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Abstract

Aim: Podocyte apoptosis is a critical mechanism for excessive loss of urinary albumin that eventuates in kidney
fibrosis. Oxidative stress plays a critical role in hyperglycemia-induced glomerular injury. We explored the
hypothesis that mammalian target of rapamycin complex 2 (mTORC2) mediates podocyte injury in diabetes.
Results: High glucose (HG)-induced podocyte injury reflected by alterations in the slit diaphragm protein podocin
and podocyte depletion/apoptosis. This was paralleled by activation of the Rictor/mTORC2/Akt pathway. HG also
increased the levels of Nox4 and NADPH oxidase activity. Inhibition of mTORC2 using small interfering RNA
(siRNA)-targeting Rictor in vitro decreased HG-induced Nox1 and Nox4, NADPH oxidase activity, restored
podocin levels, and reduced podocyte depletion/apoptosis. Inhibition of mTORC2 had no effect on mammalian
target of rapamycin complex 1 (mTORC1) activation, described by our group to be increased in diabetes,
suggesting that the mTORC2 activation by HG could mediate podocyte injury independently of mTORC1. In
isolated glomeruli of OVE26 mice, there was a similar activation of the Rictor/mTORC2/Akt signaling pathway
with increase in Nox4 and NADPH oxidase activity. Inhibition of mTORC2 using antisense oligonucleotides
targeting Rictor restored podocin levels, reduced podocyte depletion/apoptosis, and attenuated glomerular injury
and albuminuria. Innovation: Our data provide evidence for a novel function of mTORC2 in NADPH oxidase-
derived reactive oxygen species generation and podocyte apoptosis that contributes to urinary albumin excretion
in type 1 diabetes. Conclusion: mTORC2 and/or NADPH oxidase inhibition may represent a therapeutic modality
for diabetic kidney disease. Antioxid. Redox Signal. 25, 703–719.
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Introduction

D iabetic nephropathy (DN) is one of the most serious
complications of diabetes worldwide, affecting up to

25% and 40% of all patients with type 1 and type 2 diabetes,
respectively. DN is the leading cause of end-stage renal
disease and cardiovascular morbidity and mortality. The risk
factors and mechanisms that contribute to the onset and de-
velopment of these complications are poorly defined. The
earliest clinical manifestation of DN in humans is increased
urinary albumin excretion, which progresses to clinical pro-

teinuria, one of the most important prognostic risk factors for
kidney disease progression (11). Glomerular injury in dia-
betes is characterized by hypertrophy, glomerular mesangial
cell activation resulting in matrix accumulation, basement
membrane thickening, podocyte depletion/loss, and de-
creased abundance and mislocalization of slit diaphragm
proteins that result in breach of glomerular barrier function
and proteinuria, and ultimately, loss of renal function (1, 18,
20, 23, 26, 27, 29, 30, 32, 34–36, 38, 39). Among the different
characteristics of glomerular morphology, the decreased
number of podocyte per glomerulus is the strongest predictor
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of progression of DN, through which the fewer remaining
cells predict a rapid progression of the disease (44, 46). We
have previously shown that podocyte number is altered in
diabetes, however, the mechanism of podocyte depletion/loss
and the key players leading to podocyte dysfunction remain
poorly defined.

The mammalian target of rapamycin (mTOR) signaling
cascade controls cellular growth, survival, and metabolism
(56). mTOR, a serine/threonine protein kinase, exists in two
complexes, mTOR complex 1 (mTORC1) or mTOR complex
2 (mTORC2), consisting of distinct sets of protein-binding
partners (9, 48). mTORC1 with its essential components
mTOR, mLST8, and rapamycin-sensitive adaptor protein of
mTOR (Raptor) mediates protein synthesis and cell size (56)
through p70S6 kinase (p70S6K)/S6 kinase 1 (S6K1) and 4E-
binding protein 1 (4E-BP1) (23, 54). We have recently shown
that podocyte apoptosis, induced by either type 1 diabetes in-
vivo or by exposure to high-glucose (HG) concentrations in-
vitro, was mediated by activation of the mTORC1 pathway
through inactivation of the AMPK/tuberin pathway (16). We
further demonstrated that the activation of mTORC1 enhanced
oxidative stress via upregulation of Nox1 and Nox4 expression
and NADPH oxidase activity (16–18). Nox2 expression ap-
peared to be unchanged in podocytes exposed to HG, or in
glomeruli isolated from type 1 diabetic mice (18). Inhibition of
the mTOR pathway using rapamycin significantly reversed the
observed changes. Furthermore, the inhibition of mTOR with
rapamycin significantly decreased glomerular epithelial cell
apoptosis, reduced glomerular basement membrane (GBM)
thickening and foot process effacement, and attenuated me-
sangial expansion and albuminuria (16).

In contrast to mTORC1, very little is known regarding the
potential function of mTORC2 in glomerular maintenance and
disease and the current data are controversial (26, 30, 47, 50,
52). The rapamycin-insensitive complex (mTORC2) com-
prises mTOR, mSIN1, mLST8, and the rapamycin-insensitive
subunit Rictor. mTORC2 phosphorylates protein kinase B
(PKB/Akt) at Ser473 (50) and has been implicated in con-
trolling cell survival and cytoskeletal organization (56). In this
study, we show that in type 1 diabetes, or in cells exposed to
HG, podocytes undergo apoptosis that is mediated by the ac-
tivation of the Rictor/mTORC2 pathway. We also demonstrate
that in type 1 diabetic mice, the activation of Rictor/mTORC2
enhances oxidative stress production via upregulation of Nox4
expression and NADPH oxidase activity. Inhibition of the
Rictor/mTORC2 pathway reverses the effect of HG-induced

reactive oxygen species (ROS) production by decreasing Nox4
messenger RNA (mRNA) levels, protein expression, and
NADPH oxidase activity. More importantly, we show that
inhibition of Rictor/mTORC2 decreases podocyte depletion,
reduces GBM thickening and foot process effacement, and
attenuates albuminuria.

Results

HG regulates the signaling activation
of the Rictor/mTORC2 pathway in podocytes

Exposure of mouse podocytes to 25 mM glucose (HG)
resulted in a relatively rapid increase in Rictor mRNA levels
and protein levels, compared with cells incubated in 5 mM
glucose (normal glucose) or 25 mM of mannitol used as os-
motic control (Fig. 1A, D). Rictor activation was accompa-
nied by an increase in the phosphorylation of its downstream
target AktSer473 (Fig. 1E) and an increase in the phosphory-
lation of NDRG1Thr346, used as a measure of mTORC2 ac-
tivity (Fig. 1G). Dual phosphorylation on Thr308 and Ser473
is required for the activation of Akt. Our results showed that
exposure of podocyte to HG also significantly increased the
phosphorylation of AktThr308 (Fig. 1F). These findings were
associated with an increase in Akt1 and Akt2 mRNA levels
and protein expression (Fig. 1B, C, E, H, I).

Rictor/mTORC2 signaling activation
mediates HG-induced podocyte injury

We have previously shown that HG induces podocyte in-
jury by altering slit diaphragm proteins, podocin, and by in-
ducing podocyte depletion (16–18). We next examined
whether mTORC2 mediates the effect of HG-induced podo-
cyte injury. Mouse podocytes were transfected with SMART
pool of siRictor or with nontargeting small interfering RNA
(siRNA) (Scr) before exposure to HG for 48 h. Glucose
treatment was associated with a decrease in podocin protein
expression and an increase in podocyte apoptosis as assessed
by annexin V binding, caspase 3 activation, and cellular DNA
fragmentation (Fig. 2A–D). These results were paralleled by
an increase in Rictor mRNA levels and protein expression, an
increase in the phosphorylation of AktSer473 and NDRG1Thr346

(Fig. 2E, I, M), and an increase in the mRNA levels and protein
expression of Akt1 and Akt2 (Fig. 2F, G, K, L). In this set of
experiments, phosphorylation of AktThr308 was also increased
(Fig. 2J). We have previously shown that in podocytes treated
with HG, the mTORC1/p70S6 kinase pathway was activated
(16). As expected, in this set of experiments, the mTORC1
pathway determined by the increase in Raptor and in p70-S6K
phosphorylation on Thr389 was activated (Fig. 2N, O).
Transfection of mouse podocytes with SMART pool of siR-
ictor or with nontargeting siRNA (Scr) before exposure to HG
for 48 h decreased Rictor mRNA levels and protein expression
(Fig. 2E, H), reversed HG-induced Akt phosphorylation on
Ser 473 and NDRG1 phosphorylation on Thr346 (Fig. 2I, M),
and decreased Akt1and Akt2 mRNA levels and protein ex-
pression (Fig. 2F, G, K, L). The use of siRictor also inhibited
HG-induced podocyte injury measured by podocin alteration
and podocyte apoptosis (Fig. 2A–D). On the contrary, siRictor
treatment did not influence the effect of HG on Raptor protein
expression (Fig. 2N) or on the phosphorylation of AktThr308

and p70S6KThr389 (Fig. 2J, O). Furthermore, siRaptor did

Innovation

This study reveals that a novel-signaling pathway in-
volved in diabetes induces kidney injury. Our observations
indicate that in addition to metabolic control, mammalian
target of rapamycin (mTOR) inhibitors and/or antioxidants
against Nox1 and Nox4 may represent an adjunct therapy to
reduce/reverse glomerular injury in type 1 diabetes. Our
finding that Nox1 and Nox4 are downstream targets of
mTOR complex 2 (mTORC2) suggests that mTORC2 in-
hibitors may be used as therapeutic agents that may prevent
oxidant-mediated cell injury in diabetes and provide a new
strategy for inhibiting the progression of chronic kidney
diseases.

704 EID ET AL.



not alter HG-increased Rictor mRNA levels and protein
expression nor the phosphorylation of Akt on Ser473 (Sup-
plementary Fig. S1A–C; Supplementary Data are available
online at www.liebertpub.com/ars). Collectively, these results
indicate that mTORC2 activation by HG mediates podocyte
injury, independently from the mTORC1 pathway.

To study if mTORC1 and mTORC2 have an additive effect
on podocyte injury, we used an ATP competitive inhibitor of
mTOR, the PP242, known to block both kinase complexes
(10). PP242 in culture had the same effect on mTORC inhi-
bition as inhibition of both TORC1 and TORC2 simulta-
neously by downregulating Raptor and Rictor, using two
independent small hairpin RNAs (shRNAs) (10). In this
study, therefore, blockade of mTORC1 and mTORC2 by
PP242 reversed HG-induced podocyte injury (Fig. 3A–D),
such that the percentage of apoptotic cells assessed by an-
nexin V and cellular DNA fragmentation returned to levels
similar to control with the use of PP242; in contrast, the
blockade of mTORC2 alone reversed apoptosis only par-
tially, although significantly (Fig. 2B, D). In previous studies,
we provided evidence that hyperglycemia/HG-induced po-

docyte apoptosis was mediated by activation of the mTORC1
pathway through inactivation of AMPK (16). In this study,
we showed that mTORC2 inactivation partially, but not
significantly, reversed HG-induced AMPK inactivation
(Supplementary Fig. S2). Taken together, these results may
suggest that the activations of mTORC1 and mTORC2 are
independent processes in diabetes-induced podocyte injury,
and that these two pathways may have an additive or syner-
gistic effect on the reversal of the injury.

Rictor/mTORC2 regulates HG-induced ROS
production, NADPH oxidase activity, Nox1 and Nox4
mRNA and protein levels

Nox4 is known to be constitutively active and the upregu-
lation of its protein levels directly accounts for the increased
NADPH-dependent superoxide production (28). Several
studies have shown that Nox4 generates superoxide (28), es-
pecially those performed in vascular smooth cells, and in
cardiac or renal cells and tissue (4, 7, 8, 17, 18, 28, 29). In those
studies, superoxide production was measured by high

FIG. 1. Effect of HG on the
Rictor/mTORC2 pathway.
Mouse podocytes were ex-
posed to either HG (25 mM)
or NG (5 mM) for 24 or
48 h. Twenty-five millimolars
of mannitol was used as os-
motic control. Relative mRNA
amount of (A) Rictor, (B)
Akt1, and C) Akt2. (D) Histo-
grams showing quantitation of
Rictor/b-actin. (E) Histograms
showing quantitation of p-Akt
(Ser473)/b-actin. (F) Histo-
grams showing quantitation of
p-Akt (Thr308)/b-actin. (G)
Histograms showing quantita-
tion of p-NDRG1 (Thr346)/b-
actin. (H) Histograms showing
quantitation of Akt1/b-actin.
(I) Histograms showing quan-
titation of Akt2/b-actin. All
values are the mean – SE from
four independent experiments
(n = 4). *p < 0.05 versus con-
trol. Akt, protein kinase B;
HG, high glucose; mRNA,
messenger RNA; mTORC2,
mammalian target of rapamy-
cin complex 2; NG, normal
glucose; SE, standard error.
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performance liquid chromatography (HPLC) analysis of 2-
hydroxyethidium (EOH), the dihydroethidium (DHE)-derived
oxidation product specific for superoxide, or electron para-
magnetic/spin resonance, lately acknowledged to be two ‘‘gold
standard techniques’’ for superoxide measurement (7, 13, 28).
Beside the vasculature or the kidney, Nox4-mediated super-

oxide production was detected in other systems (28, 33, 41).
We have previously shown that NADPH oxidase Nox4 plays
an important role in podocyte injury (16–19).

To establish that Nox4 is necessary for HG-induced ROS
production, Nox4 expression was downregulated with spe-
cific siRNAs. Transfection with siNox4, but not with Scr,

FIG. 2. HG induces podocyte apoptosis through activation of the Rictor/mTORC2 signaling pathway. Mouse podo-
cytes were transfected with scrambled siRNA (nontargeting; Scr) or with siRNA for Rictor (siRictor) in NG or HG. Podocytes
were incubated with NG or HG for 48 h after transfection. Treatment with siRictor but not Scr inhibited HG-induced podocyte
injury. (A) Histograms showing quantitation of Podocin/b-actin. Podocyte apoptosis was assessed by (B) annexin V binding,
(C) caspase 3 activity, and (D) cellular DNA fragmentation. Podocyte injury was accompanied by activation of the Rictor/
mTORC2 pathway. (E) Relative mRNA levels of Rictor in control and treated podocytes after transfection. (F) Relative
mRNA levels of Akt1 in control and treated podocytes after transfection. (G) Relative mRNA levels of Akt2 in control and
treated podocytes after transfection. (H) Histograms showing quantitation of Rictor/b-actin. (I) Histograms showing quanti-
tation of p-Akt (Ser473)/b-actin. (J) Histograms showing quantitation of p-Akt (Thr308)/b-actin. (K) Histograms showing
quantitation of Akt1/b-actin. (L) Histograms showing quantitation of Akt2/b-actin. (M) Histograms showing quantitation of
p-NDRG1 (Thr346)/b-actin. (N) Histograms showing quantitation of Raptor/b-actin. (O) Histograms showing quantitation of
p-p70S6KThr389/p70S6K. All values are the mean – SE from four independent experiments (n = 4). *p < 0.05 versus control;
#p < 0.05 versus HG. p70S6K, 70-kDa ribosomal protein S6 kinase; siRNA, small interfering RNA.
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reduced Nox4 protein abundance (Supplementary Fig. S3A,
B). Furthermore, siNox4 nearly abrogated the HG-induced
NADPH oxidase activity (Supplementary Fig. S3C) and in-
tracellular superoxide generation (Supplementary Fig. S3D).
Like Nox4, the primary biochemical function of Nox1 is su-
peroxide production, which is then converted to H2O2. With
respect to Nox1, this isoform appears to play a major role in
diabetic macrovascular diseases but not much is known about
the role of Nox1 in DN (31, 37). To assess whether mTORC2
regulates ROS production and NADPH oxidase Nox1 and
Nox4, podocytes were transfected with siRictor and incubated
with HG. mTORC2 inactivation reversed HG-induced ROS
production (Fig. 4A), Nox1 and 4 mRNA (Fig. 4B, C), and
protein expression (Fig. 4D, E) and significantly blocked HG-
induced NADPH oxidase activity (Fig. 4F) and superoxide
production (Fig. 4F). Taken together, our data suggest that HG

increases ROS production, Nox1 and Nox4 mRNA levels, and
protein expression, and that activation of the NADPH oxidase
is mediated, at least partially, through a Rictor/mTORC2-
dependent mechanism.

Rictor/mTORC2 pathway is activated in glomeruli
in type 1 diabetes

The effect of mTORC2 blockade by antisense (AS) oli-
gonucleotide targeting Rictor treatment was studied in
OVE26 mice, a model of type 1 diabetes. The FVB-OVE26
mouse ( JAX No. 5564; The Jackson Laboratory, Bar Harbor,
ME) is a transgenic model of early-onset type 1 diabetes,
generated directly onto the FVB/N background. These mice
develop diabetes within the first weeks of life as a result of b-
cell toxicity in response to calmodulin gene overexpression.

FIG. 2. (continued).
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The OVE26 mice live and maintain their body weights well
over 1 year with no insulin treatment. These mice show a
progressive increase in their urine albumin levels exceeding
15,000 lg/24 h at 9 months of age paralleled by a decrease in
their glomerular filtration rate. In conjunction, they develop
progressively enlarged glomeruli, an enlarging mesangium
with diffuse and nodular expansion of mesangial matrix, tu-
bulointerstitial fibrosis, and thickening of the GBM (2, 57). In
this study, OVE26 mice were treated with phosphorothioate
sense (S) or (AS) oligonucleotides targeting Rictor (90 ng$g
body wt-1$day-1 for 5 weeks), administered subcutaneously
by an ALZET osmotic minipump (Alza, Palo Alto, CA).
Control FVB mice were treated with vehicle (19). Because of
their nuclease stability and relative ease of synthesis, the
phosphorothioates are the most widely studied oligonucleo-
tides; they are highly soluble and have excellent AS activity
(12). OVE26 mice had elevated blood glucose levels com-
pared with FVB mice and were not affected by S or AS
treatment (Table 1). Body weight was significantly reduced in
the OVE26 mice compared with FVB littermates. Total kidney
weight and kidney-to-body weight ratio, indices of renal hy-
pertrophy, increased significantly in OVE26 mice compared
with control FVB mice. Kidney size in OVE26 mice treated
with AS was significantly reduced compared with nontreated
OVE26 mice or OVE26 treated with S (Table 1). Urine flow
rate (UFR) was increased in OVE26 mice compared with FVB
mice, and S or AS treatment had no effect on UFR (Table 1). In
isolated glomeruli from the two kidneys of each mice, Rictor
mRNA levels and protein expression were significantly in-
creased in OVE26 compared with FVB (Fig. 5A, D, E). Akt1
and Akt2 mRNA levels and protein expression as well as

phosphorylated AktSer374 and NDRG1Thr346 were also in-
creased in OVE26 compared with FVB control littermates
(Fig. 5B–D, F, H–J), indicating activation of the Rictor/
mTORC2 pathway. Akt phosphorylation on Thr308 was also
increased in the OVE26 mice compared with FVB (Fig. 5D,
G). In parallel, raptor protein expression and phosphorylated
p70 S6KThr389 were increased in the isolated glomeruli of
OVE26 compared with FVB (Fig. 5K–M), indicating activa-
tion of mTORC1 kinase. Treatment with AS decreased Rictor
mRNA levels and protein expression (Fig. 5A, D, E), as well as
mRNA levels and protein expression of Akt1 and Akt2
(Fig. 5B–D, I, J) concomitant with a decrease in Akt phos-
phorylation on Ser374 and NDRG1 phosphorylation on
Thr346 (Fig. 5D, F, H), but had no effect on Raptor nor on the
phosphorylation of p70 S6KThr389 (Fig. 5K–M). Taken to-
gether, our data show that AS treatment significantly reduced
mRNA levels and protein expression of Rictor by almost 60%–
70% and decreased the phosphorylation of its downstream
effector the AktSer374 and the phosphorylation of NDRG1 on
Thr346 but had no effect on the mTORC1 activation, con-
firming the in vitro observation that mTORC2 acts indepen-
dently of mTORC1 in our model. In all these experiments,
sense oligonucleotides targeting Rictor did not alter the effect
of hyperglycemia on the observed changes in the isolated
glomerulus of the OVE26 type 1 diabetic mice (Table 1).

Rictor/mTORC2 activation upregulates Nox4
and enhances NADPH oxidase activity in type 1 diabetes

We next examined the relationship between NADPH
oxidase Nox4 as the major NADPH oxidase in the kidney and

FIG. 3. Total inhibition of the
mTORC pathway restored the
integrity of the podocytes. Mouse
podocytes were pretreated with
1 lM of PP242. After 1 h, cells were
exposed to HG in the presence or
absence of the inhibitor for 48 h.
Treatment with PP242 reversed po-
docyte injury and restored the in-
tegrity of the podocytes. (A)
Histograms showing quantitation of
Podocin/b-actin. Podocyte apoptosis
was assessed by (B) annexin V
binding, (C) caspase 3 activity, and
(D) cellular DNA fragmentation. All
values are the mean – SE from four
independent experiments (n = 4).
*p < 0.05 versus control; #p < 0.05
versus HG.
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FIG. 4. Rictor/mTORC2
signaling pathway regulates
HG-induced ROS produc-
tion, Nox1 and Nox4 mRNA
and protein levels, NADPH
oxidase activity, and super-
oxide production. Mouse po-
docytes were transfected with
scrambled siRNA (nontarget-
ing; Scr) or with siRNA for
Rictor (siRictor) in NG or HG.
Podocyte were incubated with
NG or HG for 48 h after trans-
fection. (A) ROS generation
measured by DCF with a mul-
tiwell fluorescence plate read-
er. (B) Relative mRNA levels
of Nox1. (C) Relative mRNA
levels of Nox4. (D) Histograms
showing quantitation of Nox1/
b-actin from four different ex-
periments (n = 4). (E) Histo-
grams showing quantitation of
Nox4/b-actin from four differ-
ent experiments (n = 4). (F)
NADPH-dependent superox-
ide generation. (G) Superoxide
generation evaluated using
DHE and HPLC. All values are
the mean – SE from four inde-
pendent experiments. *p < 0.05
versus control; #p < 0.05 versus
HG. DHE, dihydroethidium;
HPLC, high performance
liquid chromatography; ROS,
reactive oxygen species.

Table 1. Glucose Level, Body Weight, Kidney Weight, Kidney Weight to Body Weight Ratio,

and Urine Flow Rate of FVB Control Mice, OVE26 Type 1 Diabetic Mice, and OVE26 Mice Treated

with Sense or Antisense Oligonucleotides Targeting Rictor

Control
FVB

Diabetic
OVE26

Diabetic OVE26+sense
Rictor

Diabetic OVE26+antisense
Rictor

Glucose level (mM) 145 – 10 495 – 10a 480 – 15a 485 – 18a

Body weight (g) 26 – 1.4 18.5 – 1.3a 19.5 – 1.5a 20 – 1.5a

Kidney weight (g) 0.20 – 0.02 0.28 – 0.04a 0.25 – 0.02a 0.18 – 0.07b

Kidney weight/body weight (g/kg) 8.1 – 0.7 15.3 – 0.9a 13.5 – 0.6a 9.3 – 0.4b

Urine flow rate (ml/24 h) 0.7 – 0.04 8.5 – 0.7a 8.0 – 0.5a 8.5 – 0.5a

Values are mean – standard error from 10 animals for each group (n = 10).
aP < 0.05 or 0.001 versus FVB mice; bP < 0.05 or 0.001 versus diabetic OVE26 mice.
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FIG. 5. Rictor/mTORC2 is activated in type 1 diabetes. OVE26 mice (17 weeks old) were treated with phosphor-
othioated sense (S) or AS oligonucleotides for Rictor (90 ng$g body wt21$day21), administered subcutaneously by an
ALZET osmotic minipump for 1 month. Mice in the control groups received saline vehicle also administered subcutane-
ously by an ALZET osmotic minipump. Glomeruli were isolated from the kidneys of the four groups of mice (n = 5): group
1, FVB control mice; group 2, OVE26 mice; and groups 3 and 4, OVE26 mice treated with either S or AS. (A) Relative
mRNA levels of Rictor. (B) Relative mRNA levels of Akt1. (C) Relative mRNA levels of Akt2. (D) Representative Western
blot of Rictor, phospho-Ser473 Akt, phospho-Thr308 Akt, phospho-Thr346 NDRG1, Akt1, Akt2, and b-actin. b-actin was
included as a control for loading and the specificity of change in protein expression. (E) Histograms showing quantitation of
Rictor/b-actin from five different mice in each group. (F) Histograms showing quantitation of p-Akt (Ser473)/b-actin results
from five different mice in each group. (G) Histograms showing quantitation of p-Akt (Thr308)/b-actin results from five
different mice in each group. (H) Histograms showing quantitation of p-NDRG1 (Thr346)/b-actin results from five different
mice in each group. (I) Histograms showing quantitation of Akt1/b-actin results from five different mice in each group. (J)
Histograms showing quantitation of Akt2/b-actin results from five different mice in each group. (K) Representative Western
blot of Raptor, phospho-Thr389 p70S6K, p70S6K, and b-actin. (L) Histograms showing quantitation of Raptor/b-actin
results from five different mice in each group. (M) Histograms showing quantitation of p-p70S6KThr389/p70S6K results
from five different mice in each group. Values are mean – SE of five different animals from each group. *p < 0.05 versus
vehicle-treated FVB mice; #p < 0.05 versus vehicle-treated OVE26 mice. AS, antisense.
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Rictor/mTORC2 pathway in OVE26 type 1 diabetic mice. As
expected, levels of Nox4 mRNA and protein expression as
well as NADPH oxidase activity and superoxide production
were increased in glomeruli of OVE26 mice, an effect in-
hibited by AS treatment but not by S treatment (Fig. 6A–E).

Rictor/mTORC2 pathway regulates GBM thickening,
foot process effacement, podocyte depletion,
and albuminuria

Electron microscopic analysis revealed a significant in-
crease in GBM thickening in the OVE26 mice compared to
their control littermates, (Fig. 7A, B), paralleled by a marked
effacement of foot processes (Fig. 7A, C). OVE26 diabetic
mice lost podocytes, as assessed by the number of podocin-
positive cells (Fig. 7D, E) and TUNEL-positive cells in the
isolated glomeruli (Fig. 7F). Importantly, AS treatment re-
sulted in a significant reversal of these glomerular changes
(Fig. 7A–F) and decreased albuminuria (Fig. 7G). Sense
treatment did not show any effect on diabetes-induced po-
docyte injury and enhanced albuminuria (Fig. 7A–G). Col-
lectively, our in vivo results show that in type 1 OVE26
diabetic mice, Rictor/mTORC2 activation plays a key role in
enhancing Nox4 expression and NADPH oxidase activity
and highly contributes to glomerular cell injury and albu-
minuria (Figs. 6–8).

Discussion

Albuminuria/proteinuria is considered to be one of the
most important risk factors for glomerulosclerosis and pro-
gressive renal fibrosis. The mechanisms leading to albu-
minuria in diabetes are not completely identified. There is
increasing evidence that glomerular cell injury, including
apoptosis, contributes to albuminuria and progressive glo-
merulosclerosis (16–19, 51). In this study, we provide evi-
dence that podocyte depletion is mediated, at least partially,
by the activation of the Rictor/mTORC2 pathway, enhanced
NADPH oxidase, and upregulation of Nox4 leading to in-
creased ROS generation. Furthermore, we show that this

proapoptotic pathway is altered in glomeruli of the OVE26
type 1 diabetic mice. Inhibition of Rictor/mTORC2 axes in
diabetic mice by the administration of AS oligonucleotides
targeting Rictor attenuates Nox4 expression, NADPH oxi-
dase activity, foot process effacement, GBM thickening,
podocyte depletion, and albuminuria, without affecting the
mTORC1-signaling pathway.

mTORC1 has been implicated in a number of biological
responses (9, 16, 55), and its activation is controlled by tu-
berin, acting as a suppressor of mTORC1. We and others
have previously shown that in the glomeruli of diabetic ani-
mals, the mTORC1/p70 S6Kinase pathway is activated,
whereas tuberin is inactivated, contributing to matrix accu-
mulation, GBM thickening, foot process effacement, and
podocyte loss/apoptosis (16, 26, 30, 43). Moreover, activa-
tion of the mTORC1 in this system by inhibiting an upstream
negative regulator hamartin (TSC1) recapitulated many fea-
tures of DN, including podocyte loss, GBM thickening,
mesangial expansion, and proteinuria in nondiabetic young
and adult mice (26, 30, 47, 52). Furthermore, mTORC2 has
been described to play a major role in diverse biological
processes, including cell survival, metabolism, proliferation,
and cytoskeletal organization (26, 30, 47, 52). In contrast to
mTORC1, very little is known about mTORC2 function in
renal epithelial physiology and pathophysiology. In fact, the
role of mTORC2 in kidney epithelial biology has been con-
troversial with paradoxical results provided by different
studies (5, 26). For example, mTORC2 was described to play
a key role in normal podocyte development (26). In addition,
knocking down mTORC2 in mice sensitized them toward
several injury models such as bovine serum albumin (BSA)
overload indicating a major role for mTORC2 in podocyte
stress surveillance and survival (26). Consistent with these
observations, Canaud et al. showed that in chronic kidney
disease, mTORC2 and its downstream target Akt2 maintain
the function of podocytes and promote their survival and
proliferation, while inactivation of mTORC2/Akt2 pathway
resulted in podocyte apoptosis (5). In contrast, podocyte in-
jury has been associated with an increase in the expression of

FIG. 5. (continued).
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transient receptor potential cation channel 6 (TRPC6) (14).
mTORC2 positively regulated TRPC6 in podocyte resulting in
a massive calcium influx, which disrupted the filtration barrier,
promoted the rearrangement of the highly dynamic podocyte
actin cytoskeleton, and induced proteinuria. Inactivation of the
Rictor/mTORC2 axis suppressed TRPC6 expression and de-
creased Ca+ influx into the podocytes, thus reducing injury
(14). In line with the latter observation, we demonstrated that
HG/hyperglycemia is associated with activation of the Rictor/
mTORC2 signaling pathway and resulted in podocyte injury as

assessed by a decrease in podocin expression and induction of
podocyte loss/apoptosis. Inactivating the Rictor/mTORC2
pathway using AS oligonucleotide against Rictor inhibited
HG- and hyperglycemia-induced alteration in podocin ex-
pression, podocyte apoptosis/loss, GBM thickening, foot pro-
cess effacement, and more importantly produced a decrease in
albuminuria. Also, our results show that Rictor inhibition was
sufficient to reduce Akt phosphorylation on its hydrophobic
motif site Ser473 by 60%–70%, as well as the phosphorylation
of NDRG1 on its activating site Thr346, which is often used as

FIG. 6. Rictor/mTORC2 activation upregulates Nox4 and enhances NADPH oxidase activity and superoxide pro-
duction in type 1 diabetes. OVE26 mice (17 weeks old) were treated with phosphorothioated sense (S) or AS oligonucleotides
for Rictor (90 ng$g body wt21$day21), administered subcutaneously by an ALZET osmotic minipump for 1 month. Mice in the
control groups received saline vehicle also administered subcutaneously by an ALZET osmotic minipump. Glomeruli were
isolated from the kidneys of the four groups of mice (n = 5): FVB control mice, OVE26 mice, and OVE26 mice treated with
either S or AS. (A) Relative mRNA levels of Nox4 in control FVB mice treated with vehicle, OVE26 mice treated with vehicle,
and OVE26 mice treated either with S or AS. (B) Representative Western blot of Nox4 and b-actin levels. (C) Histograms
showing Nox4/b-actin quantitation of results from five mice in the different groups. (D) NADPH-dependent superoxide
generation. (E) Superoxide generation evaluated using DHE and HPLC. All values are mean – SE of five different animals
from each group. *p < 0.05 versus vehicle-treated FVB mice; #p < 0.05 versus vehicle-treated OVE26 mice.
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FIG. 7. Rictor/mTORC2 signaling regulates GBM thickening, foot process effacement, podocyte loss/apoptosis, and
albuminuria in type 1 diabetic mice. OVE26 mice (17 weeks old) were treated with phosphorothioated sense (S) or AS
oligonucleotides for Rictor (90 ng$g body wt21$day21), administered subcutaneously by an ALZET osmotic minipump for
1 month. Mice in the control groups received saline vehicle also administered subcutaneously by an ALZET osmotic
minipump. Glomeruli were isolated from the kidneys of the four groups of mice (n = 5): FVB control mice, OVE26 mice,
and OVE26 mice treated with either S or AS. (A) Representative transmission electron photomicrographs of glomerular
cross section of FVB, OVE26, and OVE26 mice treated with either S or AS. The images show foot process effacement
( panel b) and GBM ( panel b) of an OVE26 mouse. This effect was not seen in the OVE26 mice treated with AS ( panel d),
while S did not reverse the effect of hyperglycemia seen in the OVE26 mice. (B) Histograms representing thickness of the
GBM measured in nm and (C) semiquantitative analysis of foot process effacement of glomeruli from each group of
animals. (D) Representative immunofluorescence images of glomeruli stained with collagen IV (green), podocin (red), and
4¢,6-diamidino-2-phenylindole (blue). (E) Histogram representing podocyte number per glomerular section. Twenty-five to
35 glomeruli per mouse are counted. (F) Kidney sections of FVB, OVE26, and OVE26 mice treated with S and AS stained
by TUNEL were quantified and total number of TUNEL-positive cells was reported in each group of mice. (G) FVB,
OVE26, and OVE26 mice treated with either S or AS were placed in metabolic cages for 24 h, urine was collected, and
albumin levels were measured. Values are mean – SE. *p < 0.05 versus control FVB mice treated with vehicle; #p < 0.05
versus OVE26 mice treated with vehicle (n = 5 per group). GBM, glomerular basement membrane.
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a measure of mTORC2 activity. Concomitant with these ob-
servations, HG/hyperglycemia-induced Akt1 and Akt2 mRNA
levels and protein expression were reversed with the use of
siRictor. Taken together, these results implicate mTORC2 in
the podocyte injury. It should be emphasized that our results
show that the alteration in mRNA levels of Akt2, as well as
Akt2 protein expression, is more projected then Akt1 mRNA
levels and protein expression changes seen in the diabetic
milieu. These later results can be explained by the fact that
Akt2 is predominantly present in the podocytes (53). The use of
siRictor reduced HG-induced phosphorylation of the mTORC
2 downstream effectors AktSer473 and NDRG1Thr346 despite
normal PDK1-dependent phosphorylation of Akt at T308.
These results are in agreement with other Rictor knockout
models, where activation of the T308 site is not altered (35, 42),
suggesting that Rictor/mTORC2 mediates full Akt activation.

In this study, we have also denoted that Rictor/mTORC2
signaling pathway activation promoted podocyte injury in-
dependent of mTORC1 signaling, since HG in culture and
hyperglycemia in OVE26 type 1 diabetic animals induced
both mTORC1 and mTORC2 signaling. However, Rictor/
mTORC2 activation contributed to HG- or hyperglycemia-
induced podocyte injury independently of mTORC1 acti-
vation. Our previous published data (16) and our current
findings underline the role of HG in vitro and hyperglycemia
in vivo in inducing podocyte injury by activating mTORC1/
p70S6kinase pathway (16) and/or mTORC2/Akt pathway.
Blocking one of these pathways could partially reverse HG/
hyperglycemia-induced glomerular injury, while blocking

both pathways simultaneously reversed podocyte apoptosis
to levels similar to control podocytes. It could be concluded
that both signaling pathways contributed synergistically to
the observed injury.

Oxidative stress, particularly ROS derived from the
NAD(P)H oxidases Noxs, is crucial for the pathogenesis of
diabetic kidney disease (4, 16–22, 29). The most abundant Nox
isoform in the kidneys is Nox4 (3, 24, 25, 28). Nox4 was cloned
from the renal system and is highly expressed in the tubules,
renal fibroblasts, and cells of the glomerulus (18, 24, 28, 29).
We have previously shown that podocyte exposed to HG
treatment expressed an increase in Nox1 and Nox4 mRNA
levels and protein expression, while Nox2 was not affected by
the treatment (16–18). Impairment of Nox4 function using
knockdown strategy in a diabetic milieu significantly reduces
HG-induced podocyte apoptosis to levels almost similar to
controls (16). Gray et al. (31) showed that Nox1 isoform is
majorly implicated in diabetic macrovascular complications.
Furthermore, in another recent study by Jha et al. (37), the
authors show that albuminuria levels and urinary albumin/
creatinine ratio are unaffected in diabetic Nox1-/cApoE-/-

mice, while it was significantly reduced in diabetic Nox4-/-

ApoE-/- when compared to diabetic wild-type controls. These
findings suggest a major role played by Nox4 in diabetic renal
injuries.

In our previous work, we show that mTORC1 positively
regulates Nox4 mRNA levels and protein expression (19). In
the current study, we demonstrate that mTORC2 inhibition
decreases Nox1 and Nox4 expression and attenuates

FIG. 8. Proposed mechanism of HG/
diabetes-induced glomerular epithelial
cell (podocyte) depletion/apoptosis.
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HG-induced NADPH oxidase activity. Thus, our findings
have established a previously unrecognized link between the
Rictor/mTORC2 pathway and Nox1 and Nox4 in HG-
induced podocyte loss and glomerular cell injury in cultured
cells and in animal models of diabetes. Interestingly, there is
evidence that NAD(P)H oxidase and/or ROS may also act
upstream of Rictor/mTORC2 (27, 45), suggesting that ROS
generated by mTORC2-induced Nox1 and/or Nox4 may
target Rictor/mTORC2 activation via a feedback loop. In
summary, to our knowledge, this is the first study to suggest
that mTORC2 signaling regulates Nox1- and Nox4-induced
podocyte depletion in DN.

Materials and Methods

Podocyte culture and transfection

Conditionally immortalized mouse podocytes, kindly
provided by Dr. Katalin Susztack (Perelman School of
Medicine, Philadelphia, PA), were cultured as described
previously (16–19). For the siRNA experiments, SMART
pool consisting of siRNA duplexes specific for mouse Rictor,
or Raptor or Nox4, obtained from Dharmacon (Lafayette,
CO). The SMART pool of siRNAs was introduced into the
cells by the double transfection method using Oligofectamine
or Lipofectamine 2000 as we have previously described (11,
12). The siRNAs were used at a concentration of 100 nM.
Scrambled siRNAs (nontargeting siRNAs; 100 nM) served as
controls to validate the specificity of the siRNAs. All incu-
bations with HG were performed in the serum-free RPMI
1640 medium containing 0.2% BSA (fatty acid free) at 37�C
for 24 or 48 h.

Animal models

All animal procedures were conducted in accordance with
the University of Texas Health Science Center at San Anto-
nio and the American University of Beirut Animal Care and
Use Committee guidelines. Twenty-two-week-old control
FVB mice and OVE26 mice (FVB background; The Jackson
Laboratory) were used. At 17 weeks of age, OVE26 mice
were treated by either phosphorothioated sense or AS oli-
gonucleotides for Rictor (90 ng$g body wt21$day21) ad-
ministered subcutaneously by an ALZET osmotic minipump
(Alza). AS and the corresponding sense oligonucleotides
were synthesized as phosphorothioated oligonucleotides and
purified by HPLC (19). Glycemia levels (LifeScan One
Touch Glucometer; Johnson & Johnson) were monitored 24 h
after the treatment and then checked biweekly till the mice
were sacrificed (50). All of the mice had unrestricted access
to food and water and were maintained in accordance with
protocols approved by the Institutional Animal Care and Use
Committee. Before treatment with S or AS, mice were placed
in metabolic cages for urine collection. Urine albumin was
measured using a mouse albumin enzyme-linked immuno-
sorbent assay (ELISA) quantification kit (Bethyl Labora-
tories) and expressed as micrograms of albumin/24 h.
Animals were killed by exsanguination under anesthesia.
Both kidneys were removed and weighed. A slice of kidney
cortex at the pole was embedded in paraffin or flash-frozen in
liquid nitrogen for microscopy and image analyses. Cortical
tissues from the two kidneys of each mouse were used for
isolation of glomeruli by differential sieving with minor

modifications as described previously (16–19, 21, 22).
Western blot analysis was performed on these isolated
glomeruli.

Western blot analysis

Homogenates from glomeruli isolated from the renal cor-
tex were prepared in 200 ll of radioimmunoprecipitation
assay buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM
EDTA, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride,
20 lg/ml aprotinin, 20 lg/ml leupeptin, and 1% Nonidet P-
40) using a Dounce homogenizer. Homogenates were incu-
bated for 1 h at 4�C and centrifuged at 10,000 · g for 30 min
at 4�C. Podocytes were lysed in radioimmunoprecipitation
assay buffer at 4�C for 30 min. The cell lysates were centri-
fuged at 10,000 · g for 30 min at 4�C. Protein in the super-
natants was measured using the Bio-Rad method. For
immunoblotting, proteins (30–60 lg) were separated by
12.5% sodium dodecyl sulfate–polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride mem-
branes. The membranes were blocked with 5% low-fat milk
in Tris-buffered saline and then incubated with the rabbit
polyclonal Rictor antibody (dilution 1:1000; catalog No.
2140; Cell Signaling Technology, Inc.), rabbit polyclonal
Raptor antibody (dilution 1:1000; catalog No. 4978; Cell
Signaling Technology, Inc.), rabbit polyclonal phospho-Akt
(Ser473) antibody (dilution 1:1000; catalog No. 9271; Cell
Signaling Technology, Inc.), rabbit polyclonal phospho-Akt
(Thr308) antibody (dilution 1:1000; catalog No. 9275; Cell
Signaling Technology, Inc.), rabbit polyclonal Akt1 antibody
(dilution 1:1500; catalog No. ab28422; Abcam), rabbit
polyclonal Akt2 antibody (dilution 1:500; catalog No. PA5-
13762; Thermo Fisher Scientific), rabbit polyclonal phospho-
NDRG1 (Thr346) antibody (dilution 1:1000; catalog No.
PA5-17064; Thermo Fisher Scientific), rabbit polyclonal
podocin antibody (1:300; catalog No. H-130; Santa Cruz
Biotechnology, Inc.), rabbit polyclonal Mox1 antibody
(1:300; catalog No. H-15; Santa Cruz Biotechnology, Inc.),
rabbit polyclonal Nox4 antibody (1:300; catalog No. H-300;
Santa Cruz Biotechnology, Inc.), rabbit polyclonal phospho-
p70S6 Kinase (Thr389) antibody (dilution 1:1000; catalog No.
9205; Cell Signaling Technology, Inc.), rabbit polyclonal
p70S6 Kinase antibody (dilution 1:1000; catalog No. 9202;
Cell Signaling Technology, Inc.), and mouse monoclonal
anti-b-actin antibody (1:4000; catalog No. A2066; Sigma).
The primary antibodies were detected using horseradish
peroxidase-conjugated IgG (1:2500 or 1:5000). Bands were
visualized by enhanced chemiluminescence. Densitometric
analysis was performed using NIH Image software (16–19,
21, 22).

mRNA analysis

mRNA was analyzed by real-time RT-PCR using the DDCt

method (9–14). Total RNA was isolated from cultured mouse
podocytes or isolated glomeruli using the RNeasy� minikit
(Qiagen, Valencia, CA). mRNA expression was quantified
using the CFX96 Touch (Bio-Rad, Hercules, CA) with SYBR
Green dye and predesigned mouse RT2-quantitative PCR
primers (SABiosciences, Frederick, MD) for Nox4 (RefSeq
ID NM_015760), Rictor (RefSeq ID NM_030168), Akt1
(RefSeq ID NM_009652), Akt2 (RefSeq ID NM_007434),
and normalized to b-actin (RefSeq ID NM_007393).
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NADPH oxidase activity

NADPH oxidase activity was measured in cultured po-
docytes or in glomeruli isolated from kidney cortex as we
have described previously (16–19, 21, 22). Cultured podo-
cytes were washed five times with ice-cold phosphate-
buffered saline and scraped from the plate in the same
solution, followed by centrifugation at 800 · g for 10 min at
4�C. The cell pellets were resuspended in lysis buffer
(20 mM KH2PO4 [pH 7.0], 1 mM EGTA, 1 mM phe-
nylmethylsulfonyl fluoride, 10 lg/ml aprotinin, and 0.5 lg/
ml leupeptin). Cell suspensions or washed glomeruli were
homogenized with 100 strokes in a Dounce homogenizer on
ice. To start the assay, 20 lg of homogenates was added to
50 mM phosphate buffer (pH 7.0) containing 1 mM EGTA,
150 mM sucrose, 5 lM lucigenin, and 100 lM NADPH.
Photon emission expressed as relative light units was
measured every 20 or 30 s for 10 min in a luminometer. A
buffer blank (<5% of the cell signal) was subtracted from
each reading. The lucigenin-enhanced chemiluminescence
assay is a reasonably good indicator of Nox4 capacity to
generate superoxide indirectly when the probe is used at low
concentrations (>20 lM) to avoid artifactual events (28).
Superoxide production was expressed as relative light units/
min/mg of protein. Protein content was measured using the
Bio-Rad protein assay reagent.

Detection of intracellular superoxide in podocytes
using HPLC

Cellular superoxide production in podocytes was assessed
by HPLC analysis of DHE-derived oxidation products, as
described previously (19, 28). The HPLC-based assay allows
separation of superoxide-specific EOH from the nonspecific
ethidium, as previously described (19, 28). Briefly, after ex-
posure of quiescent podocytes grown in 60-mm dishes to 5 or
25 mM d-glucose for 48 h, cells are washed twice with Hanks’
balanced salt solution (HBSS)-diethylenetriaminepentaacetic
acid (DTPA) and incubated for 30 min with 50 lM DHE
(Sigma-Aldrich) in HBSS–100 lM DTPA. Cells were har-
vested in acetonitrile and centrifuged (12,000 · g for 10 min at
4�C). The homogenate was dried under vacuum and analyzed
by HPLC with fluorescence detectors. Quantification of DHE,
EOH, and ethidium concentrations was performed by com-
parison of integrated peak areas between the obtained and
standard curves of each product under chromatographic con-
ditions identical to those described above. EOH and ethidium
were monitored by fluorescence detection with excitation at
510 nm and emission at 595 nm, whereas DHE was monitored
by ultraviolet absorption at 370 nm. The results are expressed
as the amount of EOH produced (nmol) normalized for the
amount of DHE consumed (i.e., initial minus remaining DHE
in the sample; lmol).

AMPK activity assay

AMPK activity was measured using AMPK KinEASE FP
Fluorescein Green Assay Fluorescence Polarization accord-
ing to the manufacturer’s protocol (Millipore) (16, 17).

Apoptosis assays: cellular DNA fragmentation

The cellular DNA fragmentation ELISA (Roche Diag-
nostics GmbH, Mannheim, Germany) for detection of

BrdU-labeled DNA fragments in culture supernatants and
cell lysates was used according to the manufacturer’s pro-
tocol (16–19, 21, 22).

Apoptosis assays: annexin V and propidium
iodide staining

An Annexin V-FITC Apoptosis Detection Kit (Calbio-
chem) was used for annexin V and propidium iodide staining
according to the manufacturer’s protocol. The percentage of
apoptotic and necrotic cells was assessed by FACS (16–19,
21, 22).

Apoptosis assays and caspase-3 activity

A Caspase-3 Fluorescence Assay Kit (Cayman Chemical
Co.) was used according to the manufacturer’s protocol (16–19,
21, 22).

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 glomeruli (original magni-
fication · 400) for each animal (16). Five animals were
studied per group (n = 5).

Podocyte enumeration

Dual-label immunohistochemistry was used to identify
and count glomerular epithelial cells relative to the GBM as
we previously described (16–19). To identify podocytes, 3-
lm frozen sections of kidney cortex on glass slides were
stained with anti-podocin antibody, followed by Cy3-labeled
donkey anti-goat IgG. After washing and to identify the
GBM, the sections were stained with a rabbit antibody di-
rected against collagen type IV, followed by FITC-labeled
donkey anti-rabbit IgG. After staining and washing, the
sections were preserved on coverslips in the Prolong� gold
antifade mounting medium with DAPI (Invitrogen) for
fluorescence detection of nuclei. Sections were examined by
epifluorescence using excitation and band-pass filters optimal
for FITC, Cy3, and DAPI. Digital images representing each
fluorochrome were taken of random glomeruli using a Zeiss
LSM710 laser-scanning confocal microscope. Twenty-five to
35 glomerular cross sections per animal were photographed
in each color channel, providing a minimum of 100 com-
posite images per experimental group. Podocytes were
counted in projected images in a blind manner by two indi-
viduals. Podocin-positive cells on the outer aspect of the
GBM were considered glomerular epithelial cells and coun-
ted. Podocin-negative cells or cells in the inner aspect of the
GBM were not counted. The mean area of each glomerular
profile was measured manually, tracing the glomerular out-
line, encircling the area of interest, and calculating the sur-
face area by computerized morphometry using MetaMorph
(16–19, 23, 40, 49).

Electron microscopy

For electron microscopy photomicrographs, the kidney
cortex was prepared and analyzed as we have previously
described (16–19). In summary, the kidney cortex was cut
into 0.5–1-mm3 pieces and fixed overnight in cold 4%
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formaldehyde and 1% glutaraldehyde in phosphate buffer and
then embedded in Epon 812 resin. Plastic sections (0.50 mm)
were cut and stained with toluidine blue for identification of
representative areas for subsequent sectioning using an ultra-
microtome. Ultrathin sections were stained with uranyl acetate
and examined and photographed on a JEOL 100CX electron
microscope. All electron microscopy photomicrographs were
examined in a blind manner. Individual capillary loops were
examined and quantified in five glomeruli/group of animals for
the degree of foot process effacement as described by Jo et al.
(38). The procedure adopted for GBM thickening measure-
ment was a modification of the harmonic mean method sum-
marized by Dische (15) and adapted from Jensen et al. (36) and
Hirose et al. (32) as described in detail by Carlson et al. (6).

Statistical analysis

Results are expressed as mean – standard error. Statistical
significance was assessed by the analysis of variance and
Student’s t-test with Prism 6 software (GraphPad Software).
Significance was determined as a probability ( p value) of
<0.05 (16–19, 21, 22).
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Abbreviations Used

4E-BP1¼ eukaryotic initiation factor 4E binding
protein 1

Akt¼ protein kinase B
AMPK¼AMP-activated protein kinase

AS¼ antisense
BSA¼ bovine serum albumin
DHE¼ dihydroethidium

DN¼ diabetic nephropathy
DTPA¼ diethylenetriaminepentaacetic acid
ELISA¼ enzyme-linked immunosorbent assay

EOH¼ 2-hydroxyethidium
GBM¼ glomerular basement membrane
HBSS¼Hanks’ balanced salt solution

HG¼ high glucose
HPLC¼ high performance liquid chromatography

mLST8¼mammalian lethal with Sec13 protein 8
mRNA¼messenger RNA

mTORC1¼mammalian target of rapamycin complex 1
mTORC2¼mammalian target of rapamycin complex 2

NADPH¼ nicotinamide adenine dinucleotide
3-phosphate

Nox1¼NADPH oxidase 1
Nox4¼NADPH oxidase 4

p70S6K¼ 70-kDa ribosomal protein S6 kinase
Raptor¼ regulatory-associated protein of mTOR
Rictor¼ rapamycin-insensitive companion

of mTOR
ROS¼ reactive oxygen species

S¼ sense
Ser¼ serine

siRNA¼ small interfering RNA
Thr¼ threonine

TRPC6¼ transient receptor potential cation channel 6
UFR¼ urine flow rate
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