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Abstract

Aims: Oxidative stress plays a crucial role in the pathogenesis of diabetic nephropathy (DN). We evaluated
whether extracellular superoxide dismutase (EC-SOD) has a renoprotective effect through activation of
adenosine monophosphate-activated protein kinase (AMPK) in diabetic kidneys.
Results: Human recombinant EC-SOD (hEC-SOD) was administered to 8-week-old male C57BLKS/J db/db mice
through intraperitoneal injection once a week for 8 weeks. Renal SOD3 expression was suppressed in db/db mice,
which was significantly enhanced by hEC-SOD treatment. hEC-SOD improved albuminuria, mesangial expansion,
and interstitial fibrosis in db/db mice. At the molecular level, hEC-SOD increased phosphorylation of AMPK,
activation of peroxisome proliferative-activated receptor c coactivator 1a (PGC-1a), and dephosphorylation of
forkhead box O transcription factor (FoxO)1 and FoxO3a. The protective effects of hEC-SOD were attributed to
enhanced nuclear translocation of nuclear factor E2-related factor 2 (Nrf2) and subsequently increased expression
of NAD(P)H dehydrogenase 1 and heme oxygenase-1. Consequently, hEC-SOD recovered from systemic and renal
inflammation and apoptosis, as reflected by the decreases of serum and renal monocyte chemoattractant protein-1
and tumor necrosis factor-a levels and increases of BCL-2/BAX ratio in diabetic kidney. hEC-SOD also improved
oxidative stress and resulted in increased renal and urinary 8-hydroxy-2¢-deoxyguanosine and 8-isoprostane levels
in db/db mice. In cultured human glomerular endothelial cells, hEC-SOD ameliorated apoptosis and oxidative
stress caused by high glucose exposure through activation of AMPK and PGC-1a and dephosphorylation of FoxOs.
Innovation: These findings demonstrated for the first time that EC-SOD can potentially ameliorate
hyperglycemia-induced oxidative stress, apoptosis, and inflammation through activation of AMPK and its
downstream pathways in diabetic kidneys.
Conclusions: EC-SOD is a potential therapeutic target for treatment of type 2 DN through intrarenal AMPK-
PGC-1a-Nrf2 and AMPK-FoxOs signaling. Antioxid. Redox Signal. 28, 1543–1561.
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Introduction

D iabetic nephropathy (DN) is a serious microvascular
complication of diabetes and the major cause of end-

stage renal disease worldwide, including in Korea (23).

Accumulated advanced glycated end products; activation of
polyol pathways, renin–angiotensin system, and the protein
kinase C pathway; and increased oxidative stress play cru-
cial roles in the development of DN (4, 22). Among these
various causes, reactive oxygen species (ROS) and reactive
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nitrogen species (RNS) are of paramount importance in DN
(42). Glucose oxidation in medullary segments and free
fatty acid oxidation are the main sources of increased pro-
duction of ROS and RNS, which are important secondary
messengers for signaling pathways associated with apo-
ptosis and inflammation, especially in DN (16).

Superoxide dismutase (SOD) is the major antioxidant en-
zyme, and it converts superoxide into hydrogen peroxide
and molecular oxygen (11). Mammals have three distinct
forms of SOD, which are characterized by their metal ions
and localizations. Copper, zinc SOD (SOD1) is found in the
cytosol, and manganese SOD (SOD2) is located in the mi-
tochondria. Extracellular SOD (EC-SOD or SOD3) exists
primarily in the extracellular space and is believed to have
a special role in tissue homeostasis within extracellular
locations (8, 9).

Adenosine monophosphate-activated protein kinase (AMPK),
the downstream target of a protein kinase cascade acting as
an intracellular energy sensor, regulates energy stresses that
cause imbalance in the AMP/ATP ratio (18). AMPK pro-
motes cell survival by inducing autophagy, mitochondrial
biogenesis, and antioxidant defense systems through down-
stream signaling pathways, including peroxisome proliferator-
activated receptor c coactivator 1a (PGC-1a), forkhead box
O transcription factor (FoxO), mammalian target of rapa-
mycin, and silent information regulator 1 (5, 21, 41). Tran-
scriptional regulation of PGC-1a is responsible for the
upregulation of mitochondrial biogenesis-related genes in
response to ROS produced by mitochondrial dysfunction (5,
21). PGC-1a also acts upstream of the nuclear factor E2-
related factor 2 (Nrf2)-antioxidant response element path-
way to increase transcription of Nrf2 (30). Nrf2 regulates
cellular detoxification responses and redox status in chronic
kidney disease and DN (2, 25). EC-SOD is mainly synthe-
sized by vascular smooth muscle cells and fibroblasts (44).
Although ECSOD is mostly made by vascular smooth
muscle cells rather than endothelial cells, it binds to the
extracellular matrix on endothelial cell surfaces and can be
internalized by endothelial cells (6, 40). Glomerular en-
dothelial cell injury plays a major role in the development of
DN and can lead to podocyte damage, ultimately resulting in
glomerulotubular damage (12). EC-SOD is most widely
expressed in the kidney (13). However, the role of EC-SOD
in DN remains controversial.

We previously reported that several AMPK activators
ameliorate the severity of DN through improved oxidative
stress by activating AMPK and its downstream signal path-
ways (20, 26, 29). However, evidence regarding the re-
noprotective effects of EC-SOD through activation of AMPK
in DN is poorly understood. We hypothesized that human
recombinant EC-SOD (hEC-SOD) can potentially ameliorate
renal hyperglycemia-induced oxidative stress, inflammation,
and apoptosis through the activation of AMPK-PGC-1a-Nrf2
and AMPK-FoxOs pathways.

Results

Biochemical and physiological parameters of mice

The body weight of db/db mice was significantly higher
than that of db/m and db/m hEC-SOD mice and decreased in
db/db hEC-SOD mice. HbA1c and fasting blood glucose
levels were markedly higher for db/db and db/db hEC-SOD
mice than for db/m and db/m hEC-SOD mice. Administration
of hEC-SOD did not influence blood glucose levels in dia-
betic mice. There were no differences in kidney weight,
blood urea nitrogen, or serum creatinine level among the
study groups. Urine volume and albuminuria were further
increased in db/db mice, and administration of hEC-SOD
ameliorated 24 h albuminuria and urine volume in db/db mice
(Table 1).

Effects of hEC-SOD on renal histological changes and
expression of transforming growth factor-b1 and Col IV

Mesangial expansion and tubulointerstitial fibrosis are the
main causes of deteriorating renal function in DN (38).
Fractional mesangial area was not different between db/m
and db/m hEC-SOD mice, and further increased in db/db
mice (Fig. 1A, B, p < 0.001). Interstitial fibrotic area and
expression of transforming growth factor-b1 (TGF-b1) and
type IV collagen (Col IV) were also largely increased in db/
db mice compared with db/m and db/m hEC-SOD mice
(Fig. 1A, C–E, p < 0.001, p < 0.01, and p < 0.01, respectively).
All diabetes-induced renal histological changes and expres-
sion of TGF-b1 and Col IV seen in db/db mice were recov-
ered by hEC-SOD treatment.

Effects of hEC-SOD on intrarenal SOD isoform
and renal expression of SOD3

The intrarenal SOD contents were determined and are
shown in Figure 2. The SOD1 and SOD2 levels were mark-
edly suppressed in db/db mice compared with those in db/m
and db/m hEC-SOD mice (Fig. 2A–C, p < 0.001 and
p < 0.001, respectively). Administration of hEC-SOD to db/
db mice did not restore SOD1 and SOD2 to the levels of those
in db/m and db/m hEC-SOD mice. The SOD3 level was lower
in db/db mice than in db/m and db/m hEC-SOD mice, and it
was significantly enhanced in db/db mice treated with hEC-
SOD (Fig. 2A, D, p < 0.01). The intensity of SOD3 measured
by immunofluorescence staining was significantly higher in
both tubules and glomeruli of kidneys from db/db hEC-SOD
mice than in those from db/db mice (Fig. 2E). These findings
suggest that hEC-SOD treatment can recover expression of
SOD3, but not SOD1 and SOD2, in diabetic kidneys.

Innovation

Oxidative stress plays a critical role in the development
and progression of diabetic nephropathy (DN). To date,
the role of extracellular superoxide dismutase (EC-SOD)
in DN remains controversial. This study demonstrated
that EC-SOD has an important role in the improvement
of oxidative stress, apoptosis, and inflammation in DN.
Furthermore, adenosine monophosphate-activated protein
kinase (AMPK) is directly phosphorylated by EC-SOD
activation, and the activation of AMPK and its down-
stream targets ameliorates diabetic kidney injury. This is
the first demonstration that EC-SOD attenuates renal ox-
idative stress through intrarenal AMPK-PGC-1a-Nrf2
and AMPK-FoxOs signaling in DN. EC-SOD can be a
potential therapeutic target for treatment of DN.
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Renal expression levels of phospho/total-AMPK,
phospho/total-FoxOs, and PGC-1a

Diabetes markedly reduced phospho-Thr172/total-AMPK
expression in db/db mice compared with that of db/m and db/
m hEC-SOD mice (Fig. 3A, p < 0.01). hEC-SOD treatment
in db/db mice enhanced phospho-Thr172/total-AMPK levels
to the levels of db/m and db/m hEC-SOD mice. To investigate
changes in AMPK downstream targets, FoxOs family and
PGC-1a expression were examined. As the phospho-Thr172/
total-AMPK ratio inhibited, increased phospho-Ser256 FoxO1
and phospho-Ser253 FoxO3a expression was shown in db/db
mice, and hEC-SOD treatment markedly attenuated phospho-
Ser256 FoxO1 and phospho-FoxO3a Ser253 expression in db/db
mice (Fig. 3B–D, p < 0.01 and p < 0.01). Consistent with
changes in phospho-Thr172/total-AMPK ratio, expression of
PGC-1a was significantly reduced in db/db mice and en-
hanced with hEC-SOD treatment (Fig. 3B, E, p < 0.001).

Renal expression levels of nuclear and cytoplasmic
Nrf2, Keap-1, NQO-1, HO-1, and Nox system

The effect of hEC-SOD treatment on the Nrf2/Kelch-like
ECH-associated protein 1 (Keap1) pathway was next evalu-
ated as one of the downstream targets of AMPK. Expression
of nuclear Nrf2 was significantly reduced in db/db mice, and
hEC-SOD treatment enhanced nuclear Nrf2 expression in db/
db mice (Fig. 4A, B, p < 0.01). However, there were no no-
table differences in cytoplasmic/total Nrf2 expression among
all experimental groups (Fig. 4A, C). Consistent with the
changes in cytoplasmic/total Nrf2, expression of the Nrf2
repressor Keap 1 was not significantly different among the
groups (Fig. 4A, D). Expression of NAD(P)H dehydrogenase
1 (NQO-1) and heme oxygenase-1 (HO-1) markedly in-
hibited in db/db mice. hEC-SOD treatment in db/db mice
recovered expression of NQO-1 and HO-1 to the levels of db/
m and db/m hEC-SOD mice (Fig. 4A, E, F, p < 0.05 and
p < 0.05, respectively). NADPH oxidases (Nox) are unique
enzymes that may be responsible for large amounts of su-
peroxide and hydrogen peroxide production under various
pathological conditions. AMPK also has a key role in regu-
lating the Nox system in diabetic kidney disease. Of the
major Nox isoforms that have been identified, we investi-

gated Nox1, Nox2, and Nox4 expression evaluated as one of
the downstream targets of AMPK. Expression of Nox1,
Nox2, and Nox4 was significantly increased in db/db mice,
and hEC-SOD treatment decreased Nox1, Nox2, and Nox4
expression in db/db mice (Fig. 4G–J, p < 0.01, p < 0.001 and
p < 0.01, respectively).

Effects of EC-SOD on mRNA expression levels
of AMPK, PGC-1a, and Nrf2

To find out the changes in the gene expression levels of
ampka1, ampka2, pgc-1a, and nrf2 after hEC-SOD treatment
in db/db mice, the mRNA expression levels of these genes
were further investigated with reverse transcription poly-
merase chain reaction (RT-PCR) analysis (Fig. 5A–E). As
expected, the mRNA expression levels of ampka1, ampka2,
pgc-1a, and nrf2 were significantly suppressed in db/db mice,
but hEC-SOD treatment in db/db mice largely reversed the
expression levels of ampka1, ampka2, pgc-1a, and nrf2 to the
levels of db/m and db/m hEC-SOD mice ( p < 0.01, p < 0.01,
p < 0.05 and p < 0.05, respectively).

Effects of EC-SOD on mitochondrial biogenesis

To elucidate the changes of mitochondria biogenesis as-
sociated with the enhancement of PGC-1a by increasing of
EC-SOD, we examined the renal morphology in more detail
by transmission electron microscopy (TEM). The amounts of
mitochondria measured by electron microscopy were sig-
nificantly lower in the endothelium from db/db mice than
those from db/m mice, but hEC-SOD treatment rescued mi-
tochondrial dysfunction in db/db mice (Fig. 5F). These
findings suggest that hEC-SOD treatment can improve mi-
tochondrial biogenesis in diabetic kidneys.

Effects of EC-SOD on oxidative stress

Renal oxidative stress was considerably aggravated in
db/db mice, reflected by 24-h urinary 8-hydroxy-2¢-
deoxyguanosine (8-OH-dG) and 8-epi-prostaglandin F2a (8-
isoprostane) concentrations (Fig. 6A, B, p < 0.001 and
p < 0.001, respectively). Urinary 8-OH-dG and 8-isoprostane
concentrations were significantly restored in db/db mice
undergoing hEC-SOD treatment. Immunohistochemical

Table 1. Biochemical and Physical Characteristics of the Four Groups at the End

of the 16 Weeks Experimental Period

db/m Control db/m hEC-SOD db/db Control db/db hEC-SOD

Body weight (g) 30.7 – 1.6 30.1 – 0.8 55.8 – 4.5{ 40.4 – 4x

Kidney weight (g) 0.19 – 0.02 0.21 – 0.03 0.21 – 0.04 0.21 – 0.04
FBS (mg/dL) 150.8 – 42.2 139.6 – 23.4 577.3 – 49.2{ 551 – 13.5{

HbA1c (%) 4.2 – 0.2 3.9 – 0.1 13 – 1.3{ 12.2 – 0.6{

24 h Albuminuria (lg/day) 9.4 – 4.7 10.8 – 7.1 225.3 – 99.9{ 61.9 – 61{

Urine volume (mL/day) 1.0 – 0.3 0.9 – 0.3 13.4 – 4.5{ 8.7 – 3.3{

BUN (mg/dL) 17.8 – 1.9 19.5 – 3.6 18.7 – 1.2 20.5 – 2.3
Serum Cr (lmol/L) 17.3 – 2.9 18.1 – 2.5 20.1 – 3.4 19.8 – 3.3
Cr clearance (mL/min) 0.35 – 0.18 0.34 – 0.20 0.53 – 0.19* 0.44 – 0.23*

BUN, blood urea nitrogen; Cr, Creatinine; FBS, fasting blood sugar; EC-SOD, extracellular superoxide dismutase; hEC-SOD, human
recombinant EC-SOD. Data are means – SD. n = 6–8 in each groups, *p < 0.05, {p < 0.001 compared with db/m control and db/m hEC-SOD
groups, and {p < 0.05, xp < 0.01 compared with db/db control.
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FIG. 1. Changes in glomerular phenotypes in db/m and db/db mice with or without hEC-SOD treatment. Glomerular
mesangial fractional area, tubulointerstitial fibrosis, and TGF-b1 and type IV collagen expression in the glomerulus in the
cortical area of db/m and db/db mice with or without hEC-SOD treatment are shown. (A) Representative sections of
periodic acid-Schiff stain, Masson’s trichrome staining and representative immunohistochemical staining for TGF-b1 and
type IV collagen are shown (original magnification, · 400). Quantitative analyses of the results for the (B) mesangial
fractional area (%), (C) interstitial fibrosis area (%), (D) TGF-b1 (fold), and (E) type IV collagen (fold) are shown.
**p < 0.01 and #p < 0.001 vs. db/m (db/m cont), dm cont (db/m cont), dm+hEC-SOD (db/m hEC-SOD) and db+hEC-SOD
(db/db hEC-SOD) mice. hEC-SOD, human recombinant extracellular superoxide dismutase; TGF-b1, transforming growth
factor-b1. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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staining of 8-OH-dG also revealed the same result of higher
expression in db/db mice and reduced expression after
treatment with hEC-SOD (Fig. 6C, p < 0.01). These findings
suggest that oxidative stress in diabetic kidneys can be
ameliorated by hEC-SOD treatment.

Effects of EC-SOD on inflammatory cytokines
and inflammatory cells

Macrophages and monocytes are the major inflammatory
cells found in diabetic kidneys and are broadly characterized
by their activation state according to the M1/M2 classifica-
tion. M1 macrophages express enhanced genes, which are
proinflammatory and cytotoxic, inducible nitric oxide syn-
thase (iNOS)/NO, interleukin (IL)-12, IL-8, tumor necrosis
factor-a (TNF-a), and monocyte chemoattractant protein-1
(MCP-1). In contrast, M2 macrophages generate anti-
inflammatory cytokines and substances involved in repairing
function, arginase/ornithine, TGF-b, and mannose receptor.

In this study, serum MCP-1 and TNF-a levels were fur-
ther increased in db/db mice, and treatment with hEC-SOD in
db/db mice restored serum MCP-1 and TNF-a to the levels
of those from db/m and db/m hEC-SOD mice (Fig. 7A, B,
p < 0.01 and p < 0.01, respectively). Tissue MCP-1 concen-
tration was also increased in db/db mice compared with db/m
and db/m hEC-SOD mice (Fig. 7C, p < 0.001). Administra-
tion of hEC-SOD attenuated tissue MCP-1 levels in db/db
hEC-SOD mice compared with that of db/db mice ( p < 0.05).
As shown in Figure 7D, cell surface glycoprotein F4/80 (F4/
80) staining in the glomerular area increased in db/db mice
and markedly reduced with hEC-SOD treatment. These
findings suggest that inflammatory conditions caused by di-
abetes in db/db mice can be improved by hEC-SOD treatment
( p < 0.01). Expression of CD68 and granulocyte differentia-
tion antigen-1 (Gr-1) was further increased in db/db mice and
reduced by hEC-SOD treatment (Fig. 7E–G, p < 0.01 and
p < 0.05, respectively). Expression of arginase I did not
change in db/db mice and db/db hEC-SOD mice, but

FIG. 2. Western blot analysis of the intrarenal SOD isoforms and immunofluorescence staining for SOD3 in db/m and
db/db mice with or without hEC-SOD treatment. Protein lysates (30 lg) from renal cortex were separated by SDS-PAGE
and analyzed by Western blotting. (A) Representative Western blot is shown for SOD1, SOD2, SOD3, and b-actin. Quan-
titative analyses are shown for (Supplementary Fig. S1; Supplementary Data are available online at www.liebertpub.com/ars).
(B) SOD1/b-actin and (C) SOD2/b-actin, #p < 0.001 vs. dm cont (db/m cont) and dm+hEC-SOD (db/m hEC-SOD) mice.
(D) SOD3/b-actin. **p < 0.01 vs. dm cont (db/m cont), dm+hEC-SOD (db/m hEC-SOD) and db+hEC-SOD (db/db hEC-SOD)
mice. (E) Representative immunofluorescence staining for SOD3 is shown in db/m and db/db mice with or without hEC-SOD
treatment. SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis. To see this illustration in color, the reader
is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 3. Western blot analysis of phospho-Thr172AMPK, total AMPK, phospho-Ser256FoxO1, total FoxO1 phospho-
Ser253FoxO3a, total FoxO3a, and PGC-1a in db/m and db/db mice with or without hEC-SOD treatment. Protein lysates
(30lg) from renal cortex were separated by SDS-PAGE and analyzed by Western blotting. (A) Representative Western blot and
quantitative analyses are shown for phospho-Thr172 AMPK and total AMPK (Supplementary Fig. S1). (B) Representative
Western blot is shown for phospho-Ser256FoxO1, total FoxO1 phospho-Ser253FoxO3a, total FoxO3a, PGC-1a, and b-actin.
Quantitative analyses of the results from the Western blot: (Supplementary Fig. S1). (C) phospho-Ser256 FoxO1/total FoxO1, (D)
phospho-Ser253 FoxO3a/total FoxO3a, (E) PGC-1a/b-actin. **p < 0.01 and #p < 0.001 vs. dm cont (db/m cont), dm+hEC-SOD
(db/m hEC-SOD) and db+hEC-SOD (db/db hEC-SOD) mice. AMPK, adenosine monophosphate-activated protein kinase; FoxO,
forkhead box O transcription factor; PGC-1a peroxisome proliferative-activated receptor c coactivator 1a.

FIG. 4. Western blot analysis of nuclear Nrf2, cytoplasmic/total Nrf2, Keap1, NQO-1, HO-1, and NADPH oxidases in
db/m and db/db mice with or without hEC-SOD treatment. Protein lysates (30 lg) from renal cortex were separated by SDS-
PAGE and analyzed by Western blotting. (A) Representative Western blot showing nuclear Nrf2, cytoplasmic/total Nrf2, Keap1,
NQO-1, HO-1, lamin B1, and b-actin. Quantitative analyses of the results from the Western blot: (Supplementary Fig. S2).
(B) nuclear Nrf2/lamin B1, (C) cytoplasmic Nrf2/total Nrf2, (D) Keap1/b-actin, (E) NQO-1/b-actin, and (F) HO-1/b-actin.
*p < 0.05 and **p < 0.01 vs. dm cont (db/m cont), dm+hEC-SOD (db/m hEC-SOD) and db+hEC-SOD (db/db hEC-SOD) mice.
(G) Representative Western blot showing Nox1, Nox2, Nox4, and b-actin. Quantitative analyses of the results from the Western
blot: (Supplementary Fig. S2). (H) Nox1/b-actin, (I) Nox2/b-actin, and (J) Nox4/b-actin, **p < 0.01, and #p < 0.001 vs. dm cont
(db/m cont), dm+hEC-SOD (db/m hEC-SOD) and db+hEC-SOD (db/db hEC-SOD) mice. HO-1, heme oxygenase; Keap1, Kelch-
like ECh-associated protein 1; NQO-1, NAD(P)H dehydrogenase 1; Nrf2, nuclear factor E2-related factor 2.

‰
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FIG. 5. RT-PCR of AMPK, PGC-1a, and Nrf2 and electron micrographs showing mitochondrial morphology in db/
m and db/db mice with or without hEC-SOD treatment. (A) Representative RT-PCR showing ampka1, ampka2, pgc-1a,
nrf2, and 18s rRNA. Quantitative analyses of the results from the RT-PCR: (Supplementary Fig. S3). (B) ampka1/18s rRNA,
(C) ampka2/18s rRNA, (D) pgc-1a/18s rRNA, and (E) nrf2/18s rRNA. *P < 0.05 and **P < 0.01 compared with other
groups. (F) Representative images of mitochondrial morphology by transmission electron microscopy in kidney tissues of
db/m and db/db mice with or without hEC-SOD treatment. RT-PCR, reverse transcription polymerase chain reaction.
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expression of arginase II was markedly enhanced in db/db
mice and reduced in db/db hEC-SOD mice (Fig. 7E, H, I,
p < 0.05 and p < 0.01, respectively). Expression of iNOS was
significantly increased in db/db mice and significantly de-
creased by hEC-SOD treatment (Fig. 7E, J, p < 0.01). Con-
sequently, these results demonstrate that EC-SOD improves
renal inflammation in DN through reducing proinflammatory
cytokines produced from macrophage M1 polarization
without the changes of macrophage M2 polarization.

Renal expression of BCL-2, BAX, and terminal
deoxynucleotidyl transferase-mediated dUTP
nick end-labeling-positive cells

To evaluate the antiapoptotic effects of hEC-SOD treat-
ment, terminal deoxynucleotidyl transferase-mediated dUTP
nick end-labeling (TUNEL)-positive cells in the glomeruli
from all experimental groups were counted. The number of
TUNEL-positive cells in db/db mice was significantly at-
tenuated by hEC-SOD treatment (Fig. 8A, p < 0.001). The
antiapoptotic B cell leukemia/lymphoma 2 (BCL-2) protein
level decreased and the proapoptotic BCL-2-associated X
(BAX) protein level increased in db/db mice. As a result,
BCL-2/BAX ratio was suppressed in db/db mice. The ad-
ministration of hEC-SOD in db/db mice enhanced BCL-2

protein and attenuated BAX protein, resulting in a normal-
ized BCL-2/BAX ratio (Fig. 8B, p < 0.01).

In vitro studies

The effects of hEC-SOD treatment on high glucose (HG)-
induced inflammation, oxidative stress, and apoptosis related
to AMPK activation and downstream molecules were eval-
uated in cultured human glomerular endothelial cells
(HGECs). HG induced marked decreases in the activation of
SOD isoforms and phosphor-Thr172/total AMPK (Fig. 9A–E,
p < 0.05, p < 0.05, p < 0.05 and p < 0.01, respectively). hEC-
SOD treatment in HG-treated HGECs did not influence
the levels of intracellular SOD isoforms in a dose-dependent
manner. In contrast, EC-SOD restored expression of
phospho-Thr172 AMPK in HG-treated HGECs (Fig. 9A, E).
Administration of hEC-SOD to the low-glucose (LG) group
did not affect SOD isoforms or phosphor-Thr172/total
AMPK in cultured HGECs. Consistent with the results of an
in vivo study, HG enhanced phospho-Ser256/total FoxO1
and phospho-Ser253/total FoxO3a and inhibited PGC-1a.
hEC-SOD treatment in HG medium recovered the expres-
sion of phospho-FoxOs and PGC-1a, but these changes were
not associated with treatment dose of hEC-SOD (Fig. 9F–I,
p < 0.01, p < 0.01 and p < 0.01, respectively).

FIG. 6. The changes of
oxidative stress markers
in db/m and db/db mice
with or without hEC-SOD
treatment. The 24-h urinary
8-OH-dG and 8-isoprostane
concentrations of the study
mice are shown. (A) 24-h
urinary 8-OH-dG concentra-
tions, (B) 24-h urinary 8-
isoprostane concentrations,
(C) representative immuno-
histochemical staining for
8-OH-dG is shown (original
magnification, · 400). **p <
0.01 and #p < 0.001 vs. dm
cont (db/m cont), dm+hEC-
SOD (db/m hEC-SOD) and
db+hEC-SOD (db/db hEC-
SOD) mice and *p < 0.05 vs.
db/db mice. 8-OH-dG,
8-hydroxy-2¢-deoxyguanosine.
To see this illustration in col-
or, the reader is referred to the
web version of this article at
www.liebertpub.com/ars
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FIG. 7. The changes of inflammatory markers in db/m and db/db mice with or without hEC-SOD treatment. The
serum or tissue MCP-1 and TNF-a concentration of the study mice are shown. (A) Serum MCP-1 concentration. (B) Serum TNF-a
concentration. (C) Renal MCP-1 concentration, **p < 0.01 and #p < 0.001 vs. dm cont (db/m cont), dm+hEC-SOD (db/m hEC-SOD)
and db+hEC-SOD (db/db hEC-SOD) mice and *p < 0.05 vs. db cont (db/db cont) mice. (D) Representative images and quantitative
analyses of the results for the F4/80-positive cells (fold) are shown. **p < 0.01 vs. dm cont (db/m cont), dm+hEC-SOD (db/m hEC-
SOD) and db+hEC-SOD (db/db hEC-SOD) mice. (E) Representative Western blot showing CD68, Gr-1, arginase I/II, iNOS, and b-
actin. Quantitative analyses of the results from the Western blot: (Supplementary Fig. S3). (F) CD68/b-actin, (G) Gr-1/b-actin, (H)
arginase I/b-actin, (I) arginase II/b-actin, and (J) iNOS/b-actin. *p < 0.05, **p < 0.01 vs. dm cont (db/m cont), dm+hEC-SOD (db/
m hEC-SOD) and db+hEC-SOD (db/db hEC-SOD) mice. F4/80, cell surface glycoprotein F4/80; Gr-1, granulocyte-differentiation
antigen-1; iNOS, inducible nitric oxide synthase; MCP-1, monocyte chemoattractant protein-1; TNF-a, tumor necrosis factor-a. To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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To investigate whether AMPK activation was related to
stimulation by hEC-SOD treatment, additional experiments
were conducted using small interfering RNAs (siRNAs) for
AMPKa1 and AMPKa2 in cultured HGECs. Expression of
phosphor-Thr172 and total AMPK was significantly sup-
pressed in cultured HGECs transfected with siRNAs for
AMPKa1 and AMPKa2 (Fig. 10A–C, p < 0.01 and p < 0.01,
respectively). Consistent with changes in AMPK expres-
sion, the expression of PGC-1a also markedly reduced in
cultured HGECs transfected with siRNAs for AMPKa1 and
AMPKa2 (Fig. 10A, D, p < 0.01). The transfected siRNAs
for AMPKa1 and AMPKa2 in HG-treated HGECs consis-
tently suppressed AMPK activation despite hEC-SOD treat-
ment (0.1 U/mL) compared with the siRNA control group
(Fig. 11A, B, p < 0.01). Expression of FoxO1, FoxO3a, and
PGC-1a, downstream targets of AMPK, was also inhibited in
HGECs treated with HG medium transfected with siRNAs

for AMPKa1 and AMPKa2 (Fig. 11A, C–E, p < 0.01,
p < 0.01 and p < 0.01, respectively).

Discussion

This study demonstrated that EC-SOD downregulation is
associated with increased oxidative stress and decreased
AMPK expression in diabetic kidneys. These changes lead to
the inactivation of PGC-1a-Nrf2 and FoxOs signaling, which
subsequently results in increased inflammation and apopto-
sis. Conversely, hEC-SOD treatment ameliorates DN by ac-
tivating AMPK and PGC-1a-Nrf2 and dephosphorylating
FoxOs, which reverses apoptotic renal injury and inflam-
mation.

Oxidative stress has been implicated as a critical patho-
genic factor in the pathogenesis of DN (10, 24). Previously,
EC-SOD has shown protective effects in other animal models

FIG. 8. The changes of
apoptosis markers in db/m
and db/db mice with or
without hEC-SOD treat-
ment. (A) Representative
immunohistochemical stain-
ing for TUNEL-positive cells
and the quantitative analyses
of the results are shown.
#p < 0.001 vs. dm cont (db/m
cont), dm+hEC-SOD (db/m
hEC-SOD) and db+hEC-
SOD (db/db hEC-SOD)
mice. (B) Representative
Western blot of the BAX,
BCL-2, and b-actin levels
and quantitative analyses of
the results of the BCL-2/
BAX ratio are shown.
(Supplementary Fig. S4).
**p < 0.01 vs. dm cont (db/m
cont), dm+hEC-SOD (db/m
hEC-SOD) and db+hEC-
SOD (db/db hEC-SOD)
mice. To see this illustration
in color, the reader is referred
to the web version of this
article at www.liebertpub
.com/ars
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FIG. 9. The effect of dose-dependent hEC-SOD treatment on SOD isoforms and AMPK, FoxOs family, and PGC-
1a expression in the cultured glomerular endothelial cells treated with LG or HG medium. SOD1, SOD2, SOD3,
phospho-Thr172 AMPK, total AMPK, phospho-Ser256 FoxO1, total FoxO1, phospho-Ser253 FoxO3a, total FoxO3a, and PGC-
1a levels were assessed in the cultured glomerular endothelial cells treated with LG or HG medium. Protein lysates (10 lg)
were separated by SDS-PAGE and analyzed by Western blotting. (A) Representative Western blot of SOD1, SOD2, SOD3,
phospho-Thr172 AMPK, and total AMPK is shown. Quantitative analyses of SOD1, SOD2, SOD3, phospho-Thr172 AMPK,
total AMPK, and b-actin levels are shown; (Supplementary Fig. S4). (B) SOD1/b-actin, (C) SOD2/b-actin, (D) SOD3/b-actin,
and (E) phospho-Thr172 AMPK/total AMPK. *p < 0.05 and **p < 0.01 compared with LG. (F) Representative immunoblot
analysis of phospho-Ser256 FoxO1, total FoxO1, phospho-Ser253 FoxO3a, total FoxO3a, and PGC-1a in the cultured glo-
merular endothelial cells and the quantitative analyses of the results (Supplementary Fig. S4). (G) Phospho-Ser256 FoxO1/total
FoxO1, (H) phospho-Ser253 FoxO3a/total FoxO3a, and (I) PGC-1a/b-actin, **p < 0.01 compared with other groups. HG, high
glucose; LG, low glucose.
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of kidney injury, such as renal ischemia reperfusion injury or
adriamycin-induced nephropathy (34, 45). However, evi-
dence regarding the role of EC-SOD in DN has been incon-
sistent to date. Kimura et al. showed that decreased serum
EC-SOD level in patients with type 2 diabetes was associated
with increased proteinuria and severity of DN (28). In in vivo
studies, renal expression of EC-SOD was significantly sup-
pressed in a mouse model of type 1 DN (13). However, an-
other study showed that only SOD1 deficiency alone, but not
SOD3 deficiency, resulted in pronounced proteinuria and
oxidative stress in C57BL/6-Akita diabetic mice. Therefore,
they suggested that EC-SOD might not be a major factor
involved in the pathogenesis of DN (14). In contrast, a recent
study demonstrated that hEC-SOD treatment protects against
DN, resulting in increased antioxidant activity through
downregulation of the ROS/ERK1/2 signaling pathway (31).
Another study showed that the activation of EC-SOD by the
combination of angiotensin AT1 receptor blocker and per-
oxisome proliferator-activated receptor c agonist attenuated
glomerular sclerosis, macrophage infiltration, and reversed
vascular endothelial dysfunction in an animal model of type 2
diabetic kidney (15). The inconsistency of experimental ap-
proaches among animal studies might be responsible for the
discrepant results. This study demonstrated that renal EC-
SOD expression measured by Western blot and immunohis-
tochemical staining was significantly decreased in diabetic
kidneys. In addition, hEC-SOD administration decreased
24 h albuminuria and histological changes, such as mesangial
expansion and interstitial fibrosis, by decreased oxidative
stress through activation of SOD3 in diabetic mice.

AMPK plays a principal role in cell growth and cellular
energy homeostasis and is a key component of the devel-
opment of DN (27). Dugan et al. (7) demonstrated that
hyperglycemia suppressed the generation of mitochondrial
superoxide, leading to reduced mitochondrial biogenesis by
downregulating expression of PGC-1a due to inactivated
AMPK. However, the exact mechanisms of AMPK and EC-
SOD activation have yet to be identified. This study con-
firmed that AMPK is directly activated by hEC-SOD
treatment in diabetic mice. Knockdown of AMPKa1 and
AMPKa2 blocks the induction of AMPK and its down-
stream targets, such as PGC-1a and FoxOs, by hEC-SOD
treatment in HGECs cultured with HG medium. We eval-
uated mitochondrial dysfunction by TEM, and our study
confirmed that AMPK activation by hEC-SOD treatment in
diabetic mice improved hyperglycemia-induced mitochon-
drial ROS production through the enhancement of the
AMPK-PGC-1a pathway consistent with a previous study
(7). AMPK activation also attempts to suppress oxidative
injury by suppressing Nox-derived ROS and mitochondria
dysfunction in diabetic kidney disease (42). In this study,
the expression levels of Nox1, Nox2, and Nox4, which are
representative isoforms associated with the pathogenesis of
DN, were inhibited by EC-SOD-induced AMPK activation
in diabetic kidney. These results suggest that EC-SOD di-
rectly suppresses oxidative stress through AMPK activa-
tion, but the antioxidant effect of AMPK activation was not
limited to increased mitochondrial biogenesis. AMPK may
act not only as a master energy sensor but also as a ‘‘master
ROS sensor’’ of the cell (4).

FIG. 10. The effect of AMPKa1 or AMPKa2 siRNA on AMPK and PGC-1a expression in the cultured glomerular
endothelial cells. The cultured glomerular endothelial cells are transfected with 50 nmol/L control siRNA or 50 nmol/L
AMPKa1 or AMPKa2 siRNA using transfection reagent. Approximately 24 h after transfection, the levels of phospho-
Thr172 AMPK, total AMPK, and PGC-1a signaling in the cultured glomerular endothelial cells. Protein lysates (10 lg) from
the cultured glomerular endothelial cells were separated by SDS-PAGE and analyzed by Western blotting. (A) Re-
presentative Western blot analysis of phospho-Thr172 AMPK, total AMPK, PGC-1a, and b-actin levels, and the quantitative
analyses of the results are also shown: (B) phospho-Thr172 AMPK/b-actin, (C) total AMPK/b-actin, (D) PGC-1a/b-actin.
**p < 0.01 compared with siCont. siRNA, small interfering ribonucleic acid.
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Our study also demonstrated that EC-SOD suppressed
oxidative stress in DN through the AMPK-PGC-1a-Nrf2
signaling pathway. The exact mechanisms of AMPK-
mediated antioxidative responses remain unclear, but recent
studies showed that AMPK stimulates the Nrf2 signaling
pathway (35, 37). In addition, PGC-1a can promote tran-
scription of antioxidant enzymes in response to oxidative
stress (1, 43). Although a molecular interaction between Nrf2
and PGC-1a has not been identified, upregulation of PGC-1a
coactivates Nrf2 expression and stimulates upregulation of
antioxidant genes, such as HO-1, NQO-1, and SODs (1, 39).
In this study, nuclear translocation of Nrf2 was significantly
suppressed in diabetic mice and HGECs cultured with HG
medium. hEC-SOD treatment also upregulated HO-1 and
NQO-1 expression through nuclear translocation of Nrf2,
leading to attenuated elevation of the markers of oxidative
stress in diabetic mice. These changes were substantially
associated with the AMPK-PGC-1a signaling pathway. We
used AMPKa1 and AMPKa2 siRNA to elucidate the effect of

EC-SOD on the AMPK-PGC-1a pathway. PGC-1a activation
induced by hEC-SOD treatment was abolished by AMPKa1
and AMPKa2 siRNA treatment in HG-treated HGECs.
Therefore, we suggest that the protective role of hEC-SOD is
mediated through direct activation of AMPK, which, in turn,
increases expression of PGC-1a.

The adaptive response of the AMPK-FoxO3a signaling
pathway is also involved in upregulating antioxidant en-
zymes against oxidative stress (17). In previous studies, the
phenolic compound reduced intracellular ROS levels by in-
creasing catalase through the AMPK-FoxO3a pathway, and
AMPK siRNA suppressed FoxO3a upregulation in vascular
endothelial cells (48). EC-SOD also promoted cell survival
through phosphorylation of FoxO3a and antiapoptotic mir-21
upregulation and proapoptotic bim mRNA downregulation in
a skeletal muscle ischemia model (34). In our study, expres-
sion of AMPK and FoxOs was inactivated in diabetic mice and
HG-treated HGECs. In addition, hEC-SOD treatment restored
activated AMPK and decreased phosphorylation of FoxO1 and

FIG. 11. The effect of AMP-
Ka1 or AMPKa2, siRNA in a
HG environment with hEC-
SOD treatment. The cultured
glomerular endothelial cells were
transfected with 50 nM control
siRNA or 50 nM AMPKa1 or
AMPKa2 siRNA using transfec-
tion reagent and stimulated with
hEC-SOD treatment (0.1 U/mL) in
HG medium. Approximately 24 h
after transfection, the levels of
phospho-Thr172 AMPK, total
AMPK, phospho-Ser256 FoxO1,
total FoxO1, phospho-Ser253

FoxO3a, total FoxO3a, and PGC-
1a signaling in the HG medium
stimulated with hEC-SOD were
analyzed. Protein lysates (10 lg)
from the cultured glomerular en-
dothelial cells were separated by
SDS-PAGE and analyzed by Wes-
tern blotting. (A) Representative
Western blot of phospho-Thr172

AMPK, total AMPK, phospho-
Ser256 FoxO1, total FoxO1,
phospho-Ser253 FoxO3a, total Fox-
O3a, PGC-1a, and b-actin levels,
and the quantitative analyses of the
results are also shown: (B) phospho-
Thr172 AMPK/total AMPK, (C)
phospho-Ser256/total FoxO1, (D)
phospho-Ser253/total FoxO3a, and
(E) PGC-1a/b-actin. **p < 0.01
compared with other groups.
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FoxO3a. EC-SOD activation ameliorated hyperglycemia-
induced apoptotic renal cell death, which resulted in an
increased BCL-2/BAX ratio in diabetic mice. We also dem-
onstrated through an in vitro study using AMPK knockdown
HGECs that hEC-SOD-induced FoxOs expression is com-
pletely dependent on AMPK activation. hEC-SOD-induced
FoxO1 and FoxO3a dephosphorylation was diminished by
AMPKa1 and AMPKa2 siRNA treatment in HGECs treated
with HG medium. Our data suggest that targeting the AMPK–
FoxOs signaling pathway through EC-SOD activation could
be beneficial to alleviate intracellular oxidative stress and ap-
optosis in diabetic kidney injury. To our knowledge, this is the
first demonstration of the protective role of hEC-SOD through
activation of AMPK and its downstream targets in in vitro and
in vivo models of DN.

Hyperglycemia-induced ROS production stimulates re-
cruitment of numerous inflammatory cells and production of
inflammatory cytokines implicated in the pathogenesis of
DN (22). The inflammatory cytokines involved in the de-
velopment of DN might contribute to the progression of renal
injury either directly or indirectly (3, 19). Among these cy-
tokines and chemokines, MCP-1 and TNF-a are central to the
pathogenesis of inflammatory damage in DN (3, 46). The
Nrf2-Keap1 system also plays an important role in reducing
inflammation in DN (2, 47). Recent studies demonstrated that
EC-SOD modulates innate and adaptive immune responses,
ameliorating the progression of skin and airway inflammation
(33, 36). In this study, increased levels of circulating MCP-1
and TNF-a and renal expression of MCP-1 were suppressed
by hEC-SOD treatment. We also demonstrated that increased
levels of CD68, Gr-1, arginase II, and iNOS in db/db mice
were inhibited by hEC-SOD treatment. These results suggest
that hEC-SOD has not only antioxidant effects but also local
and systemic anti-inflammatory effects in DN.

In conclusion, our study demonstrated that treatment with
hEC-SOD repairs intrarenal oxidative stress, apoptosis, and
inflammation caused by diabetes to prevent and improve DN.
The renoprotective effects of hEC-SOD were associated with
activated AMPK-PGC-1a and subsequently increased Nrf2
expression in diabetic kidneys. hEC-SOD treatment also in-
hibited phosphorylation of FoxO3a and FoxO1, resulting in
prevention of renal oxidative stress, inflammation, and apo-
ptotic cell death. These results suggest that hEC-SOD is a
potential therapeutic target for treatment of type 2 DN through
intrarenal AMPK-PGC-1a-Nrf2 and AMPK-FoxOs signaling.

Materials and Methods

Preparation of recombinant EC-SOD

The hEC-SOD was prepared as described previously (32).
In brief, 293 cells were transient transfected with SOD3
construct for 48 h. The supernatant was collected and purified
using a column containing Ni-NTA agarose (Qiagen, Va-
lencia, CA), followed by dialysis. The purified SOD3 activity
was measured with an SOD assay kit (Dojindo, Sunnyvale,
CA). For injection into the mice or treatment in vitro, SOD3
was filtered to eliminate endotoxin.

Animals and treatment

Eight-week-old male C57BLKS/J db/m and db/db mice,
purchased from Jackson Laboratories (Bar Harbor, ME),

were divided into four groups and received a regular diet of
chow. hEC-SOD (3500 U/(kg$day), 120lL) was intraperi-
toneally injected in db/db mice (n = 8) and age- and gender-
matched db/m mice (n = 8) once a week for 8 weeks. Control
db/db mice (n = 6) and db/m mice were (n = 6) intraperito-
neally injected the same dose of saline during the experi-
mental period. At week 16, all animals were anesthetized by
intraperitoneal injection of a mixture of Rompun� 10 mg/kg
(Bayer Korea, Ansan, Gyeonggi-Do, Korea) and Zoletil�

30 mg/kg (Virbac, Carros, France) and sacrificed. The kid-
neys were rapidly dissected and stored in 10% buffered for-
malin. All experiments were conducted using the renal
cortex. Blood samples were collected from the left ventricle
of mice, and plasma was stored at -70�C. This experimental
protocol was approved by the Animal Care Committee of The
Catholic University of Korea, and performed in accordance
with institutional animal care guidelines.

Blood and urine parameters

All of the blood samples from animals were obtained after
an overnight fasting. Fasting blood glucose was determined
by an Accu-check meter (Roche Diagnostics, St Louis, MO).
HbA1c was measured from red cell lysates using high per-
formance liquid chromatography (HPLC) (Bio-Rad, Rich-
mond, CA). A 24-h urine collection was performed using
metabolic cages at 16 weeks. Urinary albumin concentration
was assessed by immunoassay (Bayer, Elkhart, IN), and
plasma and urinary creatinine concentrations were measured
by HPLC (Beckman Instruments, Fullerton, CA).

Light microscopy study

Histology was assessed after periodic acid-Schiff (PAS)
staining and Masson’s trichrome staining. Each glomerular
cross-section using PAS-stained sections was used to assess
fractional mesangial area, and each glomerular cross-section
using Masson’s trichrome-stained sections was used to assess
interstitial fibrotic area. More than 30 glomeruli per kidney
were counted, and the average was used for analysis.

Immunohistochemical
and immunofluorescence staining

We examined immunohistochemistry for TGF-b1, Col IV,
F4/80, and 8-OH-dG. Four-micrometer-thick sections were
incubated overnight with anti-TGF-b1 (1:100; R&D Sys-
tems, Minneapolis, MN, Product No. MAB240), anti-COL
IV (1:200; Bodesign International, Saco, ME, Product No.
T40263R), anti-F4/80 (1:200; Serotek, Oxford, United
Kingdom, Product No. MCA497), and 8-OH-dG (1:200;
JICA, Shizuoka, Japan, Product No. MOG-020P) in a hu-
midified chamber at 4�C. The antibodies were detected with a
peroxidase-conjugated secondary antibody and using the
Vector Impress Kit (Vector Laboratories, Burlingame, CA)
and a 3,3-diaminobenzidine substrate solution with nickel
chloride enhancement. The sections were then dehydrated in
ethanol, cleared in xylene, and mounted without counter-
staining. All sections were assessed in a blinded manner us-
ing light microscopy (Olympus BX-50; Olympus Optical,
Tokyo, Japan). The number of positive cells was assessed per
high power field, and at least 20 fields were reviewed for each
slide. We detected apoptotic cells by TUNEL assay using the
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ApopTag In Situ Apoptosis Detection Kit (Chemicon-
Millipore, Billerica, MA, Product No. S7101).

For immunofluorescence staining, kidney sections were
incubated with anti-SOD3 antibody (Santa Cruz Bio-
technology, Inc., CA, Product No. sc-67089) overnight and
then observed with antirabbit Alexa Fluor-555 (Life Tech-
nologies, OR). The images were captured by confocal mi-
croscopy (LSM5 Live Configuration Variotwo VRGB; Zeiss,
Germany).

Transmission electron microscopic analysis

For TEM, kidney specimens were fixed in 4% parafor-
maldehyde and 2.5% glutaraldehyde in 0.1 M phosphate
buffer overnight at 4�C. After washing in 0.1 M phosphate
buffer, the specimens were postfixed with 1% osmium te-
troxide in the same buffer for 1 h. The specimens were then
dehydrated using a series of graded ethanol, exchanged
through acetone, and embedded in Epon 812. Ultrathin sec-
tions (70–80 nm) were obtained by ultramicrotome (Leica
Ultracut UCT; Leica, Germany) and were double stained
with uranyl acetate and lead citrate and examined in a
transmission electron microscope ( JEM 1010, Tokyo, Japan)
at 60 kV.

Enzyme-linked immunosorbent assay to assess
oxidative stress and inflammation markers

To evaluate oxidative stress, 24-h urinary 8-OH-dG (OXIS
Health Products, Inc., Portland, OR, Product No. 2106) and
8-isoprostane (Oxis Research, Foster City, CA) levels were
measured. To evaluate inflammatory markers, serum samples
were analyzed using a mouse Magnetic Luminex Screening
assay containing a premixed multianalyte kit for murine TNF-a
and MCP-1 (R&D Systems, Product No. LXSAMSM) on a
Luminex 200 (Austin, TX) according to the manufacturer’s
instructions. Secretory level of MCP-1 in kidney tissue lysate
was determined by a commercial ELISA kit purchased from
Abcam, Inc. (Cambridge, United Kingdom, Product No.
ab100722). The color generated was determined by measuring
the OD value at 450 nm with a spectrophotometric microtiter
plate reader (Molecular Devices Corp., Sunnyvale, CA).

Western blot analysis

Total proteins of kidney tissues were extracted with a solu-
tion (Pro-Prep Protein Extraction Solution; Intron Biotechnol-
ogy, Gyeonggi-Do, Korea) according to the manufacturer’s
instructions. The proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
transferred to nitrocellulose membranes, and detected with
primary antibodies: SOD1 (1:1000; Assay Designs, Ann Arbor,
MI, Product No. ADI-SOD-100); SOD2 (1:10,000; Abcam,
Product No. 16956), total-AMPK (1:2000, Product No. 2532),
phospho-Thr172 AMPK (1:2000, Product No. 2535), total-
FoxO1 (1:1000, Product No. 2880), phospho-Ser256 FoxO1
(1:1000, Product No. 9461), total-FoxO3a (1:1000, Product No.
2497), phospho-Ser253 FoxO3a (1:1000, Product No. 9466),
HO-1 (1:2000, Product No. 5061), lamin B1 (1:2000; Cell
Signaling Technology, Danvers, MA, Product No. 12586),
PGC-1a (1:2000; Novus Biologicals, Littleton, CO, Product
No. NB100-60955), SOD3 (1:5000; Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, Product No. sc-67089), Nrf2 (1:1000,

Product No. sc-722), Keap1 (1:1000, Product No. sc-33569),
NQO-1 (1:2000, Product No. sc-16464), Nox1 (1:500, Product
No. sc-25545), Nox4 (1:500, Product No. sc-30141), arginase I
(1:3000, Product No. sc-271430), arginase II (1:3000, Product
No. sc-393496), BCL-2 (1:500, Product No. sc-492), BAX
(1:500, Product No. sc-493), CD68 (1:2000; Bio-Rad Labora-
tories, Irvine, CA, Product No. MCA1957), Gr-1 (1:3000,
Product No. MCA2387), iNOS/NO (1:2000, BD Biosciences,
San Diego, CA, Product No. 610328), Nox2 (1:2000, Product
No. 611415), and b-actin (1:10,000; Sigma-Aldrich, St Louis,
MO, Product No. A5441). After washing, the membrane was
incubated with antimouse IgG or antirabbit IgG, HRP-linked
secondary antibody (Cell Signaling Technology, Product Nos.
7076, 7074), or antigoat IgG HRP-peroxidase antibody pro-
duced in rabbit (Sigma-Aldrich, Product No. A54020). Anti-
body binding was observed by chemiluminescence (ECL Plus;
GE Healthcare Bio-Science, Piscataway, NJ) and detected by a
Vilber chemiluminescence analyzer (Fusion SL 4; Vilber
Lourmat, Marne-la-Vallée, France). The density of each band
was quantified with Quantity One software (Bio-Rad Labora-
tory, Hercules, CA).

Semiquantitative RT-PCR analysis

We extracted total RNA from kidney tissues with TRIZOL
reagent (Invitrogen, Carlsbad, CA, Product No. 15596026),
according to the manufacturer’s instructions. RT-PCR ex-
periments were carried out with cDNAs generated from 2 lg
of total RNA using a GeneAmp� RNA PCR Core Kit (Ap-
plied Biosystems, Foster City, CA, Product No. N8080143).
The RT-PCR exponential phase was determined on 30–35
cycles to allow semiquantitative comparisons of cDNAs
developed from identical reactions with GoTaq� Green
Master Mix (Promega, Madison, WI, Product No. M7122).
The 18S rRNA was used as an endogenous control gene.
Primers used for AMPKa1, AMPKa2, PGC-1a, and Nrf2 are
shown in Table 2.

In vitro study

The HGECs (Angio-Proteomie, Boston, MA, Product No.
cAP-0004) were cultured in Endogrowth medium (Angio-
Proteomie). Passages 4–8 were used in all experiments.

Table 2. Primer Sequences for Reverse Transcription

Polymerase Chain Reaction Analysis

Gene Sequence

AMPKa1 Fwd: GTCAAAGCCGACCCAATGATA
Rev: CGTACACGCAAATAATAGGGGTT

AMPKa2 Fwd: CAGGCCATAAAGTGGCAGTTA
Rev: AAAAGTCTGTCGGAGTGCTGA

PGC-1a Fwd: AGAGCAAGTATGACTCTCTGG
Rev: GTCCTCACATGTGTACATATG

Nrf2 Fwd: TTGGCAGAGACATTCCCAT
Rev: GCTGCCACCGTCACTGGG

18s rRNA Fwd: CGCGGTTCTATTTTGTTGGT
Rev: AGTCGGCATCGTTTATGGTC

AMPK, adenosine monophosphate-activated protein kinase; Fwd,
forward; Nrf2, nuclear factor E2-related factor 2; PGC-1a, perox-
isome proliferative-activated receptor c coactivator 1a; Rev, reverse;
RNA, ribonucleic acid.
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HGECs were exposed to LG (5 mmol/L d-glucose) or HG
(35 mmol/L d-glucose) with or without additional 24 h ad-
ministration of hEC-SOD (0.025, 0.1, or 0.25 U/mL). siRNA
targeted to AMPKa1 and AMPKa2 and scrambled siRNA
(siRNA cont) were complexed with transfection reagent
(Lipofectamin 2000; Invitrogen). The sequences of siRNAs
are as follows: a1-AMPK, GCAUAUGCUGCAGGUAGAU
and a2-AMPK, CGUCAUUGAUGAUGAGGCU (Bioneer,
Daejeon, Korea). The HGECs in six-well plates were trans-
fected with 50 nM a1- and a2-AMPK siRNAs for 24 h by
transfection reagent in Opti-MEM medium (Gibco BRL,
Grand Island, NY). After transfection, cells were treated with
hEC-SOD in HG medium to evaluate the effects of siRNA on
HGECs.

Statistical analysis

The data are expressed as mean – standard deviation. Multi-
ple comparisons were performed using ANOVA with Bonfer-
roni correction and SPSS 21.0 software (IBM, NY). A p value
<0.05 was considered a statistically significant difference.
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Abbreviations Used

8-OH-dG¼ 8-hydroxy-2¢-deoxyguanosine
AMPK¼ adenosine monophosphate-activated

protein kinase
BAX¼BCL-2-associated X

BCL-2¼B cell leukemia/lymphoma 2
DN¼ diabetic nephropathy

EC-SOD¼ extracellular superoxide dismutase
F4/80¼ cell surface glycoprotein F4/80
FoxO¼ forkhead box O transcription factor
Gr-1¼ granulocyte-differentiation antigen-1

hEC-SOD¼ human recombinant extracellular
superoxide dismutase

HG¼ high glucose
HGEC¼ human glomerular endothelial cell
HO-1¼ heme oxygenase-1

HPLC¼ high performance liquid chromatography
IL¼ interleukin

iNOS¼ inducible nitric oxide synthase
Keap1¼Kelch-like ECH-associated protein 1

LG¼ low glucose

MCP-1¼monocyte chemoattractant protein-1
Nox¼NADPH oxidase

NQO-1¼NAD(P)H dehydrogenase 1
Nrf2¼ nuclear factor E2-related factor 2
PAS¼ periodic acid-Schiff

PGC-1a¼ peroxisome proliferative-activated
receptor c coactivator 1a

ROS¼ reactive oxygen species
RNS¼ reactive nitrogen species

RT-PCR¼ reverse transcription polymerase chain
reaction

SDS-PAGE¼ sodium dodecyl sulfate-polyacrylamide
gel electrophoresis

siRNA¼ small interfering ribonucleic acid
SOD¼ superoxide dismutase
TEM¼ transmission electron microscopy

TGF-b1¼ transforming growth factor-b1
TNF-a¼ tumor necrosis factor-a

TUNEL¼ terminal deoxynucleotidyl
transferase-mediated dUTP
nick end-labeling
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