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Podocyte apoptosis is a critical mechanism for excessive loss of
urinary albumin that eventuates in kidney fibrosis. Pharmacolog-
ical doses of the mammalian target of rapamycin (mTOR)
inhibitor rapamycin reduce albuminuria in diabetes. We explored
the hypothesis that mTOR mediates podocyte injury in diabetes.
High glucose (HG) induces apoptosis of podocytes, inhibits AMP-
activated protein kinase (AMPK) activation, inactivates tuberin,
and activates mTOR. HG also increases the levels of Nox4 and
Nox1 and NADPH oxidase activity. Inhibition of mTOR by low-
dose rapamycin decreases HG-induced Nox4 and Nox1, NADPH
oxidase activity, and podocyte apoptosis. Inhibition of mTOR had
no effect on AMPK or tuberin phosphorylation, indicating that
mTOR is downstream of these signaling molecules. In isolated
glomeruli of OVE26 mice, there is a similar decrease in the
activation of AMPK and tuberin and activation of mTOR with
increase in Nox4 and NADPH oxidase activity. Inhibition of
mTOR by a small dose of rapamycin reduces podocyte apoptosis
and attenuates glomerular injury and albuminuria. Our data
provide evidence for a novel function of mTOR in Nox4-derived
reactive oxygen species generation and podocyte apoptosis that
contributes to urinary albumin excretion in type 1 diabetes. Thus,
mTOR and/or NADPH oxidase inhibition may represent a thera-
peutic modality of diabetic kidney disease. Diabetes 62:2935–
2947, 2013

T
here is increasing evidence that the mammalian
target of rapamycin (mTOR) pathway is involved
in the pathogenic manifestations of diabetic ne-
phropathy. mTOR phosphorylation is enhanced

in the kidney cortex of diabetic rats, and treatment of rats
with rather large doses of the mTOR inhibitor rapamycin
blocks diabetes-induced glomerular hypertrophy and albu-
minuria (1–3). The mechanism by which mTOR inhibition
reduces albuminuria is unknown. Injury to glomerular ep-
ithelial cells or podocytes interferes with the integrity of
the glomerular filtration barrier and contributes to albu-
minuria. In diabetic subjects and in diabetic animals, there
is a decrease in podocyte number (4–8).

mTOR, a highly conserved nutrient-responsive regulator
of cell growth found in eukaryotes (9), is a serine/threo-
nine protein kinase existing in two complexes, mTORC1 or
mTORC2, consisting of distinct sets of protein-binding

partners (10,11). mTORC1 is rapamycin sensitive and is
thought to mediate many of its downstream effects
through p70S6 kinase (p70S6K)/S6 kinase 1 (S6K1) and
4E-binding protein 1 (4E-BP1) (12). mTORC2 is largely
rapamycin resistant and mediates phosphorylation of pro-
tein kinase B (PKB/Akt) at Ser473 (13). Although both com-
plexes respond to hormones and growth factors, only
mTORC1 is activated by nutrients and cellular energy
status (12). mTOR activity is negatively regulated by the
heterodimeric complex consisting of tuberin (TSC2) and
hamartin (TSC1). Phosphorylation of tuberin serves as an
integration point for a wide variety of environmental sig-
nals that regulate mTORC1 (11). Importantly, phosphory-
lation of tuberin by AMP-activated protein kinase (AMPK)
maintains its tumor-suppressor activity and prevents the
activation of mTORC1.

We recently demonstrated that AMPK is inactivated in
podocytes exposed to excess glucose and in an experimental
model of type 1 diabetes (7,14). A functional link between
AMPK and mTORC1 has been reported (15). AMPK is known
to directly phosphorylate tuberin on conserved sites such
as Thr1271 and Ser1387, thereby maintaining the tuberin/
hamartin complex active to prevent the activation of
mTORC1 (16,17). We postulated that the activation of
mTOR in type 1 diabetes reduces podocyte survival, pro-
viding a potential mechanism by which mTOR inhibition
reduces albuminuria.

In this study, we provide evidence that type 1 diabetes,
or high glucose (HG)–induced podocyte apoptosis, is me-
diated by activation of the mTOR pathway through in-
activation of AMPK/tuberin. We further demonstrate that
in type 1 diabetes, the activation of mTOR enhances oxi-
dative stress via upregulation of Nox4 and Nox1 expres-
sion and NADPH oxidase activity. Inhibition of the mTOR
pathway by clinically relevant doses of rapamycin reverses
the observed changes. Furthermore, we show that in-
hibition of mTOR decreases podocyte apoptosis, reduces
glomerular basement membrane thickening (GBM) and
foot process effacement, and attenuates mesangial ex-
pansion and albuminuria.

RESEARCH DESIGN AND METHODS

Podocyte culture and transfection. Conditionally immortalized mouse
podocytes, provided by Dr. Katalin Susztack (Albert Einstein College of
Medicine, Bronx, NY), were cultured, as previously described (7,8), in 5 mmol/L
normal glucose (NG) or treated with 25 mmol/L glucose (HG) for 48 h in the
presence or absence of 10 nm rapamycin or in the presence or absence of 1
mmol/L aminoimidazole-4-carboxamide-1-riboside (AICAR). For the RNA in-
terference experiments, a SMARTpool consisting of small interfering RNA
(siRNA) duplexes specific for mouse mTOR were obtained from Dharmacon.
siRNA (100 nmol/L) was introduced into the cells by double transfection using
Oligofectamine or Lipofectamine 2000, as previously described (18). Scram-
bled siRNAs (nontargeting siRNA, Scr; 100 nmol/L) served as controls. In
additional experiments, podocytes were transfected with 1.0 mg of a vector
expressing wild-type mTOR or a control vector using Gene Juice 2000. After
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transfection, cells were incubated in serum-free medium containing 0.2% BSA
in NG or HG for 48 h in the absence or presence of 1 mmol/L AICAR.
Detection of intracellular reactive oxygen species. The peroxide-sensitive
fluorescent probe 2’,7’-dichlorodihydrofluorescin diacetate (DCF; Molecular
Probes) was used to assess the generation of intracellular reactive oxygen
species (ROS), as previously described (8).
Animal models. The study used 22-week-old control FVB and OVE26 mice
(The Jackson Laboratory, Bar Harbor, ME). The University of Texas Health
Science Center at San Antonio Institutional Animal Care and Use Committee
approved all animal procedures. The 17-week-old mice were divided into four
groups: I, control FVBmice; II, OVE26mice; III, OVE26mice treated for 5 weeks
with rapamycin at 0.5 mg/kg/body weight administrated three times a week by
intraperitoneal injection; and group IV, OVE26 mice treated intraperitoneally
with AICAR at 750 mg/kg/day (7). Before and after the treatment with rapa-
mycin or AICAR, mice were placed in metabolic cages for urine collection.
Albuminuria was measured by a Mouse Albumin ELISA Quantification kit
(Bethyl Laboratories, Montgomery, TX) and expressed as micrograms of al-
bumin per 24 h.

Animals were killed by exsanguination under anesthesia. Both kidneys were
removed, decapsulated, and weighed. A slice of the kidney cortex at the pole
was embedded in paraffin or flash-frozen in liquid nitrogen for microscopy and
image analyses. Cortical tissue was used for isolation of glomeruli by differ-
ential sieving, as described previously (7,8,19).
NADPH oxidase activity. NADPH oxidase activity was measured in podo-
cytes grown in serum-free medium or in glomeruli isolated from kidney cor-
tex as previously described (7,8). Superoxide production was expressed as
RLU/mg protein. Protein content was measured using the Bio-Rad protein
assay reagent.
AMPK activity assay. AMPK activity was measured using AMPK KinEASE FP
Fluorescein Green Assay Fluorescence Polarization according to the manu-
facturer’s protocol (Millipore) (7).
Western blotting analysis. Homogenates from glomeruli isolated from renal
cortex and lysates from cultured mouse podocytes were prepared as previously
described (7,8). All primary antibodies were from Cell Signaling (Danvers,
MA), except for the rabbit polyclonal anti-Nox4, which was from Novus Bi-
ological (Littleton, CO). Densitometric analysis was performed using NIH
ImageJ software.
mRNA analysis. mRNA was analyzed by real-time RT-PCR using the ΔΔCt
method. Total RNA was isolated using the RNeasy Mini kit from Qiagen.
mRNA levels were quantified using the Realplex Mastercycler (Eppendorf,
Westbury, NY) with SYBR green and predesigned mouse RT quantitative PCR
primers (SABiosciences, Frederick, MD) for Nox4 (RefSeq ID NM_015760)
and normalized to b-actin (RefSeq ID NM_007393).
Immunohistochemistry. Localization of cellular Nox4 was assessed by
immunoperoxidase histochemistry using polyclonal Nox4 antibodies (Novus
Biological).
Morphometric analysis. For morphometric analysis, cortical sections were
stained with periodic acid Schiff, and the increase in mesangial matrix was
measured.
Apoptosis assays. Assays for annexin V and propidium iodide staining, cas-
pase 3 activity, cellular DNA fragmentation, and Hoechst staining were used
according to the manufacturer protocols and as described previously (7,8).
Electron microscopy. For electron microscopy photomicrographs, kidney
cortex was prepared and analyzed as we and others have previously described
(7,8,20–24).
Podocyte enumeration. Dual-label immunohistochemistry was used to
identify and count glomerular epithelial cells relative to the GBM using
a modification of methods previously described (25–27) and as we recently
described (7,8).
TUNEL assay. TUNEL staining using the TUNEL Apoptosis Detection Kit
(Upstate) was performed according to the manufacturer’s instructions. The
number of TUNEL-positive cells was counted in 25 randomly selected glo-
meruli (original magnification 3400) for each animal. Five animals were
studied per group.
Statistical analysis. Results are expressed as mean 6 SE. Statistical signif-
icance was assessed by the Student unpaired t test. Significance was de-
termined as P , 0.05.

RESULTS

HG induces podocyte apoptosis through an mTOR-
dependent mechanism. Mouse podocytes were exposed
to HG or NG for 48 h in the absence or presence of
rapamycin. Mannitol was used as an osmotic control. Ex-
posure of podocytes to HG significantly increased apo-
ptosis assessed by annexin V binding, caspase 3 activation,

cellular DNA fragmentation, and Hoechst staining (Fig.
1A–E). This was associated with activation of mTOR, as
determined by the phosphorylation of S6K on Thr389 (Fig.
1F and G). Phosphorylation of mTORSer2448, an S6K
phosphorylation site, was also increased (28,29) (Fig. 1F
and H). Treatment with rapamycin inhibited HG-induced
podocyte apoptosis and decreased p70S6K and mTOR
phosphorylation (Figs. 1A–H). As expected, HG decreased
AMPK phosphorylation on its activating site Thr172, and
rapamycin treatment did not influence the effect of HG on
AMPK phosphorylation (Fig. 1I and J). In all experiments,
equimolar concentration of mannitol had no effect (Fig.
1A–J). In parallel experiments, podocytes were trans-
fected with SMARTpool of simTOR or with nontargeting
siRNA (Scr) before exposure to HG. simTOR transfection
had effects similar to those of rapamycin on the cultured
podocytes (Supplementary Fig. 1A–J). Collectively, these
results indicate that mTOR activation by HG mediates
podocyte apoptosis and suggest that mTOR acts down-
stream of AMPK.
HG regulates mTOR through AMPK to induce
podocyte apoptosis. We have recently shown a role of
AMPK in podocyte apoptosis (7). Because rapamycin
prevents HG-induced podocyte apoptosis, we studied the
role of AMPK in the regulation of HG-induced mTOR/
p70S6K activation. Podocytes were exposed to HG in the
absence or presence of AICAR. Treatment with AICAR
prevents HG-increased p70S6K (Fig. 2A and B) and mTOR
phosphorylation (Fig. 2C and D) and restores AMPKThr172

phosphorylation (Fig. 2E and F) and AMPK activity (Fig.
2G). In all experiments, an equimolar concentration of
mannitol had no effect on the cultured cells (Fig. 2A–G).
These data indicate that HG regulates the activation of
mTOR/p70S6K at least partially through AMPK. In support
of this, we found that HG increased phosphorylation of
tuberin, the negative regulator of mTOR, on its inactivating
site Thr1462 (Fig. 2H and I), whereas the phosphorylation
on the AMPK-dependent activating site Ser1387 was de-
creased (Fig. 2H and J). Note that rapamycin had no effect
on tuberin phosphorylation in cells exposed to HG (Fig.
2H–K), confirming that mTOR is downstream of tuberin.
AICAR treatment prevents the HG-induced decrease in
TSC2Ser1387 phosphorylation (Figs. 2L–M). However,
treatment with the AMPK inhibitor ARA in NG reduced
TSC2Ser1387 phosphorylation, mimicking the effect of HG
(Supplementary Fig. 2A and B). These data indicate that
the effect of HG to inhibit tuberin is at least partially due to
AMPK inactivation.
mTOR regulates HG-induced ROS production,
NADPH oxidase activity, Nox4 mRNA, and protein
levels. To determine if mTOR regulates ROS production
and NADPH oxidase Nox4, mouse podocytes were in-
cubated with HG in the absence or presence of rapamycin.
Treatment with rapamycin prevented HG-induced ROS
production (Fig. 3A) and Nox4 mRNA (Fig. 3B) and pro-
tein expression (Fig. 3C and D) and significantly blocked
HG-induced NADPH oxidase activity (Fig. 3E). In parallel
experiments, podocytes were transfected with SMART-
pool simTOR or with Scr control siRNAs before the cells
were exposed to HG. The use of simTOR had an effect similar
to that of rapamycin on cultured podocytes (Fig. 3F–J).
These data demonstrate that HG induced an increase in
ROS production, Nox4 protein, and mRNA levels and that
NADPH oxidase activation is mediated, at least partially,
through an mTOR-dependent mechanism. We previously
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FIG. 1. HG induces podocyte apoptosis through activation of mTOR. Mouse podocytes were serum deprived overnight and pretreated with
rapamycin (Rapa) (10 nmol/L) for 1 h before incubation with HG for 48 h. Mannitol was used as osmotic control. Rapamycin treatment inhibits HG-
induced apoptosis as measured by annexin V binding (A), caspase 3 activity (B), cellular DNA fragmentation (C), and Hoechst staining (D). E:
Quantification of Hoechst-positive cells (% of apoptosis) from four different experiments. Rapamycin treatment also inhibited the mTOR/S6K
pathway. F: Representative Western blot of p-p70S6K

Thr389
, p70S6K, p-mTOR

Ser2448
, mTOR, and b-actin levels. G: Histograms showing quantitation

of p-p70S6K
Thr389

/p70S6K results from four different experiments. H: Histograms showing quantitation of p-mTOR
Ser2448

/mTOR results from four
different experiments. I: Representative Western blot of p-AMPK

Thr172
and AMPK levels. J: Histograms showing quantitation of p-AMPK

Thr172
/

AMPK results from four different experiments. All values are the mean 6 SE from four independent experiments. *P < 0.05 vs. control; #P <
0.05 vs. HG.
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found that in cultured mouse podocytes, HG-induced Nox1
and Nox4 protein expression but had no effect on Nox2
protein (8). Our results show that rapamycin treatment
inhibited HG-induced Nox1 protein upregulation (Supple-
mentary Fig. 3A–D).

In parallel experiments, and to test whether AMPK and
mTOR fall in a linear signaling pathway, podocytes were
transfected with constitutively active mTOR expression
vector. The transfected cells were incubated with HG in
the presence of AICAR. As expected, AICAR prevented the

FIG. 2. HG regulates mTOR through AMPK to induce podocyte apoptosis. Podocytes were exposed to 25 mmol/L glucose (HG) with or without
AICAR (1 mmol/L) for 48 h. In parallel experiments, podocytes were exposed to HG with or without rapamycin (Rapa) (10 nmol/L) for 48 h.
Mannitol was used as osmotic control. A: Representative Western blot of p-p70S6K

Thr389
, p70S6K, and b-actin levels. B: Histograms showing

quantitation of p-p70S6K
Thr389

/p70S6K results from four different experiments. C: Representative Western blot of p-mTOR
Ser2448

, mTOR, and
b-actin levels. D: Histograms showing quantitation of p-mTOR

Ser2448
/mTOR results from four different experiments. E: Representative Western

blot of p-AMPK
Thr172

, AMPK, and b-actin levels. F: Histograms showing quantitation of p-AMPK
Thr172

/AMPK results from four different experi-

ments. G: Histograms representing AMPK activity measured in podocytes treated with HG in the presence or absence of AICAR. H: Representative

Western blot of p-TSC2
Thr1462

, p-TSC2
Ser1387

, TSC2, and b-actin levels. Histograms showing quantitation of p-TSC2
Thr1462

/TSC2 (I), p-TSC2Ser1387/
TSC2 (J), and TSC2/b-actin (K) (n = 4). L: Representative Western blot of p-TSC2

Ser1387
and b-actin levels. M: Histograms showing quantitation of

p-TSC2
Ser1387

/b-actin (n = 4). All values are the mean 6 SE from four independent experiments. *P < 0.05 vs. control; #P < 0.05 vs. HG.
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stimulatory effect of HG on mTOR activity and Nox4 ex-
pression (Supplementary Fig. 2). Interestingly, expression
of constitutively active mTOR blocked the AICAR-induced
downregulation of Nox4 (Supplementary Fig. 4). These
results demonstrate that inactivation of AMPK induces
Nox4 expression by activation of mTOR.
mTOR/p70S6K pathway is activated in glomeruli in
type 1 diabetes. The effect of mTOR blockade by rapa-
mycin was investigated in a mouse model of type 1 di-
abetes. OVE26 mice were treated with low and clinically
relevant doses of rapamycin (0.5 mg/kg body weight three
times a week for 5 weeks). Control FVB mice were treated
with vehicle. OVE26 mice have elevated blood glucose
levels compared with FVB mice and were not affected by
rapamycin treatment (Table 1). Body weight was signifi-
cantly reduced in the OVE26 mice and in the OVE26 mice
treated with rapamycin compared with FVB littermates.
Total kidney weight and kidney-to-body weight ratio, in-
dices of renal hypertrophy, increased significantly in

OVE26 mice compared with control FVB mice. Kidney size
in OVE26 mice treated with rapamycin was significantly
reduced compared with nontreated OVE26 mice (Table 1).
Urine flow rate (UFR) was increased in OVE26 mice
compared with FVB mice, and rapamycin treatment had
no effect on UFR (Table 1). In isolated glomeruli, phos-
phorylated (p)-p70S6KThr389 was increased in OVE26 com-
pared with FVB (Fig. 4A and B), indicating activation of
mTOR kinase; this is accompanied by an increase in mTOR
phosphorylation on Ser2448 (Fig. 4A and C). Tuberin phos-
phorylation on the inactivating site Thr1462 was also increased
in the glomeruli of the OVE26 mice compared with their
FVB littermates but was decreased on the activating site
Ser1387, and this was paralleled by a decrease in tuberin ex-
pression (Figs. 4D–G). Rapamycin treatment decreased the
phosphorylation of p70S6KThr389 (Fig. 4A and B) and
mTORSer2448 (Fig. 4A and C) but had no effect on the phos-
phorylation of TSC2Thr1462 and TSC2Ser1387 or on tuberin ex-
pression (Fig. 4D–G).

FIG. 2. Continued.
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Decrease in the phosphorylation and activation of
AMPK inactivates TSC2, activates the mTOR/S6K
pathway, and leads to podocyte injury in type 1
diabetes. To determine if the mTOR/p70S6K pathway is
downstream of AMPK, OVE26 mice were treated with
AICAR for 5 weeks. Isolated glomeruli from OVE26 mice
exhibited a decrease in AMPKThr172 phosphorylation and
AMPK activity (Fig. 5A–C), and these effects were re-
versed in AICAR-treated animals (Fig. 5A–C). In addition,
treatment with AICAR decreased diabetes-induced phos-
phorylation of p70S6KThr389 and mTORSer2448 (Fig. 5D–F).
These results indicate that AMPK inactivation by the

diabetic environment is associated with activation of the
mTOR/p70S6K pathway in glomeruli.

Importantly, we also show that AMPK inactivation in
glomeruli of OVE26 mice is associated with a decrease
in TSC2Ser1387 phosphorylation and downregulation of
tuberin protein levels and that these effects are reversed
by AICAR (Fig. 5G and H). Our data suggest that in-
activation of tuberin is linked to AMPK inhibition in di-
abetes. Note that rapamycin treatment had no effect on
tuberin phosphorylation (Fig. 4), unlike treatment with
AICAR, thereby confirming that mTOR is downstream of
AMPK/tuberin.

FIG. 3. mTOR regulates HG-induced ROS production, Nox4 mRNA and protein levels, and NADPH oxidase activity. Mouse podocytes were serum
deprived overnight and pretreated with rapamycin (Rapa) (10 nmol/L) for 1 h before incubation with HG for 48 h. A: ROS generation measured by
DCF with a multiwell fluorescence plate reader. B: Relative mRNA levels of Nox4 in control and treated podocytes. C: Representative Western
blots of Nox4 and b-actin levels. D: Histograms showing quantitation of Nox4/b-actin from four different experiments. E: NADPH-dependent
superoxide generation. In parallel experiments, mouse podocytes incubated in NG or HG were transfected with nontargeting siRNA (Scr) or with
SMARTpool of siRNA targeting mTOR (simTOR). F: ROS generation measured by DCF with a multiwell fluorescence plate reader. G: Relative
mRNA levels of Nox4 in control and treated podocytes. H: Representative Western blot of Nox4 and b-actin levels. I: Histograms showing
quantitation of Nox4/b-actin from four different experiments. J: NADPH-dependent superoxide generation. All values are the mean 6 SE from
four independent experiments. *P < 0.05 vs. control; #P < 0.05 vs. HG.

TABLE 1
Glucose level, body weight, kidney weight, kidney weight–to–body weight ratio, and UFR of FVB control mice, OVE26 type 1 diabetic
mice, and OVE26 mice treated with rapamycin

Control FVB Diabetic OVE26 Diabetic OVE26 + rapamycin

Glucose level (mmol/L) 140 6 08 485 6 15* 491 6 16*
Body weight (g) 24 6 1.2 19 6 1.0* 18 6 1.3*
Kidney weight (g) 0.19 6 0.01 0.26 6 0.03* 0.18 6 0.04#
Kidney weight–to–body weight ratio (g/kg) 7.7 6 0.5 13.9 6 0.4* 9.7 6 0.3#
UFR (mL/24 h) 0.8 6 0.05 9 6 0.8* 10 6 0.4*

Values are the means 6 SE from five animals for each group. *P , 0.05 OVE26 mice vs. FVB mice; #P , 0.05 rapamycin-treated OVE26 mice
vs. vehicle-treated OVE26 mice.
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FIG. 4. mTOR/p70S6K is activated in type 1 diabetes. OVE26 mice (17 weeks old) were treated with rapamycin (Rapa) (0.5 mg/kg body weight) for
5 weeks (3 times/week). Mice in the control group received saline vehicle. Glomeruli were isolated from the kidneys of three groups of mice (n = 5):
FVB control mice, OVE26 mice, and OVE26 mice treated with rapamycin. A: Representative Western blot of p-p70S6K

Thr389
, p70S6K, p-mTOR

Ser2448
,

mTOR, and b-actin levels. Histograms showing quantitation of results for p-mTOR/mTOR (B) and p-p70S6K/p70S6K (C) from five mice. D: Rep-

resentative Western blot of p-TSC2
Thr1462

, p-TSC2
Ser1387

, TSC2, and b-actin levels. Histograms showing quantitation of results from p-TSC2
Thr1462

/

b-actin (E), p-TSC2
Ser1387

/b-actin (F), and TSC2/b-actin (G) in five mice. Values are the means 6 SE from five animals for each group. *P < 0.05

OVE26 mice vs. FVB mice; #P < 0.05 rapamycin-treated OVE26 mice vs. vehicle-treated OVE26 mice.
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FIG. 5. Decrease in the phosphorylation and activation of AMPK inactivates TSC2 and activates the mTOR/S6K pathway and leads to podocyte
injury in type 1 diabetes. OVE26 mice (17 weeks old) were treated with AICAR (750 mg/kg/day, dissolved in saline, i.p.) for 5 weeks. Mice in the
control group received saline vehicle. Glomeruli were isolated from the kidneys of three groups of mice (n = 5): FVB control mice, OVE26 mice, and

OVE26 mice treated with AICAR. A: Representative Western blot of p-AMPKaThr172
and total AMPKa from isolated glomeruli of control FVB mice,

OVE26 mice, and OVE26 mice treated with AICAR. B: Histograms showing quantitation of results from 5 mice. C: Histograms showing AMPK

activity. D: Representative Western blot of p-p70S6K
Thr389

, p70S6K, p-mTOR
Ser2448

, and mTOR. Histograms showing quantitation of results for

p-p70S6K/p70S6K (E) and p-mTOR/mTOR (F) from five mice. G: Representative Western blot of p-TSC2
Ser1387

, TSC2, and b-actin levels. Histo-

grams showing quantitation of results for p-TSC2
Ser1387

/b-actin (H) and TSC2/b-actin (I) from five mice. All values are the means 6 SE from five

animals for each group. *P < 0.05 OVE26 mice vs. FVB mice; #P < 0.05 AICAR-treated OVE26 mice vs. vehicle-treated OVE26 mice.
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FIG. 6. mTOR/S6 kinase activation upregulates Nox4 and enhances NADPH oxidase activity in type 1 diabetes. OVE26 mice (17 weeks old) were
treated with rapamycin (Rapa) (0.5 mg/kg body weight) for 5 weeks (3 times/week). Mice in the control group received saline vehicle. Glomeruli
were isolated from the kidneys of FVB control mice, OVE26 mice, and OVE26 mice treated with rapamycin (n = 5 mice/group). A: Relative mRNA
levels of Nox4 in control FVB, OVE26, and OVE26 mice treated with rapamycin. B: Representative Western blot of Nox4 and b-actin levels. C:
Histograms showing Nox4/b-actin quantitation of results from five mice. D: Nox4 expression and localization were detected by immunoperoxidase
staining of kidney sections from control FVB (a), OVE26 (b), and OVE26 (c) mice treated with rapamycin. E: NADPH-dependent superoxide
generation. All values are the means 6 SE from five animals for each group. *P < 0.05, OVE26 mice vs. FVB mice; #P < 0.05, rapamycin-treated
OVE26 mice vs. vehicle-treated OVE26 mice.
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FIG. 7. mTOR regulates GBM thickening, foot process effacement, podocyte loss/apoptosis, and albuminuria in type 1 diabetic mice. OVE26 mice
(17 weeks old) were treated with rapamycin (Rapa) (0.5 mg/kg body weight) 3 times/week for 5 weeks. Mice in the control group received saline
vehicle. Glomeruli were isolated from the kidneys of FVB control mice, OVE26 mice, and OVE26 mice treated with rapamycin (n = 5 mice/group).
A: Representative transmission electron photomicrographs of glomerular cross-section of FVB, OVE26, and OVE26 mice treated with rapamycin.
The images show foot process effacement (panel b, red arrow) and GBM (panel b, blue arrow) of an OVE26 mouse. This effect was not seen in the
OVE26 mice treated with rapamycin (panel c). Histograms representing thickness of the GBM measured in nmol/L (B) and semi-quantitative
analysis of foot process effacement of glomeruli (C) from each group of animals. D: Representative immunofluorescence images of glomeruli
stained with collagen IV (green), synaptopodin (red), and 49,6-diamidino-2-phenylindole (blue). E: Histogram representing podocyte number per

mTOR SIGNALING IN DIABETES

2944 DIABETES, VOL. 62, AUGUST 2013 diabetes.diabetesjournals.org



mTOR/S6 kinase activation upregulates Nox4 and
enhances NADPH oxidase activity in type 1 diabetes.
We examined the relationship between Nox4 and mTOR
pathway in vivo. As expected, levels of Nox4 mRNA and
proteins assessed by Western blotting and immunoper-
oxidase staining were increased in glomeruli of OVE26
mice, with prominent increase shown in glomerular epi-
thelial cells, an effect inhibited by rapamycin treatment
(Fig. 6A–D, black arrow, and Fig. 6E).
mTOR regulates GBM thickening, foot process
effacement, podocyte loss, mesangial expansion, and
albuminuria. Electron microscopic analysis revealed
a significant increase in GBM thickening in the OVE26
mice compared with FVB littermates (Fig. 7A, blue arrow,
and Fig. 7B). Marked effacement of foot processes was
also evident in the diabetic mice (Fig. 7A, red arrow, and
Fig. 7C). OVE26 diabetic mice lose podocytes, as judged by
the number of synaptopodin-positive cells (Fig. 7D and E)
and TUNEL-positive cells in the glomeruli (Fig. 7F and G).
They also show an increase in matrix expansion (Supple-
mentary Fig. 5A and B). Importantly, rapamycin treatment
results in a significant reversal of these glomerular
changes (Fig. 7A–G and Supplementary Fig. 5A and B) and
decreases albuminuria (Fig. 7H). Collectively, our in vivo
studies demonstrate that in type 1 diabetic mice, mTOR/
p70S6K activation is regulated through an AMPK/tuberin
pathway. Activation of mTOR/p70S6K contributes to the
enhanced Nox4 expression and NADPH oxidase activ-
ity and plays a critical role in glomerular cell injury and
albuminuria.

DISCUSSION

Albuminuria is a major risk factor for glomerulosclerosis
and progressive renal fibrosis. The mechanisms of albu-
minuria in diabetes are incompletely characterized. There
is strong evidence that podocyte injury, including apo-
ptosis, contributes to albuminuria and progressive glo-
merulosclerosis (6–8). In this study, we provide evidence
that apoptosis of podocytes is at least partially mediated
through inactivation of AMPK and tuberin, activation of
mTOR, upregulation of Nox4, and enhanced NADPH oxi-
dase-mediated ROS generation. We also show that this
proapoptotic pathway is operative in glomeruli of diabetic
mice. Inhibition of mTOR in the diabetic mice by the ad-
ministration of a rather low and clinically relevant dose of
rapamycin attenuates Nox4 expression, reduces mesangial
expansion, foot process effacement, GBM thickening,
podocyte apoptosis/loss, and albuminuria.

mTOR elicits a number of biological responses (10,11),
and its activity is tightly controlled by tuberin, the tumor
suppressor that acts as a repressor of mTORC1. In the
kidney cortex of diabetic animals, the mTORC1/p70S6K
pathway is activated, whereas tuberin is inactivated, con-
tributing to cytokine expression and matrix accumulation
(1,2,30–34). Furthermore, podocyte-specific mTORC1
activation induced by ablation of an upstream negative
regulator hamartin (TSC1) recapitulated many diabetic
nephropathy features, including podocyte loss, GBM
thickening, mesangial expansion, and proteinuria in non-
diabetic young and adult mice (35,36). However, the role

of the tuberin/mTOR pathway and their crosstalk with
ROS production through NADPH oxidases in podocyte
biology has not been explored. In this study, we demon-
strate that HG is associated with enhanced phosphoryla-
tion/activation of mTOR and its downstream effector
p70S6K and podocyte apoptosis. Our finding that a low and
clinically relevant dose of rapamycin inhibits HG and
hyperglycemia-induced podocyte apoptosis/loss and glo-
merular injury implicates mTOR in the podocyte injury.
Mesangial cell injury and mesangial matrix expansion may
result from podocyte injury or direct activation of mTOR
in mesangial cells.

This study also examined the potential mechanism by
which glucose enhances the phosphorylation and activa-
tion of mTOR in podocytes. We have demonstrated that
excess glucose in vitro and hyperglycemia in vivo result in
the inactivation of the nutrient sensor AMPK (14). AMPK is
known to maintain the tumor-suppressor effect of tuberin
and to prevent mTORC1 activation (16,37). We show that
HG inactivates AMPK in podocytes and is associated with
tuberin inactivation and mTORC1/p70S6K activation. Im-
portantly, these events correlate with podocyte injury in
vitro and in glomeruli in diabetes. The data in the isolated
glomeruli of OVE26 mice support the observation in the
cultured cells and demonstrate that the activation of
AMPK by AICAR maintains the tumor-suppressor activity
of tuberin and suppresses mTOR activation. We have
previously shown that AICAR inhibits podocyte apoptosis
in vitro and glomerular injury and podocyte loss/apoptosis
and reduces albuminuria in OVE26 mice without affect-
ing hyperglycemia (7). Under normal conditions, AMPK
maintains the function of tuberin via its phosphorylation
on specific sites to prevent the activation of downstream
effectors, mTORC1/p70S6K, thereby maintaining podocyte
survival. In diabetes or in an HG environment, the in-
activation of AMPK results in impaired tuberin function
and mTORC1 activation.

Recent studies have demonstrated that large doses of
rapamycin may have beneficial effects on the progression
of diabetic nephropathy in rodent models of type 1 and
type 2 diabetes (1,2,30–33). Rapamycin administration
reduces whole kidney and glomerular hypertrophy in ani-
mal models of type 1 and type 2 diabetes at early stages of
the disease. In addition, the enhanced mRNA expression
of transforming growth factor-b1 and connective tissue
growth factor is also reduced by rapamycin treatment in
the kidney cortex (1,31,33). It is important to note that the
doses of rapamycin used in these studies far exceeded the
doses used in the present work. The daily doses of rapa-
mycin used in those studies ranged from 1.0 to 10 mg/kg
body weight. Because of the long half-life of rapamycin, we
administered the drug only three times a week at a dose of
0.5 mg/kg body weight. These considerations are critical
for potential clinical translation of our studies.

Oxidative stress and, in particular, ROS produced by the
NAD(P)H oxidases of the Nox family are critical for the
pathogenesis of diabetic kidney disease (7,8,38,39). We
have previously demonstrated that ROS generated by the
isoform Nox4 play a key role in diabetes-induced podocyte
injury (7,8). Impairment of Nox4 function using knock-
down strategy in a diabetic milieu reduces HG-induced

glomerular section. Kidney sections of FVB, OVE26, and OVE26 mice treated with rapamycin stained by TUNEL (F) and total number of TUNEL-
positive cells (G). H: FVB, OVE26, and OVE 26 mice treated with rapamycin were placed in metabolic cages for 24 h, urine was collected, and
albumin levels were measured. Values are the means 6 SE. *P < 0.05 OVE26 mice vs. control FVB mice; #P < 0.05 decrease in albumin levels in
rapamycin-pretreated OVE26 mice vs. nontreated OVE26 mice (n = 5 per group).
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podocyte apoptosis through a p53-dependent pathway (7).
Moreover, our previous work revealed a protective effect
of AMPK activators against podocyte injury in diabetes via
downregulation of Nox4 expression and inhibition of ROS
production (7). In the current study, we established for the
first time that mTOR is also positioned upstream of Nox4
and positively regulates the oxidase at both the mRNA and
protein levels.

Furthermore, we extend our understanding of the pro-
tective effect of AMPK by providing the first evidence that
the kinase exerts its effect on Nox4 through phosphorylation
of tuberin on the activating site Ser1387, thereby maintain-
ing mTORC1 activity in check. In the presence of HG, the
inhibition of AMPK and the inactivation of tuberin result in
an mTORC1-mediated increase in Nox4 as well as apo-
ptosis. To the best of our knowledge, this is the first demon-
stration of a functional link among AMPK, tuberin/mTORC1,
and Nox4. Interestingly, there is evidence that NAD(P)H
oxidase and/or ROS may also act upstream of tuberin/
mTORC1 (34,40,41), suggesting that ROS generated bymTOR-
induced Nox4 may target tuberin via a feedback loop. Our
data also point toward a role for Nox4 as the final proa-
poptotic executioner in this pathway, with AMPK and tuberin/
mTORC1 as the most downstream cellular safeguards.

Tuberin-deficient cells derived from TSC tumors have
increased mTOR activity and are sensitive to apoptosis
(42). Furthermore, AMPK-mediated phosphorylation of
tuberin at Thr1271 or Ser1387 protects cells from starvation-
mediated apoptosis (16), and glucose starvation induces
apoptosis of tuberin-deficient cells (43). However, we
demonstrate in the current study that inactivation of
tuberin by HG induces apoptosis. Note that in contrast to
the results described above, where glucose starvation
induces apoptosis, we demonstrate that HG increases ap-
optosis of podocytes in culture and in vivo in diabetes in
an AMPK-dependent manner. More recently, mTOR in-
hibition has been shown to protect TSC-deficient cells
from apoptosis induced by glucose deprivation–induced
apoptosis (44). These authors showed that the protection
induced by rapamycin was due to decreased AMPK acti-
vation and that this protective effect was p53-independent.
As opposed to these results, we find that HG-induced ap-
optosis of podocytes in culture and in diabetic renal glo-
meruli is reversed by rapamycin. In fact, our data show
that HG-induced AMPK inactivation is upstream of mTOR
in podocytes. Furthermore, our data demonstrating that
constitutively active mTOR restores Nox4 expression in
cells treated with AICAR in the presence of HG suggest
that HG induces Nox4 expression and apoptosis through
a linear pathway that involves AMPK, tuberin, and mTOR.

Tumor tissue deficient in tuberin exhibits high mTOR ac-
tivity and elevated p53 levels (43). Moreover, an mTOR-
mediated increase in p53 mRNA translation is required for
the glucose deprivation–induced apoptotic response of
TSC-deficient cells. In contrast to these results, we have
recently shown that HG increases the levels of p53 to in-
duce apoptosis of podocytes (7). Whether the increase in
mTOR activity is necessary for upregulation of p53 in cells
exposed to HG needs further investigation.

Rapamycin is a potent inhibitor of mTOR-induced
autophagic cell death (45,46). Although induction of auto-
phagy has been proposed to enhance cell survival (45,46),
rapamycin-mediated protection of TSC-deficient cells from
glucose deprivation–induced apoptosis is not due to an
autophagic response (44). Rather, rapamycin enhances
utilization of glutamine in the tricarboxylic acid cycle,

which generates NADH and the reduced form of flavin
adenine dinucleotide (FADH2) to provide electrons to
molecular oxygen in the respiratory chain for production
of ATP. However, leakage of electrons in this process
produces superoxide and increases the levels of ROS in
the cell. Whether inhibition of mTOR reduces the levels of
ROS to protect cells from glucose deprivation–induced
apoptosis is not known. In the case of HG-induced apo-
ptosis of podocytes, we have established a role of ROS
derived from Nox4 (7,8). We demonstrate that mTOR in-
hibition decreases the expression of Nox4 and HG-induced
NADPH oxidase activity. Thus, our results provide a pre-
viously unrecognized link between mTOR and Nox4 in HG-
induced podocyte apoptosis and glomerular cell injury in
vitro and in vivo.

Our observations indicate that mTOR inhibitors or
AMPK activators and/or antioxidants targeting Nox4 may
represent an adjunct therapy in addition to metabolic
control to reduce glomerular injury in type 1 diabetes. Our
novel finding that Nox4 is a downstream target of mTORC1
implies that mTORC1 inhibitors may be used as thera-
peutic agents that may counteract oxidant-mediated cell
injury in diabetes.
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