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High circulating lipids occurring in obese individuals and insulin-resistant patients are considered a
contributing factor to type 2 diabetes. Exposure to high lipid concentration is proposed to both protect
and damage beta-cells under different circumstances. Here, by feeding mice a high-fat diet (HFD) for 2
weeks to up to 14 months, the study showed that HFD initially causes the beta-cells to expand in
population, whereas long-term exposure to HFD is associated with failure of beta-cells and the inability
of animals to respond to glucose challenge. To prevent the failure of beta-cells and the development of
type 2 diabetes, the molecular mechanisms that underlie this biphasic response of beta-cells to lipid
exposure were explored. Using palmitic acid (PA) in cultured beta-cells and islets, the study demon-
strated that chronic exposure to lipids leads to reduced viability and inhibition of cell cycle progression
concurrent with down-regulation of a pro-growth/survival kinase AKT, independent of glucose. This AKT
down-regulation by PA is correlated with the induction of mTOR/S6K activity. Inhibiting mTOR activity
with rapamycin induced Raptor and restored AKT activity, allowing beta-cells to gain proliferation
capacity that was lost after HFD exposure. In summary, a novel mechanism in which lipid exposure may
cause the dipole effects on beta-cell growth was elucidated, where mTOR acts as a lipid sensor.
These mechanisms can be novel targets for future therapeutic developments. (Am J Pathol 2022, 192:
130e145; https://doi.org/10.1016/j.ajpath.2021.09.008)
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Macronutrients are recognized as factors that not only
supply energy but also alter cellular growth response. These
effects of glucose and lipids are particularly relevant to the
function of pancreatic beta-cells because they respond to
changes in plasma glucose and lipid levels to regulate in-
sulin release. In individuals with normal blood glucose
levels, this increased insulin requirement is met by increased
insulin secretion from pancreatic beta-cells. In patients with
diabetes, the beta-cells are unable to meet the increased
insulin demands, and patients manifest increasing glucose
levels (hyperglycemia) and ultimately type II diabetes
(T2D).1e6

Two factors contribute to the inability of beta-cells to
compensate for the demand of hyperglycemia occurring in
T2D: loss or reduction of the ability for beta-cells to secret
insulin; and reduction of the number of beta-cells.2,5,7
stigative Pathology. Published by Elsevier Inc
Hyperglycemia and hyperlipidemia, the two conditions
that hallmark insulin resistance, have both been hypothe-
sized to regulate insulin secretion and the growth/survival of
beta-cells.7 Glucose is known to stimulate beta-cell insulin
secretion through regulation of the ATP-potassium trans-
porter. It also stimulates the growth of beta-cells by regu-
lating cyclin D2 expression.8,9 Compared with those of
glucose, the effects of lipids are less clear. Depending on the
type of lipid or duration of exposure, fatty acids can both
stimulate or inhibit the function and growth/survival of
cultured cells.10e14 Cultured human islets exposed to
. All rights reserved.
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mTOR Mediates AKT Down-Regulation by HFD
palmitic acid (PA) for 4 days lead to apoptosis of beta-cells,
whereas oleic acid protects against PA and glucose-induced
beta-cell death.11 Similarly, prolonged exposure of rat or
mouse islets to free fatty acids causes decreased insulin
transcription, impair glucose-induced insulin secretion, and
finally, result in beta-cell apoptosis.10,15e18 However,
increased beta-cell function and proliferation have also been
reported when islets or beta-cells are exposed to free fatty
acids.19e21 Overall, it appears that whereas short-term
exposure to free fatty acids is pro-growth, long-term expo-
sure is deleterious for the beta-cells.

Several growth factors have been found to play roles in
beta-cell function, including insulin, insulin-like growth
factor (IGF), and hepatic growth factor (HGF).22e28 These
studies suggest that the PI3K/AKT pathway plays a mito-
genic role in beta-cell growth because IGF-1, insulin, and
HGF signal through the PI3K/AKT signaling pathway.29e32

Consistently, genetic studies manipulating AKT and PTEN
(phosphatase and tensin homologue deleted on chromosome
10), the negative regulator of PI3K/AKT signal, confirm the
role of PI3K/AKT in beta-cell growth and survival.31,33e37

One primary consequence of AKT activation is the induc-
tion of mTOR activity, the role of which in beta-cell growth
and function are context-dependent.38e41 Although meta-
bolic regulation of mTOR by nutrients may play a role in
the context-dependent role of mTOR,42 the feedback regu-
lation of mTOR target on AKT signal may also play a role.
Ribosomal S6 kinase (p70S6K1), a substrate phosphory-
lated by mTOR kinase, induces the phosphorylation and
degradation of insulin receptor substrate 1 (IRS1),43,44 thus
inhibiting the PI3K/AKT signal.

This study comprehensively evaluated the effect of short-
term and chronic HFD feeding on islet mass and beta-cell
proliferation. The results work demonstrated a clear biphasic
effect of HFD feeding on beta-cell growth/survival. The
study then focused on the effects of the saturated fatty acid
PA on beta-cell growth and survival. The results indicated
that prolonged exposure of beta-cells to PA treatment
caused suppressed proliferation and induced apoptosis,
concurrent with inhibition of AKT activity, whereas short-
term exposure induced the pro-growth and pro-survival ki-
nase AKT. The mechanisms by which chronic exposure to
PA suppresses AKT activity were further elucidated, and a
role of mTOR/Raptor-mediated S6K activity in the regula-
tion of AKT by PA was observed.

Materials and Methods

Animals

Mice of mixed backgrounds were used for the high-fat diet
(HFD) studies because different backgrounds have been
shown to have different responses to HFD. The use of mice
with mixed genetic backgrounds allows assessment in
non-homogeneous populations. All animals were housed in
a temperature-, humidity-, and light-controlled room
The American Journal of Pathology - ajp.amjpathol.org
(12-hour light/dark cycle), allowing free access to food and
water. All experiments were conducted according to the
Institutional Animal Care and Use Committee of the Uni-
versity of Southern California research guidelines.

Cell Culture

Various beta-cell lines (bTC6, MIN-6, and INS-1) and
nonebeta-cell lines [mouse embryonic fibroblasts (mEFs)]
were used for the study. INS-1 cells were kindly supplied by
Prasanna Dadi at Vanderbilt University. All cells were
cultured at 37�C in a humidified atmosphere containing 5%
CO2 in either Dulbecco’s modified Eagle’s medium con-
taining 25 mmol/L glucose or RPMI 1640 medium con-
taining 11 mmol/L glucose and supplemented with 10%
heat-inactivated fetal bovine serum, 50 mmol/L 2-
mercaptoethanol, 100 U/mL penicillin, and 100 mg/mL
streptomycin. Cells were starved overnight 48 hours after
seeding and then treated with 0.4 mmol/L PA in media
containing 2, 6, or 15 mmol/L glucose as indicated. All
screening experiments performed with mEFs were done
multiple times with different combinations of dose, time,
and glucose concentration. All beta-cell experiments were
performed at least three times for replication.

Diet Feeding

For the HFD experiment, one group of mice was fed with
HFD with 60 kcal% fat (TD06414; Harlan Laboratories,
Indianapolis, IN), whereas the control group was fed with
normal chow (NC) with 13 kcal% of fat in their diet
(PicoLab 5053; Northlake, TX).45e47 Diet was started at 3
months of age and continued for the indicated period of
time. Body weight, food intake, and random plasma glucose
levels were monitored weekly. Bromo 5-bromo-20-deoxy-
uridine (BrdU; 1 mg/mL in deionized water; BD Pharmin-
gen, San Diego, CA) was given to mice in water for 5 days
before the end of the study.47 Pancreases were collected at
the end of the 5 days following overnight fasting.

Biochemical Analysis

Glucose tolerant tests were performed on 16-hourefasted
mice by i.p. injection of 30% glucose. Glucose levels were
tested using blood from tail vein puncture,48 and the area
under curve was calculated. Plasma samples were also
collected through cardiac puncture at the end of the study
following overnight fasting. A Mouse Ultrasensitive Insulin
ELISA kit from ALPCO (Cat#80-INSMSU-E01; ALPCO,
Salem, NH) was used for quantifying plasma insulin per kit
instructions as described previously.36,37

Mouse Islet Isolation

Pancreases were perfused with collagenase P solution (0.8
mg/mL; 5 mL per mouse) and digested at 37�C for 17
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minutes. Islets were then purified by using Ficoll gradients
with densities of 1.108, 1.096, 1.069, and 1.037 (Cellgro
Technologies, Lincoln, NE) as previously reported.36,37

Islets between layer 1.096 and 1.069 were collected and
handpicked for either protein extraction or RNA
extraction.37,49

Rapamycin Treatment in Mice

Mice were fed with HFD for the required duration, and
rapamycin was injected intraperitoneally on the last 8
days of treatment (0.3 mg/kg per mouse per day).
Rapamycin stock (100 mmol/L) in dimethyl sulfoxide
(#R-5000; LC Laboratories, Woburn, MA) was diluted
100-fold by mixing 890 mL of phosphate-buffered saline,
100 mL of Tween 80, and 10 mL of rapamycin stock.
Calculations were then made, and mice were injected as
per their body weight.

Immunohistochemistry

At the end of the study, pancreases were dissected en total
and fixed in Zn-formalin at 4�C for histopathology and
immunohistochemistry analysis. Zn-formalinefixed and
paraffin-embedded sections were stained with hematoxylin
and eosin for histopathology analysis.27,50 Islet mass was
calculated based on area of islets versus total pancreas area
measurement collection from three sections per sample 60
mmol/L apart as described.36,49

Pancreas sections were also stained with antibodies for
immunohistochemical or immunofluorescence analysis.
Antibodies used were cyclin D2 (sc-593; Santa Cruz
Biotechnology, Dallas, TX), Ki-67 monoclonal antibody
(CST#12202), and BrdU (BD Pharmingen). A terminal
deoxynucleotidyl transferase-mediated dUTP nick-end la-
beling (TUNEL) kit from BD Pharmingen was used for
assessment of apoptotic cells following the manufacturer’s
instructions as described.33,51 Ki-67 and BrdU staining was
scored using Zeiss Axiovision 4.8 software (Zeiss, Ober-
kochen, Germany). TUNEL-stained islets were quantified
using NIH ImageJ software version 2.0 (NIH, Bethesda,
MD; https://imagej.nih.gov) with Fiji and Cell Profiler for
total nuclei, and TUNEL-positive nuclei were counted
manually. All islets from each mouse pancreas were
counted.

Fatty Acid Preparation

PA (sigma#P0500-10G; Sigma-Aldrich St. Louis, MO)
200 mmol/L stock was prepared by dissolving 51.2 mg of
PA in 1 mL of 100% ethanol; 0.04 mL of this stock was
further dissolved in 1.96 mL of 10% fatty acidefree
bovine serum albumin (BSA; in Dulbecco’s modified
Eagle’s medium) for 4 mmol/L PA stock by shaking
overnight at room temperature. On the following day, the
solution was filtered through a 0.22 mmol/L filter and
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diluted 1:10 with medium prior to cell treatment. One
percent BSA in Dulbecco’s modified Eagle’s medium was
used as a control.
MTT Assay

Cells were seeded at density 1.5 to 2 � 104 cells/well in
96-well plates in RPMI medium. After 48 hours of
seeding, the cells were either treated with 1% BSA (as
control) or different concentrations of PA (0.2 mmol/L,
0.4 mmol/L, 0.6 mmol/L, 0.8 mmol/L, and 1 mmol/L; six
wells per treatment) and incubated for 24 or 48 hours.
MTT reagent (10 mL) was then added after respective
incubation and kept at 37�C for 4 hours, followed by
addition of 100 mL of dimethyl sulfoxide. The plate was
kept on the shaker for 5 to 10 minutes to dissolve the
crystals. Optical density reading was then taken at 570-
nm wavelength.52
Cell Cycle Fluorescence-Activated Cell Sorting

INS-1 cells (3 � 105 cells/well) were seeded in six-well
plates in RPMI medium with 6 mmol/L glucose with 10%
fetal bovine serum. Cells were starved for 48 to 72 hours in
medium without fetal bovine serum after 24 hours of
seeding. They were then treated with 1% BSA or 0.4 mmol/
L PA for 48 hours. Cells were harvested by washing,
trypsinizing, and then centrifuging them. The resulting
pellet was resuspended in 0.1 mL of phosphate-buffered
saline. Cold ethanol (1 mL) was then added and kept for 20
minutes at �20�C. Cells were centrifuged at approximately
250 � g for 5 minutes, and supernatant was discarded. The
pellet was then resuspended in 500 mL of RNase solution
(200 mg/mL in phosphate-buffered saline) and incubated at
room temperature for 30 minutes. Propidium iodide was
later added to the mix (50 mg/mL) and incubated for 30
minutes away from light. Fluorescence-activated cell sorting
analysis was performed using a FACScalibur flow cytom-
eter and software version 6.0 (BD Biosciences, Franklin
Lakes, NJ).
Propidium Iodide/Annexin V Fluorescence-Activated
Cell Sorting

INS-1 cells were seeded at density (2.5 � 105 cells/well) in
six-well plates in RPMI medium. After 48 hours of seeding,
cells were treated with 1% BSA or 0.4 mmol/L PA for 48
hours. Medium containing detached and floating cells was
collected, and the rest of the cells were trypsinized and then
washed once with phosphate-buffered saline. Cells were then
washed and suspended in 1� Annexin Binding Buffer (400
ng per 1 � 106 cells) and incubated for 8 minutes at room
temperature away from light. Propidium iodide was then
added to each sample (2.5 mg/mL per sample) and incubated
for approximately 2 minutes. Fluorescence-activated
ajp.amjpathol.org - The American Journal of Pathology
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cell sorting analysis was then performed as previously
described.53
Immunoblotting

Cell lysate preparation and immunoblot analysis were per-
formed as described.54,55 Briefly, cells or islets were lysed in
cell lysis buffer containing 1 mmol/L sodium pyrophos-
phate, 10 mmol/L b-glycerol phosphate, 10 mmol/L sodium
fluoride, 0.5 mmol/L sodium orthovanadate, 1 mmol/L
microcystin, and protease inhibitor cocktail set II (Calbio-
chem, San Diego, CA) (36,37). Supernatants of the lysates
were subjected to SDS-PAGE (10% to 12% polyacrylamide
gel) and then transferred to polyvinylidene difluoride
membranes. Antibodies used were phospho-AKT (Ser473;
#4060; Cell Signaling Technology, Danvers, MA),
phospho-p70 S6 kinase (Thr389; #9205; Cell Signaling
Technology), cleaved caspase-3 (Asp175; #9661; Cell
Signaling Technology), cyclin D1 (sc-8396; Santa Cruz
Biotechnology), cyclin D2 (sc-593; Santa Cruz Biotech-
nology), p-mTOR (Ser 2448; #5536; Cell Signaling Tech-
nology), p-IRS (Ser 1101; #2385; Cell Signaling
Technology), and Raptor (48648; Cell Signaling Technol-
ogy). Enhanced chemiluminescence secondary mouse and
rabbit horseradish peroxidase antibodies used were from GE
Healthcare (Chicago, IL). Immunoblots were repeated for
each sample. Densitometry was performed using ImageJ
software (version 2.0) analysis.
RNA Sequencing and Data Analysis

Six mouse islet preparations (three in the NC group and
three in the HFD group, on diet for 4 months) were
sequenced, and data were analyzed using Partek Flow and
Ingenuity Pathway Analysis.49 In brief, an RNeasy Mini Kit
(Cat# 74104; Qiagen, Hilden, Germany) was used to isolate
total RNA from mouse islets. RNA quality was tested using
Agilent Bioanalyzer (Agilent Technologies, Santa Clara,
CA), and the RNA integrity number values for all the
samples were >7.5. The authors utilized University of
Southern California Molecular Genetics Core for next
generation sequencing services to convert mRNA to
cDNA libraries, which were further sequenced using Illu-
mina NextSeq 500 (Illumina, San Diego, CA) at 25 million
reads per sample.
Statistical Analysis

The data are presented as means � SEM. Differences be-
tween HFD- or PA-treated groups versus controls were
analyzed by t-test, with two-tailed P < 0.05 considered
statistically significant. All tissue culture experiments were
performed at least three times.
The American Journal of Pathology - ajp.amjpathol.org
Results

Chronic Exposure to HFD Leads to Reduced Beta-Cell
Proliferation and Induced Beta-Cell Death

HFD is a lipid-rich diet that is often used as an experimental
approach to induce hyperglycemia and insulin resistance.4,6

During HFD feeding, the mass of pancreatic islets increases
to compensate for the demand of insulin. It is hypothesized
that this increased demand for insulin production leads to
beta-cell death and development of diabetes. In the current
study, this HFD-induced compensatory beta-cell growth
response was used as a model to explore the in vivo effects
of hyperlipidemia on cell growth and survival. Three-
montheold mice were subjected to HFD feeding for
different durations ranging from 7 days to 14 months. Seven -
or 15-day feeding of HFD did not significantly alter the
plasma insulin levels (Figure 1A). Consistent with previous
reports,12 HFD feeding for 2 months was sufficient to in-
crease fasting plasma insulin. Insulin levels peaked at 4
months, reaching approximately 10-fold induction as
compared to those in the NC-fed mice. This induction was
significantly diminished with 14-month HFD feeding where
only a threefold induction was observed (Figure 1A). This
diminished insulin response was concurrent with the devel-
opment of glucose intolerance in the 14-month HFD-fed
mice, where the area under curve for the glucose tolerant
test was significantly higher (P < 0.05) at 3.26 � 0.24 versus
2.05 � 0.17 in the NC-fed mice. The mice, however, did not
develop overt diabetes because fasting glucose levels were
comparable between the HFD (126� 4.8 mg/dL) and the NC
(110 � 6 mg/dL) mice. Together with the significantly
elevated insulin secretion and islet mass, these data indicate
that the insulin level in the HFD-fed mice is still able to
compensate for the insulin resistance even though islet pro-
liferation has started to diminish. The length of HFD needed
to eventually induce sufficiently diminished insulin output/
islet mass for diabetes is unclear. The mass of islets also
increased concurrent with the elevated plasma insulin levels.
Starting at 2 months after the start of HFD feeding, a
1.92 � 0.25-fold induction of islet mass was observed with
HFD feeding versus NC, reaching significance (P < 0.05) at
4 month feeding. Islet mass peaked at 9 months with an
approximately fourfold induction and started to decline with
14 months of HFD feeding (Figure 1A).

Proliferation of beta-cells in response to HFD feeding was
assessed. The data suggest that increases in proliferation of
beta-cells preceded the increase of either islet mass or
plasma insulin concentration. Measured using Ki-67/BrdU
staining, the data showed that 14 days of feeding of HFD is
sufficient to induce beta-cell proliferation by threefold.
Two-month HFD feeding induced beta-cell proliferation by
nearly 10-fold (Figure 1A). Although longer feeding for 4
and 9 months continuously induced beta-cell proliferation,
such induction occurred at approximately twofold or less,
significantly lower than the 10-fold observed with 2 months
133
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Figure 1 High-fat dieteinduced beta-cell proliferation. A: Three-montheold mice were put on a high-fat diet (HFD) for the indicated durations (x axes).
Fold change of fasting insulin (left), islet mass (middle), and cell proliferation rate (right) were observed for HFD- versus normal chow (NC)-fed animals. B:
Immunofluorescent staining of cyclin D2 and insulin in pancreas of HFD- and NC-fed mice. Top panels, mice fed on indicated diet for 2 months (2M); bottom
panels, mice fed on indicated diet for 14 months (14M). Right panels, quantification of cyclin D2epositive beta-cells versus total beta-cells. Green, cyclin D2;
red, insulin; blue, DAPI. Arrows point to the cyclin D2epositive beta-cells. Insets are the magnified (by two- to threefold) images of the boxed areas. C:
Immunoblotting analysis for cyclins D1 and D2. Left panel, mice fed on indicated diet for 2 months (2M); middle panel, mice fed on indicated diet for 14
months (14M); right panel, densitometry quantification of the ratio of cyclin D2/GAPDH from different immunoblotting performed with isolated islets. Each
lane represents one mouse. nZ 5 to 9 mice per condition (A); B and C: nZ 3 2Mon, nZ 4 14Mon. *P < 0.05 compared to NC-fed mice. Scale barZ 100 mm.
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of HFD feeding. By 14 months of HFD feeding, the beta-
cell proliferation rate was significantly lower in the HFD-
fed mice. Approximately 50% beta-cell proliferation rate
was observed in the HFD feeding group versus that in the
control group. The cell proliferation rate was corroborated
by cyclin D2 staining where 2-month HFD feeding
134
significantly induced the number of cells that stained
positive for cyclin D2 (Figure 1B). In the 14-montheold
mice, beta-cells positive for cyclin D2 were rare in the NC
(control) group and essentially undetectable in the HFD
group (Figure 1B). Immunoblotting analysis of cyclin D2
confirmed that 14-month HFD feeding led to significantly
ajp.amjpathol.org - The American Journal of Pathology
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reduced expression of cyclin D2, whereas 2-month HFD
increased levels of cyclin D2 in mouse islets (Figure 1C).

Apoptosis was evaluated in the beta-cells from the
different HFD feeding groups using the TUNEL assay.
TUNEL-positive cells were barely detectable in either the
NC or the HFD-fed mice (Figure 2 and data not shown).
Although TUNEL-positive cells were still rare in the 14-
month HFD-fed mice, some TUNEL-positive cells were
detected. In particular, some islets in the HFD group
appeared to be undergoing more severe apoptosis than the
control group even though the overall apoptotic rate was
still very low (Figure 2). Nonetheless, the increase in cell
death in response to chronic lipid exposure likely contrib-
uted to the decline of insulin levels and islet mass associated
with HFD feeding. Together, these in vivo analyses
demonstrate a two-phased response of beta-cells to HFD
feeding, where short exposure induces proliferation and
overall islet function, and longer exposure leads to apoptosis
or cell death.

Prolonged Exposure to PA Leads to Reduced Beta-Cell
Growth/Survival

To understand this two-phased response to lipid exposure,
time- and dose-dependent exposure studies to PA were
performed and cell viability was evaluated using MTT assay
in mEFs. The 0.4 mmol/L PA treatment induced an
approximately 50% reduction in MTT in 24 hours, whereas
48-hour treatment induced further reduction (Figure 3).
Similarly, 48-hour treatment was needed for 0.4 mmol/L PA
to decrease cell growth/viability in beta-cells (INS-1, b-
TC6, and MIN6) (Figure 3). Increasing the concentration of
PA dose-dependently decreased cell growth/viability in
mEFs as indicated by reduced MTT. In beta-cells,
increasing concentration of PA up to 1 mmol/L had mini-
mal additional effects, though a mild dosage effect was
observed in INS-1 cells. Using the mEF cells as a model, the
cell growth signals were evaluated up to 24 hours with 0.4
mmol/L of PA treatment. The data show that PA indeed
induced the expression of G1 cyclins, cyclin D2, similar to
that observed in vivo (Figure 4A). Eighteen-hour and 24-
hour treatments also induced the expression of cyclin D1
at physiological range of glucose. The induction of cyclin
D2 by PA, however, appears to be independent of the
glucose concentrations, though the specific exposure time
needed does vary with different glucose concentrations.

Surprisingly, a down-regulation of phospho-AKT was
observed under all glucose conditions, particularly with 18-
and 24-hour PA treatment. This observation was confirmed
in the three beta-cell lines (Figure 4B). Similar to mEFs,
exposure to PA for 48 hours led to reduced phospho-AKT
and up-regulation of G1 cyclins including cyclin D1, D2,
and A. In addition, isolated islets were exposed to PA
treatment and similar down-regulation of phospho-AKT
concurrent with induction of cyclin D2 was observed
(Figure 4C). Furthermore, islets from HFD-fed mice also
The American Journal of Pathology - ajp.amjpathol.org
displayed similar down-regulation of phospho-AKT with
induction of cyclin D2, though not as profound, likely due
to mouse-to-mouse variations (Figure 4C). The down-
regulation of phospho-AKT is counterintuitive to the
elevated G1 cyclins because AKT is a pro-growth and pro-
survival kinase. We hypothesized that the down-regulation
of phospho-AKT may be a result of chronic exposure to
PA, whereas short exposure would induce the phosphory-
lation of AKT. To address the dynamics of AKT phos-
phorylation in response to lipid exposure, the study assessed
AKT phosphorylation in INS-1 cells treated with 0.4 mmol/
L PA for 30 minutes, 4 hours, and 24 hours (Figure 5A).
The results clearly indicate that short treatment for 30 mi-
nutes indeed induced AKT phosphorylation, whereas this
phosphorylation was gradually lost with longer PA expo-
sure. Twenty-fourehour exposure to PA led to down-
regulation of phospho-AKT, whereas 4 hour exposure did
not alter the phosphorylation of AKT.

We hypothesized that the down-regulation of AKT in
response to long PA exposure may have been responsible for
the loss of proliferation and increased apoptosis associated
with prolonged lipid exposure. Consistent with this hypoth-
esis, fourfold fewer cells were observed in S phase in the 48-
hour PA-treated INS-1 cells (Figure 5B), indicative of
reduced cell cycle progression. Furthermore, fivefold more
annexin Vepositive cells were observed in the PA-treated
cultures as compared to vehicle-treated cultures
(Figure 5C), suggesting elevated apoptosis in INS-1 cells
exposed to PA for 48 hours. In addition, cleaved caspase 3,
induced by PA treatment, correlated with down-regulation of
AKT phosphorylation (Figure 5D). Together, these data
indicate that prolonged exposure of beta-cells to PA leads to
reduced cell cycle progression and induces cell death.

Prolonged PA ExposureeInduced Phospho-AKT
Involves Activation of p70S6K and Raptor/mTOR
Complex

AKT1 plays an important role in the adaptive response of
beta-cells to HFD.49 The data here suggest that PA-
regulated cell growth and survival are dependent on AKT
phosphorylation, where suppression of phospho-AKT is
concurrent with PA-induced beta-cell apoptosis and growth
suppression. To explore how PA exposure leads to the
down-regulation of AKT phosphorylation, the level of
PTEN was determined, because beta-cell deletion of Pten
results in improved beta-cell function and survival of beta-
cells.36,37 In either mEF or beta-cell lines, PTEN did not
change in response to PA exposure (Figure 6A). In islets,
PA treatment had a minor effect on PTEN expression
(Figure 6A). Thus, it is unlikely that the down-regulation of
AKT phosphorylation induced by PA occurs due to PTEN
induction.

In order to explore the mechanisms by which chronic
HFD exposure leads to reduced phospho-AKT, RNA-seq
analysis was performed in islets from HFD fed mice
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(https://www.ncbi.nlm.nih.gov/geo; accession number
GSE183778). The results demonstrate that mTOR/p70S6K
is among the top three major signaling pathways induced in
islets by HFD feeding (Supplemental Figure S1). Gene set
enrichment analysis showed a significant up-regulation of
mTOR signaling in islets isolated from the HFD-fed mice
versus controls (Figure 6B). To confirm that mTOR signal is
indeed induced even with down-regulation of AKT activity,
S6K phosphorylation was studied in response to PA treat-
ment. In mEFs exposed to PA for 24 and 18 hours, PA
treatment induced phospho-S6K even though phospho-AKT
was inhibited, particularly with 24 hour exposure (Figure 6C).
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The same association of phospho-AKT and phospho-S6K
was observed with beta-cells exposed to PA for 48 hours,
concurrent with increased phosphorylation of mTOR-
Ser2448 (Figure 6D). Similar induction of S6K and mTOR
phosphorylation was observed in islets from mice fed HFD
diet (Figure 6E). These data together suggest that prolonged
lipid exposure, while inhibiting AKT activity, is inducing the
activity of mTOR.
Although mTOR activation is often indicative of active

AKT activity, it also serves as the kinase that phosphory-
lates AKT. In addition, chronic activation of mTOR signal
is reported to induce a S6K-dependent phosphorylation of
ajp.amjpathol.org - The American Journal of Pathology
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treatment reduces cell survival/growth in multiple
cell lines. In mouse embryonic fibroblasts (mEF; top
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loss of cell viability/growth potential as measured
with MTT assay. Experiments were repeated multiple
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IRS-1, serving as a feedback loop to inhibit AKT
activity.56e58 Consistently, phosphorylation of IRS-1 (Ser
1101) was observed, concurrent with the phosphorylation of
S6K and mTOR in beta-cells (Figure 6D). To address
138
whether the PA-induced AKT down-regulation is dependent
on this feedback loop, INS-1 cells were treated with rapa-
mycin in combination with PA. As an inhibitor for mTOR
activity, rapamycin treatment effectively inhibited
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phosphorylation of S6K. The data indicated that the PA-
induced down-regulation of AKT phosphorylation is
readily rescued by rapamycin treatment (Figure 7A). These
data suggest that the PA-regulated down-regulation of
phospho-AKT is dependent on mTOR signaling. To address
how PA may regulate mTOR signal, expression of Raptor
and Rictor was studied. The data indicate that the overall
protein levels of Raptor (but not Rictor) are increased with
PA treatment (Figure 7B). Because activation of the Raptor-
containing mTOR complex by nutrients leads to phos-
phorylation of S6K and subsequent inhibition of AKT via
IRS-1 phosphorylation,44 these data are consistent with the
notion that the up-regulation of Raptor-containing mTOR
complex by PA treatment is responsible for the S6K-
dependent down-regulation of AKT phosphorylation.
Discussion

Obesity, a major complication associated with T2D, in-
creases the demand of insulin secretion to cope with hy-
perglycemia pressure.3 The increased insulin secretion is
accompanied by the increased proliferation of pancreatic
beta-cells.2e6 This enhanced growth response from beta-
cells is followed by failure of beta-cells where both the
mass and function of beta-cells decline when the demand for
increased insulin output sustains for a chronic period of
time.3,59,60 In recent years, the ability of glucose to induce
beta-cell replication has been established8,61; however,
whether lipid induces beta-cell replication or promotes their
apoptosis is still unclear. Studies focusing on the role of
lipid or HFD suggest that short-term and low-dose exposure
to lipid is likely pro-growth for beta-cells, whereas long-
term and high-dose exposure results in the death of beta-
cells.3,11,59,62e65 However, the dynamics and mechanism by
which lipid can induce both beta-cell growth and their
apoptosis are not clear. The current study explored the dy-
namic response and mechanistic base for the lipid-induced
beta-cell compensatory response and reports several major
findings. First, the dynamics of beta-cell response to HFD
feeding were determined. Beta-cell proliferation peaked at 2
months after initiation of HFD feeding, preceding the peaks
in increased insulin secretion (4 months) and islet mass
(9 months). Chronic exposure to HFD (14 months) resulted
in reduction of beta-cell proliferation and elevated
apoptosis. Second, cell culture models were established that
mimic the biphasic response to chronic lipid exposure with
multiple beta-cell cell lines. Using these model systems to
confirm what was observed in mouse models, the study
showed that chronic exposure (>4 hours) to PA leads to
down-regulation of phospho-AKT, whereas short exposure
(30 minutes) results in its induction. Third, down-regulation
of phospho-AKT occurs simultaneously with increases in
annexin Vepositive apoptotic cells as well as reduction of
cells in S phase. Fourth, down-regulation of phospho-AKT
The American Journal of Pathology - ajp.amjpathol.org
by PA is not a result of altered expression of PTEN, but is
regulated by Raptor-mTORemediated S6K activation.

A “beta-cell exhaust” idea has been proposed where rapid
growth of beta-cells induced by HFD leads to exhaustion of
their growth capacity resulting in failure.66 The current
study started by exploring the molecular signals induced by
HFD that regulate beta-cell growth. Using PA treatment in
cultured beta-cells and islets, the data demonstrated that
chronic exposure to lipids leads to reduced viability and
inhibition of cell cycle progression concurrent with down-
regulation of a pro-growth/survival kinase AKT, indepen-
dent of glucose. Genetic studies targeting AKT and signals
regulating AKT have demonstrated a role for the AKT
isoforms in the regulation of beta-cell growth/survival and
islet mass.29,31,34,38,67e71 AKT2 was found to be required
for maintaining metabolic homeostasis as Akt2�/� mice
develop insulin resistance, which indirectly leads to induced
beta-cell mass due to adaptive beta-cell response.67 The role
of AKT1 in metabolic regulation lies in its ability to regulate
the adaptive growth and survival of pancreatic beta-cells.49

Mice deficient in AKT1 function display normal beta-cell
mass and morphology,29,68 whereas ectopic over-
expression of constitutively active AKT1 in beta-cells leads
to a dramatic increase in islet mass.31,34 In addition, deletion
of Pten in beta-cells, which leads to constitutive activation
of AKT1, results in increased beta-cell proliferation,
enhanced islet mass, and hypoglycemia in mice.36,37

Consistently in beta-cells, AKT1 is indispensable for the
adaptive growth response for beta-cells fed HFD.49 Loss of
AKT1 function induces mild endoplasmic reticulum stress
and predisposes beta-cells to chronic HFD-induced cell
death.49,53

In the past 2 decades, studies using genetically modified
animals suggest a major role for the G1/S cell cycle ma-
chinery and key mitogenic signals such as IGF, platelet-
derived growth factor (PDGF), and HGF in the growth of
beta-cells.72 Among the molecular signals that control beta-
cell replication, genetic evidence targeting different
signaling molecules confirmed the importance of PI3K
signal downstream of the growth factors in the regulation of
beta-cell replication. The negative regulator of this mito-
genic signaling, PTEN, was previously shown to be induced
by HFD feeding in vivo with unclear mechanisms.73 Mice
lacking PTEN specifically in the beta-cells have more and
larger islets, and demonstrate a role of PTEN/PI3K
signaling in beta-cell growth and senescence.33,35,36,53 The
current study shows that the PA-induced AKT down-
regulation is not a result of induced expression of its
negative regulator PTEN, but is due to the feedback regu-
latory loop mediated by mTOR. The data showed that
chronic exposure of beta-cells and islets to PA results in
concurrent activation of S6K and inhibition of AKT. This
analysis suggests that the mTOR-AKT negative feedback
loop signaling is induced by chronic exposure to lipids and
that this feedback signal is likely responsible for the dipole
response of beta-cells to lipid/HFD exposure (Figure 7C).
141
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Though transient activation of mTOR leads to enhanced cell
survival, chronic activation of mTOR results in inhibition of
PI3K/AKT action via IRS and promotion of cell death.74

Such feedback can block the action of PI3K and results in
the down-regulation of downstream signaling molecules,
including Ser/Thr kinase AKT.75 Consistently, mice lacking
either TSC1 or TSC2 (with activated mTOR signal) in beta-
cells display beta-cell failure with reduced islet mass and
function, and develop diabetes-like phenotypes when they
get older.40 Such failure is mediated by the activation of
mTOR because rapamycin treatment to inhibit mTOR ac-
tivity can rescue the failure of beta-cells in these mice.40

Interestingly, the rapamycin treatment also induced the
phosphorylation of AKT.

The mTOR kinase exists in two separate complexes with
other regulatory factors.74 Previous studies have reported
that Myc-dependent adaptive response to glucose is regu-
lated by the TORC1 mTOR complex.76 The TORC1 com-
plex is composed of Raptor and PRAS40. TORC1 complex
phosphorylates and activates S6K, which phosphorylates
and inactivates IRS1/2. The TORC2 complex is composed
of Rictor, mSin1, and Protor. Chronic activation of mTOR
also leads to TORC2-induced phosphorylation and degra-
dation of IRS1/2. The current data demonstrated a consistent
activation of S6K phosphorylation in response to lipid
treatment. These data suggest that lipid treatment at least
activates the TORC1 complex, an observation confirmed by
142
the up-regulation of Raptor. In experimental models, loss of
mTORC1 signal also leads to beta-cell failure and results in
diabetes phenotypes.38 However, inhibition of S6K leads to
improved glucose-induced insulin secretion in isolated
human islets.41 Thus, further exploration into the mTOR-
S6K-AKT is needed to understand the dynamics of
response of this signaling axis and lipid exposure. Particu-
larly, understanding the mechanisms by which lipid expo-
sure regulates mTOR signaling is necessary, not only for
elucidating the adaptive response of beta-cells to lipid
exposure, but also for other cell growth responses to dys-
lipidemia. A putative mechanism characterized for
lipidemTOR interaction impinges on phosphatidyl
acid.77,78 Binding of phosphatidic acid to the FRB domain
of mTOR blocks binding of Deptor,79 a partner of both
TORC1 and TORC2 complex. Although initial immuno-
precipitation in INS-1 cells did not confirm that PA treat-
ment altered binding of Deptor to TORCs (data not shown),
the current data show that total levels of Raptor are induced
by PA treatment in INS-1 cells. Raptor is a component of
the TORC1 complex, and elevated Raptor is consistent with
the observed increase of phospho-S6K in response to PA
treatment.
Together, the data suggest that Raptor-mTOR may act as

a lipid sensor for HFD, and increased lipid levels can induce
beta-cell proliferation followed by beta-cell failure due to
the mTOR feedback loop. Induction of Raptor expression
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and activation of S6K mediated down-regulation of AKT
due to chronic exposure to lipids. The down-regulated AKT
signal led to loss of growth potential and increased beta-cell
death, leading to beta-cell failure in response to chronic lipid
exposure. An increased activation of S6K has been recently
reported in islets of human T2D patients where hyperlip-
idemia is common.41 In these islets from T2D patients and
db/db mice, inhibition of mTORC-S6K signal can indeed
improve glucose-induced insulin secretion.41 The current
study showed that the mTOR feedback loop mediates the
dipole effect of HFD and lipid-induced beta-cell growth
deficiency, and it may be targeted to overcome beta-cell
failure.
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