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Abstract: Bisdemethoxycurcumin (BDMC), a principal and active component of edible turmeric, was
previously found to have beneficial effects on metabolic diseases. Chronic kidney disease (CKD)
may benefit from its potential therapeutic use. Using a high-fat diet (HFD)-fed mouse model, we
examined the effects of BDMC on renal injury and tried to determine how its associated mechanism
works. A number of metabolic disorders are significantly improved by BDMC, including obesity,
hyperglycemia, hyperinsulinemia, hyperlipidemia and inflammation. Further research on renal
histopathology and function showed that BDMC could repair renal pathological changes and enhance
renal function. Moreover, decreased serum malondialdehyde (MDA), elevated superoxide dismutase
(SOD) activity, and the inhibition of renal reactive oxygen species (ROS) overproduction revealed
the alleviation of oxidative stress after BDMC administration. In addition, renal Kelch-like ECH-
associated protein 1/nuclear factor erythroid 2-related factor 2 (Keap1/Nrf2) pathway was activated
in BDMC-treated mice. In conclusion, these findings demonstrated BDMC as a potential therapy for
HFD-induced CKD via the activation of the Keap1/Nrf2 pathway.

Keywords: bisdemethoxycurcumin; chronic kidney disease; high-fat diet; Keap1/Nrf2 pathway;
oxidative stress

1. Introduction

Due to the development of the economy and changes in people’s lifestyles, obesity
prevalence has increased dramatically worldwide in the last few decades [1]. Metabolic
syndrome is a cluster of hypertension, hyperuricemia, dyslipidemia and abnormal glucose
metabolism characterized by obesity [2]. Accumulating evidence has well demonstrated
that obesity may result in lipotoxicity in organs such as adipose tissue and liver. And there
have been several studies initially revealing that abnormal lipid metabolism contributes to
the development and progression of chronic kidney disease (CKD) [3,4], including renal
structural and functional changes [5]. Although it is well known that CKD is a critical
health threat, little information is available documenting the early effects of abnormal lipid
metabolism in the kidney.

Tubular epithelial cell, mesangial cell, and glomerular cell apoptosis is a key factor in
the development of CKD [6,7]. Several studies have proved that lipid metabolism impair-
ment in obesity may cause renal cell apoptosis [8,9]. Oxidative stress plays an important
role in the development of renal injury related to obesity [10,11]. Increased circulating free
fatty acid (FFA) levels will lead to increased uptake by kidney cells, and intracellular lipid
accumulation causes leading oxidative stress and inflammation [12,13]. The lipotoxic effect
caused by FFA accumulation is owing to reactive oxygen species (ROS) overproduction
and mitochondrial damage [14], leading to oxidative stress and increased apoptosis [7].
Hence, antioxidant defense capability is vital for sustaining cellular redox homeostasis and
renal function in high-fat diet (HFD)-induced kidney injury. As a cellular defense system
against oxidative stress, Kelch-like ECH-associated protein 1/nuclear factor erythroid
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2-related factor 2 (Keap1/Nrf2) is thought to be critical [15]. On exposure to oxidative stress
situations, the oxidation of Keap1 at specific cysteine residues inhibits the ubiquitination of
Nrf2. Thus, Nrf2 can enter the nucleus to bind to antioxidant response elements, leading to
the transcription of coordinated gene-encoded proteins involved in the improvement of
cellular antioxidant capacity, including Heme Oxygenase-1 (HO-1), superoxide dismutase
(SOD), and others [16]. It has been confirmed that renal lipid deposition is accelerated
under the inhibition of Nrf2 in obesity-associated kidney damage [17], whereas Nrf2 acti-
vators effectively ameliorate oxidative stress and inflammation in animal models of kidney
disease [18]. Therefore, the attenuation of oxidative stress by targeting the Keap1/Nrf2
pathway in the kidney may be a potential approach to treating obesity-related CKD.

Turmeric (Curcuma longa) has been frequently employed as a nutritional complement
or herbal remedy for thousands of years [19,20]. Besides curcumin, which has been well
investigated in the alleviation of metabolic diseases [21], bisdemethoxycurcumin (BDMC)
is also a principal and active component of turmeric [22]. It has been confirmed that BDMC
could efficiently protect against renal fibrosis [23], and dietary BDMC suppressed lipid
accumulation in adipocytes and lowered body weight gain in HFD-fed mice [24]. However,
the improvement effect of BDMC on obesity-related CKD has not been well studied. Thus,
the present study is aimed to evaluate the ameliorative effects of BDMC on renal oxidative
stress and renal injury in HFD-fed mice, and attempts to explore its potential mechanisms.

2. Results
2.1. BDMC Alleviated Metabolic Disorders in HFD-Fed Mice

As shown in Figure 1, HFD-fed mice demonstrated elevated body weight and white
adipose weight, increased blood glucose and insulin, raised serum total cholesterol (TC),
triglyceride (TG) and high-density lipoprotein cholesterol (HDL-C) levels, and a decreased
serum low-density lipoprotein cholesterol (LDL-C) level. What is more, HFD-fed mice
exhibited increased serum inflammatory cytokines compared with Normal diet (ND)-
group mice. These data showed typical metabolic syndrome in HFD-fed mice, including
overweight, hyperglycemia, hyperinsulinemia, hyperlipidemia and inflammation. BDMC1
and BDMC2 treatment significantly decreased body weight, white adipose weight, serum
glucose, insulin, TC, TG, and HDL-C levels while elevated serum LDL-C level, as well
as decreased serum inflammatory cytokines in mice fed with HFD (Figure 1). These data
suggested that BDMC significantly alleviated multiple metabolic disorders induced by
HFD in mice.

2.2. BDMC Protected against HFD-Induced Renal Damage

To observe the pathological changes in the kidney of HFD, renal sections were stained
with hematoxylin and eosin (HE), Tunel and Masson. The HFD group showed mesan-
gial expansion and vasodilation in the glomeruli (red arrow) and macrovesicular fatty
changes in the tubule (black arrow). While there was no obvious collagen deposition
as shown in the renal Masson staining of the HFD-fed mice. HFD-fed mice presented
relatively elevated glomerular injury score and more significant elevated tubular injury
score. BDMC treatment ameliorated kidney lesion and significantly reduced tubular injury
score, indicating that BDMC reversed kidney steatosis and delayed the progression of
obesity-associated CKD (Figure 2A–D). What is more, podocyte foot process effacement
and mean foot process width was increased in the HFD-fed mice, which was confirmed by
TEM (Figure 2E). BDMC1 and BDMC2 treatment markedly decreased mean foot process
width and alleviated foot process effacement. In addition, the HFD group showed an
elevated level of apoptotic cells in the kidney, which was reversed by BDMC administration
(Figure 2F). The kidney index of HFD-fed mice was significantly decreased, which was
reversed by BDMC1 and BDMC2 administration (Figure 3A). Mice fed with HFD devel-
oped kidney injury determined by elevated serum creatinine, blood urea nitrogen (BUN)
and uric acid, urine N-acetyl-β-D-glucosaminidase (β-NAG), and microalbumin levels, as
well as increased urinary albumin to creatinine ratio (ACR) level (Figure 3B–G). However,
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BDMC administration decreased serum creatinine, BUN, and uric acid levels, as well as
down-regulated urine β-NAG, microalbumin and ACR levels. These data indicated that
BDMC reversed the structure and function damage of kidney in HFD-fed mice.
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Figure 1. BDMC alleviated metabolic syndrome in HFD-fed mice. (A) Body weight and representative
images of the mice. (B) Weight and representative images of white adipose of the mice. (C) Serum
lipids (TC, TG, LDL-C and HDL-C) in the mice. (D) Fasting blood glucose and serum insulin levels
of the mice. (E) Serum inflammatory cytokines (IL-1β, IL-2, IL-6 and TNF-α) levels of the mice. Bars
show the mean ± SEM, N = 8. ++ p < 0.01, +++ p < 0.001 vs. ND, and * p < 0.05, ** p < 0.01, *** p < 0.001
vs. HFD.

2.3. BDMC Protected HFD-Induced Lipid Accumulation, and Systematic and Renal
Oxidative Stress

To evaluate the amelioration effect of BDMC on renal lipid accumulation, we con-
ducted renal Oil Red O staining. HFD-fed mice showed elevated lipid deposition in
comparison with ND mice, which was reversed after BDMC administration (Figure 3H). As
shown in Figure 3I,J, HFD-fed mice displayed increased serum malondialdehyde (MDA)
and reduced SOD activity levels in comparison with ND mice, both of which were re-
versed by BDMC treatment. Furthermore, Figure 3K showed renal ROS overproduction
through dihydroethidium (DHE) staining, and ROS production was markedly suppressed
by BDMC, implying that BDMC attenuated lipid accumulation, and oxidative stress both
systemically and locally in the kidneys of HFD-fed mice.
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Figure 2. BDMC alleviated histopathological changes in the kidney of HFD-fed mice. (A) Renal H&E
staining of the mice. BDMC reduced glomerular mesangial expansion and vasodilation (red arrow)
and tubular vacuolar changes (black arrow) in the kidney of HFD-fed mice (scale bar: 100 µM, nether:
higher magnification). (B) Renal Masson staining of the mice (scale bar: 100 µM). (C,D) Glomerular
injury and tubular injury score of the mice. (E) TEM analysis in the kidney and the measurement of
mean foot process width showed the alleviation of glomerular foot process effacement by BDMC in
HFD-fed mice (scale bar: 1 µM, nether: higher magnification). (F) Renal Tunel staining of the mice
(white arrow: apoptosis cells, scale bar: 50 µM). Bars show the mean ± SEM, N = 3. ++ p < 0.01,
+++ p < 0.001 vs. ND, and ** p < 0.01, *** p < 0.001 vs. HFD.
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Figure 3. BDMC improved kidney function, reduced renal lipid accumulation and protected sys-
tematic and renal oxidative stress of HFD-fed mice (N = 8). (A) kidney weight index (N = 8), (B–D)
serum creatinine, BUN and serum uric acid (N = 8), (E–G) uric β-NAG, microalbuminuria and ACR
(N = 8), (H) Renal Oil red O staining, (I,J) serum MDA and SOD activity levels of HFD-fed mice
(N = 8). (K) Renal DHE staining (magnification × 200) and the fluorescence intensity analysis of the
mice (N = 4). Bars show the mean ± SEM. + p < 0.05, ++ p < 0.01, +++p < 0.001 vs. ND, and * p < 0.05,
** p < 0.01, *** p < 0.001 vs. HFD.

2.4. BDMC Activated Renal Keap1/Nrf2 System of HFD-Fed Mice

Immunohistochemistry (IHC) analysis showed that Keap1 expression in renal tubules
was significantly increased under HFD conditions, whereas there was no significant change
in glomeruli. Meanwhile, Nrf2 expression was significantly decreased both in renal tubules
and glomeruli in HFD-fed mice. Treatment of BDMC significantly decreased Keap1 ex-
pression in renal tubules and up-regulated Nrf2 expression in renal tubules and glomeruli.
Western blot analysis further confirmed the elevated renal Keap1 expression and reduced
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Nrf2 expression (Figure 4C) in the mice after HFD, which was reversed after BDMC ad-
ministration. In addition, HFD decreased renal HO-1, SOD1, and SOD2 protein expression,
which were all reversed after BDMC treatment (Figure 4D). These results demonstrated
that BDMC activated the renal Keap1/Nrf2 system in HFD-fed mice.

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 7 of 15 
 

 

 

Figure 4. BDMC activated renal Keap1/Nrf2 system of HFD-fed mice. (A,B) Immunohistochemical 

and quantization of renal Keap1 and Nrf2 of the mice (scale bar: 100 μM, nether: higher magnifica-

tion) (N = 4). (C) Western blots of renal Keap1 and Nrf2 normalized by β-actin of the mice (N = 3). 

(D) Western blots of renal HO-1, SOD1, and SOD2 normalized by β-actin of the mice (N = 3). Bars 

show the mean ± SEM. + p < 0.05, ++ p < 0.01, +++ p < 0.001 vs. ND, and * p < 0.05, ** p < 0.01, *** p < 0.001 

vs. HFD. 

  

Figure 4. BDMC activated renal Keap1/Nrf2 system of HFD-fed mice. (A,B) Immunohistochemical
and quantization of renal Keap1 and Nrf2 of the mice (scale bar: 100 µM, nether: higher magnification)
(N = 4). (C) Western blots of renal Keap1 and Nrf2 normalized by β-actin of the mice (N = 3).
(D) Western blots of renal HO-1, SOD1, and SOD2 normalized by β-actin of the mice (N = 3). Bars
show the mean ± SEM. + p < 0.05, ++ p < 0.01, +++ p < 0.001 vs. ND, and * p < 0.05, ** p < 0.01,
*** p < 0.001 vs. HFD.

2.5. BDMC Reduced Lipid Accumulation and Activated Nrf2 in HK2 Cells

As shown in Figure 5A,B, PA significantly increased TC and TG levels in HK2 cells,
which was reversed after BDMC administration. In addition, BDMC markedly reduced
lipid deposition in PA-treated HK2 cells (Figure 5C). Furthermore, BDMC at 10 µM signif-
icantly increased Nrf2 protein expression both in normal cells and PA-treated HK2 cells
(Figure 5D).
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Figure 5. BDMC reduced lipid accumulation and activated Nrf2 in HK2 cells. (A,B) TC and TG levels
in HK2 cells (N = 6). (C) Oil Red O staining of HK2 cells. (D) Western blots of Nrf2 in HK2 cells
normalized by GAPDH (N = 3). Data represent the mean ± SEM. + p < 0.05, ++ p < 0.01, +++ p < 0.001
vs. Normal cells. * p < 0.05 and *** p < 0.001 vs. PA-treated cells.

3. Discussion

The significant correlation between obesity and CKD has been consistently supported
by epidemiological studies that explicated the increase in CKD in line with the obesity
epidemic [25]. Obesity is the main feature of metabolic syndrome, a cluster of hypertension,
hyperglycemia, and dyslipidemia. Accumulated studies have reported that metabolic
syndrome is associated with the development of CKD [26], and that obesity itself could
also threaten kidney function [4]. In this study, HFD-fed mice exhibited the major features
of metabolic syndrome, including excessive weight, hyperglycemia, hyperinsulinemia,
hyperlipidemia, and inflammation. Kidney pathological changes such as glomerular
mesangial expansion and vasodilation, tubular vacuolar changes and podocyte foot process
effacement were confirmed by renal H&E staining and TEM. In addition, kidney function
impairment was observed in HFD-fed mice as demonstrated by decreased kidney index,
elevated serum BUN and creatinine levels, raised uric β-NAG and microalbumin levels,
as well as increased ACR levels. These data confirmed an obesity-related CKD, including
renal pathological changes and renal function impairment.

BDMC is one of the three major curcuminoids (the other two are curcumin and
demethoxycurcumin) isolated from turmeric, which is widely used in Asia as a dietary
supplement or traditional medicine [22]. Laboratory studies and preclinical researches
have demonstrated curcumin’s antioxidant and anti-inflammatory activities in metabolic
diseases [19,21]. The results of human study have revealed the benefits of curcumin in pa-
tients with CKD [27]. Nevertheless, due to its instability and low water solubility, curcumin
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presents a low oral bioavailability, resulting in limited therapeutic applications [28]. Besides
curcumin, demethoxycurcumin and BDMC have also exhibited excellent beneficial pharma-
cological actions, including anti-oxidant, anti-inflammatory, neuroprotective, antihyperten-
sive, and more [29–31]. Compared with curcumin and demethoxycurcumin, BDMC is more
stable in physiology, indicating that BDMC may have more therapeutic applications [32,33].
Several reports have indicated the uses of BDMC across anti-metabolic disorders including
obesity [24] and nonalcoholic fatty liver disease [34]. Furthermore, it is reported that BDMC
also has protective and preventive effects on kidney damage [23,31]. Here we identified
the protection of CKD by BDMC in HFD-fed mice. In this study, HFD-induced metabolic
syndrome was significantly improved by BDMC. In addition, BDMC markedly ameliorated
kidney function impairment and pathological changes. These findings suggested that
BDMC could reverse and relieve the progression of obesity-related CKD.

Oxidative stress and inflammation are mechanistic links between obesity and its
metabolic complications [35,36]. Oxidative stress is characterized as an imbalance between
the production of ROS and the antioxidant defense system. Accumulated experimental and
clinical evidence suggests the central role of oxidative stress in the development of CKD [37].
Elevated ROS levels and damaged antioxidant systems are present from the early stages to
the end-stage of CKD [38]. Thus, the recovery of the antioxidant system and drugs which
are designed to attenuate oxidative stress are necessary and promising strategies to slow
the progression of CKD. As a key transcription factor that protects against oxidative stress
and regulates the inflammatory response, numerous researches have demonstrated the im-
portance of Nrf2 in both acute and chronic kidney damage and other renal diseases [39–41].
Nrf2 activity is related to the intracellular concentration of Nrf2, which depends on the bal-
ance between its synthesis and degradation [15]. Nrf2 activity is repressed through Keap1,
which acts as an adaptor protein in the degradation of Nrf2 under physiological conditions.
An essential role of Nrf2 is to regulate the transcription of antioxidant genes, including
SOD, HO-1 and more [42]. Previous studies have documented the defensive effect of Nrf2
on acute kidney injury [43,44]. Knockout of Nrf2 resulted in more severe renal impairment
with graver oxidative stress in ischemia/reperfusion-associated acute kidney injury [44].
In addition, the importance of Nrf2 in the amelioration of oxidative stress, inflammation,
and fibrosis in multiple-factor-related CKD—including diabetic nephropathy, membranous
nephropathy and more—has been well documented [45–47]. Depressed renal Nrf2 expres-
sion and elevated Keap1 expression have been confirmed both in experimental DN animals
and clinical CKD or DN patients [45,48,49]. While HO-1 showed different alterations relat-
ing to the severity of inflammation, comorbidities and renal damage [49]. Expression of
SOD1 was lower in the kidneys of CKD patients compared with those of healthy individu-
als [50], and SOD2 gene expression in neutrophils from CKD patients was downregulated
after LPS stimulation [51]. Moreover, IHC staining in the entire renal biopsy sample showed
an overall loss of SOD3 in CKD patients [52]. A clinical trial performed to evaluate the
antioxidant effects of curcumin on CKD confirmed the reduction in oxidative stress in pa-
tients with nondiabetic or diabetic Proteinuric CKD [27]. In subtotal nephrectomy-induced
CKD, curcumin could upregulate Nrf2 expression to decrease renal oxidative stress and
inflammation [53]. In this present study, renal lipid accumulation, extended renal Keap1
expression and depressed intracellular Nrf2 expression were observed in HFD-induced
CKD mice. BDMC treatment remarkably restored renal Keap1/Nrf2-pathway inactivation
and alleviated renal lipid accumulation and oxidative stress. Significant inflammation was
observed in the serum but not in the kidney. Whether obesity affects renal inflammation
and the effect of BDMC on renal inflammation requires further investigation. Moreover,
BDMC significantly reduced lipid accumulation in HK2 cells, and activated Nrf2 in both
normal HK2 cells and PA-treated HK2 cells. It has been reported that gluconeogenesis and
lipogenesis were repressed in genetic Nrf2 pathway activation mice, resulting in lowering
fasting glucose and insulin levels and developing less liver steatosis compared with the
wild-type [54]. In addition, curcumin and dimethoxycurcumin could activate Nrf2 and
up-regulate HO-1 expression in normal HepG2 cells and RAW264.7 macrophages [55,56].
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Curcumin at a dose of 200 mg/kg/d could also significantly increase Nrf2 mRNA expres-
sion and partly elevate Nrf2 protein expression in the liver of normal mice [57]. Combining
the existing experimental results, we tentatively inferred that curcumin might have a direct
regulatory effect on Nrf2 in kidney and its regulation of lipid metabolism was also involved
in the upregulation of Nrf2. Nevertheless, the direct regulatory effect of BDMC on Nrf2
still requires further experiments to confirm this hypothesis.

4. Materials and Methods
4.1. Animal Administration

Healthy seven-week-old male C57BL/6J mice were obtained from Junke Biological
CO., LTD, Jiangsu, China, and housed at 25 ± 1 ◦C and 60–75% relative humidity, with
a 12 h light/dark cycle and free access to food and water. All animal experiments were
strictly performed in accordance with the guidelines of the Care and Use of Laboratory Ani-
mals (SYXK2016-0011) approved by the Animal Ethics Committee of China Pharmaceutical
University. After acclimatization, 8 mice received normal diet as ND group, and other mice
(N = 24) were fed with HFD diet as referred to in our previous study [58] to build the hy-
perlipidemic mice model. At week 10, HFD-fed mice were randomly divided into 3 groups:
(1) HFD group were orally administered equal volumes of saline (N = 8); (2) BDMC1 group
were orally administered BDMC (20 mg/kg/d, N = 8); and (3) BDMC2 group were orally
administered BDMC (40 mg/kg/d, N = 8). BDMC (CAS: 24939-16-0, HPLC >98.0%) was
obtained from Shanghai Aladdin Reagent Company, and was suspended in 0.5% sodium
carboxymethyl cellulose (CMC-Na) at 2 and 4 mg/mL for oral gavage (0.1 mL/10 g body
weight). 0.5% CMC-Na was used as vehicle medium to provide the same oral gavage
background in mice. The original ND group was still fed the normal diet throughout the
experiment, whereas other mice continued to receive a high-fat diet. Mice were placed
in metabolic cages to collect their urine for 24 h throughout the final week. At week 18,
mice were fasting overnight and anesthetized by sodium pentobarbital (50 mg/kg, i.p.),
and blood samples were collected from the abdominal aorta, following the separation of
perinephric, mesenteric, and inguinal white adipose and weighing. Blood was collected
and centrifuged at 10,000 rpm for 10 min to obtain the serum. The kidney samples were
gathered and cut into small pieces and stored in 10% formalin. The serum and remaining
kidney tissues were stored at −80 ◦C for future use.

4.2. Measurement of Biomarkers in Serum and Urine

The levels of glucose, TC, TG, LDL-C, HDL-C, creatinine, uric acid and BUN in serum,
and β-NAG in urine were determined with commercial assay kits (Jiancheng, Jiangsu,
China). The levels of serum insulin, interleukin (IL)-2, IL-6, IL-1β, and tumor necrosis
factor (TNF)-α were determined using Elisa kits (MultiSciences, Zhejiang, China). The
urinary microalbuminuria level was measured using a commercial kit (Elabscience, Wuhan,
China). Serum MDA and SOD activity levels were measured by commercial kits (Beyotime,
Jiangsu, China).

4.3. Histological Analysis

Kidney tissues were fixed in 10% formalin following paraffin embedding. Then,
4 µm sections were made, and HE and Masson staining were performed as previously
described [9,58]. For HE staining, sections were incubated with haematoxylin, then washed
and stained with eosin. For Masson staining, sections were stained with haematoxylin,
dyed with Ponceau red liquid dye acid complex and phosphomolybdic acid, and stained
with aniline blue liquid and acetic acid. Afterward, renal histopathologic modifications
were observed under a microscope (Olympus BX43F, Tokyo, Japan), and the glomerular
injury score and tubular injury score were calculated semi-quantitatively and blindly:
0 points indicated no lesion, 1 point indicated below 25%, 2 points indicated between
25% and 50%, 3 points indicated between 50% and 75%, and 4 points indicated above
75%. Glomerular injury score was based on mesangial matrix expansion, mesangiolysis,
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mesangial proliferation and glomerular atrophy. Tubular injury was based on tubular
dilatation, loss of the brush border and vacuolar changes [59,60].

4.4. Cell Culture and Treatment

The human proximal tubular cell line (HK-2) was obtained from FuHeng Cell Center,
Shanghai, China. Cells were cultured in DMEM containing 10% FBS and 1% antibiotics
(Invitrogen-Gibco, NY, USA) at 37 ◦C in 5% CO2. Palmitic acid PA (Macklin, Shanghai,
China) was used to treat HK2 cells. For the analysis of TC and TG levels and Oil Red
O staining, cells were pretreated with PA (250 µM) for 24 h, following treatment with
PA (250 µM) and BDMC1 (5 µM) or BDMC2 (10 µM) for 24 h. For the analysis of Nrf2
expression, cells were pretreated with PA (250 µM) for 24 h, following treatment with PA
(250 µM) and BDMC (10 µM) for 24 h, and normal cells were treated with BDMC (10 µM)
for 24 h. The cell lysate was collected for the following analysis.

4.5. Oil Red O Staining

To measure the deposition of lipids, kidney sections and HK2 cells were stained with
Oil Red O. The renal sections were fixed with 4% paraformaldehyde at 4 ◦C for 15 min and
then rinsed with PBS three times, and HK2 cells were washed with PBS. The sections and
HK2 cells were stained in the ORO solution for 30 min, then washed with 60% isopropanol,
incubated with hematoxylin for 5 min, followed by immediate washing with PBS. The
image was accessed by microscopy (Olympus BX43F, Tokyo, Japan).

4.6. Measurement of Renal ROS

DHE staining was used to determine intracellular ROS in the kidney as previously
described [58]. Firstly, 4-µm-thick cryostat sections were incubated with 10 µM DHE at
37 ◦C for 30 min protected from light. Observation of stained kidney sections was per-
formed under an epifluorescence microscope (Olympus CX23, Tokyo, Japan). Quantitation
of DHE intensity was conducted using Image J gel analysis software. The image was split
into channels via RGB splitting, and the red channel was used for analysis. Images were
thresholded to separate positively stained areas, and the mean fluorescent intensity and
the average area was recorded.

4.7. Transmission Electron Microscopy (TEM)

Small pieces of kidney tissue were swiftly cut and fixed with 2% glutaraldehyde
at 4 ◦C and dehydrated at room temperature. After being washed by phosphate buffer,
tissues were dehydrated in an alcohol gradient, then permeated and embedded in acetone.
Selected fragments were cut into ultrathin sections (60–80 nm) and stained using lead citrate.
Finally, the samples were viewed with a transmission electron microscope (HITACHI,
Japan) at × 8000. The mean foot process width was calculated using the following formula:
FPW = (π/4) × (Sigma glomerular basement membrane length/Sigma number of foot
process) with Image J gel analysis software [61].

4.8. Cell Apoptosis Measurement

A one-step Tunel apoptosis assay kit (Beyotime, Jiangsu, China) was used to assess
the apoptosis status of kidney paraffin sections. The paraffin sections were incubated in
immunostaining permeabilization solution, and then washed with PBS. Tunel working so-
lution was added and sections were incubated in a humidified chamber at 37 ◦C for 30 min
protected from light. After incubation, the renal sections were washed three times with PBS,
the digital images were captured by a confocal laser scanning microscope (Zeiss LSM 900
META, Jena, Germany), and Tunel positive cells were counted and statistically analyzed.

4.9. IHC Staining

For IHC, 3 µm thick paraffin-embedded renal sections were deparaffinized, hydrated
and blocked, following incubation with primary antibodies including rabbit anti-Nrf2
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antibody (catalog number: 16396-1-AP, Proteintech, Chicago, IL, USA) and anti-Keap1
antibody (catalog number: sc-365626, Santa Cruz, Dallas, TX, USA) overnight at 4 ◦C. Fol-
lowing diamino-benzidine (DAB) reaction, the sections were then incubated in horseradish
peroxidase (HRP)-conjugated secondary antibody (Cell Signaling Technology, Danvers,
MA, USA) for 30 min. Sections were photographed under a light microscope (Olympus
CX23, Tokyo, Japan) and quantified with image-pro plus 6.0 software (Media Cybernetics,
Rockville, MD, USA) as previously reported [62]. After intensity calibration, positive re-
gions were extracted and separated. The positive color segmentation threshold was based
on the fixed threshold value of hue, saturation, and intensity (HSI). Images segmentation
and area measurement was based on the same HSI profile for all images. Integral optical
density (IOD) and the area were measured and the protein expression levels were analyzed
by calculating IOD/Area. Four fields of view were randomly selected from each sample.

4.10. Western Blot

The renal tissues were homogenized in RIPA buffer with a tissue homogenizer. The
homogenate was centrifuged at 12,000 rpm for 15 min. HK2 cells were lysed in RIPA Lysis
Buffer. Equal amounts of extracted proteins were separated on 10% SDS-PAGE and trans-
ferred to a PVDF membrane, blocked with blocking solution for 2 h at room temperature,
and probed with the appropriate primary antibodies including anti-Nrf2 antibody (cata-
log number: #12721, Cell Signaling Technology, Danvers, MA, USA), anti-keap1(catalog
number: sc-365626), anti SOD1(catalog number: sc-101523), anti-GAPDH (catalog number:
sc- 47724), HO-1 (catalog number: sc-136256) antibodies (Santa Cruz, Dallas, TX, USA),
anti-SOD2 (catalog number: 24127-1-AP), and β-actin (catalog number:66009-1) antibodies
(Proteintech, Chicago, IL, USA) at 4 ◦C overnight. This was followed by incubation with
horseradish peroxidase (HRP)-conjugated secondary antibody (Cell Signaling Technology,
Danvers, MA, USA) for 1 h. Immunoreactive bands were visualized via the enhanced
chemiluminescence and quantified by scanning densitometry with Image J gel analysis
software. All experiments were performed in triplicate.

4.11. Statistical Analysis

All results were expressed as the mean ± standard error of the mean (SEM). Statistical
analysis of data was performed by Graphpad software, using the one-way ANOVA with
Dunnett’s post hoc test (San Diego, CA, USA). Difference was considered significant at
p < 0.05.

5. Conclusions

In summary, this study revealed the beneficial effect of BDMC on HFD-induced CKD
by restoration of the Keap1/Nrf2 pathway to repair renal pathological changes and enhance
renal function.

Author Contributions: Conceptualization, X.D. and J.C.; methodology, X.D. and Y.C.; formal analysis,
R.W. and T.J.; investigation, X.D., Y.C., L.Z. and H.L.; data curation, X.D. and Y.C.; writing—original
draft preparation, X.D.; writing—review and editing, J.C.; supervision, J.C.; project administration,
J.C. and Y.L.; funding acquisition, X.D. and J.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was financially supported by the grants from the National Natural Science
Foundation of China (81973463, 82004018, 32000279).

Institutional Review Board Statement: All animal experiments were strictly performed in accor-
dance with the guidelines of the Care and Use of Laboratory Animals (SYXK2016-0011) approved by
the Animal Ethics Committee of China Pharmaceutical University.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are available on request from the authors.



Int. J. Mol. Sci. 2022, 23, 7395 12 of 14

Acknowledgments: Jiangsu Scientific and Technological Innovations Platform named Jiangsu Provin-
cial Service Center for Antidiabetic Drug Screening.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wolfenden, L.; Ezzati, M.; Larijani, B.; Dietz, W. The challenge for global health systems in preventing and managing obesity.

Obes. Rev. 2019, 20, 185–193. [CrossRef]
2. Kahn, C.R.; Wang, G.; Lee, K.Y. Altered adipose tissue and adipocyte function in the pathogenesis of metabolic syndrome. J. Clin.

Investig. 2019, 10, 3990–4000. [CrossRef]
3. de Vries, A.P.; Ruggenenti, P.; Ruan, X.Z.; Praga, M.; Cruzado, J.M.; Bajema, I.M.; D’Agati, V.D.; Lamb, H.J.; Pongrac Barlovic, D.;

Hojs, R.; et al. Fatty kidney: Emerging role of ectopic lipid in obesity-related renal disease. Lancet Diabetes Endocrinol. 2014,
5, 417–426. [CrossRef]

4. Yun, H.R.; Kim, H.; Park, J.T.; Chang, T.I.; Yoo, T.H.; Kang, S.W.; Choi, K.H.; Sung, S.; Kim, S.W.; Lee, J.; et al. Obesity, Metabolic
Abnormality, and Progression of CKD. Am. J. Kidney Dis. 2018, 3, 400–410. [CrossRef]

5. Guo, H.; Li, H.; Wang, B.; Ding, W.; Ling, L.; Yang, M.; Gu, Y.; Niu, J. Protective Effects of Glucagon-Like Peptide-1 Analog on
Renal Tubular Injury in Mice on High-Fat Diet. Cell Physiol. Biochem. 2017, 3, 1113–1124. [CrossRef]

6. Khwaja, A.; El Kossi, M.; Floege, J.; El Nahas, M. The management of CKD: A look into the future. Kidney Int. 2007, 11, 1316–1323.
[CrossRef]

7. Small, D.M.; Coombes, J.S.; Bennett, N.; Johnson, D.W.; Gobe, G.C. Oxidative stress, anti-oxidant therapies and chronic kidney
disease. Nephrology 2012, 4, 311–321. [CrossRef]

8. Thongnak, L.; Chatsudthipong, V.; Lungkaphin, A. Mitigation of renal inflammation and endoplasmic reticulum stress by
vildagliptin and statins in high-fat high-fructose diet-induced insulin resistance and renal injury in rats. Biochim. Biophys. Acta
Mol. Cell Biol. Lipids 2020, 9, 158755. [CrossRef]

9. Ding, X.Q.; Jian, T.Y.; Gai, Y.N.; Niu, G.T.; Liu, Y.; Meng, X.H.; Li, J.; Lyu, H.; Ren, B.R.; Chen, J. Chicoric Acid Attenuated Renal
Tubular Injury in HFD-Induced Chronic Kidney Disease Mice through the Promotion of Mitophagy via the Nrf2/PINK/Parkin
Pathway. J. Agric. Food Chem. 2022, 9, 2923–2935. [CrossRef]

10. Sharma, K. Obesity and Diabetic Kidney Disease: Role of Oxidant Stress and Redox Balance. Antioxid. Redox Signal. 2016,
4, 208–216. [CrossRef]

11. Fernandez-Sanchez, A.; Madrigal-Santillan, E.; Bautista, M.; Esquivel-Soto, J.; Morales-Gonzalez, A.; Esquivel-Chirino, C.;
Durante-Montiel, I.; Sanchez-Rivera, G.; Valadez-Vega, C.; Morales-Gonzalez, J.A. Inflammation, oxidative stress, and obesity. Int.
J. Mol. Sci. 2011, 5, 3117–3132. [CrossRef]

12. Lee, E.; Choi, J.; Lee, H.S. Palmitate induces mitochondrial superoxide generation and activates AMPK in podocytes. J. Cell.
Physiol. 2017, 12, 3209–3217. [CrossRef]

13. Szeto, H.H.; Liu, S.; Soong, Y.; Alam, N.; Prusky, G.T.; Seshan, S.V. Protection of mitochondria prevents high-fat diet-induced
glomerulopathy and proximal tubular injury. Kidney Int. 2016, 5, 997–1011. [CrossRef]

14. Xu, S.; Nam, S.M.; Kim, J.H.; Das, R.; Choi, S.K.; Nguyen, T.T.; Quan, X.; Choi, S.J.; Chung, C.H.; Lee, E.Y.; et al. Palmitate induces
ER calcium depletion and apoptosis in mouse podocytes subsequent to mitochondrial oxidative stress. Cell Death Dis. 2015,
6, e1976. [CrossRef]

15. Hayes, J.D.; Dinkova-Kostova, A.T. The Nrf2 regulatory network provides an interface between redox and intermediary
metabolism. Trends Biochem. Sci. 2014, 4, 199–218. [CrossRef]

16. Nguyen, T.; Nioi, P.; Pickett, C.B. The Nrf2-antioxidant response element signaling pathway and its activation by oxidative stress.
J. Biol. Chem. 2009, 20, 13291–13295. [CrossRef]

17. Chen, Y.; He, L.; Yang, Y.; Chen, Y.; Song, Y.; Lu, X.; Liang, Y. The inhibition of Nrf2 accelerates renal lipid deposition through
suppressing the ACSL1 expression in obesity-related nephropathy. Ren. Fail. 2019, 1, 821–831. [CrossRef]

18. Ruiz, S.; Pergola, P.E.; Zager, R.A.; Vaziri, N.D. Targeting the transcription factor Nrf2 to ameliorate oxidative stress and
inflammation in chronic kidney disease. Kidney Int. 2013, 6, 1029–1041. [CrossRef]

19. White, C.M.; Pasupuleti, V.; Roman, Y.M.; Li, Y.; Hernandez, A.V. Oral turmeric/curcumin effects on inflammatory markers in
chronic inflammatory diseases: A systematic review and meta-analysis of randomized controlled trials. Pharmacol. Res. 2019,
146, 104280. [CrossRef]

20. Li, M.; Yue, G.G.; Tsui, S.K.; Fung, K.P.; Lau, C.B. Turmeric extract, with absorbable curcumin, has potent anti-metastatic effect
in vitro and in vivo. Phytomedicine 2018, 46, 131–141. [CrossRef]

21. Tsuda, T. Curcumin as a functional food-derived factor: Degradation products, metabolites, bioactivity, and future perspectives.
Food Funct. 2018, 2, 705–714. [CrossRef] [PubMed]

22. Edwards, R.L.; Luis, P.B.; Nakashima, F.; Kunihiro, A.G.; Presley, S.H.; Funk, J.L.; Schneider, C. Mechanistic Differences in the
Inhibition of NF-kappaB by Turmeric and Its Curcuminoid Constituents. J. Agric. Food Chem. 2020, 22, 6154–6160. [CrossRef]
[PubMed]

23. Jin, F.; Jin, Y.; Du, J.; Jiang, L.; Zhang, Y.; Zhao, Z.; Yang, B.; Luo, P.; He, Q. Bisdemethoxycurcumin protects against renal fibrosis
via activation of fibroblast apoptosis. Eur. J. Pharmacol. 2019, 847, 26–31. [CrossRef] [PubMed]

http://doi.org/10.1111/obr.12872
http://doi.org/10.1172/JCI129187
http://doi.org/10.1016/S2213-8587(14)70065-8
http://doi.org/10.1053/j.ajkd.2018.02.362
http://doi.org/10.1159/000464118
http://doi.org/10.1038/sj.ki.5002489
http://doi.org/10.1111/j.1440-1797.2012.01572.x
http://doi.org/10.1016/j.bbalip.2020.158755
http://doi.org/10.1021/acs.jafc.1c07795
http://doi.org/10.1089/ars.2016.6696
http://doi.org/10.3390/ijms12053117
http://doi.org/10.1002/jcp.25867
http://doi.org/10.1016/j.kint.2016.06.013
http://doi.org/10.1038/cddis.2015.331
http://doi.org/10.1016/j.tibs.2014.02.002
http://doi.org/10.1074/jbc.R900010200
http://doi.org/10.1080/0886022X.2019.1655450
http://doi.org/10.1038/ki.2012.439
http://doi.org/10.1016/j.phrs.2019.104280
http://doi.org/10.1016/j.phymed.2018.03.065
http://doi.org/10.1039/C7FO01242J
http://www.ncbi.nlm.nih.gov/pubmed/29206254
http://doi.org/10.1021/acs.jafc.0c02607
http://www.ncbi.nlm.nih.gov/pubmed/32378408
http://doi.org/10.1016/j.ejphar.2019.01.012
http://www.ncbi.nlm.nih.gov/pubmed/30660576


Int. J. Mol. Sci. 2022, 23, 7395 13 of 14

24. Lai, C.S.; Chen, Y.Y.; Lee, P.S.; Kalyanam, N.; Ho, C.T.; Liou, W.S.; Yu, R.C.; Pan, M.H. Bisdemethoxycurcumin Inhibits
Adipogenesis in 3T3-L1 Preadipocytes and Suppresses Obesity in High-Fat Diet-Fed C57BL/6 Mice. J. Agric. Food Chem. 2016,
4, 821–830. [CrossRef] [PubMed]

25. Eckardt, K.U.; Coresh, J.; Devuyst, O.; Johnson, R.J.; Kottgen, A.; Levey, A.S.; Levin, A. Evolving importance of kidney disease:
From subspecialty to global health burden. Lancet 2013, 9887, 158–169. [CrossRef]

26. Huh, J.H.; Yadav, D.; Kim, J.S.; Son, J.W.; Choi, E.; Kim, S.H.; Shin, C.; Sung, K.C.; Kim, J.Y. An association of metabolic syndrome
and chronic kidney disease from a 10-year prospective cohort study. Metabolism 2017, 67, 54–61. [CrossRef]

27. Jimenez-Osorio, A.S.; Garcia-Nino, W.R.; Gonzalez-Reyes, S.; Alvarez-Mejia, A.E.; Guerra-Leon, S.; Salazar-Segovia, J.; Falcon, I.;
Montes de Oca-Solano, H.; Madero, M.; Pedraza-Chaverri, J. The Effect of Dietary Supplementation With Curcumin on Redox
Status and Nrf2 Activation in Patients With Nondiabetic or Diabetic Proteinuric Chronic Kidney Disease: A Pilot Study. J. Ren.
Nutr. 2016, 4, 237–244. [CrossRef]

28. Mirzaei, H.; Shakeri, A.; Rashidi, B.; Jalili, A.; Banikazemi, Z.; Sahebkar, A. Phytosomal curcumin: A review of pharmacokinetic,
experimental and clinical studies. Biomed. Pharmacother. 2017, 85, 102–112. [CrossRef]

29. Hatamipour, M.; Ramezani, M.; Tabassi, S.A.S.; Johnston, T.P.; Sahebkar, A. Demethoxycurcumin: A naturally occurring curcumin
analogue for treating non-cancerous diseases. J. Cell. Physiol. 2019, 11, 19320–19330. [CrossRef]

30. Zhang, J.; Yang, Y.; Han, H.; Zhang, L.; Wang, T. Bisdemethoxycurcumin Protects Small Intestine from Lipopolysaccharide-
Induced Mitochondrial Dysfunction via Activating Mitochondrial Antioxidant Systems and Mitochondrial Biogenesis in Broiler
Chickens. Oxid. Med. Cell. Longev. 2021, 2021, 9927864. [CrossRef]

31. Jin, F.; Chen, X.; Yan, H.; Xu, Z.; Yang, B.; Luo, P.; He, Q. Bisdemethoxycurcumin attenuates cisplatin-induced renal injury through
anti-apoptosis, anti-oxidant and anti-inflammatory. Eur. J. Pharmacol. 2020, 874, 173026. [CrossRef] [PubMed]

32. Ramezani, M.; Hatamipour, M.; Sahebkar, A. Promising anti-tumor properties of bisdemethoxycurcumin: A naturally occurring
curcumin analogue. J. Cell. Physiol. 2018, 2, 880–887. [CrossRef]

33. Hoehle, S.I.; Pfeiffer, E.; Solyom, A.M.; Metzler, M. Metabolism of curcuminoids in tissue slices and subcellular fractions from rat
liver. J. Agric. Food Chem. 2006, 3, 756–764. [CrossRef] [PubMed]

34. Kim, S.B.; Kang, O.H.; Lee, Y.S.; Han, S.H.; Ahn, Y.S.; Cha, S.W.; Seo, Y.S.; Kong, R.; Kwon, D.Y. Hepatoprotective Effect and
Synergism of Bisdemethoycurcumin against MCD Diet-Induced Nonalcoholic Fatty Liver Disease in Mice. PLoS ONE 2016,
2, e0147745. [CrossRef] [PubMed]

35. Karam, B.S.; Chavez-Moreno, A.; Koh, W.; Akar, J.G.; Akar, F.G. Oxidative stress and inflammation as central mediators of atrial
fibrillation in obesity and diabetes. Cardiovasc. Diabetol. 2017, 1, 120. [CrossRef]

36. Niemann, B.; Rohrbach, S.; Miller, M.R.; Newby, D.E.; Fuster, V.; Kovacic, J.C. Oxidative Stress and Cardiovascular Risk: Obesity,
Diabetes, Smoking, and Pollution: Part 3 of a 3-Part Series. J. Am. Coll. Cardiol. 2017, 2, 230–251. [CrossRef]

37. Wang, D.; Jin, M.; Zhao, X.; Zhao, T.; Lin, W.; He, Z.; Fan, M.; Jin, W.; Zhou, J.; Jin, L.; et al. FGF1(DeltaHBS) ameliorates chronic
kidney disease via PI3K/AKT mediated suppression of oxidative stress and inflammation. Cell Death Dis. 2019, 6, 464. [CrossRef]

38. Duni, A.; Liakopoulos, V.; Roumeliotis, S.; Peschos, D.; Dounousi, E. Oxidative Stress in the Pathogenesis and Evolution of
Chronic Kidney Disease: Untangling Ariadne’s Thread. Int. J. Mol. Sci. 2019, 20, 3711. [CrossRef]

39. Lu, M.; Wang, P.; Qiao, Y.; Jiang, C.; Ge, Y.; Flickinger, B.; Malhotra, D.K.; Dworkin, L.D.; Liu, Z.; Gong, R. GSK3beta-mediated
Keap1-independent regulation of Nrf2 antioxidant response: A molecular rheostat of acute kidney injury to chronic kidney
disease transition. Redox Biol. 2019, 26, 101275. [CrossRef]

40. Jobbagy, S.; Vitturi, D.A.; Salvatore, S.R.; Pires, M.F.; Rowart, P.; Emlet, D.R.; Ross, M.; Hahn, S.; St Croix, C.; Wendell, S.G.; et al.
Nrf2 activation protects against lithium-induced nephrogenic diabetes insipidus. JCI Insight 2020, 5, e128578. [CrossRef]

41. Guerrero-Hue, M.; Rayego-Mateos, S.; Vazquez-Carballo, C.; Palomino-Antolin, A.; Garcia-Caballero, C.; Opazo-Rios, L.;
Morgado-Pascual, J.L.; Herencia, C.; Mas, S.; Ortiz, A.; et al. Protective Role of Nrf2 in Renal Disease. Antioxidants 2020, 1, 39.
[CrossRef] [PubMed]

42. Nezu, M.; Suzuki, N.; Yamamoto, M. Targeting the KEAP1-NRF2 System to Prevent Kidney Disease Progression. Am. J. Nephrol.
2017, 6, 473–483. [CrossRef] [PubMed]

43. Liu, M.; Grigoryev, D.N.; Crow, M.T.; Haas, M.; Yamamoto, M.; Reddy, S.P.; Rabb, H. Transcription factor Nrf2 is protective
during ischemic and nephrotoxic acute kidney injury in mice. Kidney Int. 2009, 3, 277–285. [CrossRef] [PubMed]

44. Nezu, M.; Souma, T.; Yu, L.; Suzuki, T.; Saigusa, D.; Ito, S.; Suzuki, N.; Yamamoto, M. Transcription factor Nrf2 hyperactivation in
early-phase renal ischemia-reperfusion injury prevents tubular damage progression. Kidney Int. 2017, 2, 387–401. [CrossRef]
[PubMed]

45. Li, S.; Zheng, L.; Zhang, J.; Liu, X.; Wu, Z. Inhibition of ferroptosis by up-regulating Nrf2 delayed the progression of diabetic
nephropathy. Free Radic. Biol. Med. 2021, 162, 435–449. [CrossRef]

46. Jiang, T.; Tian, F.; Zheng, H.; Whitman, S.A.; Lin, Y.; Zhang, Z.; Zhang, N.; Zhang, D.D. Nrf2 suppresses lupus nephritis through
inhibition of oxidative injury and the NF-kappaB-mediated inflammatory response. Kidney Int. 2014, 2, 333–343. [CrossRef]

47. Yang, S.M.; Chan, Y.L.; Hua, K.F.; Chang, J.M.; Chen, H.L.; Tsai, Y.J.; Hsu, Y.J.; Chao, L.K.; Feng-Ling, Y.; Tsai, Y.L.; et al. Osthole
improves an accelerated focal segmental glomerulosclerosis model in the early stage by activating the Nrf2 antioxidant pathway
and subsequently inhibiting NF-kappaB-mediated COX-2 expression and apoptosis. Free Radic. Biol. Med. 2014, 73, 260–269.
[CrossRef]

http://doi.org/10.1021/acs.jafc.5b05577
http://www.ncbi.nlm.nih.gov/pubmed/26777574
http://doi.org/10.1016/S0140-6736(13)60439-0
http://doi.org/10.1016/j.metabol.2016.11.003
http://doi.org/10.1053/j.jrn.2016.01.013
http://doi.org/10.1016/j.biopha.2016.11.098
http://doi.org/10.1002/jcp.28626
http://doi.org/10.1155/2021/9927864
http://doi.org/10.1016/j.ejphar.2020.173026
http://www.ncbi.nlm.nih.gov/pubmed/32088177
http://doi.org/10.1002/jcp.25795
http://doi.org/10.1021/jf058146a
http://www.ncbi.nlm.nih.gov/pubmed/16448179
http://doi.org/10.1371/journal.pone.0147745
http://www.ncbi.nlm.nih.gov/pubmed/26881746
http://doi.org/10.1186/s12933-017-0604-9
http://doi.org/10.1016/j.jacc.2017.05.043
http://doi.org/10.1038/s41419-019-1696-9
http://doi.org/10.3390/ijms20153711
http://doi.org/10.1016/j.redox.2019.101275
http://doi.org/10.1172/jci.insight.128578
http://doi.org/10.3390/antiox10010039
http://www.ncbi.nlm.nih.gov/pubmed/33396350
http://doi.org/10.1159/000475890
http://www.ncbi.nlm.nih.gov/pubmed/28502971
http://doi.org/10.1038/ki.2009.157
http://www.ncbi.nlm.nih.gov/pubmed/19436334
http://doi.org/10.1016/j.kint.2016.08.023
http://www.ncbi.nlm.nih.gov/pubmed/27789056
http://doi.org/10.1016/j.freeradbiomed.2020.10.323
http://doi.org/10.1038/ki.2013.343
http://doi.org/10.1016/j.freeradbiomed.2014.05.009


Int. J. Mol. Sci. 2022, 23, 7395 14 of 14

48. Kumawat, M.; Sharma, T.K.; Singh, I.; Singh, N.; Ghalaut, V.S.; Vardey, S.K.; Shankar, V. Antioxidant Enzymes and Lipid
Peroxidation in Type 2 Diabetes Mellitus Patients with and without Nephropathy. N. Am. J. Med. Sci. 2013, 3, 213–219.

49. Juul-Nielsen, C.; Shen, J.; Stenvinkel, P.; Scholze, A. Systematic review of the nuclear factor erythroid 2-related factor 2 (NRF2)
system in human chronic kidney disease: Alterations, interventions and relation to morbidity. Nephrol. Dial. Transplant. 2022,
5, 904–916. [CrossRef]

50. Kashem, A.; Endoh, M.; Yamauchi, F.; Yano, N.; Nomoto, Y.; Sakai, H.; Pronai, L.; Tanaka, M.; Nakazawa, H. Superoxide dismutase
activity in human glomerulonephritis. Am. J. Kidney Dis. 1996, 1, 14–22. [CrossRef]

51. Olsson, J.; Jacobson, T.A.; Paulsson, J.M.; Dadfar, E.; Moshfegh, A.; Jacobson, S.H.; Lundahl, J. Expression of neutrophil SOD2 is
reduced after lipopolysaccharide stimulation: A potential cause of neutrophil dysfunction in chronic kidney disease. Nephrol.
Dial. Transplant. 2011, 7, 2195–2201. [CrossRef] [PubMed]

52. Tan, R.J.; Zhou, D.; Xiao, L.; Zhou, L.; Li, Y.; Bastacky, S.I.; Oury, T.D.; Liu, Y. Extracellular Superoxide Dismutase Protects against
Proteinuric Kidney Disease. J. Am. Soc. Nephrol. 2015, 10, 2447–2459. [CrossRef]

53. Soetikno, V.; Sari, F.R.; Lakshmanan, A.P.; Arumugam, S.; Harima, M.; Suzuki, K.; Kawachi, H.; Watanabe, K. Curcumin alleviates
oxidative stress, inflammation, and renal fibrosis in remnant kidney through the Nrf2-keap1 pathway. Mol. Nutr. Food Res. 2013,
9, 1649–1659. [CrossRef] [PubMed]

54. Slocum, S.L.; Skoko, J.J.; Wakabayashi, N.; Aja, S.; Yamamoto, M.; Kensler, T.W.; Chartoumpekis, D.V. Keap1/Nrf2 pathway
activation leads to a repressed hepatic gluconeogenic and lipogenic program in mice on a high-fat diet. Arch. Biochem. Biophys.
2016, 591, 57–65. [CrossRef]

55. Pae, H.-O.; Kim, E.-C.; Chung, H.-T. Heme Oxygenase and Carbon Monoxide: Medicine Chemistry and Biological Effects Guest
Editor: Yuji NaitoIntegrative Survival Response Evoked by Heme Oxygenase-1 and Heme Metabolites. J. Clin. Biochem. Nutr.
2008, 3, 197–203. [CrossRef] [PubMed]

56. Jeong, S.-O.; Oh, G.-S.; Ha, H.-Y.; Koo, B.S.; Kim, H.S.; Kim, Y.-C.; Kim, E.-C.; Lee, K.-M.; Chung, H.-T.; Pae, H.-O. Dimethoxycur-
cumin, a synthetic curcumin analogue, induces heme oxygenase-1 expression through Nrf2 activation in RAW264. 7 macrophages.
J. Clin. Biochem. Nutr. 2009, 1, 79–84. [CrossRef] [PubMed]

57. Peng, X.; Dai, C.; Liu, Q.; Li, J.; Qiu, J. Curcumin attenuates on carbon tetrachloride-induced acute liver injury in mice via
modulation of the Nrf2/HO-1 and TGF-β1/Smad3 pathway. Molecules 2018, 1, 215. [CrossRef]

58. Ding, X.; Jian, T.; Li, J.; Lv, H.; Tong, B.; Li, J.; Meng, X.; Ren, B.; Chen, J. Chicoric Acid Ameliorates Nonalcoholic Fatty Liver
Disease via the AMPK/Nrf2/NFkappaB Signaling Pathway and Restores Gut Microbiota in High-Fat-Diet-Fed Mice. Oxid. Med.
Cell. Longev. 2020, 2020, 9734560. [CrossRef]

59. Boini, K.M.; Xia, M.; Koka, S.; Gehr, T.W.; Li, P.L. Instigation of NLRP3 inflammasome activation and glomerular injury in mice
on the high fat diet: Role of acid sphingomyelinase gene. Oncotarget 2016, 14, 19031–19044. [CrossRef]

60. Uil, M.; Scantlebery, A.M.L.; Butter, L.M.; Larsen, P.W.B.; de Boer, O.J.; Leemans, J.C.; Florquin, S.; Roelofs, J. Combining
streptozotocin and unilateral nephrectomy is an effective method for inducing experimental diabetic nephropathy in the ‘resistant’
C57Bl/6J mouse strain. Sci. Rep. 2018, 1, 5542. [CrossRef]

61. Ding, X.Q.; Gu, T.T.; Wang, W.; Song, L.; Chen, T.Y.; Xue, Q.C.; Zhou, F.; Li, J.M.; Kong, L.D. Curcumin protects against fructose-
induced podocyte insulin signaling impairment through upregulation of miR-206. Mol. Nutr. Food Res. 2015, 12, 2355–2370.
[CrossRef] [PubMed]

62. Lin, W.; Yin, C.Y.; Yu, Q.; Zhou, S.H.; Chai, L.; Fan, J.; Wang, W.D. Expression of glucose transporter-1, hypoxia inducible
factor-1alpha and beclin-1 in head and neck cancer and their implication. Int. J. Clin. Exp. Pathol. 2018, 7, 3708–3717.

http://doi.org/10.1093/ndt/gfab031
http://doi.org/10.1016/S0272-6386(96)90125-0
http://doi.org/10.1093/ndt/gfq673
http://www.ncbi.nlm.nih.gov/pubmed/21045076
http://doi.org/10.1681/ASN.2014060613
http://doi.org/10.1002/mnfr.201200540
http://www.ncbi.nlm.nih.gov/pubmed/23174956
http://doi.org/10.1016/j.abb.2015.11.040
http://doi.org/10.3164/jcbn.2008029
http://www.ncbi.nlm.nih.gov/pubmed/18545641
http://doi.org/10.3164/jcbn.08-194
http://www.ncbi.nlm.nih.gov/pubmed/19177192
http://doi.org/10.3390/molecules23010215
http://doi.org/10.1155/2020/9734560
http://doi.org/10.18632/oncotarget.8023
http://doi.org/10.1038/s41598-018-23839-9
http://doi.org/10.1002/mnfr.201500370
http://www.ncbi.nlm.nih.gov/pubmed/26395192

	Introduction 
	Results 
	BDMC Alleviated Metabolic Disorders in HFD-Fed Mice 
	BDMC Protected against HFD-Induced Renal Damage 
	BDMC Protected HFD-Induced Lipid Accumulation, and Systematic and Renal Oxidative Stress 
	BDMC Activated Renal Keap1/Nrf2 System of HFD-Fed Mice 
	BDMC Reduced Lipid Accumulation and Activated Nrf2 in HK2 Cells 

	Discussion 
	Materials and Methods 
	Animal Administration 
	Measurement of Biomarkers in Serum and Urine 
	Histological Analysis 
	Cell Culture and Treatment 
	Oil Red O Staining 
	Measurement of Renal ROS 
	Transmission Electron Microscopy (TEM) 
	Cell Apoptosis Measurement 
	IHC Staining 
	Western Blot 
	Statistical Analysis 

	Conclusions 
	References

