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HIGHLIGHTS

DMDD attenuates AGEs expression in
renal tissue.

DMDD blocks NF-kB/TGF-B1 path-
way in renal tissue.

DMDD relieves renal damage in KKAy
mice.

DMDD plays an antihyperglycemic
effect.

DMDD exertsrenoprotection in KKAy
mice.
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ABSTRACT

The roots of Averrhoa carambola L. ({Oxalidaceae) have a long history of medical use in traditional Chinese
medicine for treating diabetes and diabetic nephropathy. 2-Dodecyl-6-methoxycyclohexa-2 ,5-diene-1,4-
dione (DMDD) was isolated from the tuberous roots of A carambola L. The purpose of this study was
to investigate the beneficial effect of DMDD on the advanced glycation end-product-mediated renal
injury in type 2 diabetic KKAy mice with regard to prove its efficacy by local traditional practitioners
in the treatment of kidney frailties in diabetics. KKAy mice were orally administrated DMDD (12.5, 25,
50 mg/kg body weight/d) or aminoguanidine (200 mg kg body weight/d) for 8 weeks. Hyperglycemia,
renal AGE formation, and the expression of related proteins, such as the AGE receptor, nuclear factor-
kB, transforming growth factor-B1, and N*-{carboxymethyl)lysine, were markedly decreased by DMDD.
Diabetes-dependent alterations in proteinuria, serum creatinine, creatinine clearance, and serum urea-N
and glomerular mesangial matrix expansion were attenuated after treatment with DMDD for 8 weeks.
The activities of superoxide dismutase and glutathione peroxidase, which are reduced in the kidneys of
KKAy mice, were enhanced by DMDD. These findings suggest that DMDD may inhibit the progression of
diabetic nephropathy and may be a therapeutic agent for regulating several pharmacological targets to
treat or prevent of diabetic nephropathy.
© 2013 mier Ireland Ltd. All rights reserved.

mntroduction

Diabetes is a disorder of chronic hyperglycemia, and glucose
participates in diabetic complications such as atherosclerosis, car-
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diac dysfunctionand nephropathy (Cooper, 2004). Among diabetic
complications, d&&betic nephropathy (DN] is the most common
cause of end-stage renal disease (ESRD) in developed countries and
is a major se of morbidity and mortality in patients with dia-
betes. DN major microvascular complication of both type 1 and
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type 2 diabetes mellitus, and its associated risk factors are high
blood glucose, high blood pressure, and high cholesterol levels.
Thereﬁ, metabolic and hemodynamic factors should be con-
trolle prevent the occurrence of DN (Cooper, 2001 ).

DN is characteri histologically by glomerular basement
thickening and mes al expansion related to the loss of renal
function and clinically progressive albuminuria followed by a grad-
ual decline in renal function (Mauer et al, 1984). Measures to
pre the appearance and progression of diabetic nephropathy
sho herefore be instituted as early as possible. Although ade-
quate coptrol of blood glucose levels may prevent the development
of comp ions, it is difficult to achieve strict blood glucose con-
trol; thus, there is a yearly increase in the number of patients with
dia s (LeRoith and Rayfield, 2007). In addition to glucose, other
me lic factors, and in particular advanced glycation end prod-
ucts { AGEs), have been shown to be involved in the development of
diabetic kidney disease. AGEs promote the%osition of extracel-
lular matrix (ECM) in the glomeruli via the receptor for advanced
glycation end products and abnormal glomerular remodeling in the
kidney (Hori et al., 1996; Raptis and Viherti’]l; Vlassara et al,,
1994 ). The interaction between AGEs and the receptor for advanced
glycation end products (RAGE) is important in the pathogenesis of
DN because RAGE upregulation and activation might be involved in
R ccumulation of AGEs (Yonekura et al., 2005). Moreover, AGEs
or high levels of glucose lead to inc d production of extracel-
lular matrix (ECM) proteins such as collagen IV via transforming
growth factor 31 {EB]) (Umezono et al., 2006). TGF-p1 takes
part in the uptake of albumin by renal proximal tubule cells and in

e development of albuminuria (Russo et al,, 2007). TGF-p1 also
stimulates the synthesis of matrix components such as collagen [V
(Tahara et al., 2008), which is thought to be the major collagenous
component of GBM and ECM (Dong et al, 2004). To prevent the
development and progression of DN, effective therapies directed
toward key molecular targets are required (Sharma and Srinivasan,
2009).

Natural products derived from plants have long been used in folk
medicine, making the compounds derived from these plants good
candidates for new therapeutic strategies (Cordell and Colvard,
2005; Kobayashi et al., 2010; Padmavathi et al,, 2005). Averrhoa
carambola L., commonly known as star fruit or carambola, is aplant
originally from Asia that has become acclimatized to many tropi-
cal countries (Moresco et al., 2012). This plant is a small bughathat
can grow to 4-6m in height (Vasconcelos et 008). The TCaves
and fruits of A. carambola are commonly use treat headaches,
vomiting, coughing and hangovers (Carolino et al, 2005). Fur-
thermore, it is used as an appetite stimulant, a diureticgand as
an antidiarrheal and febrifugal agent. Additionally, the “¥Xtract
obtained by decocting the leaves of A. carambola has been used
in the treatment of diabetes (Ferreira et al., 2008). The dry root of A.
carambola L., known as Yang Tao Gen in China, has also been used
in traditional Chinese medicine for diabetic mellitus and its com-
plications because it invigorates theﬂney and reinforces yang. In
a previous study, we reported tha alcoholic extract of the A.
carambola L. root (ACLR) has a therapeutic potential jg diabetes
(Huan and Huan, 2009). Thus, we hypothesized that%®*dodecyl-
6-methoxycycloh ,5-diene-1,4-dione (DMDD}, which can be
isolated from AC y have a beneficial effect on the progression
of DN. To the best of our knowledge, the mechanisms of DMDD
against glucose-associated metabglic disorders in diabetes have
yet to be explored. KKAy mice ar hsidered to be a good animal
model for the early pathological changes associated with diabetes
(Chen et al., 2002). To determine whether DMDD has a strong eff
on AGE formation in diabetes and/or diabetic nephropathy,
examined the effect of DMDD in type 2 diabetic KKAy mice and
compared it with the effect of aminoguanidine, an inhibitor of AGE
formation.

2. Materials and methods
2.1. Plant material and preparation of extract

DMDD were prepared as previously described (Wen et al, 2012) contained par-
tial improvement. A powder from air-dried roots of A corambola L. (12kg) was
extracted with 60% aq. EtOH under reflux 3 times (3 = 96L, 1 hfor each). The ethanol
solution was concentrated under vacuum conditions to vield a syrup-like extract,
which was suspended in H, O and tmxtracted with cyclohexane (3 = 20 L), EtOAc
(3 % 20L) and n-BuOH (3 = 20L).

The cyclohexane extract o) was subjected to open silica gel CC(3 « 80cm,
200-300 mesh) via sucresst lutions with a gradient of cyclohexane/EtOAc
{100:0-0:100, each 200 mL) to afford 7 fractions (Frs. 1-7 ). Fr. 4 (5.0 g) was further
separated by open silica gel CC (3 = 80cm, 200-300 mesh) via successive elu-
tions with a gradient of cyclohexane/EtOAc (100:0-15:1, each 100 mL), producing
4 sub-fractions (Frs. 41-44). Fr. 44 was re-crystallized with MeOH to yield 2-
dodecyl-6-methoxycyclohexa-2,5-diene-1 4-dione {2350mg ). This compound was
identified by FTIR spectroscopy using a SpectrumOne Perkin-Elmer spectropho-
tometer and by 'H and “C NMR analysis on a Bruker AV 600; the results were
further compared with the literature (Schmalle et al., 1988). As a yellow-colored
water-soluble powder, DMDD was dissolved in distilled water (2.5 mg/ml) before
administration to the mice

22, Aniggls
The experimenmmcedures and protocols used in this investigatg e
approved by the Ethical Committee for the Experimental Use of Al 5 at

Guangxi Medical University {Guangxi, China). Twelve-week-old male KKAy mice
and age-matched C57BL{6) mice (C57BL) { The Experimental Animal Center, Chinese
Academy of Medical Science, Beijing) were housed in individual cages under con-
trolled temperature(23 +1°C) and humidity (55 + 5%) ona 12:12 hlight-dark cycle
and were given standard rodent chow and free access to water, unless otherwise
noted.

2.3, Acute toxicology test

Acute toxicology test in mice was pﬁmd according to the revised UP and
Down method (OECD, 2008). Ten male /6] mice were used for the test. The
mice were fasted (16 h) overnight and the body weight (g) of each mouse was
recorded prior to the test. A fixed dose of DMDD (5000 mg/kg body weight) was
administered orally to each mouse and observed closely at 4 hinitially, then every
Gh intervals for changes in behavioral (alertness, restlessness, irritability, recum-
bence, vomiting, and fearfulness), neurological (spontaneous activity, convulsion,
gait, bleeding orifices, and touchfpain response), autonomic {defecation and mic-
turition) profiles, andjor mortality (Whishaw and Kolb, 2004). The volume of the
extract was adjusted to contain 500 mg/ml, and any significant morbidity or mor-
tality within 24-72h was recorded.

@ Experimental design

The mice were divided into the following groups:

Group [ {n=10): C57BL/6] mice administered distilled water: normal control.

Group Il (n=10): C57BL(G) mice administered DMDD (50 mg/kg body weight)
by oral gavage once a day for 8 weeks: DMDD control.

Group Il (n=): KKAy mice administered distilled watel

Group IV (n=): KKAy mice administered DMDD (12.5
oral gavage once a day for 8 weeks: KKAy +DMDD12.5.

Group V (n=10): KKAy mice administered DMDD (25 mg/kg body weight) by
oral gavage once a day for 8 weeks: KKAy + DMDD25.

Group VI (n=10): KKAy mice administered DMDD (50 mg/(kg body weight) by
oral gavage once a day for 8 weeks: KKAy + DMDDS0.

Group VIl {n=10): KKAy mice administered aminoguanidine (200 mg/kg body
weight) by oral gavage once a day for 8 weeks: KKAy+ AC. The concentration of the
aminoguanidine was adjusted to 10 mg/ml before administration to the mice.

icle-treated KKAy
body weight) by

2.5. Collection of blood, urine and tissues

Blood, urine and tisge biochemical parameters were determined after 8 weeks
of DMDD treatment; ﬁ‘l urine samples were collected using metabolic cages,
and whole blood was collected from the retro-orbital venous plexus with hep-
arinized capillary tubes. The mice were killed humanely with an overdose of sodium
pentobarbital (150 mg/kg), and the serum was immediately separated from the
blood samples by centrifugation at 1300 = g for 10 min. The kidneys were surgically
removed, washed with cold saline and stored at —80°C until further analysis.

2.6. Biochemical index assays
Blood glucose levels were assessed using collected from the tail vein with

a One-Touch Ultra blood glucose meter {Accu-check Performa, Roche, Germany ).
Blood urea nitrogen (BUN), albumin, total cholesterol, serum glycosylated protein,
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serum creatinine (Cr), urinary Cr, and 24-h urinary protein excretion were ana-
lyzed by the laboratory of the First Affiliated Hos pital of Guangxi Medical University
(Guangxi, China). Creatinine clearance (Cer) was calculated using the following
equation: Cer(mLmin 'kg ') =[urinaryCr(mgdL ') x urinary volume (mL)/serum
Cr{mgdL )| = [1000/body weight {g)] = [1/1440 (min)]

2.7 Renal histology assays

The renal sam ples were fixed in 4% paraformaldehyde, embedded with paraffin
and cut into section: roximately 4 pwm thick, followed by routine hematoxylin
and eosin (HE) stainit@®The slides were examined under light microscopy with a
magnification of 400 by a pathologist who was blind to the experimental profile.

2.8 Lipid peroxidation assays .
27

MDA the renal cortex was determined using commercial kits (Jiancheng Institute
of Biotechnology, Nanjing, China) according to the methods described by Jain et al.
(1959). Data are expressed as expressed as nmol/mg protein.

2@:{3& for renal antioxidant enzyme activity

Total superoxide dismutase (SOD, EC 1.15.1.1) activity in kidney homogenates
was evaluated using a commercial kit (Jiancheng Instit Biotechnology, Nan-
Jing, China) that measures the ability of the dismutase to it the photochemical
reduction of tetrazolium salt. The amount of i ion was measured by moni-
toring the absorbance at 450 nm. ctivity of GSH-Px (E.C: 1.11.1.9) in kidney
homogenates was determined usi commercial assay (Jiancheng Institute of
Biotechnology, Nanjing, China) that is based on the oxidati NADPH to NAD+,
catalyzed by a limiting concentration of glutathione reductaﬁ'le progress of the
reaction was monitored by measuring absorbance at 340 nm. Data are expressed as
units (U) per mg of protein as compared with the standard.

2.10. Renal advanced glycation end product { AGE) assays

The renal AGE level was determined according to a previously described method
withslightmodifications ( Nakayama et al., 1993). Specifically, minced kidney tissue
was de-lipidated with chloroform and methanol {2:1, v/v) overnight. After washing,
the tissue was homogenized in 0.1 N NaOH, followed by centrifugation at 8000 = g
for 15 min at 4°C. The amount of AGEs in these alkali-soluble samples was deter-
mined by measuring th@u rescence at an emission wavelength of 440nm and an
excitation wavelength of 370 nm using a fluorescence spectrophotometer (F-4500,
Hitachi, Japan). A native BSA preparation (1 mgfml in 0.1 N NaOH) was used as a
standard, and its fluorescence intensity waleflefined as one unit of fluorescence. The
fluorescence of the samples was measured at a protein concentration of 1 mg mL '
and expressed in AUs compared with the fluorescence of the native BSA preparation.

2.11. Protein extraction and Western blot analysis

The mice from all of the groups were sacrificed by cervical dislocation, and
the kidneys were pro removed. Protein extraction was performed as fol-
lows. The samples weri mogeniz ice-cold lysis buffer (pH 7.5) (20mM
Tris-HCl, 137 mM Nacl, 1% Tween-207 glycerol, 1 mM phenylmethylsulfonyl
fluoride, and a protease inhibitor mixture in DMS50). After centrifugation (2000 = g
atd-C) sure equal loading among lanes, the protein concentration of each tis-
sue Iyn& determined by using a protein assay reagent(Bio-Rad). BSA was used
as the s rd. The lysates were then subjected to immunoblotting. To determine

the amounts of RAGE, NF-kBp65, TGF-B1, and N*-(carboxymeth; sine (CML),
30 mg of each sample was electrophoresed through 8, 1 15 um dodecyl
sulfate-polyacrylamide gels (SDS-PAGE). The separat eins were transferred
to a nitrocellulose membrane, blocked with 5% skim milk solution for 1h, and incu-
ml:ed with pimary antibodies against RAGE, NF-kBp65, TGF-p1, CML, and f-actin
ernight at 4°C. After the blots were washed, they were incubated with a goat
anti-rabbit and for goat anti-mouse horseradish peroxidase conjugated secondary
IgC (Boster Biotechnology) for 90min at room temperature. Photo-density anal-
ysis was perfor with a gel image analysis system (UVP) after staining with
diaminobenzidi nd densities were determined by Scion image software (Scion
Corp., Frederick, MD) and quantified as the ratio to f-actin. The mean levels of these
proteins incontrol mice were represented as 1,and the corresponding levels in KKAy
mice were expressed as the ratios of these values.

2.12. Statistical analysis

All group values are expressed as the m SE data were evaluated using the
Sigma Stat (version 13.0) statistical analysi g, PSS Inc, Chicago, IL USA).
Differences between groups were assessed using -way analysis of variance
(ANOVA) with the Tukey's test for post hoc multiple comparisons. A P-value of less
than 0.05 was considered statistically significant.
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Fig. 1. Effect of DMDD on body weight (A}, random blood glucose level (B), both were
evaluated before( 12weeks) and at the end of 8-week (20 weeks) DMDD administra-
tion. Group I: normal control, C57BL{6] mice administered distilled water; Croup II:
DMDD control, C57BL/6] mice administered DMDD (50 mg/kg body weight); Group
Iz vehicle-treated KKAy, KKAy mice administered distilled water; Groups IV-VI:
DMDD treatment, KKAy mice administered DMDD (12.5, 25, 50 mg/kg body weight );
and Group VII: KKAy+AG: KKAy mice administered aminoguanidine (200 mg/kg
body weight). DMDD or aminoguanidine were given by oral gavage at the indicated
dosage, once a day, to the separat%ups of the mice. Results are expressed as
means -+ SE for 10 animals in each g . *P< 005 vs. vehice-treated KKAy mice at
the same age.

3. Results
3.1. Acute toxicology test of DMDD in mice

Acute toxi gy test of DMDD was evaluated in mice at a
single large of 5000 mgfkg body weight p.o. administered
for 48 h. DMDD did not cause behavioral changes and no death
was observed. The oral LD50 value of DMDD was greater than
5000 mg/kg bodyweight in mice and considered to be a practically
non-toxic substance.

3.2, my weight and blood glucose

The effects of DMDD on I@' weigh d blood glucose lev-
els in the animals are shown in Fig. 1. ody weight (Fig. 1A)
of KKAy mice was significantly higher than that of C57BL{6] mice
at 12 weeks of age, and the KKAy mice gained significantly more
weight throughout the ww experimental period. Administra-
tion of DMDD to KKAy resulted in a significant decrease in
weight gain. The effects weresimilar to those in AG group. Although
the reduction in DMDD treated KI(Ay mice was dose dependent, it
was not statistically significan hereas the weight gain in the
DMDD treated C57BL/6] mice not significantly different from
the normal controls.

As shown in Fig. 1B, the fasting blood glucose (FBG) levels in
C57BL/6] mice maintained constant during the experimental period
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Fig. 2. Effect of DMDD treatment on serum parameters. Group I: normal control,
C57BL/6] miceadministered distilled water; Group II: DMDD control, C57BL{ 6] mice
administered DMDD{50mg kg body weight); Group lI: vehicle-treated KKAy, KKAy
mice administered distilled water; Groupsgh{-VI: DMDD treatment, KKAy mice
administered DMDD (12.5, 25, 50 mg/(kg bo eight); and Group VIE KKAy + AG:
KKAy mice administered aminoguanidine (200 mgfkg body weight). DMDD or
aminoguanidine were given by oral gavage at the indicated dosage, once a day, to
the separate groups of the mice. Results are expressed as means +5E for 10 animals
ineach group. *P<0.05 vs. vehicle-treated KKAy mice.

and was significantly lower than KKAy mice before experiment at
the beginning of the treatment, The degree of hyperglycemia in the
KKAy mice increased significantly during the 8-weelk study period.
DMDD treatment markedly attenuated the hyperglycemia in KKAy
mice, and the effect appeared to be dose dependent. However, it
did not affect the blood glucose level of the C57BL/6] mice.

3.3. Serum constituents

The effect of DMDD on the serum constituents of the mice are
shown in Fig. 2. The levels of glycosylated protein and cholesterol
in plasma were markedly higher and the albumi el was signif-
icantly lower in vehicle-treated KIKKAy mice than 57BL/6] mice.
After 8 weeksofadministration, the levels of glycosylated protein in

qi:e plasma of the DMDD and aminoguanidine-treated KKAy mice
ere significantly lower than those in the vehicle-treated KKAy
group. The albumin levels in the KKAy mice treated with DMDD
at 12.5 mg/kg body weight/d for 8 weeks were somewhat higher
Qan the corresponding value forthe vehicle-treated group, but this
fference was not statistically significant; how ", the albumin
levels of the y mice treated with DMDD a and 50 mg kg
body weight/&=were significantly higher than those of the vehicle-
treated KIKKAy mice. The total cholesterol levejsgin the plasma of
the DMDD and aminoguanidine treated KKA ice were signifi-
cantly lower than those in the vehicle-treated KKAy group. DMDD
had no effect on the basal glycosylated protein, cholesterol and the
albumin.

3.4. Renal function

The serum levels of Urea-N, Cr and 24-h urine protein were sig-
nificantly higher and the Ccr level was significantly lower in the
KKAy mice thﬁthe C57BL/6] mice. The results showed that the
serum levels rea-N, Cr and 24-h urine protein were obviously
decreased after treatment with DMDD (Fig. 3); in addition, Ccrlevel
was markedly increased after treatment. There were nosignificant
differences in the levels of all previously listed renal functional
parameters between the DMDD control group and normal control

group.

W Seum Urea-N (mgfdl}

a0

OSerum Cr {mg/dl}

B Urine protein {mg/d)
35 mEer [mifkg B.W./min)

.
30
.
25
.
.

20 .

Fig.3. Effect of DMDD treatment onrenal function parameter. Group I: normal con-
trol, C57BL{6) mice administered distilled water; Group Il: DMDD control, C57BL{6)
mice administered DMDD (50 mg/kg body weight): Group [ll: vehicle-treated
KKAy, KKAy mice administered distilled water; Groups IV-VI: DMDD treatment,
KKAy mice administered DMDD (12.5, 25, 50 mgfkg body weight); and Group VII:
KKAy+AG: KKAy mice administered aminoguanidine (200 mg/kg body weight).
DMDD or aminoguanidine were given by oral gavage at the indicated dosage, once
aday, to the separate groups of the mice. Results are expressed as means + SE for
10 animals in each group. ‘P <0.05 vs. vehicle-treated KKAy mice.

3.5, Oxidant/antioxidant enzyme levels in the renal cortex
12
Oxidative stre as observed i&e vehicle-treated KKAy mice,
as indicated by a significant increase in MDA and reduced SOD
and GSH-px activity in the renal cortex. Administration of variable
doses of DMDD(12.5, 25, 50mg/kg body weight/d, respectively)
for 8 weeks lead to dose dependent elevation of plasma antioxi-
t activity in comparison to vehicle-treated KKAy group (Fig. 4).
lere were no significant differences in the activities of MDA, S0D
and GSH-px between the DMDD control group and normal control
group.

OIMDA |nmal/mg protein]
16 W SO0 | Ufimg pratein]
W GEH-pr|Ufimg e atein]

1 n n W W Wi Wil

Fig. 4. Effect of DMDD treatment on oxidant fantioxidant enzyme activities in renal
cortex. Group |: normal control, C57BL/6) mice administered distilled water; Group
II: DMDD control, C57BL{G) mice administered DMDD (50 mg/kg body weight);
Group I vehicle-treated KKAy, KKAy mice administered distilled water; Groups
IV-VI: DMDD treatment, KKAy mice administered DMDD (12.5, 25, 50 mg/kg body
weight); and Group VI KKAy +AG: KKAy mice administered aminoguanidine
(200 mg/kg body weight). DMDD or aminoguanidine were given by oral gavage at
the indicated dosage, once a day, to the separate groups of the mice. Results are
expressed as means+ SE for 10 animals in each group. "P<0.05 vs. vehicle-treated
KKAy mice.
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Fig. 5. Effect of DMDD treatment on the AGE level in renal cortex. Group I: nor-
mal control, C57BL/6) mice administered distilled water; Group [Il: DMDD contraol,
C57BL[6] mice administered DMDD (50 mgfkg body weight): Group llI: vehicle-
treated KKAy, KKAy mice administered distilled water; Groups NM-VI: DMDD
treatment, KKAy mice administered DMDD (12.5, 25, 50 mg/kg body weight); and
Group VII: KKAy +AG: KKAy mice administered aminoguanidine (200 mgfkg body
weight). DMDD, minoguanidine were given by oral gavage at the indicated
dosage, once a o the separate groups of the mice. Results are expressed as
means + SE for 10 animals in each group. *P<0.05 vs. vehicle-treated KKAy mice.

3.6. Renal AGE levels
12
The renal AGE!{avels in the vehicle-treated KKAy mice were
significantly higher than in the C57BL/6] mice, but they were effec-
tively lowered by aminoguanidine and by DMDD. Additionally,
DMDD reduced the renal AGE levels in a dose-dependent man-
ner (Fig. 5). However, it did not affect the renal AGEs levels of the
C57BL{6] mice.

3.7. Renal histopathology

H&E staining of the kidneys of KKKAy mice revealed glomerular
hypertrop nd expansion of the mesangial area and ECM. After
the 8-weel (reatment with DMDD, glomerular hypertrophy and
mesangial matrix accumulation in the KKAy mice were significantly
inhibited (Fig. 6). In addition, the DMDD control group exhibited
minimal variation in these histological changes in comparison to
normal controls. In tandem, the histological studies of the kidneys
of treated animals revealed less matrix expansion and glomerular
basement membrane thickening compared to the KKAy mice.

3.8. Western blotting of renal cortex proteins

Fig. 7 depicts the RAGE, NF-«kB, TGF-B1, and CML protein lev-
els in the renal cortex. Based on the band densities, renal RAGE,
NF-kB, TGF-B1 and CML were significantly elevated in the dia-
betic KKKAy mice compared with the C57BL/6] mice. However, the
altered expression of these proteins was significantly normalized
in the KKAy mice by the or. ministration of either DMDD or
aminoguanidine. DMDD alon dno significant effect on the basal
expression of RAGE, NF-kB, TGF-31, and CML.

4. Discussion

Diabetic nephropathy (DN) i e of the major microvascular
complications of diabetes and is ding cause of end-stage renal
diseasﬁleetz and King, 2002). The pathogenesis of DN is multi-
factorial, and chronic hyperglycemia plays a crucial role (Kikkawa
et al., 2003). During the course of diabetes, supraphysiological glu-
cose increases the formation of AGEs and the production of free

radicals by the mitochondria. Cell death and renal dysfunction
occur as a result.

Consistent with an earlier report (Hayase et al., 1996), we found
that the KKAy mice developed non-insulin-dependent diabetes

litus spontaneously at 12 weeks of age. The KKAy mice were

er, weighed significantly more than the C57BL/6] mice; the
blood ose level in the KKAy mice was significantly higher than
inthe C57BL/6] mice. Inthis study,we demonstrated that treatment
with DMDD or aminoguanidine for 8 weeks significantly reduced
hyperglycemia and body weight in type 2 diabetic KKAy mice. We
conclude that DMDD has an anti-hyperglycemic effect that is cor-
related with a decrease in body weight.

Excretion of albumin in the urine has been demonstrated to be
a good clinical predictor of renal lesions in DN (Parving et al., 2001;
Viberti and Wheeldon, 2002). Many studies have shown that urine
protein levels are associated with a graded increase in the risk of
progression to end-stage renal disease and cardiovascular events
(Lea et al., 2005). We observed an increase in the concentration
of urinary albumin in the KKAy mice in the present study. This
increase corresponds to the degree of hy perglycemia. Additionally,
serum Cr and BUN levels and creatinine clearance, which are gen-
erally considered to be markers of 1231 function, were higher in
the type 2 diabetic KKAy mice than in the C57BL{6] mice, implying
the presence of diabetic kidney disease with renal hyperfiltration.
DMDD-treated KKAy mice showed significant improvements in
renal function, as indicated by urine protein, Serum Urea-N, and
Ccr levels. However, it did not affect all previously listed renal
functional parameters of the C57BL/6] mice.

A number of studies by important authors have shown that
oxidative stress is a key pathogenic factor in the development of
diabetic complications, including nephropathy (Busch et al., 2010;
Giacco and Brownlee, 2010). It has been suggested that severe
glucose-induced renal damage is associated with excessive levels
of reactive oxygen species produced under hyperglycemic condi-
tions (Jiang et al., 2010). Oxidants have direct biological effects
that are connetmto diabetic nephropathy (Koya et al., 2003).
Thus, strategies to reduce oxidative stress in diabetes mellitus may
have a favorable effect on the progression of diabetic glomeru-
losclerosis (Koya et al., 2003; Prabhakar et al., 2007). MDA content
is a good index of increased oxidative stress in the tissues, as it
reflects enhanced peroxidation processes (Kedziora-Kornatowska
etal, 2002). Am, the antioxidative enzymes, SOD catalyzes dis-
mutation of the Mroxide anion into hydrogen peroxide, whereas
GSH-Px both detoxifies hydrogen peroxide and converts lipid
hydroperoxides to nontoxic alcohols. In this study, the produc-
tion of MDA was significantly enh, indicating an oxidative
stress state in the type 2 diabetic Ki mice. At the same time,
SOD and GSH-Px activity were markedly reduced in the KKAy
mice compared with the C57BL/6] mice. Furthermore, we found for
the first tir hat this oxidative damage is suppressed by DMDD
treatment dose-dependemanner. However, there were no
significant differences in the ities of MDA, SOD and GSH-px
between the DMDD control group and normal control group. These
changes were attenuated by DMDD, suggesting that DMDD could
be used to protect renal tissues against oxidative damage in diabetic
nephropathy.

Much attention has been focused on exploring the mechanisms
related to the development of DN. At present, several growth factors
have been proposed to be involved in mediating the development
of diabetic renal hypertrophy; among them, the multifunctional
cytokine TGF-B1 is known to be upregulated in diabetic kidneys
(Reeves and Andreoli, 2000). TGF-1 plays an important role in
ECM metabolism. Several studies have demonstrated that stimuli
such as hyperglycemia, AGEs, and oxidative stress increase TGE-
1 expression (Forbes et al, 2007). TGF-B1 is believed to h
a prominent role in the proliferation of mesangial cells and ECM
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Fig. 6. Renal sections of the mice. Histology of kid neys was characterized by staining with hematoxylin-eosin staining (magnification: 400= ). (A) normal control; (B) DMDD
control; (C) vehicle-treated KKAy; (D) KKAy+ DMDD12.5; (E) KKAy + DMDD25; (F) KKAy + DMDDS50; and (G) KKAy + AG.

production, which are the major pathological changes in early dia-
betic nephropathy (Reeves and Andreoli, 2000). Thus, TGF-B1 has
en considered as a therapeutic target in fibrotic diseases such as
betic nephropathy and other chronic kidney diseases (McGowan
et al,, 2004). In this study, the expression of renal TGF-B1 was
markedly inhibited by DMDD in KKAy mice. The accumulation of
TGF-f31 in KKAy mice was inhibited by DMDD at 8 weeks after
starting treatment. The finding that DMDD improved renal func-
tion in type 2 diabetic KKAy mice and that this beneficial effect was
associated with an inhibitory effect of DMDD on kidney TGF-f31
overexpression is novel. Additionally, histological examination of
the kidneys revealed that DMDD significantly attenuated diabetes-
induced mesangial expansion.
Hyperglycemia, a chronic metabolic glucose disorder, results
in irreversible tissue damage because of protein glycation, which

leads mw formation of glycosylated protein and AGEs (Kanwar
et al., 2008). The increase in glycosylated ein in the serum is
caused by the reaction glucose and other r ing sugars such as
ribose and fructose with the amino residues of proteins to form
Amadori products such as glycosylated hemoglobin (HbA1c). Oxy-
genisalso generated in the process of AGE formation (Daroux etal,,
2010). AGE accumulation occurs earlier and at an accelerated ratein
diabetes mellitus patients than it does in non-diabetic individuals
(Schleicher et al,, 1997). AGE formation appears to be synergistic
with other pathogenic pathways in diabetes, including oxidative
stress, hypertension, and activation of the renin-angiotensin sys-
tem. Each of these pathways may be activated by AGEs, and
each may promote the formation of AGEs (Thomas et al., 2005).
AGEs can contribute to renal aging. Through AGE accumulation,
in situ glycation and RAGE activation, glycation could enhance the
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Fig. 7. Effect of DMDD and aminoguanidine on RAGE (A}, NF-kB (B), TGF-B1 (C),
and CML (D) protein expression in renal cortex. Group I: normal control, C57BL/G)
mice administered distilled water; Group Il: DMDD control, C57BL/G) mice admin-
istered DMDD (50 mg (kg body weight); Grouplil: vehicle-treated KKAy, KKAy mice
administered distilled water; Groups IV-V1: DMDD treatment, KKAy mice adminis-
tered DMDD(12.5, 25, 50 mg/kg body weight); and Group VIl: KKAy+ AG: KKAy mice
administered aminoguanidine (200 mg/kg body weight). DMDD or aminoguanid ine
were given byoral gavage at the indicated dosage, once aday, to the separate groups
of the mice. Results are expressed as means+SE for 10 animals in each group.
*P<0.05 vs. vehicle-treated KKAy mice.

phys ical and pathological effects of renal aging (Daroux et al,,
2010]). It has been reported that AGEs trigger the activation of NF-
kB via interaction with the AGE receptor (RAGE), leading to its
translocation to the nucleus, where it induces transcription (Yan
et al., 1994). Additionally, the promoter region of the RAGE gene
contains NF-kB binding sites (Li and Schmidt, 1997), potentially
producing a self-perpetuating pathway. Moreover, the AGE-RAGE
interaction activates TGF-31 signaling pathways and subsequently
induces mesangial cell hypertrophy and glomerular sclerosis by
ECM synthesis (Kanwar et al., 2008). The interactions between AGEs
and RAGE induce the activation of oxidative stress and stimulate the
production and release of cytokines, which amplify tissue damage
(Wautier and Guillausseau, 2002). Therefore, AGE accumulation
in the lgggey has been regarded as an index of progressive renal
damag diabetic nephropathy. In the present study, not only
the overexpression of AGEs and RAGE but also the higher levels
of NF-«kB and TGF-B1 in the kidneys of type 2 diabetic KKAy mice
were attenuated by DMDD treatment for 8 weeks. It seems that
DMDD influenced not only AGE-RAGE signaling but also the NE-
kB-TGF-P1-dependent pathway to some extent, thus leading to an
attenuation of renal damage caused by protein glycation.

CML, pentosidine, and methylglyoxal derivatives are among the
well-characterized pounds that are commonly used as mark-
ers of AGE (Chappe al., 2003). CML is not only a glycoxidation
produﬁmt is similar to pentosidine, but it is also formed dur-
ing thi etal-catalyzed oxidation of polyunsaturated fatty acids
in the presence of protein [&et al., 1996). Therefore, CML could
serve as a general biomarkel oxidative stress resulting from car-
bohydrate and lipid oxidation reactions. We found that treatment
of type 2 diabetic KKAy mice with DMDD for 8 weeks not only

lowered the level nal CML but also decreased the accumula-
tion of lipid perox on products in kidney. The results indicate
that the beneficial effect of DMDD on diabetic nephropathy may be
linked to the reduction of oxidative stress.

In conclusion, we discovered that 2-dodecyl-6-methoxycyc-
lohexa-2,5-diene-1,4-dione had an antidiabetic effect via a reduc-
tion in hyperglycemia, which attenuated AGE expression and
downregulated the NF-kB-TGF-[31 pathway in diabetic glomeruli,
consequently decreasing ECM deposition in renal tissues. Hence,
DMDD could be used as dietary supplement in the management of
renal impairment associated with chronic diabetes infirmities.
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