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Purpose: Diabetic nephropathy is a serious complication of type 2 diabetes mellitus, and delaying the development of diabetic
nephropathy in patients with diabetes mellitus is very important. In this study, we investigated inflammation, oxidative stress,
and lipid metabolism to assess whether curcumin ameliorates diabetic nephropathy.

Materials and Methods: Animals were divided into three groups: Long-Evans-Tokushima-Otsuka rats for normal controls, Otsu-
ka-Long-Evans-Tokushima Fatty (OLETF) rats for the diabetic group, and curcumin-treated (100 mg/kg/day) OLETF rats. We
measured body and epididymal fat weights, and examined plasma glucose, adiponectin, and lipid profiles at 45 weeks. To con-
firm renal damage, we measured albumin-creatinine ratio, superoxide dismutase (SOD), and malondialdehyde (MDA) in urine
samples. Glomerular basement membrane thickness and slit pore density were evaluated in the renal cortex tissue of rats. Fur-
thermore, we conducted adenosine monophosphate-activated protein kinase (AMPK) signaling and oxidative stress-related nu-
clear factor (erythroid-derived 2)-like 2 (Nrf2) signaling to investigate mechanisms of lipotoxicity in kidneys.

Results: Curcumin ameliorated albuminuria, pathophysiologic changes on the glomerulus, urinary MDA, and urinary SOD re-
lated with elevated Nrf2 signaling, as well as serum lipid-related index and ectopic lipid accumulation through activation of
AMPK signaling.

Conclusion: Collectively, these findings indicate that curcumin exerts renoprotective effects by inhibiting renal lipid accumula-
tion and oxidative stress through AMPK and Nrf2 signaling pathway.
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INTRODUCTION gressive kidney disease, and is known to be a life-threatening

complication of diabetes mellitus, showing high mortality
Diabetic nephropathy (DN) is the most common cause of pro- around the world."” In early stages of diabetic mellitus, blood
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ic mellitus has been considered to be a consequence of hyper-
glycemia and glomerular hyperfiltration, leading to basement
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duction in any medium, provided the original work is properly cited. as total cholesterol (TC), triglyceride (TG), and free fatty acid

glomerular sclerosis.** Moreover, in uncontrolled type 2 diabe-
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(FFA).° Excessive energy intake exceeds the storage capacity of
adipose tissue, leading to the accumulation of excess energy as
fat to ectopic sites.*” Consequently, lipid-mediated and increased
oxidative stress by renal lipid accumulation may lead to kidney
dysfunction.®®

Considered a metabolic master switch, 5" adenosine mono-
phosphate-activated protein kinase (AMPK) regulates several
intracellular systems, including cellular uptake of glucose in the
liver, skeletal muscle, and brain.*™° It has also been newly iden-
tified as a regulator of renal hypertrophy in diabetes and has
been shown to be inhibited in diabetic kidney.""" Several stud-
ies have revealed that AMPK signaling might play a role in renal
cells.”** Also, AMPK plays a key role in lipid metabolism, al-
though the role of AMPK signaling in DN with ectopic lipid ac-
cumulation has not been well defined to date.

Reactive oxygen species (ROS) appear to play an important
role in the progression of DN.? Diabetic complications are
caused by prolonged exposure to high glucose levels that lead
to the mitochondrial overproduction of ROS.* In DN, ROS leads
to oxidative stress-related renal injuries, which are marked by
the structural and functional changes in glomerular and renal tu-
bular cells."*** Normally, renal cells defend themselves against
ROS damage with various antioxidants, such as superoxide dis-
mutase (SOD), catalases, glutathione, and peroxiredoxins.
Among these antioxidants, SOD is a powerful enzyme: trans-
genic overexpression SOD in diabetic mice reduced oxidative
stress, albuminuria, and glomerular matrix.® Also, several stud-
ies showed that increased lipid metabolism and ROS may be
related to the activation of renal tissue damage.*'® Specially,
SOD and catalase are known to be regulated by the transcrip-
tion factor, nuclear factor (erythroid-derived 2)-like 2 (Nrf2)."
Nrf2 plays a key role in inhibiting oxidative stress and lipid ac-
cumulation in type 2 DN and high-fat diet.'®"

Curcumin [1,7-bis (4-hydroxy-3-methoxyphenyl)-1,6-hepta-
din-3,5-dione] is an active component in turmeric rhizomes
(Curcuma Longa Linn), and is a major ingredient of spices, such
as turmeric and curry. Yellowish curcumin has anti-oxidative,
anti-carcinogenic, anti-inflammatory, anti-hyperlipidemic,
and hypoglycemic properties." Curcumin has been extensively
studied and found to be protective against neuropathy,* ne-
phropathy,** retinopathy,” vascular disease,** and pancreatic
f3-cell dysfunction® in diabetic mellitus. In particular, the anti-
oxidant effects of curcumin have been reported to be mediated
by up-regulation of SOD;***” moreover, curcumin is also closely
associated with enhanced SOD activity and reducing intracel-
lular ROS with aging.*** Furthermore, curcumin activates Nrf2
to up-regulate enzymes involved in antioxidant defense, like
SOD and heme oxygenase-1 (HO-1).***' As for lipid metabolism,
curcumin reduces lipidemia, cholesterol, and lipid peroxida-
tion products in the blood and urine of diabetic mellitus.*>*

With the properties described above, curcumin may reduce
lipid metabolism and oxidative stress in DN. Therefore, we
evaluated whether curcumin exerts therapeutic effects on lipid
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accumulation and induced oxidative stress related to AMPK
activation and its downstream molecules in DN in rats.

MATERIALS AND METHODS

Animal experiments

All animal procedures were approved by the Institutional Ani-
mal Care and Use Committees of Yonsei University, Wonju, Ko-
rea (IRB No. 090422-2). At 25 weeks, 30 animals were divided
into three groups: 10 male Long-Evans-Tokushima-Otsuka rats
for the normal control group (CON) and 20 male Otsuka-Long-
Evans-Tokushima Fatty (OLETF) (Otsuka Pharmaceutical,
Tokushima, Japan) rats for diabetic control (DM) and curcum-
in-treated groups (CUR). In the diabetic CON group, one OLETF
rat was excluded during the experiment period because of poor
condition. In the end, a total of 29 rats were included in the ex-
periment. The rats were housed at constant temperature (20-
22°C) and humidity (50-60%) with a 12:12-h light/dark cycles
with water and standard lab chow diet until 45 weeks of age.
The experimental group received curcumin (100 mg/kg/day)
and the diabetic group received saline through a 20-gauge feed-
ing needle from 25 weeks to 45 weeks. The dosage of curcumin
was adjusted for the large body surfaces and body weights of the
obese OLETF rats, compared to those of other rat models,”® and
for 20 weeks treatment. To create hyperglycemic conditions
and induce diabetes in the type 2 diabetic models, a 30% su-
crose solution was freely fed to the DM and CUR.

Body weight and blood glucose levels (Surestep; Lifescan
Inc., Milpitas, CA, USA) were measured at 25 and 45 weeks, at
which time an intra-peritoneal glucose tolerance test (IPGTT)
and an intravenous insulin tolerance test (IVITT) were done.
Indices of insulin resistance were calculated using the following
formula: Kitt (rate constant for plasma glucose disappearance,
%/min)=0.693/T,,,x100. Homeostasis Model Assessment of In-
sulin Resistance (HOMA-IR)=fasting insulin (uU/mL)xfasting
glucose (mmol/mL)/22.5. Insulin secretion was calculated us-
ing HOMA-B=20xfasting insulin (pU/mL)/fasting glucose
(mmol/L)-3.5.

At the end of 45 weeks, the rats were fasted overnight and
then anesthetized with Zoletil® (Virbac Laboratories, Carros,
France) by intra-peritoneal injection. Blood was collected via
heart puncture with a needle into ethylenediaminetetraacetic
acid-treated tube, and just before the time of death, a saline
perfusion was performed, with an exception for the left kidney.
The blood tubes were centrifuged, and clear plasma was stored
in deep freezer (-80°C) until the measurement. Both kidneys and
epididymal fat were extracted, and the left kidney was preserved
using a quick freezing method with liquid nitrogen. One half of
the right kidney was fixed with 4% paraformaldehyde for 48
hours and then embedded in paraffin for histological examina-
tion, while the remaining half was immediately treated with 3%
glutaraldehyde at 4°C for 24 hours to prepare for ultra-structural
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studies.
Blood lipid levels, including TC and TG, were determined
with DRI-CHEM 3500i (FujiFilm, Tokyo, Japan).

MDA assay in 24-hour urine

Malondialdehyde (MDA) was measured by fluorometric high-
performance liquid chromatography at the NeoDin Medical
Institute (Seoul, Korea). Briefly, urine samples were treated
with 0.1125 N PCA and 40 mM 2-thiobarbituric acid, and a de-
rivative was formed by heating at 97°C for 1 hour. The solution
was then placed on ice for 20 minutes to stop the reaction. After
20 minutes, methanol and 20% trichloroacetic acid buffer were
added. The samples were mixed and centrifuged at 13000 g for
6 minutes. The supernatant was then read using an insert vial
and a fluorescence detector. The fluorescence detector was set
at an excitation wave length of 525 nm and emission of 560 nm.
The run time was 2 minutes, and the flow rate was 1 mL/min.

Insulin, adiponectin, and FFA in plasma, and

albumin, creatinine, and SOD in 24-hour urine by ELISA
Twenty-four-hour urine samples were collected for the assess-
ment of albumin, creatinine (Exocell Nepharat; Exocell Inc.,
Philadelphia, PA, USA), and urine SOD (Cayman Chemical
Company, Ann Arbor, MI, USA). Plasma insulin (Shibayagi Co.,
Shibukawa, Japan), adiponectin (AdipoGen Inc., Seoul, Korea),
and FFA (Abcam, Cambridge, MA, USA) were measured with
enzyme-linked immunosorbent assay kits.

Histologic examination in the renal cortex

Paraffin embedded tissues were cut into 5-pum thick sections
and stained with hematoxylin and eosin (H&E) stain. We exam-
ined these sections with an optical microscope that was equipped
with a charge coupled device camera (Pulnix, Sunnyvale, CA,
USA) in order to obtain pictures of the glomeruli, which were
subsequently sent to a computer monitor. We measured 40 glo-
merular areas per rat using an image analysis system (GmbH,
SIS, Minster, Germany). In addition, we calculated glomerular
volume (Gv) by the Weibel and Gomez formula: 18 Gv=area
1.5x1.38/1.01 (1.38: shape coefficient, 1.01: size distribution co-
efficient).

Measurement of glomerular basement membrane
thickness and open slit pore numbers

Each specimen was prepared at all steps with an electron mi-
croscope reagent to make ultrathin sections, and examined un-
der a transmission electron microscope (JEM-1200EX II, JEOL
Ltd., Tokyo, Japan). Electron micrographs of five to ten glomer-
uli per kidney were randomly taken at 30000x for each rat. Pho-
tomicrographs of glomerular basement membrane (GBM) were
also analyzed for the density of slit pores between the podocyte
foot processes. The number of slit pores was enumerated and
divided by the GBM length (mm) to derive linear density using
an image analyzer (GmbH, SIS, Minster, Germany).
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Western blot analysis in renal cortex tissue

Renal cortex protein was extracted using PRO-PREPTM protein
Extraction Solution (Intron Biotechnology, Seoul, Korea) by Tis-
sue Lyser II (QIAGEN GmbH, Haan, Germany). All protein
concentrations were measured with a Bio-Rad protein assay kit
(Bio-Rad Laboratories Inc., Hercules, CA, USA). Thirty micro-
grams of each protein sample were run on an 8-12% sodium
dodecyl sulfate-poly-acrylamide gel under denaturing condi-
tions. The proteins were transferred onto a polyvinylidene
difluoride membrane (Immobilon; Millipore, Bedford, MA,
USA) for 90 minutes at 280 mA. The membranes were blocked
by incubating the membranes with 5% skim milk or bovine se-
rum albumin (Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA) for 1 hour at room temperature in phosphate buffered sa-
line with Tween 20 solution. The membrane was hybridized
with anti-p-AMPK, anti-AMPK, and anti-p-ACC antibodies
(Cell Signaling Technology Inc., Danvers, MA, USA), or anti--
actin, anti-Nrf2, anti-Keap1, anti-HO-1, anti-vascular endothe-
lial growth factor, anti-tumor growth factor-f1, anti-SREBP],
anti-SREBP2, and anti-adipose differentiation related protein
(ADRP) antibodies (Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA) in a blocking buffer overnight at 4°C. The filter was
incubated with anti-rabbit or anti-mouse for 60 minutes at
room temperature. Specific signals were detected using the
electrochemiluminescence solution (Santa Cruz Biotechnology
Inc.).

Measurement of triglyceride content in renal cortex
This assay was designed to measure lipid accumulation in kid-
ney tissue. The reagent measured the concentration of glycerol
released after lysing the cells and hydrolyzing the TG molecules.
The TG concentration could then be determined from the glyc-
erol values.

Statistical analysis

All results were presented as means and standard deviations.
The data were analyzed by ANOVA or repeated measure ANO-
VA. Sheffé’s post hoc test was performed to determine signifi-
cant differences among the groups using SPSS software, version
18.0 (SPSS Inc., Chicago, IL, USA). p<0.05 was considered sta-
tistically significant.

RESULTS

Effect of curcumin on blood glucose and insulin levels
At the end of 45 weeks, the DM group exhibited significantly in-
creased fasting blood sugar and significantly decreased insulin
levels, compared to the CON group. Kitt, homeostatic model as-
sessment beta cell function (HOMA-beta), and HOMA-IR val-
ues were calculated. Kitt and HOMA-beta values of the DM
group were markedly lower than those of the CON group (p<
0.05). No differences were observed in the HOMA-IR values
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among the three groups (Table 1). Changes in plasma glucose
during the IVITT and the IPGTT in each group at 45 weeks of
age are illustrated (Fig. 1). As expected, there were significant
differences in IVITT and IPGTT between the CON and DM
groups. However, the differences between DM and CUR groups
in IVITT and IPGTT were not significant.

Effect of curcumin on urinary albumin excretion and
albumin creatinine ratio levels

At 25 weeks of age, 24-hour urinary albumin excretion and al-
bumin creatinine ratio (ACR) did not vary among the OLETF rat
groups (data not shown). At 45 weeks of age, the 24-hour urinary
ACR levels of the DM group increased, compared to the CON
group, and those of the CUR group were significantly lower
than those of the DM group (Fig. 2).

Effect of curcumin on glomerular lesions

In representative images of glomerular H&E staining, the DM
group showed glomerular hypertrophy, while the CUR group
showed reductions in diabetic alterations in kidney at 45 weeks
of age (Fig. 3A). Also, Gv significantly increased in the DM group,
which curcumin treatment significantly decreased (Fig. 3C).

Effect of GBM thickness and podocyte morphometry
for open slit pore numbers

Next, we measured GBM thickness and podocyte morphome-
try for open slit pore number in each group. As expected, GBM
thickness was increased in the DM group, and podocyte foot
processes were effaced (Fig. 3B). The number of slit pores per
unit length of GBM between the podocyte foot processes was
significantly decreased in the DM group (p<0.05). In contrast to
these changes, curcumin significantly ameliorated the diabetic
condition (p<0.05) (Fig. 3D and E). In the curcumin treated group,
GBM thickness was decreased, while there was less fading of
the podocyte foot processes and the number of open slit pore
was increased, compared to DM group.

Effect of curcumin on oxidative stress
Urine SOD and MDA levels from 24-hour urine samples were
measured. In CUR group, SOD was significantly elevated com-

Table 1. Blood Glucose and Insulin Test

CON DM CUR
FBS (mg/dL) 82.67£5.77 221+67.02*  205+94.77*
Insulin (ng/mL) 2.44+1.26 1.39+0.92¢ 1.93+1.27
Kitt (%o/min) 4.26£0.58 3.07£1.49" 4.8913.52
HOMA-IR 11.5915.66 19.15+£9.17 17.57+10.06
HOMA-B 240.94+119.75 69.49£33.11* 100.10+£98.99*

CON, control; DM, diabetes; CUR, curcumin (100 mg/kg, p.o.) treated DM;
FBS, fasting blood sugar; Kitt, rate constant for plasma glucose disappear-
ance; HOMA-IR, homeostasis model assessment of insulin resistance;
HOMA-B, homeostatic model assessment beta cell function.

The values are the mean+SD.

*p<0.05 vs. CON.
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pared to those in the untreated DM group. In addition, urine
MDA, a known lipid-peroxidation related marker of oxidative
stress, was significantly increased in the DM group, compared
to the CON group. After curcumin treatment, oxidative stress was
significantly decreased in the DM group (Fig. 4A and B). As
shown in Fig. 4C and D, the expressions of N1f2/Keap1 protein
ratio and HO-1 protein were significantly increased in the CUR
group, compared with the DM group. Nrf2 protein levels were
increased, while Keap1l was decreased, in the DM group.

Effects of body and organ weights and lipid related
target molecular level

Prior to receiving curcumin treatment, the initial body weights
of the DM group and CUR group at 25 weeks of age were signifi-
cantly higher than those of the CON group. Twenty weeks later,
there was no significant difference in final body weights among
groups. In addition, during the experiment period, no differ-
ence was found in the amount of diet consumed between the
DM group and CUR groups. After adjusting kidney and epidid-
ymal fat weights by body weight, it was found that the left and
right kidney weights of the DM and CUR groups were markedly
heavier than those of the CON group. However, the differences
were not significant between those of the DM and CUR groups.
Interestingly, the adjusted epididymal fat/body weight ratio (fat
Wt/BW) of the CUR group was significantly lighter than those
of the CON group. Along with decreased epididymal fat (Wt/
BW) of the CUR group, the serum TC, TG, and FFA levels of the
CUR group were significantly lower than those of the DM group
at 45 weeks of age. Plasma adiponectin level of the CUR group
was not different from that of the DM group. Meanwhile, adi-
ponectin levels adjusted by epididymal fat Wt/BW of the CUR
group were significantly higher than those of the DM group
(Table 2, Fig. 5A).

Effects of SREBP-1, SREBP-2, ADRP, AMPK, and ACC
protein expression in the renal cortex

We examined renal TG levels to measure lipid accumulation in
the kidney after lysing the cells and hydrolyzing the TG mole-
cules. Renal TG levels were significantly decreased in the cur-
cumin treatment group (Fig. 5B). To identify lipid metabolism,
we measured sterol regulatory element-binding protein-1 and
2, ADRP, 5" AMPK and its phosphorylation, and acetyl-CoA car-
boxylase (ACC) phosphorylation in the renal cortex. AMPK
phosphorylation was reduced in the DM group and curcumin
prevented the reduction of AMPK phosphorylation in the DM
group. Phosphorylation of ACC resulted in decreased fatty acid
transport and subsequent oxidation in renal cortex tissue by
curcumin treatment (Fig. 5C and D). SREBP-1 and SREBP-2
were increased in the DM group. The CUR group had signifi-
cantly reduced SREBP-1 and SREBP-2, compared to the DM
group. Also, increased ADRP protein expression in the DM
group was attenuated by curcumin treatment (Fig. 5E and F).
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DISCUSSION

In the present study, we found that anti-oxidant enzymes were
suppressed and lipid-related molecules were excessively ex-
pressed in the kidneys of type 2 diabetic OLETF rats. DN mani-
fests primarily in clinical findings, such as albuminuria, wide
GBM thickness, and a decreased number of open slit pores in
podocytes. These renal injury conditions occurred usually at
around 40 weeks after the onset of diabetes in OLETF rats.*
Furthermore, we demonstrated diabetes-induced oxidative
damage to the kidneys as evidenced by changes in SOD and
MDA with Nrf2 signaling related-molecules.® Also, we identi-
fied ectopic lipid-related damage to the kidneys as evidenced
by changes in lipid molecules with AMPK signaling related-
proteins. All these alterations, which are manifestations in dia-
betic kidneys, were prevented with curcumin.
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The Effects of Curcumin in Diabetic Nephropathy

In this study, curcumin affected ROS, which plays a pivotal
role in the pathophysiology of diabetic renal change. Hypergly-
cemia could induce ROS production and lipid peroxidation in a
diabetic condition, leading to the development of DN.!** The
present study found that curcumin increased urinary SOD, a
superoxide radical scavenger enzyme, while at the same time,
decreased urinary MDA, a lipid peroxidation index. Thus, we
speculate that curcumin might protect against DN via anti-oxi-
dant mechanisms rather than glucose-related mechanisms.'®
Especially, reduced expression of Nrf2 and increased oxidative
stress have been observed in DN, and Keapl is known to con-
tribute to increased oxidative stress through negative regulation
of Nrf2 activiry.’**”* Reduced HO-1 expression in renal cortex
tissue of diabetic mellitus might be related to decrease Nrf2
through induced ROS.* In the present study, curcumin up-reg-
ulated HO-1 via activation of Nrf2, leading to attenuation of ele-
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Fig. 1. Effect of curcumin on insulin tolerance and glucose tolerance tests. (A) At 45 weeks of age, the plasma glucose level of the DM group was signifi-
cantly increased, compared to the CON group, using the intravenous insulin tolerance test, while glucose levels of the CUR group were not significant,
compared to the DM group. (B) Using the intraperitoneal glucose tolerance test, the plasma glucose level of the DM group was found to be significantly
decreased, compared to the CON group; however, such changes in glucose levels were not shown in the CUR group, compared to the DM group. Data
expressed as mean=SD. *p<0.05 vs. CON. CON (e), control group; DM (m), diabetic group; CUR (4A), curcumin-treated (100 mg/kg, p.o.) diabetic group.
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Fig. 2. Effect of curcumin on urine albumin levels and 24-hour albumin/creatinine ratio (ACR). (A) At 45 weeks of age, urinary albumin levels of the CUR
group in 24-hour urine samples were significantly decreased, compared to the DM group. (B) 24-hour ACR was also significantly decreased, compared
to the DM group. Data expressed as mean+SD. *p<0.05 vs. CON, 'p<0.05 vs. DM. CON, control group; DM, diabetic group; CUR, curcumin-treated (100
mg/kg, p.o.) diabetic group.
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vations of MDA, and ROS regulated with SOD in DN. Also, acti-
vation of Nrf2 may inhibit lipid accumulation in the kidneys of
type 2 diabetic OLETF rats."** These anti-oxidative effects of
curcumin could attenuate increased albuminuria, GBM thick-
ness, or damage to the podocyte foot process by relieving hy-
perlipidemia.***

An alternate mechanism by which curcumin may exert ef-
fects on diabetic complications is through lipid metabolism.
Previous studies have suggested that improvement of hyperlip-
idemia is achieved with curcumin,®** and decreased cholester-

YMJ

ol and TG levels could be related to the inhibition of DN. Like
type 2 diabetes mellitus, high levels of cholesterol, TG, and free
fatty acid could stimulate ectopic lipid accumulation in the or-
gans, except adipose tissue, and especially lipid accumulation
of renal tissue could be a crucial factor in the development of
chronic kidney disease.>* Indeed, several studies have shown
the presence of lipid deposits in the kidneys of diabetic mod-
els.>*' AMPK phosphorylation was reduced in the diabetic
group,®* and curcumin treatment activated AMPK phosphory-
lation, showing that it may control the AMPK activity. Similar to
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Fig. 3. Effect of curcumin on kidney histological morphology changes. (A) Representative image of glomerular hematoxylin and eosin (H&E)-stained sec-
tions. (B) Representative electron photomicrographs show glomerular basement membrane (GBM) thickness and open slit pores (arrows). (C) Glomeru-
lar volume. Differences in glomerular volume were not significant among these three groups. (D) GBM thickness. DM group shows significant glomerular
thickening, compared with the CON group, while the CUR group shows significant reductions in diabetic alterations in kidneys at 45 weeks of age. (E) The
number of open slit pores between podocyte foot processes. Glomerular injury decreased after treatment with curcumin, compared to the DM group.
Data express mean=SD. *p<0.05 vs. CON, 'p<0.05 vs. DM. H&E staining scale bar, 100 pm, %400. EM scale bar, 100 pm, x30000. CON, control group; DM,
diabetic group; CUR, curcumin-treated (100 mg/kg, p.o.) diabetic group.
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a previous study, SREBP-1, which activates fatty acid synthesis,
and SREBP-2, which activates cholesterol biosynthesis, were
increased in the DN; however, curcumin significantly reduced
SREBP-1 and SREBP-2 in the present study. Also, ADRP, a marker

Table 2. Body and Organ Weights and Lipid Profiles

The Effects of Curcumin in Diabetic Nephropathy

of lipid droplets, was increased in the diabetic group, although
it was attenuated by curcumin treatment.***> One of the key
pathways in AMPK’s regulation of fatty acid oxidation is the
phosphorylation and inactivation of ACC. ACC converts acetyl-

CON DM CUR
Initial body weight (g) 459.72+38.98 616.78+59.92* 611.90+43.30*
Final body weight (g) 542.83+49.94 581.11£71.32 549.33+89.44
Left kidney Wt/BW (100 g) 0.25+0.01 0.39+0.08* 0.40+0.09*
Epididymal fat weight (g) 12.71+£2.34 11.54+4.61 9.29+5.16
Epididymal fat Wt/BW (100 g) 2.3310.27 1.94+0.60 1.63+0.68*
Adiponectin (ug/mL) 7.62+1.08 5.42+1.42* 5.40+1.89*
Adiponectin (pg/mL)/epididymal fat Wt/BW (100 g) ratio 3.28+0.38 2.72+0.67 3.88+£1.111
Serum TC (mg/dL) 79.00+14.20 101£17.78* 84.78+9.98"
Serum TG (mg/dL) 61.89+15.19 178+30.91* 134+44.26%

CON, control; DM, diabetes; CUR, curcumin (100 mg/kg, p.o.) treated DM; Wt, weight; BW, body weight; TC, total cholesterol; TG, triglyceride.

The values are the mean=£SD.
*p<0.05 vs. CON, "p<0.05 vs. DM.
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Fig. 4. Effect of curcumin on urine SOD and MDA, Nrf2/Keap1, and HO-1 protein expression in the urine or renal cortex. (A) Urinary SOD was significantly
increased in the CUR group, compared to the DM group, at 45 weeks of age. (B) Urinary MDA significantly decreased in the CUR group, compared with
the DM group. (C) Representative pictures of Nrf2/Keap1 protein ratio and HO-1 expression in renal kidney cortex of 45 weeks of age. (D) Reduced Nrf2/
Keap1 protein ratio and HO-1 protein expression related to renal oxidative stress, which were significantly increased in the CUR group. Data expressed
as mean+SD. *p<0.05 vs. CON, "p<0.05 vs. DM. CON, control group; DM, diabetic group; CUR, curcumin-treated (100 mg/kg, p.o.) diabetic group; SOD, su-
peroxide dismutase; MDA, malondialdehyde; Nrf2, nuclear factor (erythroid-derived 2)-like 2, HO-1, heme oxygenase-1.
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CoA to malonyl-CoA, and then blocks fatty acid oxidation.
Phosphorylation of ACC, therefore, results in decreased fatty
acid transport and subsequent oxidation by curcumin. Our
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study outlined a possible pathway of the effects of curcumin on
DN via AMPK-mediated regulation of lipid synthesis. This is
consistent with previous results showing curcumin inhibits lip-
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Fig. 5. Effect of curcumin on FFA, renal triglyceride (TG), AMPK, ACC, SREBP-1, SREBP-2, and ADRP protein expressions in renal cortex. (A) Serum FFA
level. It was significantly increased in the DM group at 45 weeks of age, but it was significantly decreased by curcumin treatment. (B) Renal TG level. It
tended to increase in the DM group (p=0.055), and curcumin significantly reduced renal TG. (C) Representative Western blots depicting protein abun-
dance of the phosphorylated AMPK and ACC in the renal cortex. (D) The DM group showed significantly decreased phosphorylated AMPK and ACC ex-
pression in the renal cortex. These changes were reversed upon treatment with curcumin. (E) Representative Western blots depicting protein abundance
of SREBP-1, SREBP-2, and ADRP in the renal tissues. (F) The DM group showed significantly increased SREBP-1, SREBP-2, and ADRP expressions in re-
nal cortex. These changes were reversed upon treatment with curcumin. Data expressed as mean®SD. *p<0.05 vs. CON, 'p<0.05 vs. DM. CON, control
group; DM, diabetic group; CUR, curcumin-treated (100 mg/kg, p.o.) diabetic group; FFA, free fatty acid; AMPK, adenosine monophosphate-activated pro-
tein kinase; ACC, acetyl-CoA carboxylase; ADRP, adipose differentiation related protein.
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id accumulation in the kidneys of diabetic rats.*®

In conclusion, curcumin decreased TC, TG, and FFA in se-
rum and decreased lipid accumulation in the kidneys through
AMPK signaling. Also, it decreased albuminuria by ameliorat-
ing pathophysiologic changes and oxidative stress on the glom-
erulus through Nrf2 signaling. Thus, we suggest that curcumin
may holds protective or ameliorating effects against type 2 DN
through anti-oxidative and hypo-lipidemic effects.
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