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Abstract: Free fatty acid (FFA)-induced pancreatic β-cell loss is implicated in the pathogenesis of type 2 diabetes 
mellitus (T2DM). It has been documented that circulating microRNA (miR)-802 levels are significantly greater in 
T2DM patients than in healthy subjects. However, the role of miR-802 in FFA-induced damage to β cells is still 
unclear. In the present study, we measured the expression of miR-802 in the INS-1 rat insulinoma cell line after pal-
mitate treatment for 48 h. Gain- and loss-of-function studies were conducted to determine the function of miR-802 
in palmitate-induced apoptosis and reactive oxygen species (ROS) production. The target gene(s) of miR-802 was 
functionally characterized. Compared to control cells, palmitate treatment caused a time- and concentration-depen-
dent induction of miR-802 in INS-1 cells. Knockdown of miR-802 significantly blocked palmitate-induced apoptosis 
and attenuated ROS formation. Moreover, miR-802 downregulation prevented the reduction of prosurvival proteins 
Mcl-1 and Bcl-xL by palmitate. In contrast, ectopic expression of miR-802 stimulated apoptosis and ROS generation 
in INS-1 cells. Sirtuin 6 (SIRT6) was identified to be a direct target gene of miR-802. Overexpression of miR-802 
suppressed the expression of SIRT6. Enforced expression of SIRT6 abolished the induction of apoptosis and ROS 
production by miR-802. Taken together, miR-802 is required for palmitate-induced damage to β cells by targeting 
SIRT6 and represents a potential therapeutic target for T2DM.
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Introduction 

Type 2 diabetes mellitus (T2DM) is a prevalent 
metabolic disease associated with substantial 
morbidity [1]. High levels of circulating free fatty 
acids (FFAs) are linked to insulin resistance and 
pancreatic β cell loss in the pathogenesis of 
T2DM [2]. In vitro studies demonstrate that 
saturated FFAs such as palmitate can inhibit 
insulin secretion and trigger apoptosis in pan-
creatic β cells [3, 4]. Induction of oxidative 
stress is suggested to be an important mecha-
nism for palmitate-mediated deleterious ef- 
fects on β cells [5]. A previous study has report-
ed that prolonged exposure of MIN6 murine 
beta cells to palmitate causes the formation of 
substantial reactive oxygen species (ROS) and 
mitochondrial dysfunction, consequently lead-
ing to apoptotic death [6]. Understanding of the 
exact mechanism involved in palmitate-induced 
lipotoxicity is of significance in developing 
effective therapeutic approaches for T2DM.

microRNAs (miRs) are small, endogenous, non-
coding RNAs that regulate target gene expres-
sion [7]. Via partial complementary base-pair-
ing to the sequences in 3’-untranslated region 
(3’-UTR) of target mRNAs, miRs can interfere 
with protein translation and/or promote the 
degradation of target mRNAs. Mounting evi-
dence indicates the implication of miRs in the 
development of metabolic disorders including 
T2DM [8]. A number of miRs such as miR-7 [9] 
and miR-122 [10] have been found to be dys-
regulated in T2DM patients and show a predic-
tive value in this disease. In vitro studies have 
validated that several miRs including miR-17-92 
cluster [11], miR-23a-3p, miR-23b-3p, and miR-
149-5p [12] impact the survival and function of 
pancreatic β cells.

It has been documented that miR-802 is upreg-
ulated in obese individuals and inducible trans-
genic overexpression of miR-802 in mice 
causes insulin resistance [13]. This miR is also 
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increased in patients with T2DM compared to 
healthy subjects and serves as a biomarker for 
T2DM [14]. Despite these reports, little is 
known about the role of miR-802 in pancreatic 
β cell function and survival in T2DM. 

In this study, we examined the expression of 
miR-802 in palmitate-treated INS-1 rat insulin-
oma cells and explored its impact on palmitate-
induced apoptosis. The underlying molecular 
mechanism for the action of miR-802 was fur-
ther investigated. 

Materials and methods

Cell culture

INS-1 and HEK-293T cells were obtained from 
the Shanghai Institute of Cell Biology (Shanghai, 
China) and cultured in RPMI-1640 medium sup-
plemented with 10% fetal bovine serum (Sigma-
Aldrich, St. Louis, MO, USA).

Cell treatment

Palmitate (Sigma-Aldrich) was dissolved in 0.1 
M NaOH to yield a 50 mM stock solution. 
Dilution of the palmitate stock solution to indi-
cated concentrations was performed using 
RPMI-1640 medium supplemented with 2% 
fatty acid-free bovine serum albumin (BSA; 
Sigma-Aldrich). For palmitate treatment, cells 
were incubated with 0.1, 0.5, and 1.0 mM pal-
mitate for 6-48 h. Afterwards, cells were tested 
for gene expression, viability, and apoptosis. 
For inhibitor experiments, cells were pretreated 
for 2 h with 5 mM n-acetylcysteine (NAC; Sigma-
Aldrich) before overexpression of miR-802. 

Real-time PCR analysis

Total RNA was extracted from cultured cells 
with Trizol reagent (Invitrogen, Carlsbad, CA, 
USA). Real-time PCR was performed using the 
TaqMan MicroRNA Assay kit (Applied Biosys- 
tems, Foster City, CA, USA) in accordance with 
the manufacturer’s protocol. The level of miR-
802 was normalized against that of U6.

miR mimics/inhibitors and plasmids

miR-802 mimic, anti-miR-802, and negative 
controls were purchased from Dharmacon 
(Austin, TX, USA). The entire 3’-UTR of SIRT6 
mRNA was amplified by PCR and cloned into 
pGL3-Basic vector (Promega, Madison, WI, 

USA). Mutation of a putative binding site for 
miR-802 in SIRT6 3’-UTR was achieved using 
the QuikChange site-direct mutagenesis kit 
(Stratagene, La Jolla, CA, USA). SIRT6 coding 
sequence lacking the 3’-UTR was amplified by 
PCR and inserted into pcDNA3.1(+) vector. All 
constructs were confirmed by sequencing.

Cell transfection

INS-1 cells were seeded in 12-well plates (4 × 
105 cells/well) and transfected with miR-802 
mimics or inhibitors (a final concentration of 40 
nM) using FuGene6 (Roche, Indianapolis, IN, 
USA) according to the manufacturer’s instruc-
tions. Twenty-four hours later, transfected cells 
were exposed to palmitate (1.0 mM) for 48 h. In 
some experiments, cells at 70% confluence 
were co-transfected with miR-802 mimics 
together with the SIRT6-expressing plasmid 24 
h before palmitate treatment. 

Cell viability assay

INS-1 cells transfected with miR-802 mimic or 
negative control miR were plated onto 96-well 
plates (5 × 103 cells/well) and cultured for 48 h. 
Each well was added with the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium (MTT) so- 
lution (0.5 mg/mL; Sigma-Aldrich) and incubat-
ed at 37°C for 4 h. Formazan crystals was dis-
solved in dimethyl sulfoxide, and absorbance at 
570 nm was recorded. 

Apoptosis analysis

INS-1 cells with miR-802 overexpression or 
knockdown were plated in 6-well plates (5 × 
106 cells/well) and cultured for 48 h. Cells were 
then suspended in binding buffer and incubat-
ed with annexin V-FITC and propidium Iodide 
(PI; Becton Dickinson Biosciences, San Jose, 
CA, USA) for 15 min in the dark. Stained cells 
were analyzed by flow cytometry (Becton 
Dickinson Biosciences).

Measurement of ROS production

Intracellular ROS levels were measured using a 
commercially available kit (ab113851, Abcam, 
Cambridge, UK) with the cell permeant reagent 
2’,7’-dichlorofluorescein diacetate (DCF-DA). 
After diffusion to the cell, DCF-DA can be 
deacetylated and then oxidized by ROS into a 
highly fluorescent product 2’,7’-dichlorofluores-
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cein (DCF). The cells were incubated for 30 min 
with 5 μM DCF-DA, and fluorescence intensity 
of DCF was measured by flow cytometry.

Western blot analysis

Cell lysates were prepared in radioimmunopre-
cipitation assay (RIPA) buffer supplemented 
with Complete Protease Inhibitor Cocktail 
(Roche, Basel, Switzerland). Protein samples 
(40 μg per lane) were resolved by SDS-polya- 
crylamide gel electrophoresis and transferred 
onto nitrocellulose membranes. Membranes 
were probed with anti-Mcl-1 (#4572; 1:500 
dilution), anti-Bcl-xL (#2764; 1:500 dilution), 
anti-SIRT6 (#12486; 1:500 dilution), and anti-
β-actin (#4970; 1:2000 dilution) antibodies (all 
from Cell Signaling Technology, Danvers, MA, 
USA). After washing, the membranes were  
incubated with horseradish peroxidase-conju-
gated secondary antibodies (1:5000; Santa 
Cruz Biotechnology, Santa Cruz, CA, USA) for 1 
h at room temperature. Protein bands were 
visualized by enhanced chemiluminescence 
(Millipore, Billerica, MA, USA) and quantitated 

by densitometry using Quantity One software 
(Bio-Rad Laboratories, Hercules, CA, USA).

Luciferase reporter assay

HEK-293T cells were seeded in 24-well plates 
(2 × 104 cells/well) and allowed to attach over-
night. The cells were then transfected with wild-
type or mutant SIRT6 3’-UTR reporters (0.1 μg) 
together with pRL-TK (0.02 μg; Promega, Ma- 
dison, WI, USA) as well as miR-802 mimic or 
control miR (50 nM) using FuGene6. The pRL-
TK vector encoding Renilla luciferase was used 
to control for transfection efficiency. Forty-eight 
hours later, luciferase activities were measured 
using the Dual-Luciferase Reporter Assay 
System (Promega).

Statistical analysis

Data are expressed as means ± standard devi-
ation (SD) and analyzed using the Student’s t 
test or one-way analysis of variance (ANOVA) 
followed by the Tukey’s test. Differences were 
considered statistically significant when P val-
ues were < 0.05.

Results

Upregulation of miR-802 in INS-1 cells by 
palmitate

Compared to control cells, palmitate-treated 
INS-1 cells displayed a significant upregulation 
of miR-802 after treatment with 24 h (P < 0.05; 
Figure 1A). The level of miR-802 was increased 
by 2.2-, 2.6-, and 3.3-fold by palmitate at the 
concentrations of 0.1, 0.5, and 1.0 mM, respec-
tively. INS-1 cells were then treated with palmi-
tate (1.0 mM) for indicated times (4, 8, 16, 30, 
and 48 h) and analyzed for miR-802 expression 
(Figure 1B). It was found that miR-802 expres-
sion was significantly elevated from 8 h (2.5-
fold of control) up to 30 h (3.8-fold of control) 
after palmitate treatment. The level of miR-802 
began to decline at 48 h, but was still greater 
than control values (P < 0.05).

Overexpression of miR-802 evokes oxidative 
damage to INS-1 cells

Next, we investigated the effect of miR-802 
overexpression on the survival of INS-1 cells. 
Ectopic expression of miR-802 reduced the 
viability by 59% after culturing for 48 h, com-

Figure 1. Upregulation of miR-802 in INS-1 cells by 
palmitate. A. INS-1 cells were treated with indicated 
concentrations of palmitate for 24 h, and miR-802 
levels were measured by real-time PCR analysis. B. 
INS-1 cells were treated with palmitate (1.0 mM) for 
indicated times and measured for miR-802 expres-
sion. *P < 0.05 vs. untreated control cells. 
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pared to INS-1 cells transfected with control 
miR (P < 0.05; Figure 2A). Moreover, overex-
pression of miR-802 caused a significant induc-
tion of apoptosis in INS-1 cells, increasing the 
percentage of apoptosis from 5.6 ± 1.2% (con-
trol levels) to 36.5 ± 2.8% (P < 0.05; Figure 2B). 
In addition, miR-802 overexpression led to a 
3-fold increase in the ROS level in INS-1 cells (P 
< 0.05; Figure 2C). To confirm whether miR-
802-induced apoptosis is causally linked to 
excessive ROS production, we pretreated INS-1 
cells with a ROS scavenger, NAC. Of note, miR-
802-mediated apoptotic response was almost 
completely blocked by NAC pretreatment 
(Figure 2D), suggesting that accumulation of 
ROS contributes to the induction of apoptosis 
by miR-802. 

Depletion of miR-802 attenuates palmitate-
induced apoptosis and oxidative stress

Next, we checked whether knockdown of  
miR-802 abolishes the induction of apoptosis 
by palmitate. As illustrated in Figure 3A, trans-
fection with anti-miR-802 inhibitors rendered 
INS-1 cells more resistant to palmitate-induc- 
ed apoptosis, decreasing the percentage of 
apoptosis by 3-fold (Figure 3A). Consistently, 
palmitate-mediated ROS production was sig-
nificantly inhibited by depletion of miR-802  
(P < 0.05, compared to control cells; Figure 
3B). At the molecular level, miR-802 knock-
down prevented the reduction of prosurvival 
proteins Mcl-1 and Bcl-xL by palmitate (Figure 
3C).

Figure 2. miR-802 overexpression causes oxidative damage to INS-1 cells. A. Cell viability assay. INS-1 cells were 
transfected with control miR or miR-802 mimic and tested for viability after 48 h. *P < 0.05 vs. nontransfected 
control cells. B. Apoptosis detected by annexin-V/PI staining. Representative dot plots of flow cytometry are shown. 
Numbers inserted indicate the results from three independent experiments. C. Measurement of ROS levels using 
the cell permeant reagent 2’,7’-dichlorofluorescein diacetate. *P < 0.05 vs. nontransfected control cells. D. INS-1 
cells were pretreated with NAC or DMSO (as vehicle control) before transfection with miR-802 mimic and tested for 
apoptosis. *P < 0.05.
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SIRT6 serves as a direct target of miR-802

Bioinformatic analysis using miRDB software 
(http://mirdb.org/) suggested that miR-802 
could target a large number of genes including 
SIRT6 (Figure 4A). Since SIRT6 plays a prosur-
vival role in different biological processes  
[15-17], in this study we focused on the poten-

tial involvement of SIRT6 in the pro-apoptotic 
activity of miR-802. Western blot analysis 
revealed that miR-802 overexpression remark-
ably downregulated the protein expression  
of SIRT6 in INS-1 cells (Figure 4B). To confirm 
the direct repression of SIRT6 by miR-802,  
we constructed a luciferase reporter gene har-
boring wild-type or mutated 3’-UTR of SIRT6. It 
was found that miR-802 overexpression signifi-
cantly inhibited the expression of the reporter 
carrying wild-type SIRT6 3’-UTR, but not the 
mutant one (Figure 4C). Therefore, miR-802 
shows the capacity to target SIRT6 in INS-1 
cells.

Figure 3. Depletion of miR-802 attenuates palmi-
tate-induced apoptosis and oxidative stress. INS-1 
cells were transfected with anti-miR-802 or control 
(Anti-miR) and treated with palmitate (1.0 mM) for 
30 h. A. Apoptosis analysis by flow cytometry after 
annexin-V/PI staining. *P < 0.05. B. Measurement of 
ROS production in INS-1 cells. *P < 0.05. C. Western 
blot analysis of Mcl-1 and Bcl-xL protein levels. Num-
bers indicate fold change in protein levels relative to 
control. 

Figure 4. SIRT6 serves as a direct target of miR-
802. A. Bioinformatic analysis using miRDB soft-
ware (http://mirdb.org/) showed that the 3’-UTR of 
SIRT6 mRNA carried a putative binding site for miR-
802. Mutation of the binding site (underlined) was 
achieved with the QuikChange site-direct mutagen-
esis kit. B. Western blot analysis of SIRT6 protein lev-
els in INS-1 cells transfected with control miR or miR-
802 mimic. Numbers indicate fold change in protein 
levels relative to control. C. Luciferase reporter as-
say. HEK-293T cells were transfected with wild-type 
or mutant SIRT6 3’-UTR reporters (0.1 μg) together 
with pRL-TK (0.02 μg) as well as miR-802 mimic or 
control miR (50 nM). Luciferase activities were mea-
sured 48 h posttransfection. *P < 0.05.
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Enforced expression of SIRT6 rescues INS-1 
cells from miR-802-induced apoptosis

A previous study has reported that SIRT6 pro-
tects against palmitate-induced apoptosis in 
pancreatic β cells [17]. Therefore, we performed 
rescue experiments using a miR-resistant 
SIRT6. Western blot analysis revealed that 
transfection with the miR-resistant SIRT6 

resulted in an overexpression of SIRT6 in the 
presence of miR-802 (Figure 5A). Of note, 
enforced expression of SIRT6 suppressed miR-
802-induced apoptosis in INS-1 cells (Figure 
5B). In addition, miR-802-induced ROS forma-
tion was compromised by overexpression of 
SIRT6 (Figure 5C). 

Discussion

In this report, we showed that miR-802 was 
upregulated in INS-1 cells in response to palmi-
tate treatment. Such upregulation was in a con-
centration- and time-dependent manner. In 
agreement with our observations, several pre-
vious studies have documented the dysregula-
tion of miRs by palmitate in different cell types 
[18-21]. For instance, palmitate treatment led 
to an upregulation of miR-96 [18], miR-1271 
[19], and miR-195 [20] in HepG2 hepatocytes. 
In a transgenic mouse model, overexpression 
of miR-802 reduced insulin sensitivity and 
impaired glucose tolerance, indicating its impli-
cation in glucose metabolism [13]. To explore 
the role of miR-802 in INS-1 cells, we per-
formed miR-802 overexpression experiments. 
Our data demonstrated that ectopic expression 
of miR-802 significantly suppressed the viabili-
ty of INS-1 cells. Moreover, there was a signifi-
cant induction of apoptosis after overexpres-
sion of miR-802. Consistently, miR-802 over- 
expression inhibited cell proliferation and pro-
moted apoptosis in prostate cancer cells [22]. 
Another study described the inhibitory activity 
of miR-802 on tongue squamous cell carcino-
ma cell viability [23]. These data indicate that 
miR-802 exerts cytotoxic activity against many 
distinct types of cells. 

Since palmitate can induce apoptotic death in 
pancreatic β cells [4, 6], we hypothesized that 
miR-802 may mediate the pro-apoptotic activi-
ty of palmitate in INS-1 cells. In support of this 
hypothesis, our data showed that depletion of 
miR-802 protected INS-1 cells from palmitate-
induced apoptosis. At the molecular level, miR-
802 knockdown abolished the reduction of 
Mcl-1 and Bcl-xL proteins in palmitate-treated 
cells. Both Mcl-1 and Bcl-xL are well-defined 
anti-apoptotic proteins and contribute to the 
survival of pancreatic β cells in response to 
apoptotic stimuli [24, 25]. Induction of ROS pro-
duction is causally linked to palmitate-elicited 
apoptosis in INS-1 cells [6]. Therefore, we inves-

Figure 5. Enforced expression of SIRT6 rescues INS-
1 cells from miR-802-induced apoptosis. (A) Western 
blot analysis of SIRT6 protein levels in INS-1 cells 
transfected with indicated constructs. Numbers in-
dicate fold change in SIRT6 protein levels. (B) INS-1 
cells transfected with indicated constructs and test-
ed for apoptosis 48 h after transfection. (C) Measure-
ment of ROS production in INS-1 cells treated as in 
(A). *P < 0.05.
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tigated the impact of miR-802 overexpression 
on ROS formation in INS-1 cells. It was found 
that enforced expression of miR-802 signifi-
cantly promoted ROS production in INS-1 cells. 
Depletion of miR-802 significantly counteract-
ed palmitate-mediated ROS production. Pre- 
treatment of INS-1 cells with the ROS scaven-
ger NAC almost completely blocked miR-802-in-
duced apoptosis. Collectively, these data indi-
cate that miR-802 mediates palmitate-induced 
apoptosis in INS-1 cells through promotion of 
ROS formation. It has been documented that 
Bcl-xL overexpression interferes with ROS gen-
eration in SH-SY5Y human neuroblastoma cells 
[26]. Mcl-1 also shows the ability to prevent 
ROS formation [27]. Therefore, downregulation 
of both Mcl-1 and Bcl-xL may provide an expla-
nation for miR-802-induced ROS generation. 
However, the exact mechanism needs to be fur-
ther clarified.

We provided evidence that SIRT6 was a direct 
target of miR-802 and overexpression of miR-
802 significantly downregulated the endoge-
nous expression of SIRT6 in INS-1 cells. SIRT6 
is a class III histone deacetylase implicated in 
the transcriptional control of a large number of 
genes [28]. SIRT6 acts as a stress responsive 
protein and protects against oxidative injury 
and DNA damage [28, 29]. It has been docu-
mented that SIRT6 renders hepatocellular car-
cinoma cells more resistant to Bax-mediated 
apoptosis through deacetylation of Ku70 [30]. 
Similarly, SIRT6 reduces palmitate-mediated 
apoptosis in pancreatic β cells [17]. Consistently, 
we found that enforced expression of SIRT6 
confers protection against miR-802-induced 
apoptosis in INS-1 cells. Taken together, we 
suggest that the pro-apoptotic activity of miR-
802 is partially ascribed to downregulation of 
SIRT6. However, it should be mentioned that 
miR-802 can modulate multiple genes other 
than SIRT6. For example, miR-802 exerts a 
suppressive activity in tongue squamous cell 
carcinoma through targeting MAP2K4 [23]. 
Therefore, additional studies are required to 
fully uncover the mechanism by which miR-802 
regulates apoptosis of pancreatic β cells. 

In conclusion, our data show that miR-802 is 
stimulated by palmitate and mediates palmi-
tate-induced apoptosis and oxidative stress in 
INS-1 cells. Repression of SIRT6 is an impor-
tant mechanism for miR-802-induced apopto-
sis in INS-1 cells. Targeting miR-802 may repre-

sent a promising therapeutic strategy for 
prevention of FFA-induced oxidative damage in 
T2DM. 
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