pathway regulates cell cycle progression and has been 
implicated in β-cell mass [7]. Moreover, the mamma-
lian target of rapamycin (mTOR) pathway (downstream 
of PI3K) is involved in many human diseases, including 
T2D. It plays important roles in cell proliferation, differ-
entiation, and survival and is predominantly regulated by 
growth factors and nutrients. mTOR signaling occurs via 
two main complexes: mTOR complex 1 and 2 (mTORC1 
and mTORC2) [8–11]. Activated mTORC1 phosphoryl-
ates its downstream target molecules P70-S6K1 and 2 
(S6K1 and S6K2) and 4E binding proteins 1 and 2 (4E-
BP1 and 4E-BP2) [12]. On the other hand, mTORC2 pro-
motes phosphorylation at serine 473 of Akt, one of its 
main downstream targets involved in insulin signaling. 
The significance of mTOR signaling in T2D has been pre-
viously reported and indicates a crucial role of mTOR/
S6K1 in the regulation of insulin resistance and β-cell 
mass and function [13].

Free fatty acids (FFAs) have also been shown to be 
involved in insulin resistance [14]. Palmitic acid (PA) was 
shown to promote mTOR signaling in rat hepatocytes 
[15] and also plays a key role in insulin regulation and 
β-cell function [16]. Increased levels of saturated FFAs 
affect insulin biosynthesis [17], secretion, and β-cell con-
tent [18–23] and also trigger cell stress [19, 24]. This, in 
turn, leads to lipotoxicity that may lead to loss of β-cell 
function and serves as a direct player in the pathophysi-
ology of T2D [24–30]. FFAs bind to their main receptor, 
FFA receptor 1 (FFAR1), also known as GPR40, affecting 
insulin regulation [31, 32]. FFAR1 is a G-protein coupled 
receptor possessing seven transmembrane domains and 
is predominantly expressed in pancreatic β-cells. Acti-
vation by various medium- and long-chain (C12–C22) 
FFAs in β-cells triggers a signaling cascade, which leads 
to increased intracellular calcium levels and stimulat-
ing insulin secretion that potentiates the insulinotropic 
capacity of glucose, resulting in amplified glucose-stim-
ulated insulin secretion (GSIS) [33]. However, the exact 
mechanism of action of FFAR1 remains unclear.

The present study investigated the role of FFAR1 in 
insulin signaling using the rat insulinoma 1 clone 832/13 
(INS-1 832/13) cell line, a subclone of the INS-1 cells iso-
lated by Hohmeier et  al. [34]. These cells were selected 
as they are stably glucose-responsive and physiologically 
resemble native pancreatic β-cells [34, 35]. We investi-
gated the role of FFAR1 under lipotoxic conditions using 
PA. We demonstrated that lipotoxicity affected GSIS, 
attenuated activity of both IRS-1 and Akt, and down-
regulated INSR1β and FFAR1. Furthermore, PA irrevers-
ibly altered the cellular localization of FFAR1. Finally, 
knockdown of FFAR1 affected IRS-1 and INSR1β mRNA 
expression. Our findings suggest potential crosstalk 

between Akt-mTOR, IRS-1, and FFAR1 that may help to 
elucidate their roles in insulin sensitivity and β-cell func-
tion involved in T2D.

Results
PA induces lipotoxicity in INS‑1 cells
MTT cell survival assay was performed to determine 
the lipotoxic effects of PA on INS-1 832/13 cells. Cell 
viability decreased with increasing concentrations of PA, 
whereas no changes were observed with the vehicle con-
trols (Fig. 1). The lethal dose 50% (LD50) was calculated as 
0.4 mM PA as this concentration induced lipotoxicity in 
INS-1 cells and allowed healthy cells to continue to grow. 
For all experiments, 0.4 mM PA was used as a reference 
for PA treatments in addition to a lower and a higher 
dose of 0.2 mM and 0.6 mM, respectively. Different con-
centrations of PA were compared with untreated controls 
to examine its lipotoxic effects on INS-1 cells.

PA‑induced lipotoxicity affects GSIS in INS‑1 cells
To examine the effects of PA-induced lipotoxicity on 
insulin secretion, GSIS was performed using two meth-
ods: perifusion and static incubation. Perifusion was 
performed using both 5- and 15-min time points due 
to biphasic insulin secretion peaking in response to 
glucose at these times. Data were normalized as insu-
lin/DNA concentration where a gradual decreases in 
GSIS between the control (untreated) and the 0.2 mM 
PA group was observed both at low and high glucose 
concentrations. However, compared with the con-
trol, a more prominent decrease in GSIS was observed 

Fig. 1  Effect of PA-induced lipotoxicity on INS-1 cells. INS-1 cells 
were treated with various concentrations of PA for 24 h followed by 
MTT cell survival assay. Triplicate cell repeats were performed for 
each group. The absorbance at 570 nm was measured and showed 
a decrease in the percentage of cell survival with increasing doses of 
PA compared to the vehicle control. LD50 was calculated as 0.4 mM PA 
(indicated by the dotted lines). Values represent mean ± SEM and the 
data are representative of at least three independent experiments
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when INS-1 cells pretreated with 0.4 and 0.6  mM PA 
were exposed to 16.8  mM glucose levels (Fig.  2a). 
The decrease was further apparent by the stimulation 
indexes both in the first (5  min) and second (15  min) 
phase of insulin secretion under lipotoxic conditions 
where the changes were statistically significant (Fig. 2b). 
INS-1 cells were exposed to 50  mM KCl to trigger 
membrane depolarization to confirm cell function and 
viability under lipotoxic conditions. This was indicated 
by a spike in insulin secretion at both 5 and 15  min 
(data not shown). To confirm the reproducibility of 

our findings, GSIS was also performed using the static 
incubation method. Insulin accumulated over a 2-h 
period clearly showed a significant difference in GSIS 
compared with control cells at higher concentrations 
of PA upon exposure to high glucose levels (Fig. 2c). A 
baseline glucose concentration of 11.1  mM was intro-
duced to demonstrate these effects at different glucose 
concentrations (low, basal, and high). Both methods 
were able to demonstrated consistent lipotoxic effects 
on GSIS in INS-1 cells regardless of whether cells were 
cultured as clusters (perifusion) or as a monolayer 
(static incubation).

Fig. 2  Effect of high PA concentrations on GSIS in INS-1 cells. a GSIS was performed using the perifusion method in which triplicate repeats of 
300 clusters of INS-1 cells were pretreated with PA for 24 h and then exposed to different glucose concentrations at 5- and 15-min time points. A 
gradual decrease in GSIS was observed between the control and the PA-treated groups, at both low and high glucose concentrations. b However, 
the difference in both the first (5 min) and second (15 min) phase of insulin secretion was more prominent when cells were exposed to increased 
lipotoxic conditions (0.4 and 0.6 mM PA) indicated by their stimulation indexes. c A similar pattern in GSIS was observed when monolayer INS-1 
cells were exposed for a longer period to different glucose concentrations using the static incubation method. Data represent mean ± SEM of 
normalized insulin/DNA of at least three independent experiments. *P < 0.05 and **P < 0.01
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PA‑induced lipotoxicity affects protein expression of key 
targets of mTOR and insulin signaling pathways
Protein expressions of key targets of the mTOR and 
insulin signaling pathways were examined using West-
ern blotting to examine the mechanisms of action PA-
induced lipotoxic effects on INS-1 cells. Figure 3a shows 
candidate targets and their expression levels 24  h after 
treatment with PA. The left panel shows the negative 
effects of high concentrations of PA (0.4 and 0.6  mM) 
on expression levels of some targets compared with the 
untreated controls. Phosphorylation of both Akt S473 
and IRS-1 S636/639 was significantly reduced by higher 
concentrations of PA compared with total Akt and 
IRS-1 levels, respectively. In addition, there was a clear 

reduction in FFAR1 expression under the same condi-
tions compared with the control cells. However, phos-
phorylation of mTOR S2448 also decreased compared 
with total mTOR, but these changes were not statistically 
significant. Other targets of the mTOR and insulin signal-
ing pathways, as well as the loading control, showed no 
significant changes (Fig.  3a, right panel). Quantification 
and the statistical significance of the observed changes 
in protein expression are shown in Fig. 3b Other targets 
such as Raptor, total and phospho-4E-BP1, phospho-Akt 
T308, and phospho-IRS-1 S307 were also examined but 
showed no significant changes (data not shown).

PA‑induced lipotoxicity induces FFAR1 mRNA expression
The lipotoxic effects of PA at the mRNA level were ana-
lyzed using qPCR to measure mRNA expression levels of 
key targets. There were no significant changes in mRNA 
expression levels of the insulin signaling pathway targets, 
INSR1β and glucose transporter 2 (GLUT2), following 
24-h treatment compared with the untreated controls 
(Fig.  4). However, there was a significant increase in 
FFAR1 mRNA levels following treatment with 0.4  mM 
PA, and a more pronounced increase (approximately 2.5-
fold) in FFAR1 mRNA expression following treatment 
with 0.6 mM PA. PA showed differential lipotoxic effects 
on FFAR1 at protein (left panel, Fig. 3a) and mRNA lev-
els (Fig.  4). These observations were reproducible and 
showed consistent findings. Moreover, there were no 
lipotoxic effects of PA on other key targets of the insulin 

Fig. 3  Effect of PA on protein expression in INS-1 cells. Cells were 
grown in a monolayer culture and treated for 24 h with different 
concentrations of PA. Duplicate cell repeats were performed for each 
group. Whole-cell lysates were separated by 8–12% SDS-PAGE and 
then analyzed by Western blotting. a The left panel illustrates both 
mTOR and insulin signaling pathway targets and shows a reduction in 
expression levels with treatment using 0.4 and 0.6 mM PA compared 
with the control. The right panel shows there were no significant 
changes in target expression with PA treatment. Actin was used as 
a loading control. b Protein quantification of targets affected by PA 
in (a) and their statistical significance are shown. Values represent 
mean ± SEM and the data are representative of at least three 
independent experiments. *P < 0.05 and **P < 0.01

Fig. 4  PA promotes FFAR1 mRNA expression in INS-1 cells. Cells 
were grown in a monolayer culture and treated with different 
concentrations of PA for 24 h; then, RNA was extracted and analyzed 
by qPCR. Duplicate cell repeats were performed for each group. No 
significant changes were seen in mRNA levels for both INSR1β and 
GLUT2 following treatment with 0.4 or 0.6 mM PA compared with 
the untreated controls. However, there was a clear increase in FFAR1 
levels following exposure to 0.4 and 0.6 mM PA. GAPDH was used 
as a reference gene for normalization. Values represent mean ± SEM 
and the data are representative of at least three independent 
experiments. *P < 0.05 and **P < 0.01
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and mTOR signaling pathways, such as IRS-1, Rictor, 
Raptor, and S6K1 (data not shown).

FFAR1 knockdown affects IRS‑1 and INSR1β levels in INS‑1 
cells
To better understand the functional role of FFAR1 in lipo-
toxic conditions, transient knockdown was performed 
using siRNA, and mRNA levels of key targets were ana-
lyzed by qPCR. Surprisingly, approximately 60% knock-
down of FFAR1 mRNA levels showed a clear effect on 

two key targets of the insulin signaling pathway, INSR1β 
and IRS-1, compared with scrambled siRNA controls 
(Fig.  5a). IRS-1 expression levels significantly decreased 
in the absence of FFAR1, whereas a slight increase in 
INSR1β levels was observed. Other targets upstream and 
downstream mTOR signaling, PI3K and S6K1, respec-
tively, as well as components of its complexes (Raptor and 
Rictor) showed no significant changes. On the protein 
level, however, approximately 30% knockdown of FFAR1 
was achieved that had a significant downregulatory effect 

Fig. 5  Effect of FFAR1 knockdown on mTOR and insulin signaling in INS-1 cells. Cells were transiently transfected with either 40 nM scrambled 
siRNA or FFAR1 siRNA for 48–72 h, harvested, and analyzed by qPCR. Duplicate cell repeats were performed for each group. Transfections yielded an 
efficiency of 75% (data not shown). a Around 60% FFAR1 knockdown was achieved on the mRNA level and led to a significant decrease in IRS-1 and 
an increase in INSR1β mRNA expression. Other targets of the mTOR and insulin signaling, such as PI3k, Raptor, Rictor, and S6K1, were not affected. 
GAPDH was used as a reference gene for normalization. b A representative Western blot of the protein expression and quantification is shown 
where approximately 30% FFAR1 knockdown was achieved that had a significant downregulatory effect on IRS-1 protein levels, but not on INSR1β. 
Values represent mean ± SEM and the data are representative of at least three independent experiments. *P < 0.05 and **P < 0.01



Page 6 of 12Marafie et al. Biol Res           (2019) 52:44 

on IRS-1 protein expression as well (Fig. 5b). No signifi-
cant changes were observed in INSR1β levels under the 
same conditions.

Cellular translocation of FFAR1 under conditions 
of PA‑induced lipotoxicity
Our findings highlighted differential expression of 
FFAR1 mRNA and protein levels following exposure to 
PA. Therefore, we investigated whether the observed 
changes induced by lipotoxicity influenced the cellular 
localization of FFAR1. Treatment of cells with 0.6 mM 
PA for 24 h led to the translocation of FFAR1 from the 

cytoplasm to the perinucleus compared with untreated 
controls (Fig.  6, top and middle panels, respectively). 
To determine whether this translocation was reversible, 
cells were incubated with fresh complete media for an 
additional 24 h following treatment with PA. However, 
no changes were observed, and FFAR1 remained clus-
tered around the nucleus. The expression of FFAR1 was 
also measured for each group and their corresponding 
mean intensities are as follows; 2.9 for untreated cells, 
4.0 for cells with 24 h PA, and 4.29 for cells treated to 
24  h PA then reintroduced with complete media. Our 

Fig. 6  PA causes cytoplasmic to perinuclear translocation of FFAR1 in INS-1 cells. Cells were treated with 0.6 mM PA for 24 h, fixed and stained, and 
analyzed by confocal microscopy using a ×100 objective lens. Additionally, cells were treated with 0.6 mM PA for 24 h and then re-incubation for 
another 24 h with complete media. Duplicate cell repeats were performed for each group. FFAR1 conjugated with Alexa Fluor 594 (red) translocated 
from the cytoplasm to the perinucleus following PA treatment (middle panel), but not in the untreated cells (top panel). However, FFAR1 remained 
in the perinucleus despite the reintroduction of complete media (bottom panel). The mean intensity of FFAR1 for each condition was measured by 
ZEISS ZEN 2010 ver. 6.0 software as follows; untreated (2.9), 24 h PA (4.0), and 24 h PA + CM (4.29). Nuclei were stained using DAPI (blue). The shown 
data are representative of at least three independent experiments. CM complete media
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results indicate that PA-induced lipotoxicity causes 
irreversible perinuclear localization of FFAR1.

Discussion
The precise mechanism of FFAR1 in the regulation of 
β-cell functions remains elusive. The present study dem-
onstrates a potential novel crosstalk in β-cells between 
FFAR1 and the Akt-mTOR pathway, a major signal-
ing pathway involved in insulin regulation and diabetes. 
Knowledge of this interplay could further aid our under-
standing of how FFAR1 affects insulin sensitivity, insu-
lin resistance, and overall β-cell function in T2D. FFAR1 
was previously shown to be expressed in the INS-1 β-cell 
model [36]; however, the role of FFAR1 has not been 
previously investigated under lipotoxic conditions. We 
successfully achieved lipotoxicity in INS-1 cells and dem-
onstrated its effect on GSIS, showing that increased levels 
of PA disrupted insulin secretion. It is important to opti-
mize and control levels of PA in INS-1 since FFAs exhibit 
dual time-dependent effects on β-cell function and via-
bility. It is well established that acute FFA exposure pro-
motes GSIS, whereas chronic exposure leads to β-cell 
insulin resistance, dysfunction, and lipotoxicity [37, 38]. 
However, it remains unclear whether FFAR1 plays a role 
in the observed dysregulation of GSIS. To further investi-
gate this, we selected key targets of the mTOR, Akt, and 
insulin signaling pathways due to their established roles 
in insulin secretion and β-cell function and analyzed 
their expression levels under lipotoxic conditions.

Several studies have associated increased mTOR activ-
ity, specifically mTORC1 activity, with an increase in 
β-cell size. S6K1 is a key regulator that was shown to 
promote β-cell size, thus affecting β-cell function, insulin 
content, and GSIS [39]. IRS-1 is downstream of S6K1 and 
is also a major player in insulin signaling that exerts its 
effects by regulating PI3K [40]. Furthermore, the absence 
of the insulin receptor in mouse β-cells caused a reduc-
tion in GSIS and promoted glucose intolerance, eventu-
ally leading to diabetes [41]. Considering the important 
roles of these key players in insulin signaling in main-
taining β-cell function, the present study investigated 
whether FFAR1 also plays a role in the different pathways 
involved in insulin regulation. FFAR1 plays an important 
role in FFA-induced hyperinsulinemia. Attenuation of 
FFAR1 gene expression is accompanied by glucolipotox-
icity in rats [42] and islets from patients with T2D [43]. 
This emphasizes the importance of FFAR1 signaling and 
its role in the development of T2D. Our results demon-
strated a clear effect of PA-induced lipotoxicity on FFAR1 
as well as the activity of both IRS-1 and Akt (Fig. 3). Dou-
ble phosphorylation of IRS-1 at S636/639, a key sight 
that has been implicated in insulin resistance [44], was 
dramatically reduced following treatment with higher 

concentrations of PA. These observations were consist-
ent and in line with a reduction of FFAR1 observed under 
the same conditions. Furthermore, phosphorylation of 
Akt at S473 was also downregulated. mTORC2 is a key 
regulator of Akt activity and mediates Akt phosphoryla-
tion of S473 [45]. Descorbeth et  al. previously reported 
the effects of PA-induced lipotoxicity on Akt activity. In 
agreement with our findings, they also showed that PA 
inhibited phosphorylation of Akt at S473 in an mTORC2-
dependent manner [46]. Oh et  al. also demonstrated a 
potential link between FFAR1 and mTORC2 signaling 
in the context of wound healing. However, their studies 
were performed using FFAs other than PA and were not 
under lipotoxic conditions [47].

Based on our findings, we propose a possible novel 
link between FFAR1 and mTORC2 in pancreatic β-cells 
under lipotoxic conditions. One possible explanation for 
the downregulation of Akt at S473 is that PA-induced 
lipotoxicity may affect the assembly of the mTORC2 
complex, affecting its kinase activity and ability to phos-
phorylate Akt. Yao et al. previously reported that serum 
withdrawal in HEK293T cells affected binding between 
mSin, a crucial component for mTORC2 assembly, and 
Akt, preventing its phosphorylation at S473 [48]. We 
hypothesize that similar situations might occur under 
lipotoxic conditions, where FFAR1 might be a key media-
tor in the process. However, further investigations are 
required to confirm our hypothesis. Both in  vitro and 
in  vivo binding experiments would be key to confirm 
the possible effect FFAR1 might have on the assembly of 
mTORC2, and consequently, affecting the activity of Akt.

Previous studies have demonstrated interplay between 
both mTOR complexes, where S6K1 is a key regulator of 
mTORC2 activity [49]. However, none of the mTORC1 
signaling targets in our study showed any changes in 
either expression levels or activity under lipotoxic condi-
tions. In addition, our data did not reveal any changes in 
the expression of the two key components of mTORC1 
and mTORC2, Raptor and Rictor, respectively, or any 
of the upstream effectors of mTOR and Akt [PI3K and 
phosphoinositide-dependent kinase 1 (PDK1)]. Mordier 
et  al. reported that PA promotes mTORC1 signaling in 
rat hepatocytes, and increased phosphorylation of both 
S6K1 and IRS-1 was observed in the presence of PA [15]. 
Their findings conflict with our data, possibly because 
different cell types show different expression patterns 
under PA-induced lipotoxicity. Therefore, a thorough 
examination comparing different model systems is 
crucial.

To further investigate the functional relevance of the 
observed changes in FFAR1 expression, we examined the 
effects of lipotoxicity on mRNA levels of our candidate 
genes under the same conditions. However, contrary to 
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protein expression levels, FFAR1 mRNA expression was 
dramatically increased at higher concentrations of PA 
(Fig.  4), which may be attributed to posttranslational 
modifications (PTMs) affecting FFAR1. The notion that 
PTMs may affect FFAR1 expression under lipotoxic con-
ditions prompted us to investigate whether the observed 
changes could affect the cellular localization of FFAR1. 
Indeed, PA promoted a shift of FFAR1 localization from 
the cytoplasm to the perinucleus (Fig.  6). It has been 
implicated that proteins may undergo changes in cellular 
localization due to PTMs during protein trafficking and/
or degradation [50, 51]. Specifically, PA has been shown 
to induce insulin resistance and promote ubiquitina-
tion of key insulin signaling molecules such as IRS-1 and 
Akt [52]. Moreover, studies have demonstrated traffick-
ing of FFAR1 to perinuclear structures in the presence of 
linoleic acid. FFAR1 was shown to colocalize with early 
endosomal markers involved in protein shuttling, namely, 
Rab 4 and 5, in an agonist-dependent manner [51]. We 
propose that FFAR1 may also undergo a similar internali-
zation and shuttling in response to PA. It is also possible 
that lipotoxicity targets FFAR1 for lysosomal degradation 
by recruiting it to structures such as the Golgi appara-
tus, leading to a perinuclear pattern. This could possibly 
explain the reason behind the different trend in FFAR1 
expression in both our immunofluorescent micros-
copy and Western blotting data. FFAR1 appears to have 
a higher protein content in the presence of PA when 
compared to the control under the microscope (Fig.  6), 
whereas the opposite is seen in the Western blots (Fig. 3). 
This could be attributed to the sensitivity of immuno-
fluorescence microscopy in detecting three-dimensional 
epitopes. In either case, it appears that PA-induced 
lipotoxicity affects the cell surface as well as the inter-
nal (perinuclear) content of FFAR1. However, further 
investigation is necessary to confirm whether PTMs 
affect FFAR1’s cellular distribution under PA-induced 
lipotoxicity.

Another surprising finding of our study was the effect 
of FFAR1 knockdown on key players of the insulin sign-
aling pathway. IRS-1 mRNA and protein levels showed a 
distinct decrease in the partial absence of FFAR1 (Fig. 5a, 
b) and a slight increase in INSR1β mRNA expression 
(Fig. 5a). On the other hand, other targets such as PI3K, 
PDK1, and components of the mTOR complex showed 
no changes in the attenuation of FFAR1. Taken together, 
the protein and mRNA findings for IRS-1 may indicate 
potential interplay between insulin signaling and FFAR1, 
where IRS-1 and INSR1β are key players. To our knowl-
edge, no previous study has reported crosstalk between 
these pathways, emphasizing the need to further eluci-
date the regulation of FFAR1 and its role in lipotoxicity. It 
is also important to determine whether FFAR1 regulates 

or is regulated by IRS-1. It is unclear whether these 
effects are directly or indirectly affected by mTOR sign-
aling since the activity of key players within the pathway 
showed no significant changes in either protein or mRNA 
levels. Despite a reduction of FFAR1 protein expression 
and Akt activity under lipotoxic conditions, it remains 
unclear whether Akt acts as a regulator or is mediated by 
these effects. There has been increased interest in FFAR1 
for the development of anti-diabetic targeted therapies 
for the treatment of T2D since studies have demon-
strated its role in insulin resistance [53]. TAK-875 is one 
of the first FFAR1 agonists used in human trials and has 
demonstrated potent effects in improving glucose toler-
ance and enhancing glucose-dependent insulin secretion 
in vitro and in vivo [54]. However, a better understanding 
on the mode of action of FFAR1 and its potential partners 
is required to strengthen and reiterate its importance for 
the development of further T2D-targeted therapies.

Conclusions
In conclusion, the present study demonstrates a pos-
sible new regulatory role for FFAR1 involving crosstalk 
between Akt-mTOR and IRS-1 signaling in β-cells under 
lipotoxic conditions (Fig.  7). Our results also revealed a 
shift in the cellular localization of FFAR1 under lipotoxic 
conditions, possibly mediated by PTMs. However, the 
suggested role of PTMs is speculative at the time of the 
study and further investigation is required to confirm our 
hypothesis. It is important to understand the exact mech-
anism of action of FFAR1 and the physiological relevance 
of our observations to better understand how FFAR1 
promotes insulin resistance and the development of T2D.

Methods
Materials
PA was purchased from Sigma (USA). Antibodies against 
Rictor, Akt, phospho-Akt S473, IRS-1, phospho-IRS-1 
S636/639, and INSR1β were purchased from Cell Sign-
aling Technology (USA). Antibodies against mTOR, 
phospho-mTOR S2448, S6K1, phospho-S6K1 T389, and 
GLUT2 were purchased from Santa Cruz Biotechnology 
(USA). Anti-FFAR1 was purchased from Novus Biologi-
cals (USA). Secondary antibodies used were HRP-linked 
(GE Healthcare, USA) and Alexa Fluor 594 (Invitrogen, 
USA). The non-targeting scrambled control siRNA was 
purchased from Dharmacon (USA) whereas all qPCR 
primers and the FFAR1 siRNAs were purchased from 
QIAGEN (Netherlands). Insulin was quantified using 
Insulin ELISA Kits (Chrystal Chem. INC., USA), and 
DNA was quantified using Quant-iT PicoGreen dsDNA 
Assay Kit (Invitrogen, USA).
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Cell culture and treatments
The INS-1 832/13 rat insulinoma cell line was obtained 
from Dr. Christopher Newgard (Duke University, Dur-
ham, USA) [34]. Cells were grown in a monolayer 
culture (passages 45–80); cultured in 5% CO2, 95% 
air, and 37  °C atmosphere; and maintained in regular 
RPMI 1640 medium containing 11.1 mM glucose sup-
plemented with 10% fetal bovine serum, 2  mM  l-glu-
tamine, 10 mM HEPES, 1 mM sodium pyruvate, 50 μg/
mL penicillin, 100  μg/mL streptomycin, and 50  μM 
β-mercaptoethanol (all purchased from Invitrogen, 
USA). PA conjugated with fatty acid-free bovine serum 
albumin (BSA) was prepared freshly in ethanol and 
used to treat cells at different concentrations for 24 h. 
An empty vehicle control of ethanol and fatty acid-
free BSA without PA was used as a negative control 
(untreated).

Cell survival
Cell survival was determined using MTT assay (Trevigen, 
USA) according to the manufacturer’s instructions. Plates 
were analyzed using Synergy H4 Hybrid Microplate 
Reader (BioTek, USA), and data analysis was performed 
using Gen5 software.

GSIS
GSIS was performed using [1] perifusion system 
(Biorep Technologies, USA) and [2] static incubation 
method using cells pretreated with PA as described 
above. For perifusion, cells were grown in clustered 
cultures and maintained in Krebs–Ringer HEPES 
buffer (basal media) containing 135 mM NaCl, 3.6 mM 
KCl, 5  mM NaHCO3, 0.5  mM MgCl2, 1.5  mM CaCl2, 
10 mM HEPES, and 0.1% BSA. Cells were then stimu-
lated with different concentrations of glucose and KCl, 
and the flow-through was collected at 1-min intervals 
for 20 min. The stimulation indexes were calculated by 
dividing the levels of normalized insulin concentrations 
of the 16.8  mM glucose treatments over the 2.8  mM 
glucose treatments at each corresponding time point. 
For the static incubation method, cells were grown in 
monolayer cultures and treated with both glucose and 
KCl for 2  h. For both methods, insulin secretion was 
measured using ELISA and normalized to the corre-
sponding DNA content. Extracted DNA (using QIA-
GEN DNA Kits, USA) was quantified using PicoGreen 
reagent (Molecular Probes, USA). ELISA and Pico-
Green plates were measured using the Synergy H4 
Hybrid Microplate Reader (BioTek, USA) and analyzed 
using Gen5 software.

Fig. 7  Proposed model of the crosstalk between mTORC2, IRS-1, and FFAR1 signaing in β-cell under lipotoxic conditions. In the absence of PA, 
FFAR1 is predominantly located at the cell surface and/or cytoplasm due to the absence of PTMs allowing it to exert its effect indirectly (dashed 
arrow) on mTORC2, and consequently, phosphorylating and activating Akt at S473 (left panel). On the other hand, PA-induced lipotoxicity mobilizes 
FFAR1 to perinuclear structures due to possible PTMs attenuating the activity of mTORC2 (dashed line). This also has an indirect inhibitory effect 
(dashed line) on the double phosphorylation of IRS-1 at S636/639 (right panel). P phosphorylation, PTM posttranslational modification
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Western blotting
Cells were lysed with ice-cold Tris lysis buffer contain-
ing 20 mM Tris pH 7.4, 137 mM NaCl, 25 mM sodium 
β-glycerophosphate, 2  mM sodium pyrophosphate, 
2  mM EDTA, 10% glycerol, 1% Triton X-100, 1  mM 
sodium orthovanadate, 1 mM PMSF, 5 μg/mL leupeptin, 
and 5 μg/mL aprotinin (all purchased from Sigma, USA). 
Whole-cell lysates were collected and quantified using 
the Pierce BCA Protein Assay Kit (Thermo Scientific, 
USA) and mixed with 4× Laemmli Sample buffer (Bio-
Rad, USA). Equal amounts of protein were loaded and 
resolved on 8–14% SDS polyacrylamide gels followed by 
transfer onto PVDF membranes (Millipore, USA). The 
membranes were blocked with Tris-buffered saline (TBS) 
in 5% non-fat milk containing 1% Tween 20 (Sigma, USA) 
for 1  h at room temperature and then incubated with 
their corresponding primary antibodies overnight at 
4 °C. Membranes were washed with TBS containing 0.1% 
Tween 20 and then incubated with their corresponding 
HRP-linked secondary antibodies for 1  h at room tem-
perature. After washing, proteins were visualized using 
Amersham ECL Prime Western Blotting Detection Rea-
gent (GE Healthcare, USA) and images were captured 
using Bio-Rad’s VersaDoc Imaging System 5000 (USA).

Real‑time qPCR
Total RNA was isolated from cells using RNA extraction 
kits (QIAGEN, Netherlands) according to the manufac-
turer’s instructions. RNA concentrations were deter-
mined using an Epoch Microplate Spectrophotometer 
(BioTek, USA), and qPCR samples were prepared using 
QuantiTect SYBR Green RT-PCR Kit (QIAGEN, Nether-
lands). The qPCR reactions were performed and analyzed 
using Applied Biosystems 7500 Fast Real-Time PCR Sys-
tem (Thermo Scientific, USA). Relative expression was 
measured using the ΔΔCT method [55].

Gene knockdown in vitro experiments
Cells were plated at a density of 50–60% and grown 
in monolayer cultures and transfected with 40  nM of 
scrambled or FFAR1-validated siRNAs for 48–72 h using 
Lipofectamine 2000 (Invitrogen, USA) according to the 
manufacturer’s instructions. The FFAR1 siRNAs tar-
get the coding region between base pair 100–200 with-
out any off-target effects. BLOCK-iT Fluorescent Oligo 
(QIAGEN, Netherlands) was used to measure transfec-
tion efficiency. Cells were then treated with PA for 24 h 
and harvested for qPCR analysis.

Immunofluorescence microscopy
Cells were split on coverslips till sub-confluency and 
treated with PA for 24 h. In a separate experiment, cells 

were treated with PA for 24 h and reintroduced to com-
plete fresh media for a further 24 h. Cells were then fixed 
with 4% paraformaldehyde for 15 min at room tempera-
ture and washed with PBS. Cells were incubated in block-
ing buffer composed of PBS containing 1% BSA and 0.1% 
Tween 20 (both from Sigma, USA) for 40  min at room 
temperature. Cells were then incubated with primary 
antibodies for 1 h at room temperature followed by wash-
ing with PBS and then incubated with their correspond-
ing Alexa Fluor-conjugated secondary antibodies for 1 h 
at room temperature. After washing with PBS, coverslips 
were mounted onto glass slides using Prolong Gold Anti-
fade Mountant with DAPI (Invitrogen, USA). Slides were 
examined using a ZEISS LSM 710 confocal microscope 
(Germany).

Statistical analysis
For cell survival assays, nonlinear regression was used as 
a parameter to calculate LD50. All remaining results are 
expressed as mean ± SEM of at least three independent 
repeats. Data were analyzed using GraphPad Prism ver-
sion 6.05 (CA, USA). Group means were compared using 
unpaired Student t-test. The differences with P < 0.05 
were considered statistically significant.

Abbreviations
4 EB-P1/2: 4E binding protein 1/2; Akt: protein kinase B; FFA: free fatty acid; 
FFAR1: free fatty acid receptor 1; GLUT2: glucose transporter 2; GSIS: glucose-
stimulated insulin secretion; INS-1 832/13: rat insulinoma cell line 1 subclone 
832/13; INSR: insulin receptor; IRS-1: insulin receptor substrate 1; LD50: lethal 
dose 50%; mTOR: mammalian target of rapamycin; mTORC1/2: mammalian 
target of rapamycin complex 1/2; PA: palmitic acid; PDK1: phosphoinositide-
dependent kinase 1; PI3K: phosphoinositide 3-kinase; PTM: posttranslational 
modification; S6K1/2: P70-S6 kinase 1/2; T2D: type 2 diabetes.

Acknowledgements
Not applicable.

Authors’ contributions
SM designed the study, conducted most of the experiments, generated and 
analyzed the data, and wrote the manuscript. EA and HA were involved in the 
study design, conducted experiments and generated data, and contributed 
to writing the manuscript. JA contributed to data analysis and edited the 
manuscript. All authors read and approved the final manuscript.

Funding
This work and associated article were funded by Kuwait Foundation for the 
Advancement of Sciences (KFAS) Grant RC-14017002.

Availability of data and materials
All data generated or analyzed during this study are included in this published 
article.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.



Page 11 of 12Marafie et al. Biol Res           (2019) 52:44 

Received: 15 May 2019   Accepted: 12 August 2019

References
	1.	 Seino S, Shibasaki T, Minami K. Dynamics of insulin secretion and 

the clinical implications for obesity and diabetes. J Clin Invest. 
2011;121(6):2118–25.

	2.	 Cernea S, Dobreanu M. Diabetes and beta cell function: from mecha‑
nisms to evaluation and clinical implications. Biochem Med (Zagreb). 
2013;23(3):266–80.

	3.	 Boucher J, Kleinridders A, Kahn CR. Insulin receptor signaling in 
normal and insulin-resistant states. Cold Spring Harb Perspect Biol. 
2014;6(1):a009191.

	4.	 Goldfine AB, Kulkarni RN. Modulation of beta-cell function: a transla‑
tional journey from the bench to the bedside. Diabetes Obes Metab. 
2012;14(Suppl 3):152–60.

	5.	 Backer JM, Kahn CR, Cahill DA, Ullrich A, White MF. Receptor-mediated 
internalization of insulin requires a 12-amino acid sequence in the 
juxtamembrane region of the insulin receptor beta-subunit. J Biol Chem. 
1990;265(27):16450–4.

	6.	 Kubota N, Kubota T, Itoh S, Kumagai H, Kozono H, Takamoto I, et al. 
Dynamic functional relay between insulin receptor substrate 1 and 
2 in hepatic insulin signaling during fasting and feeding. Cell Metab. 
2008;8(1):49–64.

	7.	 Liang J, Slingerland JM. Multiple roles of the PI3K/PKB (Akt) pathway in 
cell cycle progression. Cell Cycle. 2003;2(4):339–45.

	8.	 Hara K, Maruki Y, Long XM, Yoshino K, Oshiro N, Hidayat S, et al. Raptor, a 
binding partner of target of rapamycin (TOR), mediates TOR action. Cell. 
2002;110(2):177–89.

	9.	 Kim DH, Sarbassov DD, Ali SM, King JE, Latek RR, Erdjument-Bromage H, 
et al. MTOR interacts with Raptor to form a nutrient-sensitive complex 
that signals to the cell growth machinery. Cell. 2002;110(2):163–75.

	10.	 Jacinto E, Loewith R, Schmidt A, Lin S, Ruegg MA, Hall A, et al. Mammalian 
TOR complex 2 controls the actin cytoskeleton and is rapamycin insensi‑
tive. Nat Cell Biol. 2004;6(11):1122.

	11.	 Loewith R, Jacinto E, Wullschleger S, Lorberg A, Crespo JL, Bonenfant D, 
et al. Two TOR complexes, only one of which is rapamycin sensitive, have 
distinct roles in cell growth control. Mol Cell. 2002;10(3):457–68.

	12.	 Ma XJM, Blenis J. Molecular mechanisms of mTOR-mediated translational 
control. Nat Rev Mol Cell Biol. 2009;10(5):307–18.

	13.	 Xie J, Herbert TP. The role of mammalian target of rapamycin (mTOR) in 
the regulation of pancreatic beta-cell mass: implications in the develop‑
ment of type-2 diabetes. Cell Mol Life Sci. 2012;69(8):1289–304.

	14.	 Yki-Jarvinen H. Fat in the liver and insulin resistance. Ann Med. 
2005;37(5):347–56.

	15.	 Mordier S, Iynedjian PB. Activation of mammalian target of rapamycin 
complex 1 and insulin resistance induced by palmitate in hepatocytes. 
Biochem Biophys Res Commun. 2007;362(1):206–11.

	16.	 Dobbins RL, Chester MW, Daniels MB, McGarry JD, Stein DT. Circulating 
fatty acids are essential for efficient glucose-stimulated insulin secretion 
after prolonged fasting in humans. Diabetes. 1998;47(10):1613–8.

	17.	 Ritz-Laser B, Meda P, Constant I, Klages N, Charollais A, Morales A, et al. 
Glucose-induced preproinsulin gene expression is inhibited by the free 
fatty acid palmitate. Endocrinology. 1999;140(9):4005–14.

	18.	 Ayvaz G, Balos Toruner F, Karakoc A, Yetkin I, Cakir N, Arslan M. Acute and 
chronic effects of different concentrations of free fatty acids on the insu‑
lin secreting function of islets. Diabetes Metab. 2002;28(6 Pt 2):3S7–12 
(discussion 3S108-12).

	19.	 Yang Y, Tong Y, Gong M, Lu Y, Wang C, Zhou M, et al. Activation of 
PPARbeta/delta protects pancreatic beta cells from palmitate-induced 
apoptosis by upregulating the expression of GLP-1 receptor. Cell Signal. 
2014;26(2):268–78.

	20.	 Sun Y, Ren M, Gao GQ, Gong B, Xin W, Guo H, et al. Chronic palmitate 
exposure inhibits AMPKalpha and decreases glucose-stimulated insulin 
secretion from beta-cells: modulation by fenofibrate. Acta Pharmacol Sin. 
2008;29(4):443–50.

	21.	 Sako Y, Grill VE. A 48-hour lipid infusion in the rat time-dependently 
inhibits glucose-induced insulin secretion and B cell oxidation through 

a process likely coupled to fatty acid oxidation. Endocrinology. 
1990;127(4):1580–9.

	22.	 Carlsson C, Borg LA, Welsh N. Sodium palmitate induces partial mito‑
chondrial uncoupling and reactive oxygen species in rat pancreatic islets 
in vitro. Endocrinology. 1999;140(8):3422–8.

	23.	 Karaskov E, Scott C, Zhang L, Teodoro T, Ravazzola M, Volchuk A. Chronic 
palmitate but not oleate exposure induces endoplasmic reticulum stress, 
which may contribute to INS-1 pancreatic beta-cell apoptosis. Endocri‑
nology. 2006;147(7):3398–407.

	24.	 Kharroubi I, Ladriere L, Cardozo AK, Dogusan Z, Cnop M, Eizirik DL. Free 
fatty acids and cytokines induce pancreatic beta-cell apoptosis by 
different mechanisms: role of nuclear factor-kappaB and endoplasmic 
reticulum stress. Endocrinology. 2004;145(11):5087–96.

	25.	 Lupi R, Dotta F, Marselli L, Del Guerra S, Masini M, Santangelo C, et al. 
Prolonged exposure to free fatty acids has cytostatic and pro-apoptotic 
effects on human pancreatic islets: evidence that beta-cell death is 
caspase mediated, partially dependent on ceramide pathway, and Bcl-2 
regulated. Diabetes. 2002;51(5):1437–42.

	26.	 Zhou Y, Sun P, Wang T, Chen K, Zhu W, Wang H. Inhibition of calcium 
influx reduces dysfunction and apoptosis in lipotoxic pancreatic 
beta-cells via regulation of endoplasmic reticulum stress. PLoS ONE. 
2015;10(7):e0132411.

	27.	 Hao M, Head WS, Gunawardana SC, Hasty AH, Piston DW. Direct effect of 
cholesterol on insulin secretion: a novel mechanism for pancreatic beta-
cell dysfunction. Diabetes. 2007;56(9):2328–38.

	28.	 Wensaas AJ, Rustan AC, Just M, Berge RK, Drevon CA, Gaster M. Fatty 
acid incubation of myotubes from humans with type 2 diabetes leads to 
enhanced release of beta-oxidation products because of impaired fatty 
acid oxidation: effects of tetradecylthioacetic acid and eicosapentaenoic 
acid. Diabetes. 2009;58(3):527–35.

	29.	 Dembele K, Nguyen KH, Hernandez TA, Nyomba BL. Effects of ethanol on 
pancreatic beta-cell death: interaction with glucose and fatty acids. Cell 
Biol Toxicol. 2009;25(2):141–52.

	30.	 Salinari S, Bertuzzi A, Iaconelli A, Manco M, Mingrone G. Twenty-four 
hour insulin secretion and beta cell NEFA oxidation in type 2 diabetic, 
morbidly obese patients before and after bariatric surgery. Diabetologia. 
2008;51(7):1276–84.

	31.	 Briscoe CP, Tadayyon M, Andrews JL, Benson WG, Chambers JK, Eilert 
MM, et al. The orphan G protein-coupled receptor GPR40 is activated by 
medium and long chain fatty acids. J Biol Chem. 2003;278(13):11303–11.

	32.	 Itoh Y, Kawamata Y, Harada M, Kobayashi M, Fujii R, Fukusumi S, et al. Free 
fatty acids regulate insulin secretion from pancreatic beta cells through 
GPR40. Nature. 2003;422(6928):173–6.

	33.	 Latour MG, Alquier T, Oseid E, Tremblay C, Jetton TL, Luo J, et al. GPR40 is 
necessary but not sufficient for fatty acid stimulation of insulin secretion 
in vivo. Diabetes. 2007;56(4):1087–94.

	34.	 Hohmeier HE, Mulder H, Chen G, Henkel-Rieger R, Prentki M, Newgard CB. 
Isolation of INS-1-derived cell lines with robust ATP-sensitive K+ channel-
dependent and -independent glucose-stimulated insulin secretion. 
Diabetes. 2000;49(3):424–30.

	35.	 Ronnebaum SM, Jensen MV, Hohmeier HE, Burgess SC, Zhou YP, Qian S, 
et al. Silencing of cytosolic or mitochondrial isoforms of malic enzyme 
has no effect on glucose-stimulated insulin secretion from rodent islets. J 
Biol Chem. 2008;283(43):28909–17.

	36.	 Schnell S, Schaefer M, Schofl C. Free fatty acids increase cytosolic free cal‑
cium and stimulate insulin secretion from beta-cells through activation 
of GPR40. Mol Cell Endocrinol. 2007;263(1–2):173–80.

	37.	 Boden G, Shulman GI. Free fatty acids in obesity and type 2 diabetes: 
defining their role in the development of insulin resistance and β-cell 
dysfunction. Eur J Clin Invest. 2002;32:14–23.

	38.	 Poitout V, Amyot J, Semache M, Zarrouki B, Hagman D, Fontés G. Glucoli‑
potoxicity of the pancreatic beta cell. Biochim et Biophys Acta (BBA) Mol 
Biol Lipids. 2010;1801(3):289–98.

	39.	 Pende M, Kozma SC, Jaquet M, Oorschot V, Burcelin R, Le Marchand-
Brustel Y, et al. Hypoinsulinaemia, glucose intolerance and diminished 
beta-cell size in S6K1-deficient mice. Nature. 2000;408(6815):994–7.

	40.	 Haeusler RA, McGraw TE, Accili D. Biochemical and cellular properties of 
insulin receptor signalling. Nat Rev Mol Cell Biol. 2018;19(1):31–44.

	41.	 Kulkarni RN, Bruning JC, Winnay JN, Postic C, Magnuson MA, Kahn CR. 
Tissue-specific knockout of the insulin receptor in pancreatic beta cells 



Page 12 of 12Marafie et al. Biol Res           (2019) 52:44 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

creates an insulin secretory defect similar to that in type 2 diabetes. Cell. 
1999;96(3):329–39.

	42.	 Fontés G, Zarrouki B, Hagman DK, Latour MG, Semache M, Roskens 
V, et al. Glucolipotoxicity age-dependently impairs beta cell func‑
tion in rats despite a marked increase in beta cell mass. Diabetologia. 
2010;53(11):2369–79.

	43.	 Del Guerra S, Bugliani M, D’Aleo V, Del Prato S, Boggi U, Mosca F, et al. 
G-protein-coupled receptor 40 (GPR40) expression and its regulation in 
human pancreatic islets: the role of type 2 diabetes and fatty acids. Nutr 
Metab Cardiovasc Diseases. 2010;20(1):22–5.

	44.	 Tzatsos A, Kandror KV. Nutrients suppress phosphatidylinositol 3-kinase/
Akt signaling via raptor-dependent mTOR-mediated insulin receptor 
substrate 1 phosphorylation. Mol Cell Biol. 2006;26(1):63–76.

	45.	 Sarbassov DD, Guertin DA, Ali SM, Sabatini DM. Phosphorylation 
and regulation of Akt/PKB by the rictor-mTOR complex. Science. 
2005;307(5712):1098–101.

	46.	 Descorbeth M, Figueroa K, Serrano-Illan M, De Leon M. Protective effect 
of docosahexaenoic acid on lipotoxicity-mediated cell death in Schwann 
cells: implication of PI3K/AKT and mTORC2 pathways. Brain Behav. 
2018;8(11):e01123.

	47.	 Oh SY, Lee SJ, Jung YH, Lee HJ, Han HJ. Arachidonic acid promotes skin 
wound healing through induction of human MSC migration by MT3-
MMP-mediated fibronectin degradation. Cell Death Dis. 2015;6:e1750.

	48.	 Yao CA, Ortiz-Vega S, Sun YY, Chien CT, Chuang JH, Lin Y. Association 
of mSin1 with mTORC2 Ras and Akt reveals a crucial domain on mSin1 
involved in Akt phosphorylation. Oncotarget. 2017;8(38):63392–404.

	49.	 Dibble CC, Asara JM, Manning BD. Characterization of Rictor phospho‑
rylation sites reveals direct regulation of mTOR complex 2 by S6K1. Mol 
Cell Biol. 2009;29(21):5657–70.

	50.	 Miller SB, Ho CT, Winkler J, Khokhrina M, Neuner A, Mohamed MY, et al. 
Compartment-specific aggregases direct distinct nuclear and cytoplas‑
mic aggregate deposition. EMBO J. 2015;34(6):778–97.

	51.	 Qian J, Wu C, Chen X, Li X, Ying G, Jin L, et al. Differential requirements 
of arrestin-3 and clathrin for ligand-dependent and-independent 
internalization of human G protein-coupled receptor 40. Cell Signal. 
2014;26(11):2412–23.

	52.	 Ishii M, Maeda A, Tani S, Akagawa M. Palmitate induces insulin resistance 
in human HepG2 hepatocytes by enhancing ubiquitination and pro‑
teasomal degradation of key insulin signaling molecules. Arch Biochem 
Biophys. 2015;566:26–35.

	53.	 Burant CF. Activation of GPR40 as a therapeutic target for the treatment 
of type 2 diabetes. Diabetes Care. 2013;36(Suppl 2):S175–9.

	54.	 Tsujihata Y, Ito R, Suzuki M, Harada A, Negoro N, Yasuma T, et al. TAK-875, 
an orally available G protein-coupled receptor 40/free fatty acid receptor 
1 agonist, enhances glucose-dependent insulin secretion and improves 
both postprandial and fasting hyperglycemia in type 2 diabetic rats. J 
Pharmacol Exp Ther. 2011;339(1):228–37.

	55.	 Livak KJ, Schmittgen TD. Analysis of relative gene expression data using 
real-time quantitative PCR and the 2(−Delta Delta C(T)) Method. Meth‑
ods. 2001;25(4):402–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Palmitic acid-induced lipotoxicity promotes a novel interplay between Akt-mTOR, IRS-1, and FFAR1 signaling in pancreatic β-cells
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	PA induces lipotoxicity in INS-1 cells
	PA-induced lipotoxicity affects GSIS in INS-1 cells
	PA-induced lipotoxicity affects protein expression of key targets of mTOR and insulin signaling pathways
	PA-induced lipotoxicity induces FFAR1 mRNA expression
	FFAR1 knockdown affects IRS-1 and INSR1β levels in INS-1 cells
	Cellular translocation of FFAR1 under conditions of PA-induced lipotoxicity

	Discussion
	Conclusions
	Methods
	Materials
	Cell culture and treatments
	Cell survival
	GSIS
	Western blotting
	Real-time qPCR
	Gene knockdown in vitro experiments
	Immunofluorescence microscopy
	Statistical analysis

	Acknowledgements
	References




