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SIRT6 regulates SREBP1c-induced glucolipid metabolism in liver
and pancreas via the AMPKα-mTORC1 pathway
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The aim of this study was to determine the mechanism by which SIRT6 regulates glucolipid metabolism disorders. We detected
histological and molecular changes in Sprague-Dawley rats as well as in BRL 3A and INS-1 cell lines subjected to overnutrition and
starvation. SIRT6, SREBP1c, and glucolipid metabolism biomarkers were identified by fluorescence co-localization, real-time PCR,
and western blotting. Gene silencing studies were performed. Recombinant SIRT6, AMPK agonist (AICAR), mTOR inhibitor
(rapamycin), and liver X receptor (LXR) agonist (T0901317) were used to pre-treated in BRL 3A and INS-1 cells. Real-time PCR and
western blotting were used to detect related proteins, and cell counting was utilized to detect proliferation. We obtained conflicting
results; SIRT6 and SREBP1c appeared in both the liver and pancreas of high-fat and hungry rats. Recombinant SIRT6 alleviated the
decrease in AMPKα and increase in mTORC1 (complex of mTOR, Raptor, and Rheb) caused by overnutrition. SIRT6 siRNA reversed
the glucolipid metabolic disorders caused by the AMPK agonist and mTOR inhibitor but not by the LXR agonist. Taken together, our
results demonstrate that SIRT6 regulates glycolipid metabolism through AMPKα-mTORC1 regulating SREBP1c in the liver and
pancreas induced by overnutrition and starvation, independent of LXR.
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INTRODUCTION
Metabolic syndrome (MetS) is a comprehensive cluster of obesity,
dyslipidemia, hyperglycemia, and hypertension caused by energy
utilization and storage disorders1, with pathological changes in
glucolipid metabolism in multiple organs2. Previous studies have
shown the role of Sirtuin 6 (SIRT6) in regulating other lipid
metabolic tissues, such as the biliary tract and skeletal muscle, via
AMPK alone3–5. However, the relationship of SIRT6 via the
complete AMPK-mTORC1 pathway in the liver and pancreas has
yet to be fully elaborated. SIRT6 is a stress response protein
deacetylase and anti-ADP ribose transferase and is involved in a
variety of molecular pathways related to aging6. AMP-activated
protein kinase α (AMPKα) and mammalian target of rapamycin
(mTOR) are serine/threonine protein kinases. The mTOR, Raptor,
and Rheb are the constituents of the mTOR complex 1 (mTORC1).
AMPKα-mTORC1 are key regulators of metabolism3. The purpose
of this study was to explore the specific mechanism by which
SIRT6 regulates glucolipid metabolism disorders in the liver and
pancreas by detecting histological and molecular changes in
models of high-fat diets and starvation in vivo and in vitro.

MATERIALS AND METHODS
Reagents, primers, and antibodies
Small interfering RNA (siRNA) and the negative control and for targeting
SIRT6 were designed and synthesized by GenePharma. AMPK agonist
(AICAR) and mTOR inhibitor (Rapamycin) were purchased from Cell
Signaling Technology. The liver X receptor (LXR) agonist (T0901317) and

recombinant SIRT6 were obtained from Abcam. Antibodies were bought
from Abcam and Cell Signaling Technology, and primer sequences were
designed and synthesized by GenePharma. This information is summarized
in Table 1. siRNAs were transfected into cells using Lipofectamine 3000
(Invitrogen, USA) according to the manufacturer’s instructions.

Animal models
Sprague-Dawley rats (SD, male, specific pathogen-free [SPF] grade, 7 weeks
old, 180–220 g, Beijing Vital River Laboratory Animal Technology Co., Ltd)
were fed at a constant temperature (23 ± 2 °C), humidity (50–60%), and 12
h light/dark cycle with free access to water and food. All experiments were
conducted daily from 9 to 11 a.m. to avoid circadian rhythm effects and
were approved by the Institutional Animal Care and Use Committee
(IACUC) of China Medical University (Approval No. 2020118). After a 1-week
adaption, rats were randomly assigned to three groups: normal control
(NC, n= 8 rats, fed with a control diet, D12450J, 10:20:20 kcal% of fat,
carbohydrate, and protein-energy ratio with a total energy of 3.85 kcal/gm,
Research Diets, USA), starvation (ST, n= 8 rats, fed with a control diet,
D12450J, 10:20:20 kcal% of fat, carbohydrate and protein-energy ratio with
a total energy of 3.85 kcal/gm, Research Diets, USA, starved for three days
before the experiment endpoint7), and high fat (HF, n= 8 rats, fed with a
high-fat diet, D12492, 60: 20: 20 kcal% of fat, carbohydrate and protein-
energy ratio with a total energy of 5.24 kcal/gm, Research Diets, USA).

Cell culture
Rat insulinoma cells (INS-1 cell line, CL-0368, Procell Life Science &
Technology) were treated with Roswell Park Memorial Institute (RPMI) 1640
culturing medium with 10% fetal bovine serum (FBS, North American
blood source, Gibco) and 50 μM β-mercaptoethanol. Buffalo rat liver cells
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Table 1. Information of reagents, primers and antibodies.

Names Information

For treatment

Sirt6 siRNA forward sequence 5′ - GCC AGA AUG UAG ACG GGC UTT - 3′ for rat, GenePharma

Sirt6 siRNA reverse sequence 5′ - AGC CCG UCU ACA UUC UGG CTT - 3′ for rat, GenePharma

Negative control siRNA forward sequence 5′ - UUG UCC GAA CGU GUC ACG UTT - 3′ for rat, GenePharma

Negative control siRNA reverse sequence 5′ - ACG UGA CAC GUU CGG AGA ATT - 3′ for rat, GenePharma

SIRT6 recombinant human SIRT6 protein, ab104030, Abcam

AICAR AMPK agonist, #9944, Cell Signaling Technology

Rapamycin mTOR inhibitor, #9904, Cell Signaling Technology

T0901317 LXR agonist, ab142808, Abcam

For detection

Sirt6 primer forward sequence 5′ - GGA TGG ACC CCG AGT GCT - 3′ for rat, GenePharma

Sirt6 primer reverse sequence 5′ - GGG CTT GGG CTT ATA GGA A - 3′ for rat, GenePharma

Ampk primer forward sequence 5′ - GCT CGC AGT GGC TTA TCA T - 3′ for rat, GenePharma

Ampk primer reverse sequence 5′ - TGG ACA GCG TGC TTT GG - 3′ for rat, GenePharma

mtor primer forward sequence 5′ - GGC TTC TGA AGA TGC TGT CC - 3′ for rat, GenePharma

mtor primer reverse sequence 5′ - GAG TTC GAA GGG CAA GAG TG - 3′ for rat, GenePharma

Srebp1c primer forward sequence 5′ - GGA GCC ATG GAT TGC ACA TT - 3′ for rat, GenePharma

Srebp1c primer reverse sequence 5′ - AGG AAG GCT TCC AGA GAG GA - 3′ for rat, GenePharma

Acc primer forward sequence 5′ - AAC ATC CCG CAC CTT CTT CTA C - 3′ for rat, GenePharma

Acc primer reverse sequence 5′ - CTT CCA CAA ACC AGC GTC TC- 3′ for rat, GenePharma

Fasn primer forward sequence 5′ - CAG GTG TGT GAT GGG AAG - 3′ for rat, GenePharma

Fasn primer reverse sequence 5′ - TGT GGA TGA TGT TGA TGA TAG- 3′ for rat, GenePharma

Ldlr primer forward sequence 5′ - GTG GCA GTA GTG AGT GTA TC - 3′ for rat, GenePharma

Ldlr primer reverse sequence 5′ - ATC CCA AAG ACG AGA AGT- 3′ for rat, GenePharma

Gck primer forward sequence 5′ - CAG TGG AGC GTG AAG ACA AA- 3′ for rat, GenePharma

Gck primer reverse sequence 5′ - TTG GTC CAA TTG AGG AGG A- 3′ for rat, GenePharma

Pck1 primer forward sequence 5′ - AGT TCG TGG AAG GCA ATG CT - 3′ for rat, GenePharma

Pck1 primer reverse sequence 5′ - CTT CAG CTT GCG GAT GAC AC- 3′ for rat, GenePharma

Bact primer forward sequence 5′ - TGA CAG GAT GCA GAA GGA GAT TAC - 3′ for rat, GenePharma

Bact primer reverse sequence 5′ - GAG CCA CCA ATC CAC ACA GA - 3′ for rat, GenePharma

SIRT6 primary antibody rabbit anti-rat, approximately 42 kDa (predicted 39 kDa), ab191385, 1:2000 for WB and 1:1000
IF, Abcam

AMPKα primary antibody rabbit anti-rat, 62 kDa, #5831, for WB, Cell Signaling Technology

p-AMPKα primary antibody (Thr172) rabbit anti-rat, 62 kDa, #2535, for WB, Cell Signaling Technology

mTOR primary antibody rabbit anti-rat, 289 kDa, #2983, for WB, Cell Signaling Technology

p-mTOR primary antibody (Ser2448) rabbit anti-rat, 289 kDa, #5536, for WB, Cell Signaling Technology

Raptor primary antibody rabbit anti-rat, 150 kDa, #2280, for WB, Cell Signaling Technology

p-Raptor primary antibody (Ser792) rabbit anti-rat, 150 kDa, #2083, for WB, Cell Signaling Technology

Rheb primary antibody (Ser792) rabbit anti-rat, 16 kDa, #13879, for WB, Cell Signaling Technology

SREBP1c primary antibody mouse anti-rat, 68/125 kDa, sc-365513, for WB and IF, Santa Cruz Biotechnology

SCAP primary antibody rabbit anti-rat, 130 kDa, #13102, for WB, Cell Signaling Technology

Insig1 primary antibody rabbit anti-rat, 30/50 kDa, ab70784, for WB, Abcam

Insig2 primary antibody rabbit anti-rat, 25 kDa, ab86415, for WB, Abcam

Lipin-1 primary antibody rabbit anti-rat, 99/110 kDa, ab70138, for WB, Abcam

LXRα primary antibody rabbit anti-rat, 50 kDa, #ab176323, for WB, Abcam

β-actin primary antibody rabbit anti-rat, 45 kDa, #4970, for WB, Cell Signaling Technology

Alexa Fluor® 488 Conjugate anti-mouse IgG (H+ L), F(ab’)2 Fragment, #4408, for IF, Cell Signaling Technology

Alexa Fluor® 555 Conjugate anti-rabbit IgG (H+ L), F(ab’)2 Fragment, #4413, for IF, Cell Signaling Technology

DAPI for nucleus, #4083, for IF, Cell Signaling Technology

Anti-rabbit IgG-HRP secondary antibody anti-rabbit, #7074, for WB, Cell Signaling Technology

Anti-mouse IgG-HRP secondary antibody anti-mouse, #7076, for WB, Cell Signaling Technology
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(BRL 3A cell line, ATCC® CRL-1442) were treated with Dulbecco’s Modified
Eagle Medium (DMEM) culturing medium with 10% FBS. Cells were
cultured at 37 °C, saturated humidity, in a 5% CO2 incubator, and the
medium was changed every day and passed on every other day. After
being synchronized via starvation in Opti-MEM (Gibco, USA) for 24 h when
the cell confluency reached 70–80%, cells were divided into groups: NC
(11.1 mM glucose), ST (free glucose and FBS), and high glucose (HG, 33.3
mM glucose)8 or HF (200 μM palmitic acid)9. After being cultured for 24 h,
cells were collected and stored at −80 °C.

Gene silencing and drug treatment
Cells were inoculated into six-well culturing plates and then transfected
with SIRT6 and normal control siRNA for gene silencing via Lipofectamine
3000 after 24 h synchronization of Opti-MEM starvation. The recombinant
SIRT6 protein (1 μM for 24 h in INS-1 and BRL 3A), AMPK agonist (AICAR,
0.5 mM for 8 h in INS-1 and 0.5 mM for 30min in BRL 3A), mTOR inhibitor
(Rapamycin, 10 µM for 48 h in INS-1 and 20 nM for 24 h in BRL 3A), and LXR
agonist (T0901317, 10 μM for 36 h in INS-1 and 200 nM 16 h in BRL 3A)
were used to pre-treat cells according to previous studies10–15. Then, these
cells were collected after 24 h different medium culturing and stored in
liquid nitrogen for the follow-up experiment.

Biochemical detection
Rat blood samples were collected by standard sampling. Rat serum liver
function and blood lipids were analyzed via a chemiluminescent
immunoassay using alanine transaminase (ALT, C009-2-1), aspartate
aminotransferase (AST, C010-2-1), triglycerides (TG, A110-1-1), total
cholesterol (TC, A111-1-1), low-density lipoprotein cholesterol (LDL-C,
A113-1-1), and high-density lipoprotein cholesterol (HDL-C, A112-1-1) kits
(Nanjing Jiancheng Bioengineering Institute, China).

mRNA real-time PCR assay
Trizol RNA separation reagent was used to extract total RNA from samples.
One g of total RNA was reverse-transcribed into cDNA using a reverse-
transcription kit (TaKaRa, Japan). Real-time PCR was conducted with a SYBR®

Premix ExTaqTM II kit (TaKaRa, Japan). The reaction system was 20 μl
containing 2 μl cDNA. The reaction procedure was as follows: initial
denaturation at 95 °C for 3 min, followed by denaturation at 95 °C for 12 s
40 cycles, annealing at 62 °C for 30 s, and elongation at 72 °C for 30 s. At the
end of the experiment, the CT value was read for dissolution curve analysis
using β-actin (Bact, GenePharma) as a standardized internal reference. The
2−ΔΔCT method was adopted to calculate relative expressions16.

Western blotting
Protein samples were extracted using sample lysates containing protease
inhibitors, and total protein was analyzed using a Pierce™ BCA Protein Assay
Kit (Thermo Scientific™, USA). The sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was conducted after protein denaturing,
and then bands were transferred to the PVDF membrane at a specific time.
The membrane was incubated with 5% bovine serum albumin (BSA, A1933,
Sigma-Aldrich, USA) for 2 h, followed by incubation with primary antibodies
at the corresponding concentration at 4 °C overnight. After incubation with
the secondary antibody at room temperature for 2 h, ECL luminous fluid
(Pierce™ ECL Western Blotting Substrate, Thermo Scientific™, USA) and an
imaging system (MicroChemi 4.2, Israel) were adopted to detect the bands,
and Fiji software (for macOS, version 2.0.0-rc-69/1.52i with Java 1.8.0_172
[64-bit]) was used to detect grey values17.

Cell counting kit-8
A Cell Counting Kit-8 (CCK-8, Dojindo, Japan) was used to analyze the cell
survival activity in INS-1 and BRL 3A cell lines treated with different
reagents. Cell suspensions were prepared after trypsin digestion, and the
cell density was adjusted to 5 × 103/100 μl/well in a 96-well plate with
saturated humidity at 37 °C in 5% CO2. Then, 10 μl detection solution was
added to each well and incubated for 2 h according to the manufacturer’s
instructions. The absorbance at 450 nm wavelength was measured by a
full-wavelength microarray (BioTek Power Wave XS, USA) with three wells
for each sample.

Double-label immunofluorescence
After fixing in cold acetone, tissues were incubated with primary
antibodies (SIRT6 and SREBP1c) at 4 °C overnight. The tissues were then

washed and incubated with the secondary antibody at room temperature
for 1 h. Sections were washed again and then DAPI stained at room
temperature for 10min. Images of the sections were taken under an
Olympus fluorescence confocal microscope (FV-1000, Japan). Caseviewer
software (2.3 version 64-bit, 3DHISTECH Ltd.) was used for image
collection.

Statistical analysis
Experiments were repeated three times under the same conditions. All
obtained data were analyzed with SPSS 20.0 software (IBM, USA). After the
normal distribution test in each group, normal distribution data were
expressed by the mean ± standard error of the mean, whereas non-normal
distribution data were expressed by the median (interquartile range). A
Student’s t test for two groups and one-way ANOVA for three groups or
more were used to compare the data. The least-squares method t-test was
used for comparison between groups with homogeneous variances and
Tamhane’s T2 test for different variances. P < 0.05 was considered
statistically significant.

RESULT
Physiological indices of starvation and obesity
To investigate the role of SIRT6 in energy metabolism, we
constructed both energy surplus and deficiency models induced
by either a high-fat diet or starvation. Energy-related physiological
indicators showed that compared with the normal control group,
serum TC, LDL-C, ALT, AST, body weight, kidney weight ratio, body
fat ratio (including the omental, perirenal, epididymal, and
interscapular fat), liver weight ratio, and liver TG raised in the
high-fat group, whereas serum HDL-C decreased (P < 0.05), but
there was little change in subcutaneous fat, liver, and pancreas
weight ratios, as well as serum TG (P > 0.05). The body weight and
body fat ratio were significantly reduced (P < 0.05), but the
proportion of each fat component was relatively average, whereas
the other indicators showed little change in the starvation group
(P > 0.05, Fig. 1a–s).
To study changes in glucose metabolism, the results of IPGTT

showed that the peak of glucose after glucose injection in both ST
and HF groups was delayed to different degrees (the peak of
glucose: 5 min in the NC group, 15min in the ST group, and 30
min in the HF group), and the area under curve (AUC) of IPGTT in
both ST and HF groups was significantly increased (P < 0.05,
Fig. 1t), indicating high glucose sensitivity in both groups.
Moreover, the IPITT experiment showed that glucose levels
decreased in all 3 groups after insulin injection, but the decrease
was not obvious in the ST group and HF groups compared with
the NC group. The AUC in the ST group was significantly lower,
and the AUC in the HF group was significantly higher than that of
the NC group (P < 0.05, Fig. 1u), indicating high insulin resistance
in both ST and HF groups with low and high blood glucose levels.
In addition, insulin and HOMA-IR levels were significantly
increased, and ISI levels were decreased in the HF group, whereas
these levels in the ST group showed opposite results (P < 0.05,
Fig. 1v–x), indicating high insulin sensitivity in the ST group and
high insulin resistance in the HF group.
Acetyl-CoA carboxylase (ACC), fatty acid synthase (FASN), and

low-density lipoprotein receptor (LDLR) are involved in liver lipid
metabolism, whereas glucokinase (GCK) and phosphoenolpyru-
vate carboxykinase 1 (PCK1) are involved in pancreas glucose
metabolism. Compared with the NC group, the mRNA levels of
liver Acc, Fasn, and Ldlr and pancreas Gck and Pck1 mRNA in the
HF group were significantly increased, and these indicators were
significantly decreased in the ST group (P < 0.05, Fig. 1y, z).

SIRT6 and pathway levels in the status of starvation and
obesity
To study the expression of SIRT6 in different energy models, SIRT6
expression in tissues was determined by fluorescence co-
localization. SIRT6 in the liver and pancreas of the HF group
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Fig. 1 Changes of physiological indicators in starvation (ST) and high fat (HF) animals. a fat percentage; b fat ingredients; c body fat ratio;
d body weight; e–i perirenal, epididymis, omentum, subcutaneous, and scapular fat ratios; j–n: serum TC, serum TG, liver TG, serum HDL-C, and
serum LDL-C levels; o–q pancreas, kidney, and liver ratios; r and s serum ALT and AST levels in three groups; t IPGTT test and area under curve
(AUC); u IPITT test and AUC; v HOMA-IR; w ISI; x fast insulin; y and z Acc, Fasn, Ldlr, Pck, and Gck1 levels. *Compared with the NC group, P < 0.05;
#Compared with the ST group, P < 0.05. n= 8 per group.
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showed lower expression, but these levels were high in the ST
group. Moreover, SIRT6 and SREBP1c have co-location in the
pancreas and liver tissues but expressed the opposite (Figs. 2a and
3a). Then, PCR quantitation was used to detect the mRNA
expression of Sirt6 in liver and pancreas tissues. The mRNA and
protein expression levels of Sirt6 in the HF group were
significantly decreased, whereas that of the ST group was
significantly increased. The expressions of Ampk and mtor mRNA
and related proteins p-AMPKα/AMPKα and mTORC1 complex
related factors (p-mTOR/mTOR, p-Raptor/Raptor, and Rheb) were
significantly increased in the HF group, but the changes in the ST
group showed the opposite (P < 0.05, Figs. 2b–g and 3b–g).

Changes in free and high-fat BRL 3A and INS-1 cells
To investigate the regulation mechanism of SIRT6 in glucolipid
metabolism of the liver and pancreas, we constructed liver BRL 3A
cell lines cultured with high fat and starvation as well as pancreatic
INS-1 cell lines induced by high glucose and starvation,
respectively. It was found that in BRL 3A cells, the mRNA
expressions of Sirt6, Ampk, and mtor, the related proteins SIRT6,
p-AMPKα/AMPKα, and the mTORC1 complex-related factors (p-
mTOR/mTOR, p-Raptor/Raptor, and Rheb) were significantly
increased, the mRNA expressions of liver metabolic enzymes
(Acc, Fasn, and Ldlr) were significantly increased, and the activity of
CCK-8 was significantly decreased in the HF group. The changes of
the ST group provided the opposite results (P < 0.05, Fig. 4). In the
INS-1 cells, the mRNA expressions of Sirt6, Ampk, and mtor, the
related proteins SIRT6, p-AMPKα/AMPKα, and the mTORC1
complex-related factors (p-mTOR/mTOR, p-Raptor/Raptor, and
Rheb) were significantly increased, the mRNA expressions of liver
metabolic enzymes (Gck and Pck1) were significantly increased,
and the activity of CCK-8 was significantly decreased in the HG
group. The changes of ST and HG groups were found to be the
opposite (P < 0.05, Fig. 5).

SIRT6 regulating AMPKα-mTORC1 pathway in BRL 3A and INS-
1 cells
To explore the role of SIRT6 regulating AMPKα-mTORC1, we pre-
treated cells with recombinant human SIRT6 protein, SIRT6 siRNA,
AMPK agonist (AICAR), and mTORC1 inhibitor (rapamycin), and
cultured cells with normal and high glucose or fat media, and
pathway-related mRNA and protein were detected. The results
showed that recombinant human SIRT6 protein could reverse
glucolipid metabolic changes in BRL 3A and INS-1 cells pre-treated
with the high glucose and fat media via the AMPKα-mTORC1
pathway (Supplementary Fig. 1), and SIRT6 siRNA was able to
reverse the changes of AMPK agonist and mTOR inhibitors,
respectively (Supplementary Figs. 2 and 3). Various metabolic
enzymes (Acc, Fasn, and Ldlr mRNA in BRL 3A cells and Gck and
Pck1 mRNA in INS-1 cells) and CCK-8 cell vitality all changed with
these pre-treatments. Srebp1c mRNA plays a role in glucolipid
metabolism via transcription, processing, and nSREBP1c nuclear
import by the regulation of SREBP cleavage-activating protein
(SCAP), Insig 1, Insig 2, and Lipin-1. Here, we found that the AMPK
agonist (AICAR) could regulate Lipin-1, mTOR inhibitor (rapamycin)
could regulate the entire pathway, and SIRT6 siRNA was able to
reverse the corresponding effect of SREBP1c produced in both
pre-treated BRL 3A and INS-1 cells (Supplementary Figs. 2 and 3).

Regulating ability of SIRT6 is independent of LXR
Previous studies have shown that changes in glucolipid metabo-
lism mediated by SREBP1c may be regulated by LXR. To explore
the relationship between SIRT6 and LXR, SIRT6 siRNA, and LXR
agonist (T0901317) were used to pre-treat BRL 3A and INS-1 cells,
and the levels of pathway-related factors were detected. The
results showed that both SIRT6 siRNA and LXR agonist (T0901317)
could lead to changes of various metabolic enzymes and cell
phenotypes in BRL 3A and INS-1 cells; however, they had no

regulatory effect on each other (Supplementary Fig. 4), suggesting
that the role of SIRT6 in regulating SREBP1c-mediated glucolipid
metabolism may be independent of LXR.

DISCUSSION
MetS is a clustering of medical conditions comprising obesity,
dyslipidemia, hyperglycemia, hypertension, and other additional
components and is caused by an underlying disorder of energy
utilization and storage1. Its high prevalence and large number of
complications have drawn people’s attention in recent years. The
most basic pathological change of MetS is glucolipid metabolism
in multiple organs2. A successful model of diabetes and obesity
established rat high-glycemic islet cells in our previous research
showed the relationship between MetS and diabetes by regulat-
ing glucose metabolism and insulin resistance18, 19. SIRT6 is a
stress-responsive protein deacetylase and mono-ADP ribosyl
transferase enzyme, the functions of which are associated with
multiple molecular pathways related to aging, including DNA
repair, telomere maintenance, glycolysis, and inflammation3. On
the basis of previous research, this study established rat models of
obesity and starvation, and cultured islet and liver cell lines
successfully. It was found that the expression of SIRT6 was
significantly changed in vivo and in vitro in the state of obesity
and starvation, suggesting that SIRT6 may be related to the energy
balance of obesity and starvation.
Energy balance is regulated by AMPK, a silk/threonine protein

kinase, at the overall level. The α subunit of AMPK contains kinase
activity, and phosphorylation of the 172nd threonine (T172) is the
key to activation20. Glucose starvation is directly sensed and
causes AMPK activation21, 22. The mTOR is also a silk/threonine
protein kinase related to the signaling pathways of growth,
nutrition, and energy supply. The complex mTORC1, composed of
mTOR, Raptor, and Rheb, is a rapamycin-sensitive protein that
regulates cell growth through protein translation and is
associated with a variety of metabolic diseases, such as
diabetes20. mTORC1 is activated in the case of abundant
nutrients, which accelerates cell growth by promoting anabo-
lism23, whereas AMPK can directly inhibit the activity of Rheb and
mTORC1 by phosphorylating TSC2 or directly phosphorylate
Raptor in the mTORC1 complex to cause changes in the structure
of the mTORC1 complex20, 24. Besides, AMPK can further
phosphorylate leucoamanyl-tRNA synthase, LARS1, by activating
downstream ULK1 to regulate mTORC125. At the same time, the
active mTORC1 can further inhibit AMPK with low vitality under
sufficient nutrition conditions26. This evolutionary “double
insurance” ensures that AMPKα-mTORC1 can maintain the
balance with the change of nutrients or energy, indicating that
AMPKα-mTORC1, as the “Yin and Yang” sides of metabolic
regulation, also has a mutual regulatory effect, encouraging us to
update the current SIRT6 research.
Previous studies have shown that SIRT6 inhibits

glycochenodeoxycholate-induced biliary epithelial cell apoptosis by
the AMPK/peroxlsome proliferator-activated receptor-γ coactlvator-1α
pathway4 and regulates skeletal muscle metabolic homeostasis by
activating AMPK6, suggesting that SIRT6 regulates other lipid
metabolic tissues via AMPK alone. To investigate the specific
regulation of SIRT6 on the AMPKα-mTORC1 pathway in glucolipid
metabolic tissues, particularly for the detection of the mTORC1
complex comprising mTOR, Raptor, and Rheb, we used recombinant
human SIRT6 protein, SIRT6 siRNA, AMPKα agonist, and mTORC1
inhibitor for cell pre-treatment. The results showed that SIRT6 siRNA
and recombinant protein could change the expression levels of
phosphorylated AMPKα and mTORC1 (Rheb, phosphorylated Raptor,
and mTOR in the complex), whereas the AMPKα agonist and mTOR
inhibitor only interacted with each other but could not change SIRT6
levels, suggesting that SIRT6 has a regulatory effect on the complete
AMPKα-mTORC1 pathway in the pancreas and liver.
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Fig. 2 Molecular biological change in starvation (ST) and high fat (HF) liver tissues. a co-localization of SIRT6 and SREBP1c via fluorescent
double staining in liver; b–g levels of SIRT6, p-AMPKα/AMPKα, p-mTOR/mTOR, p-Raptor/Raptor, and Rheb in liver; h–j the abundance of Sirt6,
Ampk, and mtor mRNA in liver. *Compared with the NC group, P < 0.05; #Compared with the ST group, P < 0.05. n= 8 per group.
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Fig. 3 Molecular biological change in starvation (ST) and high fat (HF) pancreas tissues. a co-localization of SIRT6 and SREBP1c via
fluorescent double staining in pancreas; b–g levels of SIRT6, p-AMPKα/AMPKα, p-mTOR/mTOR, p-Raptor/Raptor, and Rheb in pancreas; h–j the
abundance of Sirt6, Ampk, and mtor mRNA in pancreas. *Compared with the NC group, P < 0.05; #Compared with the ST group, P < 0.05. n= 8
per group.
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SREBP1 is an important nuclear transcription factor of lipid
metabolism, mainly regulating the synthesis of fatty acids,
triglycerides, and cholesterol, and is closely associated with
MetS-related diseases such as insulin resistance, diabetes, and
fatty liver. Its isoform SREBP1c, specifically expressed in the liver,
plays a key role in the formation of triglycerides and phospho-
lipids27–29, the related glycolipid metabolic enzymes of which

include ACC, FASN, and LDLR in lipid metabolism and GCK and
PCK1 in glucose metabolism30, 31. Studies have shown that SIRT6
plays a role in cholesterol regulation through the lipid-generating
transcription factors SREBP1 and 2 introns by AMPK5. Moreover,
SIRT6 activates the PPARα and its dependent pathway by NCOA2
deacetylation and regulates PPARα and SREBP1c-dependent
cholesterol synthesis and fatty acid oxidation in a variety of

Fig. 4 Changes in free and high-fat BRL 3 A cells. a cell viability tested by CCK-8; b–d metabolic enzyme abundance of Acc, Fasn, and Ldlr; e–
g the abundance of Sirt6, Ampk, and mtor mRNA; h–m: levels of SIRT6, p-AMPKα/AMPKα, p-mTOR/mTOR, p-Raptor/Raptor, and Rheb in BRL 3A
cells. *Compared with the NC group, P < 0.05; #Compared with the ST group, P < 0.05. n= 6 per group.
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multiple ways, including mitochondrial oxidation, peroxidosomal
oxidation, acyl coenzyme A binding or hydrolysis, lipid storage or
transport, and ketone production32, indicating that SIRT6 regulates
lipid metabolic tissues by SREBP1c. To further study the specific
mechanism of SIRT6 regulating SREBP1c throughout the entirety
of glucolipid metabolic tissues, we detected the genes regulated
by SREBP1c and found that the mRNA levels of Acc, Fasn, and Ldlr,

in liver tissues and Gck and Pck1 in pancreas tissues were
significantly changed by SIRT6, suggesting that SIRT6 was
significantly related to glucolipid metabolism mediated by
SREBP1c.
Sterol regulatory element-binding protein 1 (SREBP1), specifi-

cally expressed in the liver as the SREBP1c isoform, is an important
nuclear transcription factor in glucolipid metabolism, is closely

Fig. 5 Changes in free and high-glucose INS-1 cells. a cell viability tested by CCK-8; b and c metabolic enzyme abundance of Gck and Pck1;
d–f the abundance of Sirt6, Ampk, and mtor mRNA; g–l levels of SIRT6, p-AMPKα/AMPKα, p-mTOR/mTOR, p-Raptor/Raptor, and Rheb in INS-1
cells. *Compared with the NC group, P < 0.05; #Compared with the ST group, P < 0.05. n= 6 per group.
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associated with a variety of MetS-related diseases33, and has been
found to be regulated by LXR in previous studies34–36. SREBP1c
exists in the endoplasmic reticulum of cells, and only after
proteolytic nucleation can it become a mature karyotype
(nSREBP1c) and play a role in transcriptional regulation down-
stream30. Insig1 and Insig2 are endoplasmic reticulum proteins
that block the processing of SREBP1c by binding to SCAP, thus
preventing SCAP from escorting SREBPs to the Golgi37. AMPK can
prevent nSREBP1c from entering the nucleus to affect lipid
metabolism, whereas insulin can regulate SREBP1 transcription
through the PI3K/AKT/mTORC1 pathway, and mTORC1 can affect
the processing of SREBP1c through S6K and the formation of
nSREBP1c through Lipin-1, thus promoting the development of
NAFLD33, 38, 39.
To explore the specific regulatory mechanism of SIRT6

regulating SREBP1c, the SIRT6 siRNA, AMPK agonist, and mTOR
inhibitor were adopted, and the changes of downstream effector
molecules (AMPKα-mTORC1 and glycolipid metabolic enzymes)
were detected in each stage of the pathway. The results showed
that SIRT6 could reverse the effects of AMPK and mTOR inhibitors
regulating the transcription, processing, and nucleation of
SREBP1c, but usage of the LXR agonist T0901317 did not reverse
these changes, suggesting that SIRT6 regulates the metabolism of
SREBP1c through the AMPKα-mTORC1 pathway and then affects
glucolipid metabolic enzymes in an LXR-independent pathway.
In conclusion, SIRT6 regulates glycolipid metabolism through

AMPKα-mTORC1 regulating SREBP1c in the liver and pancreas
induced by overnutrition and starvation, independently of LXR.
The specific molecular mechanism is shown in Fig. 6.
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