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Abstract

Ectopic fat accumulation in the kidneys causes oxidative stress, inflammation and cell
death. Dehydrozingerone (DHZ) is a curcumin analog that exhibits antitumour, anti-
oxidant and antidiabetic effects. However, the efficacy of DHZ in diabetic nephropa-
thy (DN) is unknown. Here, we verified the efficacy of DHZ on DN. We divided the
experimental animals into three groups: regular diet, 60% high-fat diet (HFD) and HFD
with DHZ for 12 weeks. We analysed levels of renal triglycerides and urinary albumin
and albumin-creatinine ratio, renal morphological changes and molecular changes via
real-time polymerase chain reaction and immunoblotting. Furthermore, high glucose
(HG)- or palmitate (PA)-stimulated mouse mesangial cells or mouse podocytes were
treated with DHZ for 24 h. As a result, DHZ markedly reduced renal glycerol accu-
mulation and albuminuria excretion through improvement of thickened glomerular
basement membrane, podocyte loss and slit diaphragm reduction. In the renal cortex
in the HFD group, phospho-AMPK and nephrin expression reduced, whereas argin-
ase 2 and CD68 expression increased; however, these changes were recovered after
DHZ administration. Increased reactive oxygen species (ROS) stimulated by HG or PA
in podocytes was inhibited by DHZ treatment. Collectively, these findings indicate
that DHZ ameliorates DN via inhibits of lipotoxicity-induced inflammation and ROS
formation.
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1 | INTRODUCTION

Obesity is a major global health issue.t Obesity-induced dyslipidae-
mia has characteristics including increased flux of free fatty acids,
triglycerides (TGs), low-density lipoprotein (LDL), apolipoprotein
B levels and decreased high-density lipoprotein-cholesterol (HDL-
C).Z'4 Moreover, it is an important modifiable vascular risk factor and
contributes to diabetic vascular complications such as neuropathy,
retinopathy and nephropathy in type 2 diabetes mellitus (T2DM).°

Diabetic nephropathy (DN) is a leading cause of end-stage
renal disease and occurs in approximately 30%-40% of patients
with diabetes.® A previous study based on animal models of dia-
betes demonstrated induced renal damage and exaggerated albu-
minuria in hypercholesterolaemia and obese mice.®” In the kidney,
renal mesangial cells and glomerular epithelial cells such as visceral
podocytes possess triglyceride (TG)-rich lipoprotein receptors.
Excessively accumulated lipid induces macrophage infiltration, cel-
lular injury and apoptosis via inflammatory pathway activation, ROS
over production and increase in proinflammatory cytokines such as
tumour necrosis factor (TNF)-a, transforming growth factor (TGF)-p
and interleukin (IL)-6.871

Dehydrozingerone (DHZ) is structural analogue of curcumin
(CUR) and isolated from Zingiber officinale.*? DHZ already known to
has beneficial effects such as inhibition of tumour growth, ROS and
lipid peroxidation.’*¢ Previously, we demonstrated the effect of
DHZ in high-fat diet (HFD)-induced obese mice. DHZ administration
markedly reduced the body weight and lipid accumulation in adipose
tissue and liver by increasing AMP-activated protein kinase (AMPK)
activity. Moreover, DHZ regulated fasting blood glucose and leptin
levels in the HFD mice.'”

However, despite these beneficial effects in the metabolic dis-
eases, the DHZ efficacy and related mechanisms on DN are not
clearly known. Therefore, we assessed the DHZ effects and mecha-

nism on DN development in HFD-induced obese mice.

2 | MATERIALS AND METHODS

2.1 | Reagents

1, 7-Bis (4-hydroxy-3-methoxyphenyl)-1, 6-heptadiene-3, 5-dione
(DHZ) was purchased from Sigma-Aldrich, and 1,7-bis(4-hydroxy-3
-methoxyphenyl)-1,6-heptadiene-3,5-dione (CUR) was purchased

from Santa Cruz Biotechnologies (Santa Cruz).

2.2 | Animal experiments

The animal experiments were conducted by following the meth-
ods in a previous study.17 In brief, C57BL/6 mice (4-week-old male,
15 g) were purchased from Dae Han Bio Link Co. and were housed

in cages placed in a room under 12-h light/dark cycle and ambient

temperature (22-24°C). Further, 8-week-old mice were randomly di-
vided into the following three groups: Group |, regular diet fed (RD);
Group I, HFD fed (HFD, 60% kcal from fat); and Group I, HFD with
DHZ (100 mg/kg). Thereafter, their food intake and body weights
were recorded every week. After 12 weeks, the animals were anaes-
thetized, and whole blood was collected via cardiac puncture. Whole
blood was centrifuged at 377 g for 15 min in a refrigerated centri-
fuge for serum collection; the collected tissues were then separated
for staining or molecular analysis and stored at -80°C for further
analysis. This study was approved by the Institutional Animal Care
and Use Committee of Yonsei University at the Wonju Campus
(YWC-121030-1).

2.3 | Urinary albumin and creatinine assessment

Twenty-four-hour urine samples were centrifuged at 377 g for
10 min. Urinary albumin and creatinine levels were analysed with
the commercial Albuwell M and Creatinine Companion Kits in ac-
cordance with the manufacturer's instructions (Exocell Inc.).
Albumin-to-creatinine ratio (ACR) was calculated by dividing albu-

min concentration by creatinine concentration.

2.4 | Renal glycerol analysis

Triglycerides is an ester derived from glycerol and three fatty acids.
The renal TG contents were determined from renal glycerol values.
Briefly, ethanolic potassium hydroxide was added to the kidney tis-
sues and incubated at 55°C for overnight. Then, added 50% ethanol
was added to the tissue and centrifuged for 5 min. The supernatant
was transferred to a new tube and 50% ethanol, and the mixture was
vortexed. Later, the supernatant was transferred to a new tube, 1 M
magnesium chloride was added to it, and then, the mixture was kept
on ice for 10 min. The mixture was centrifuged for 5 min, and the su-
pernatant was transferred to a new tube. To determine the glycerol
content, reconstituted glycerol reagent (Sigma-Aldrich) was added
to the supernatant according to the manufacturer's instructions. The
mixture was incubated for 15 min at room temperature and meas-
ured absorbance at 540 nm. Renal TG levels were calculated using
the following formula:

TG (mg/g tissue) = cuvette triolein equivalent glycerol concentration (mg/dL)
X (10/30) x (415/200) x 0.012 (dL) /tissue weight (g)

2.5 | Renal non-esterified fatty acid and
cholesteryl ester analysis

Renal non-esterified fatty acid (NEFA) (MyBioSource) and cho-
lesteryl ester (Abcam) levels were calculated using a commercial
ELISA kit. Briefly, reagent was added to dissected kidney tissue
and homogenized at 4°C for 2 h to extract the NEFA. Then, the
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sample was centrifuged at 15,928 g for 10 min at 4°C and take
the supernatant was used for detection. The working solution was
added to the supernatant, and the optical density value was meas-
ured at 715 nm with microplate reader. For cholesteryl ester, a
mixture of chloroform and isopropanol was added to the tissues
and the resulting mixture was centrifuged at 15,928 g for 10 min
at 4°C. The supernatant was transferred to a new tube and dried at
50°C. Assay buffer was added to dried sample and then was read
at 570 nm.

2.6 | Transmission electron microscopy

To evaluate slit pore numbers and glomerular basement membrane
(GBM) thickness, we analysed renal ultra-structures using a trans-
mission electron microscope (JEM-1200EX Il, JEOL, Ltd.). In this
study, 10-15 pictures were taken per mouse, and an experiment was
conducted in a total of 6 mice per group. The samples were captured
at 20,000x magnification.

2.7 | Haematoxylin and eosin staining

Renal glomerular volume was estimated in haematoxylin and eosin
(H&E)-stained kidney section. Each section was observed using an
optical microscope equipped with a charge-coupled device camera
(PULNiIX).

2.8 | Quantitative real-time PCR

Total RNA was extracted from the kidney, mesangial and podo-
cyte cells using TRIzol reagent (Sigma-Aldrich). cDNA (1.0 pg) was
prepared from the total RNA using a commercially available kit
(Toyobo). Next, quantitative real-time PCR was performed using
the SYBR Green PCR master mix (Applied Biosystems) on an ABI
PRISM 7900HT sequence detection system (Applied Biosystems).
The specific gene expressions were analysed using the following
primers: mouse podocin: forward 5-AAG TGC GGG TGA TTG CTG
CAG AAG-3/, reverse 5-TGT GGA CAG CGA CTG AAG AGT GTG-
3’; mouse IL-1p: forward 5-CAA CCA ACA AGT GAT ATT CTC CAT
G-3', reverse 5'-GAT CCA CAC TCT CCA GCT GCA-3'; mouse sterol
regulatory element-binding protein-1 (SREBP1): forward 5'-GGA
GCC ATG GAT TGC ACA TT-3/, reverse 5'-GCT TCC AGA GAG GAG
GCC A-3'; mouse fatty acid synthase (FAS): forward 5-AGA GAT
CCC GAG ACG CTT CT-3/, reverse 5'- GCC TGG TAG GCATTC TGT
AGT-3'; mouse TGF-p1: forward 5-CCT GTC CAA ACT AAG GC-3/,
reverse 5-GGT TTT CTC ATA GAT GGC G-3'; mouse intercellular
adhesion molecule (ICAM): forward 5-GGG ACC ACG GAG CCA
ATT-3', reverse 5'-CT CGG AGA CAT TAG AGA ACA-3’; and mouse
glyceraldehyde 3-phosphate dehydrogenase: forward 5'-TGA ACG
GGA AGC TCA CTG-3/, reverse 5-GCT TCAC CAC CTT CTT GAT

G-3'. ICAM and TGF-p1 mRNA expressions were additionally con-
firmed to band using PCR.

2.9 | Western blot analysis

Protein from the kidney tissue and cultured cells was analysed using
PRO-PREP protein extraction solution (iNtRON Biotechnology).
The concentration of the extracted protein was measured using a
Bicinchoninic Acid Protein Assay Kit (Pierce, Rockford). Western
blotting was performed on 8%-12% SDS-PAGE. The blots were
incubated with the following primary antibodies: anti-arginase 2,
anti-cluster of differentiation 68 (CD68), anti-nuclear factor, eryth-
roid 2 like 2 (Nrf2), anti-haeme oxygenase-1 (HO-1), anti-NADPH
oxidase (NOX) 4, sterol regulatory element-binding proteins (SREBP)
1, SREBP2, acetyl-CoA carboxylase (ACC), Bcl2, Bcl-2-associated X
protein (BAX) and anti-p-actin (all from Santa Cruz Biotechnology)
as well as anti-nephrin (Abcam), anti-phospho (p)-AMPK, and anti-
p-p38 and anti-p38 (Cell Signaling, Danvers). The blots were visu-
alized using a chemiluminescence UVP BioSpectrum 600 imaging
system and quantified with ImageJ program (National Institute of
Mental Health, Bethesda).

2.10 | Cell culture and treatment

Conditionally immortalized mouse podocytes were provided from
Dr. Peter Mundel.'® Mouse podocytes were cultured at 33°C under
permissive conditions in Dulbecco's modified Eagle's medium
(DMEM) containing 10% foetal bovine serum (FBS) and 10 U/ml
mouse recombinant interferon-y (Sigma-Aldrich) to enhance the ex-
pression of the thermosensitive T antigen. Podocyte was differenti-
ated under nonpermissive conditions at 37°C without interferon-y
for 14 days. The cells were maintained under serum-deprived condi-
tions for 24 h, treated with 400 uM palmitate (PA) with or without
20 uM DHZ for 24 h and then harvested for the next assay.

Mouse mesangial (MES-13) was purchased from American Type
Culture Collection (ATCC, Manassas, VA). MES-13 cells were cul-
tured in DMEM containing 5.5 mM glucose, 1% antibiotics and 10%
FBS. The cultured cells were then starved for 24 h and treated with
HG (30 mM) or PA (250 pM) with or without DHZ (20 uM). To com-
pare AMPK activation between CUR and DHZ, 20 uM concentration

of each of the compounds was used for treatment.

2.11 | Reactive oxygen species (ROS) measurement
Intracellular ROS generation was detected using 2'-7' dichloro-
fluorescein diacetate (CM—HZDCF—DA; Molecular Probes) fluo-
rescent probe. Podocytes on a glass dish were loaded with 5 uM
CM-H,DCF-DA for 20 min at 37°C. Excess dye was washed using
PBS. The fluorescence intensity was measured using LV10i inverted
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confocal microscope, and the fluorescent image was assessed using

ImageJ software (National Institute of Health, Bethesda).

2.12 | Statistics

Statistical analysis was performed using Prism 5.0 (GraphPad
Software). All data are presented as mean + standard error of the
mean (SEM). Student's t test was used for experiments with two

groups. p < 0.05 indicated statistical significance.

3 | RESULTS

3.1 | DHZreduces HFD-induced renal damage

Both body and kidney weights of HFD-administrated mice were in-
creased (Figure 1A,B). The urinary albumin excretion for 24 h and
ACR levels were significantly increased in HFD-induced obese mice
compared with RD mice. However, DHZ administration inhibited
HFD-induced albuminuria and increased (Figure 1C,D). Moreover,
HFD administration reduced mRNA expression of podocin and in-
creased the mRNA expression of the proinflammatory cytokine and
IL-1p (Figure 2A,B). It also disrupted the structures of glomeruli,
GBM thickness and slit diaphragm (Figure 2C-F). Concomitantly, the
expression of renal nephrin was decreased, while CD68 and arginase
2 expressions were increased; however, these changes were recov-
ered in the DHZ-administered HFD mice (Figure 2G-J). These data
suggest that DHZ protects kidneys by inhibiting the disruption and
inflammation of kidney in HFD-induced obese mice.

3.2 | DHZimproves dysregulated renal
lipid metabolism

The DN has been associated with lipid accumulation in kidney. To
evaluate inhibition of lipid accumulation by DHZ, we determined
changes in the TG, NEFA and cholesteryl ester levels in the kidney
of DHZ-treated mice. Increased renal glycerol, NEFA and cholesteryl

ester levels in HFD mice were markedly reduced following DHZ
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administration (Figure 3A-C). Moreover, increased SREBP1 and FAS
mMRNA expression due to HFD administration was inhibited by DHZ
administration. In contrast, DHZ administration mitigated decreased
peroxisome proliferator-activated receptor alpha (PPAR-a) and car-
nitine palmitoyltransferase | (CPT1) levels in HFD mice (Figure 3D).
In accordance with the previous studies demonstrating that the
AMPK-ACC pathway regulates fatty acid synthesis,” HFD inhib-
ited AMPK™ 172 phosphorylation and increased ACC expression
in the kidney. Accordingly, expression levels of ACC, SREBP1 and
SREBP2 were also increased; however, DHZ administration led to
contradictory results such as increased AMPK phosphorylation and
downregulated the expression levels of ACC, SREBP1 and SREPB2
(Figure 3E-1). PA-induced lipid formation was reduced by DHZ treat-
ment in both the kidney tissues and mesangial cells (Figure S1). These

results indicate that DHZ regulates renal lipid metabolism in vivo.

3.3 | DHZ inhibits inflammatory signals and ROS
production in mouse mesangial cells

A higher amount of AMPK was activated by DHZ than that by CUR at
the same dosage (Figure 4A, B). HG-induced reduction in pAMPK in
mouse mesangial cells was recovered by DHZ treatment (Figure 4C).
However, after AMPK inhibitor treatment with PA-induced pAMPK
reduction was not recovered despite of DHZ treatment (Figure S2A).
Moreover, p38MAPK level induced by HG reduced following DHZ
treatment (Figure 4D). Furthermore, PA-induced pP38 MAPK-pCREB-
COX2 levels also reduced by DHZ treatment (Figure 2B). DHZ treat-
ment also reduced ROS levels following HG stimulation (Figure 4E,F).
These data suggest that DHZ regulates AMPK and p38 MAPK signals

and exerts anti-inflammatory and antioxidant effects.

3.4 | DHZ inhibits PA-induced cellular toxicity via
antioxidant effects in mouse podocytes

PA treatment increased ROS formation in mouse podocytes; how-
ever, PA with DHZ treatment inhibited PA-induced ROS formation
(Figure 5A, B). The expression of PA-induced NOX4, antioxidant
signal Nrf2/HO-1 and BAX/Bcl2 was reduced by DHZ treatment
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FIGURE 1 Analysis of body weight, kidney weight and urine collected at 24 h. The body weight gain rate (A) and kidney weight change
(B) in each group. HFD and HFD with DHZ. The analysis of urinary albumin secretion rate and ACR (C) in urine collected at 24 h (D). ACR,
albumin-creatinine ratio; DHZ, dehydrozingerone; HFD, high-fat diet; RD, regular diet. *p < 0.05vs.RD, *p < 0.05 vs. HFD
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(Figure 5C). Moreover, PA increased TGF-$ and ICAM mRNA expres-
sion also significantly reversed by DHZ treatment (Figure 5D-F).
PA treatment reduced the expression of podocyte marker protein,
podocin and upregulated SREBP1 expression. However, DHZ treat-
ment inhibited these changes in mouse podocytes (Figure 5G).
Collectively, these results indicate that DHZ exhibits protective ef-
fect against the PA-induced cellular toxicity by regulating the oxida-

tive stress and lipid metabolism.

4 | DISCUSSION

The fundamental finding of this study is that DHZ inhibits DN inci-
dence in a mouse model of HFD-induced obesity via downregulating
lipid accumulation and ROS production in the kidney. The increased
prevalence of obesity is a major health challenge worldwide. Obesity

induces insulin resistance, leading to abnormal lipid metabolism,
inactivation of glucose transport in the muscle cells and elevated
hepatic glucose production, thereby causing progression of type 2
diabetes 2022

In DN, chronic hyperglycaemia plays a pivotal role via activation
of several mechanisms, such as increasing TGF-p expression, over-
producing mesangial matrix and protein kinase C activation, which
cause mesangial expansion via TGF-p, vascular endothelial growth
factor, ROS and angiotensin Il. Moreover, abnormally increased
glucose level induces lipid accumulation by activating DNMT1 CpG
methylation and SREBP1c in the hepatocytes.?® Excessive ROS pro-
duction caused by HG and abnormal lipid stimulation is associated
with cell damage, eventually leading to cell death.?#%°

As a consequence of the aforementioned changes, lipids ac-
cumulate in the renal cells such as mesangial cells, podocytes and
proximal tubule epithelial cells.? These changes cause structural
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and functional deterioration of the kidney and lead to signifi-
cant increase in urinary albumin excretion and mesangial expan-
sion and decrease in glomerular filtration rate in patients with
diabetes.?’

Curcumin is a polyphenolic compound extracted from the rhi-
zome of turmeric, and it is known to exert several beneficial ef-
fects.?® It possesses antioxidant, anti-inflammatory and anticancer
properties.??3% Moreover, it exerts antidiabetic effects via inducing
glycaemic control and improves the hepatic antioxidant enzyme ac-
tivities in mice with type 2 diabetes.! Moreover, some studies have
shown that CUR exerts beneficial effects in DN via regulating renal
lipid metabolism and exhibiting anti-inflammatory, antioxidant and
anti-fibrosis effects in animal model of T2DM.32-34

Curcumin is widely used as a dietary supplement; however, some
studies have shown the potential adverse effects of CUR.%> Despite
its significant oral intake, CUR is present in limited concentration in
targets tissues and serum. Furthermore, it has poor bioavailability as
it is not absorbed outside the gastrointestinal tract due to the pres-
ence of a p-diketone moiety in its structure, which makes it instable

and leads to its rapid metabolism.2® Moreover, some studies have
reported that CUR may cause toxicity such as chromosome aberra-
tions at concentration similar to those reported to exert beneficial
effect.3-%?

Dehydrozingerone is an analog of CUR without the p-diketone
moiety. Mapoung et al. showed that DHZ has superior effect in pros-
tate cancer than CUR. Moreover, DHZ can exist in high concentra-
tion in the liver, kidneys and serum compared with CUR, suggesting
that DHZ may not be metabolized rapidly in the liver after admin-
istration.%® In this study, we demonstrated that DHZ also has more
beneficial effect in the kidney; however, future studies warranted to
assess whether the aforementioned adverse effects are improved
by DHZ.

Previously, we demonstrated the beneficial metabolic effects
of DHZ in mouse models. DHZ inhibited liver and epididymal fat
accumulation and regulated blood glucose via AMPK activation.’
In the present study, DHZ inhibited lipid synthesis in the kidney
via reducing the expression of lipogenesis-related genes including
SREBP1 and FAS and activated fatty acid oxidation-related genes
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PPAR-a and CPT1. Considering the other mechanisms involved in
vascular complications, the incidence of DN correlated with in-
creased levels of cellular glucose and lipid, and ROS formation
by activated NADPH oxidase (NOX) that triggers inflammatory
signals such as p38 MAPK, which play a pivotal role in cellular
apoptosis.*041

In this study, PA stimulation increased ROS formation and ac-
tivated NOX4 and BAX, which regulated cellular apoptosis. Co-
treatment with DHZ inhibited the expression of both NOX4 and
BAX expression and activated antioxidant signalling and Nrf2/HO-1
expression in the mouse podocytes. In mouse mesangial cells, AMPK
phosphorylation was highly increased by DHZ than that by CUR.
ROS generation and inflammatory response-related p38 MAPK ex-
pression were activated by HG; however, these levels were reduced
by DHZ treatment.

In DN, arginase 2 increases inflammatory macrophage infiltra-
tion to the kidney, which induces vascular dysfunction. Moreover,
arginase 2 blockade protects DN by inhibiting renal macrophage
infiltration AMP-activated protein kinase.*> The present study
demonstrated that DHZ administration recovered renal damage by
inhibiting arginase 2 and CD68 expression and inflammatory cyto-
kine mRNA levels in the kidney. However, DHZ did not affect the
differentiation of bone marrow-derived macrophages to M1 or M2
phenotype (Figure S3).

Although we confirmed that DHZ is more effective than CUR in
in vitro experiments, we did not compare their effects in diabetic
complications in the HFD mice. To develop therapeutics, we need
to verify the efficacy of DHZ and CUR including their bioavailability
and toxicity.

In conclusion, we demonstrated that HG- or PA-induced ROS
generation in mouse podocytes and mesangial cells is decreased by

DHZ treatment. In podocytes, DHZ activated Nrf2/HO-1 expres-
sion, whereas it reduced PA-induced ROS formation. Moreover,
DHZ protected the kidney against inflammatory signals and uncon-
trolled lipid metabolic signals both in vivo and in vitro. Due to these
changes, increased albuminuria and disrupted kidney structures
were markedly recovered in the HFD mice following DHZ treatment.
Thus, collectively, our data suggest that DHZ is be a potential ther-

apeutic agent for DN.
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