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INTRODUCTION 
 

Diabetic kidney disease (DKD) is a serious diabetic 

microvascular complication and the leading cause of end-

stage kidney disease (ESKD). Since in type 2 diabetic 

patients, the renal damage is induced by multiple 

metabolic risk factors, including hyperglycemia, 

hypertension, dyslipidemia, and over-nutrition/obesity, 

multifactorial management of all metabolic risk factors  

is recommended [1–3]. However, even when patients 

undergo the multifactorial management, the therapy  

is often insufficient to suppress the progression of  

DKD, and there is still a residual risk of progression to 

ESKD. 

 

Renal tubular damage is closely associated with the 

pathogenesis of DKD, and is recognized as a “diabetic 

tubulopathy” [4, 5]. Since a large number of 

mitochondria reside in renal tubular cells to meet the high 

energy demand necessary for the reabsorption of 

nutrients, they are an important source of reactive oxygen 

species (ROS) in the kidney [6]. In the diabetic state, the 

mitochondrial function in tubular cells may be disrupted 

by increased energy demand due to the excessive 

reabsorption of glucose and sodium [7]. Therefore, 

protecting tubular cells against mitochondrial oxidative 

stress in diabetic kidneys might serve as a therapeutic 

strategy to preserve the renal function. Mitochondrial 

oxidative stress occurs due to the imbalance between 
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ABSTRACT 
 

Mitochondrial oxidative stress is a significant contributor to the pathogenesis of diabetic kidney disease (DKD). 
We previously showed that mitochondrial oxidative stress in the kidneys of Zucker diabetic fatty rats is 
associated with a decreased intracellular NAD+/NADH ratio and NAD+-dependent deacetylase Sirt3 activity, and 
increased expression of the NAD+-degrading enzyme CD38. In this study, we used a CD38 inhibitor, apigenin, to 
investigate the role of CD38 in DKD. Apigenin significantly reduced renal injuries, including tubulointerstitial 
fibrosis, tubular cell damage, and pro-inflammatory gene expression in diabetic rats. In addition, apigenin 
down-regulated CD38 expression, and increased the intracellular NAD+/NADH ratio and Sirt3-mediated 
mitochondrial antioxidative enzyme activity in the kidneys of diabetic rats. In vitro, inhibition of CD38 activity 
by apigenin or CD38 knockdown increased the NAD+/NADH ratio and Sirt3 activity in renal proximal tubular HK-
2 cells cultured under high-glucose conditions. Together, these results demonstrate that by inhibiting the Sirt3 
activity and increasing mitochondrial oxidative stress in renal tubular cells, CD38 plays a crucial role in the 
pathogenesis of DKD. 
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ROS production and anti-oxidative capacity [8]. We have 

previously reported that mitochondrial oxidative stress is 

induced by decreased superoxide dismutase 2 (SOD2) 

and isocitrate dehydrogenase 2 (IDH2) activities 

associated with a reduced intracellular NAD+/NADH 

ratio and Sirt3 activity in the kidneys of type 2 diabetic 

rats [9]. Moreover, the reduced intracellular 

NAD+/NADH ratio and Sirt3 activity were accompanied 

by an increased renal expression of the NAD+-degrading 

enzyme CD38 [10, 11]. Previous reports have shown that 

CD38 knockout mice have higher NAD+ levels, and are 

protected against high fat diet-induced obesity and 

metabolic syndrome [12]. Activity of CD38 increases 

during aging, and this is associated with age-related 

decline in NAD+, reduction in Sirt3 activity, and 

mitochondrial dysfunction in liver, adipose tissues, and 

skeletal muscles [13]. However, it remains unclear 

whether the increased expression of CD38 is involved in 

the pathogenesis of DKD caused by mitochondrial 

oxidative stress. 

 

Apigenin (4,5,7-trihydroxyflavone) is a flavonoid 

present in vegetables (parsley, celery, and onions), fruits 

(oranges), herbs (chamomile, thyme, oregano, and basil), 

and plant-based beverages (tea, beer, and wine) [14–16]. 

A previous study has shown that apigenin inhibits CD38, 

thus increasing NAD+ levels, and improving glucose and 

lipid homeostasis in obese mice [17]. However, there 

have been few reports evaluating the effect of apigenin 

on DKD. 
 

Here, we show for the first time that CD38 plays a 

crucial role in mitochondrial oxidative stress by reducing 

the NAD+/NADH ratio and Sirt3 activity in the kidneys 

of type 2 diabetic rats. The NAD+/NADH ratio and 

mitochondrial anti-oxidative properties mediated by 

Sirt3 activation are restored by apigenin, leading to  

the amelioration of diabetes-induced renal injury, 

particularly renal tubular injury. We believe that these 

findings may lead to a novel strategy for the treatment of 

diseases characterized by an imbalance in NAD+ 

metabolism, including DKD. 

 

RESULTS 
 

Characteristics of the experimental rats 
 

To evaluate the role of CD38 in DKD, male Zucker 

Diabetic Fatty Rats (ZDFRs) and male Zucker Lean Rats 

(ZLRs) were treated with the CD38 inhibitor apigenin, or 

control saline solution. The characteristics of the rats at 

the end of the experiment are shown in Table 1. There 

was no significant change in whole body weight among 

the four groups of rats. The ZDFRs that received saline 

exhibited significantly elevated levels of HbA1c and 

increased kidney weight compared to the ZLRs that 

received saline. Treatment with apigenin reduced the 

HbA1c values, but did not change the kidney weight in 

the ZDFRs. The serum levels of cystatin C were not 

significantly changed among the groups. The ratios  

of urinary albumin/creatinine (Cr), liver-type fatty acid-

binding protein (L-FABP)/Cr, and 8-hydroxy-2’-de-

oxyguanosine (8-OHdG)/Cr were significantly higher in 

ZDFRs treated with saline compared to ZLRs treated 

with saline. The ZDFRs treated with apigenin exhibited 

significantly reduced ratios of urinary albumin/Cr,  

L-FABP/Cr, and 8-OHdG/Cr compared with the ZDFRs 

that received saline. There were no significant changes in 

whole body weight, kidney weight, HbA1c values, serum 

cystatin C levels, ratios of urinary albumin/Cr, L-

FABP/Cr, and 8-OHdG/Cr between the ZLRs that 

received saline and the ZLRs treated with apigenin. 

 

Apigenin ameliorates renal fibrosis and pro-

inflammatory gene expression in diabetic rats 
 

Compared to the control ZLRs group that received 

saline, the ZDFRs saline group exhibited renal fibrosis 

in the tubulointerstitial area observed by Masson’s 

trichrome (MT) staining, and increased protein levels of 

anti-kidney injury molecule-1 (Kim-1) evaluated by 

immunohistochemistry (IHC) (Figure 1A). The ZDFRs 

saline group also had an altered mitochondrial 

morphology, such as mitochondrial swelling, in the 

proximal tubular cells (Figure 1A). In addition, the 

ZDFRs saline group exhibited an increased gene 

expression in the renal cortex of collagen III and Kim-1 

(Figure 1B, 1C), and of the pro-inflammatory cytokines 

tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-

6) compared to the ZLRs saline group (Figure 1D, 1E). 

Importantly, administration of apigenin ameliorated 

these alterations in the ZDFRs group (Figure 1). In 

contrast, apigenin had no effect on renal fibrosis and 

Kim-1 expression in the tubulointerstitial area in the 

ZLRs group; a representative photograph of MT 

staining and Kim-1 IHC of ZLRs treated with apigenin 

is shown in Supplementary Figure 1. 

 

Apigenin downregulates CD38 in diabetic rats 
 

Compared to control ZLRs group that received saline, 

the kidneys of the ZDFRs saline group exhibited a 

significantly increased IHC of CD38 in tubular cells 

(Figure 2A), and upregulated CD38 gene and protein 

levels in the renal cortex (Figure 2B–2D). 

Administration of apigenin significantly reduced the 

CD38 expression in the kidneys of ZDFRs. 

 

Apigenin increases Sirt3 activity in diabetic rats 
 

While the protein levels of Sirt3 in mitochondrial 

protein extracts from the renal cortex were similar 
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Table 1. Characteristics of the rats at the end of the experiment. 

 ZLRs (n=6) 
ZLRs + Apigenin 

(n=4) 
ZDFRs (n=6) 

ZDFRs + Apigenin 

(n=6) 

Body weight (g) 393.8±15.6 379.0±12.0 398.5±49.1 392.3±26.0 

HbA1c (%) 3.47±0.05 3.42±0.09 10.4±0.18 * 9.47±0.57 

Kidney weight (g) 2.53±0.14 2.57±0.12 3.56±0.25 # 3.38±0.18 

U-Alb/Cr (mg/gCr) 0.018±0.001 0.010±0.003 1.52±1.00 * 0.34±0.08 

U-L-FABP/Cr (ug/gCr) 0.47±0.04 0.98±0.85 29.1±1.40 * 7.61±4.40 

Cystatin C (ng/mL) 0.92±0.04 1.13±0.06 1.14±0.07 1.04±0.12 

U-8-OHdG/Cr (ng/mgCr) 9.30±1.33 7.30±2.00 43.6±20.9 * 13.5±4.82 

*p<0.01 vs. other groups. #p<0.01 vs. ZLRs and ZLRs + Apigenin. 
ZLRs; Zucker lean rats, ZDFRs; Zucker diabetic fatty rats; U-Alb/Cr; urinary albumin/creatinine ratio, U-L-FABP; U-L-FABP/Cr; urinary 
liver-type free fatty acid binding protein/creatinine ratio, U-8-OHdG/Cr; urinary 8-hydroxy-2’-deoxyguanosine/creatinine ratio. 
 

among the groups (Figure 3A, 3B), the levels of 

acetylated IDH2 and SOD2 were significantly increased 

in the ZDFRs saline group compared to ZLRs saline 

group, indicating a reduced Sirt3 activity in diabetic rats 

(Figure 3A, 3C, 3D). The 8-OHdG content in mtDNA 

isolated from renal cortex was also significantly 

increased in ZDFRs administered saline compared to 

ZLRs treated with saline (Figure 3E). In contrast, the 

NAD+/NADH ratio was significantly decreased in 

mitochondrial protein extracts from renal cortex of the 

ZDFRs saline group compared to ZLRs saline group 

(Figure 3F). Importantly, apigenin suppressed the 

acetylated levels of IDH2 and SOD2, decreased the 8-

OHdG content, and increased the NAD+/NADH ratio in 

ZDFRs (Figure 3), indicating that apigenin increases the 

NAD-dependent Sirt3 deacetylase activity in the 

kidneys of diabetic rats. 

 

Apigenin decreases CD38 expression, and increases 

Sirt3 activity and NAD+/NADH ratio in renal 

proximal tubular cells grown in high glucose 
 

The CD38 expression and acetylated IDH2 and SOD2 

levels were significantly increased in HK-2 cells 

cultured under high-glucose (HG) conditions 

compared to cells cultured in low-glucose (LG) 

(Figure 4A–4E). However, the Sirt3 expression in 

cultured HK-2 cells showed no change under LG and 

HG conditions (Figure 4A–4E). The intracellular 

NAD+/NADH ratio was significantly decreased in HK-

2 cells cultured under HG conditions compared to cells 

cultured in LG (Figure 4F). Treatment with 10 μM 

apigenin significantly reduced the levels of CD38 and 

acetylated IDH2 and SOD2, and increased the 

intracellular NAD+/NADH ratio in HK-2 cells cultured 

under HG conditions (Figure 4), indicating that 

apigenin increases the Sirt3 deacetylase activity under 

HG conditions in vitro. 

CD38 knockdown increases Sirt3 activity and 

intracellular NAD+/NADH ratio in renal proximal 

tubular cells grown in high glucose 
 

The high glucose-induced CD38 expression in cultured 

HK-2 cells was suppressed by CD38 siRNA (Figure 

5A, 5B). The Sirt3 expression in HK-2 cells was not 

dependent on the CD38 knockdown or glucose levels 

(Figure 5A, 5C). However, CD38 suppression by 

siRNA decreased the levels of acetylated IDH2 and 

SOD2 induced by HG in HK-2 cells (Figure 5A, 5D, 

5E). In addition, CD38 suppression significantly 

increased the intracellular NAD+/NADH ratio in HK-2 

cells cultured under HG conditions (Figure 5F). These 

data indicate that CD38 suppression increases the Sirt3 

deacetylase activity and intracellular NAD+/NADH 

ratio in renal proximal tubular cells grown in high 

glucose conditions. 
 

DISCUSSION 
 

Mitochondrial oxidative stress is closely associated with 

the pathogenesis of DKD. We have previously reported 

that mitochondrial oxidative stress is induced by 

decreased SOD2 and IDH2 activities associated with the 

decreased intracellular NAD+/NADH ratio and Sirt3 

activity in the kidneys of diabetic rats [9]. The 

mitochondrial oxidative stress in diabetic kidneys is 

accompanied by increased levels of the NAD+-degrading 

enzyme CD38, in both glomerular and tubular cells [9]. 

In this study, we have focused on renal tubular cells, 

because tubular cell damage, rather than glomerular 

damage, is associated with the progression of DKD and 

renal function decline [5, 18]. We have found that the 

increased CD38 expression in renal tubular cells plays a 

crucial role in the pathogenesis of DKD caused by 

mitochondrial oxidative stress, which is associated with a 

reduction in the NAD+/NADH ratio and Sirt3 activation. 
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Figure 1. Apigenin ameliorates renal fibrosis and inflammatory gene expression in diabetic rats. (A) Representative photographs 
of MT staining (scale bar: 100 μm) and IHC of Kim-1 in the tubulointerstitial area (scale bar: 100 μm) and the mitochondrial morphology 
observed under transmission electron microscopy (TM) (scale bar: 500 nm). (B–E) Quantitative RT-PCR of collagen III (B), Kim-1 (C), TNF-α (D), 
and IL-6 (E) mRNA normalized to expression of 18S, in the renal cortex (n=6). All data represent the mean ± standard deviation (SD). *p<0.01 
vs. other groups. ZLRs; Zucker lean rats, ZDFRs; Zucker diabetic fatty rats. 
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Figure 2. Apigenin downregulates CD38 in diabetic rats. (A) Representative photographs of immunohistochemical staining of CD38 in 
the tubulointerstitial area (scale bar: 100 μm). (B) Western blotting of CD38 and control β-actin in the renal cortex. (C) Densitometric 
evaluation of the western blotting shown in panel B (n=6). (D) Quantitative RT-PCR of CD38 mRNA normalized to 18S, in the renal cortex 
(n=6). All data represent the mean ± standard deviation (SD). *p<0.01 vs. other groups. 
 

 
 

Figure 3. Apigenin increases Sirt3 activity in diabetic rats. (A) Western blots of Sirt3, acetylated (ace) (Lys413)-IDH2, IDH2, acetylated 
(ace) (Lys68)-SOD2, SOD2, and CoxIV from mitochondrial protein extracts obtained from rat renal cortex. (B–D) Densitometric evaluation of 
Sirt3 to CoxIV (B), Ace (Lys413)-IDH2 to IDH2 (C), and Ace (Lys68)-SOD2 to SOD2 (D) immunoblotting data shown in panel A (n=6). (E) 8-OHdG 
content in mitochondria (mt) adjusted to mtDNA in the renal cortex (n=6). (F) NAD+/NADH ratio in isolated mitochondrial protein extracts 
from rat renal cortex (n=6). All data represent the mean ± standard deviation (SD). *p<0.01 vs. other groups, n.s; not significant. 
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CD38 is one of the main NAD+-degrading enzymes in 

mammalian tissues, including liver, brain, heart and 

kidney [12, 19]. CD38 is localized in cell membrane, 

nucleus, and mitochondria [12, 20, 21], and plays a key 

role in several physiological processes, including 

immune responses, inflammation, cancer, and metabolic 

disease [11, 22–24]. Additionally, a previous study has 

shown that CD38 levels are increased in mouse tissues, 

including liver, adipose tissues, and skeletal muscles 

during aging, and suggested that CD38 is involved in 

the age-related NAD+ decline by using CD38 knockout 

mice [13]. Moreover, the increased levels of CD38 in 

aging mice correlated with the development of 

mitochondrial dysfunction, which partially occurred 

through a reduction in Sirt3 activity, resulting in age-

related metabolic derangement [13]. Another report 

demonstrated that CD38 inhibition by apigenin 

increased the intracellular NAD+ levels and improved 

several aspects of glucose and lipid homeostasis in 

high-fat diet-induced obese mice [17]. We have 

previously shown for the first time that the CD38 

expression is increased in the kidneys of the ZDFRs 

diabetic rats [9]. In this study, we have found that the 

increased expression of CD38 is associated with a 

decreased Sirt3 deacetylase activity, as indicated by the 

acetylation levels of the mitochondrial anti-oxidative 

enzymes IDH2 and SOD2 in diabetic kidneys. 

Administration of apigenin reduced the CD38 expres-

sion and mitochondrial oxidative stress in diabetic 

kidneys, resulting in improved diabetes-induced renal 

injuries, such as tubulointerstitial fibrosis, tubular 

damage, inflammation, and urinary albumin/L-FABP 

excretion. Since the inhibitory effect of apigenin on 

HbA1c levels was only modest, it seems likely that 

apigenin exerted the beneficial effect on diabetic renal 

injury independently of its effect on glucose levels. 

 

 
 

Figure 4. Apigenin decreases CD38 expression, and increases Sirt3 activity and NAD+/NADH ratio in renal proximal tubular 
cells grown in high glucose. (A) Western blots of CD38, Sirt3, ace (Lys413)-IDH2, IDH2, ace (Lys68)-SOD2, SOD2, and β-actin in HK-2 cells 
cultured in low glucose (LG; 5.55 mM) or high glucose (HG; 25 mM), with and without 10 μM apigenin. (B–E) Densitometric evaluation of 
CD38 to β-actin (B), Sirt3 to β-actin (C), Ace-IDH2 to IDH2 (D), and Ace-SOD2 to SOD2 (E) immunoblotting data shown in panel A (n=4).  
(F) Intracellular NAD+/NADH ratio in cultured HK-2 cells (n=4). All data represent the mean ± standard deviation (SD). *p<0.01 vs. the 
indicated group, **p<0.05 vs. the indicated group, n.s; not significant. 
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What is the mechanism by which diabetes and high 

glucose lead to CD38 overexpression in kidneys and 

tubular cells? Previous reports have shown that lipo-

polysaccharides (LPS) and inflammatory cytokines, 

such as TNF-α, are potent inducers of CD38 [23–26]. 

Since CD38 is highly expressed in inflammatory cells, 

it is possible that a low-grade inflammation may lead to 

an increased expression of CD38 in renal tubular cells. 

It has been proposed that there is an increase in the 

levels of inflammatory cytokines and chemokines in 

diabetic kidneys [27, 28]. Our results show that the 

expression of inflammatory genes TNF-α and IL-6 is 

increased in the renal cortex of diabetic rats. Therefore, 

one possibility is that inflammatory cytokines, including 

TNF-α, may be the drivers of the increased CD38 

expression in diabetic renal tubular cells. Moreover, the 

inhibition of CD38 expression in diabetic kidneys  

by apigenin may be mediated by a reduced renal 

inflammation. Flavonoids, including apigenin, can 

directly scavenge ROS [29, 30]. Previous studies have 

demonstrated that apigenin protects renal tubular cells 

against HG-induced oxidative stress via regulation of 

the NF-E2-related factor 2 pathway [31]. Therefore, 

apigenin might improve mitochondrial oxidative stress 

independently of its effects on CD38 inhibition. 

 

In conclusion, our results provide new evidence that 

CD38 plays a crucial role in the pathogenesis of DKD 

caused by mitochondrial oxidative stress by inhibiting 

Sirt3 activity in renal tubular cells. Apigenin 

ameliorates the diabetes-induced renal tubular injury by 

reducing mitochondrial oxidative stress via CD38-

mediated Sirt3 activation. Thus, CD38 inhibition may 

serve as a possible therapeutic strategy for the treatment 

of DKD. However, apigenin is not a specific inhibitor 

of CD38. A recent report has demonstrated that in mice, 

 

 
 

Figure 5. CD38 knockdown increases Sirt3 activity and intracellular NAD+/NADH ratio in renal proximal tubular cells grown in 
high glucose. (A) Western blots of CD38, Sirt3, ace (Lys413)-IDH2, IDH2, ace (Lys68)-SOD2, and β-actin in HK-2 cells cultured in low and high 
glucose after transfection using scrambled or CD38 siRNA. (B–E) Densitometric evaluation of CD38 to β-actin (B), Sirt3 to β-actin (C), Ace-IDH2 
to IDH2 (D), and Ace-SOD2 to SOD2 (E) immunoblotting data shown in panel A (n=4). (F) Intracellular NAD+/NADH ratio in cultured HK-2 cells 
under the above conditions (n= 4). All data represent the mean ± standard deviation (SD). *p<0.01 vs. the indicated group, **p<0.05 vs. the 
indicated group, n.s; not significant. 
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the CD38-specific inhibitor 78c improves several 

physiological and metabolic parameters linked to aging, 

including glucose tolerance, muscle function, exercise 

capacity, and cardiac function [32]. Therefore, further 

studies using specific inhibition of CD38, or CD38 

knockout animals, are necessary to elucidate the role of 

CD38 in the development of DKD. 

 

MATERIALS AND METHODS 
 

Antibodies and reagents 
 

Cytochrome C oxidase subunit IV (CoxIV), β-actin and 

IDH2 antibodies, and acetylated lysine antibodies were 

purchased from Cell Signaling Technology (Beverly, 

MA, USA). Anti-acetylated SOD2 (Lys-68) antibody 

was obtained from Abcam (Cambridge, MA, USA). The 

antibodies against Sirt3 and CD38 (M-19) used for 

western blotting and the antibody against CD38 (H-11) 

used for immunohistochemistry were purchased from 

Santa Cruz Biotechnology (Santa Cruz, CA, USA). The 

anti-acetylated IDH2 (Lys-413) antibody was obtained 

from GeneTel Laboratories LLC (Madison, WI, USA). 

The anti-SOD2 antibody was purchased from Enzo Life 

Science (New York, NY, USA). The anti-Kim-1 

antibody was obtained from R & D Systems, Inc. 

(Minneapolis, MN, USA). Apigenin was purchased 

from Enzo Life Science (New York, NY, USA). 

 

Animal experiments 
 

Male Zucker Lean (fa/+) Rats (ZLRs) and male 

Zucker Diabetic Fatty (fa/fa) Rats (ZDFRs) were 

provided by the Ninox Pharmaceutical Company 

Biological Institute (Osaka, Japan) [9]. The animal 

studies were approved by the Research Center for 

Animal Life Science of Kanazawa Medical University. 

At 24 weeks of age, the ZDFRs and ZLRs rats were 

randomly divided into groups that received 20 mg/kg 

apigenin or control saline solution via oral gavage 5 

days a week [33]. After 4 weeks of the administration 

of apigenin or saline, individual rats were placed in 

metabolic cages for urine collection. Thereafter, the 

rats were anesthetized with isoflurane, blood samples 

were collected, and the kidneys were dissected as 

reported previously [9]. 
 

Biochemical measurements 
 

HbA1c levels were measured using a DCA 2000 

Analyzer (Siemens Medical Solutions Diagnostics, 

Tokyo, Japan) at the end of the experiment [27]. Urinary 

albumin, L-FABP, and plasma cystatin C levels were 

measured using ELISA kits (urinary albumin: 

NEPHRAT II; L-FABP: Exocell, Inc., Philadelphia, PA, 

USA; L- FABP: R & D Systems, Inc., Minneapolis, 

MN, USA; Cystatin C: Rat Cystatin C kit, Abcam, 

Cambridge, MA, USA) [27]. Urinary 8-OHdG 

concentration was measured by ELISA (8-OHdG Check, 

Institute for the Control of Aging, Shizuoka, Japan) [27]. 

Urinary Cr was measured by a Creatinine Companion kit 

(Exocell, Inc., Philadelphia, PA, USA). 

 

Morphological analysis, IHC, and transmission 

electron microscopy 

 

Paraffin sections (3 μm-thick) of the kidney were 

stained with MT stain, and IHC was performed using 

antibodies against Kim-1 (1:100) and CD38 (1:100) [9]. 

The mitochondrial morphology in the proximal tubular 

cells was observed using transmission electron 

microscopy [9, 27]. 

 

Mitochondria extraction and 8-OHdG analysis 

 

Isolation of mitochondria from the renal cortex was 

performed using mitochondria extraction kits (Thermo 

Fisher Scientific, Rockford, IL, USA) [9]. Mitochondrial 

DNA (mtDNA) was extracted from the renal cortex 

using the mtDNA Extractor CT kit (Wako Pure 

Chemical Industries, Osaka, Japan) [9]. 8-OHdG levels 

in DNase I-digested mtDNA were determined by ELISA 

(High-Sensitive 8-OHdG Check, Institute for the Control 

of Aging, Shizuoka, Japan) [9]. 

 

Western blot analysis and real-time PCR 
 

Western blotting was performed using antibodies 

against CD38 (1:1000), β-actin (1:1000), Acetylated 

(Lys-413)-IDH2 (1:1000), IDH2 (1:1000), Acetylated 

(Lys-68)-SOD2 (1:1000), SOD2 (1:1000), Sirt3 

(1:1000) and COX-IV (1:1000) as previously described 

[9]. Total RNA was isolated from the renal cortex, and 

cDNA synthesis and quantitative real-time PCR were 

performed. TaqMan probes for collagen III, CD38, 

Kim-1, IL-6 and TNF-α were purchased from Thermo 

Fisher Scientific (Waltham, MA, USA). The data were 

normalized to the level of 18S mRNA, which was used 

as an internal control, as previously described [9]. 

 

NAD+/NADH ratio assay 
 

NAD+ and NADH levels were measured using NAD+/ 

NADH assay kits according to the manufacturer’s 

instructions (BioChain, Hayward, CA, USA) [9]. The 

principle of the method is based on a glucose 

dehydrogenase cycling reaction, in which tetrazolium  

dye 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium 

bromide (MTT) is reduced by NADH in the presence of 

phenazine methosulfate. The product absorbance, 

measured at 565 nm, is proportionate to the NAD+ 

concentration of the sample [9]. 
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Cell culture 
 

Human kidney proximal tubular HK-2 cells were 

obtained from the American Type Culture Collection 

(Manassas, VA, USA). HK-2 cells were maintained in 

Dulbecco’s modified Eagle medium (DMEM) containing 

10% fetal bovine serum and 5.55 mM glucose [9]. Sub-

confluent HK-2 cells in 35-cm culture dishes were 

exposed to serum-free DMEM containing 5.55 or 25 mM 

glucose for 48 hours, and cells were then treated with 10 

μM apigenin or DMSO for 24 hours. 

 

Transfection with siRNA 
 

HK-2 cells were seeded in six-well plates and incubated 

for 24 hours. Cells were transfected with siRNA against 

CD38 (siRNA human CD38, s119605; Thermo Fisher 

Scientific, Waltham, MA, USA) or control scrambled 

siRNA (Negative Control #1 siRNA: Ambion Inc., 

Austin, TX, USA) at a concentration of 100 nM using 

Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) 

according to the manufacturer’s instructions [9]. After 

transfection, cells were incubated in DMEM containing 

5.55 or 25 mM glucose for 48 hours. 

 

Statistical analysis 
 

The data are expressed as the mean ± standard deviation 

(SD). One-way ANOVA followed by Tukey’s multiple 

comparison test was used to determine the significance 

of differences among three or more groups; p<0.05 was 

considered significant. 

 

AUTHOR CONTRIBUTIONS 
 

YO and MK conceived and designed the experiments. 

YO, JX and IM contributed to the acquisition and analysis 

of the data. All authors contributed to the discussion. YO, 

MK and DK contributed to the drafting of the article. All 

authors have revised the manuscript critically in terms of 

its important intellectual content and have approved the 

final version to be published. YO, MK and DK are 

responsible for the integrity of the work as a whole. 

 

ACKNOWLEDGMENTS 
 

We thank Taeko Suzuki (Department of Diabetology  

and Endocrinology, Kanazawa Medical University, 

Uchinada, Japan) for her excellent assistance. This study 

was supported in part by the Japan China Sasakawa 

Medical Fellowship, which was given to Jing Xu. 

 

CONFLICTS OF INTEREST 
 

Boehringer Ingelheim, Mitsubishi Tanabe Pharma, 

Kyowa Kirin, Taisho Pharmaceutical Co. and Ono 

Pharmaceutical Co. contributed to establishing the 

Division of Anticipatory Molecular Food Science and 

Technology. The authors declare that there is no conflict 

of interest associated with this manuscript. 

 

FUNDING 
 

This work was supported by a Grant-in-Aid for Young 

Scientists (B)(17K16104) to YO, and in part by a Grant-

in-Aid for Scientific Research KAKENHI (C) 

(24591218), and a grant hich is a grant for collaborative 

research with Kyowa Kirin, received by MK. 

 

REFERENCES 
 

1. Radcliffe NJ, Seah JM, Clarke M, MacIsaac RJ, Jerums G, 
Ekinci EI. Clinical predictive factors in diabetic kidney 
disease progression. J Diabetes Investig. 2017; 8:6–18. 

 https://doi.org/10.1111/jdi.12533 
 PMID:27181363 

2. Kitada M, Kanasaki K, Koya D. Clinical therapeutic 
strategies for early stage of diabetic kidney disease. 
World J Diabetes. 2014; 5:342–56. 

 https://doi.org/10.4239/wjd.v5.i3.342 
 PMID:24936255 

3. Gaede P, Vedel P, Larsen N, Jensen GV, Parving HH, 
Pedersen O. Multifactorial intervention and 
cardiovascular disease in patients with type 2 diabetes. 
N Engl J Med. 2003; 348:383–93. 

 https://doi.org/10.1056/NEJMoa021778 
 PMID:12556541 

4. Gilbert RE. Proximal tubulopathy: prime mover and key 
therapeutic target in diabetic kidney disease. Diabetes. 
2017; 66:791–800. 

 https://doi.org/10.2337/db16-0796 
 PMID:28325740 

5. Tang SC, Leung JC, Lai KN. Diabetic tubulopathy: an 
emerging entity. Contrib Nephrol. 2011; 170:124–34. 

 https://doi.org/10.1159/000325647 
 PMID:21659765 

6. Kitada M, Kume S, Imaizumi N, Koya D. Resveratrol 
improves oxidative stress and protects against diabetic 
nephropathy through normalization of mn-SOD 
dysfunction in AMPK/SIRT1-independent pathway. 
Diabetes. 2011; 60:634–43. 

 https://doi.org/10.2337/db10-0386 PMID:21270273 

7. Rahmoune H, Thompson PW, Ward JM, Smith CD, 
Hong G, Brown J. Glucose transporters in human renal 
proximal tubular cells isolated from the urine of 
patients with non-insulin-dependent diabetes. 
Diabetes. 2005; 54:3427–34. 

 https://doi.org/10.2337/diabetes.54.12.3427 
 PMID:16306358 

https://doi.org/10.1111/jdi.12533
https://pubmed.ncbi.nlm.nih.gov/27181363
https://doi.org/10.4239/wjd.v5.i3.342
https://pubmed.ncbi.nlm.nih.gov/24936255
https://doi.org/10.1056/NEJMoa021778
https://pubmed.ncbi.nlm.nih.gov/12556541
https://doi.org/10.2337/db16-0796
https://pubmed.ncbi.nlm.nih.gov/28325740
https://doi.org/10.1159/000325647
https://pubmed.ncbi.nlm.nih.gov/21659765
https://doi.org/10.2337/db10-0386
https://pubmed.ncbi.nlm.nih.gov/21270273
https://doi.org/10.2337/diabetes.54.12.3427
https://pubmed.ncbi.nlm.nih.gov/16306358


 

www.aging-us.com 11334 AGING 

8. Balaban RS, Nemoto S, Finkel T. Mitochondria, 
oxidants, and aging. Cell. 2005; 120:483–95. 

 https://doi.org/10.1016/j.cell.2005.02.001 
 PMID:15734681 

9. Ogura Y, Kitada M, Monno I, Kanasaki K, Watanabe A, 
Koya D. Renal mitochondrial oxidative stress is 
enhanced by the reduction of Sirt3 activity, in zucker 
diabetic fatty rats. Redox Rep. 2018; 23:153–59. 

 https://doi.org/10.1080/13510002.2018.1487174 
 PMID:29897845 

10. Howard M, Grimaldi JC, Bazan JF, Lund FE, Santos-
Argumedo L, Parkhouse RM, Walseth TF, Lee HC. 
Formation and hydrolysis of cyclic ADP-ribose 
catalyzed by lymphocyte antigen CD38. Science. 1993; 
262:1056–59. 

 https://doi.org/10.1126/science.8235624 
 PMID:8235624 

11. Aksoy P, White TA, Thompson M, Chini EN. Regulation 
of intracellular levels of NAD: a novel role for CD38. 
Biochem Biophys Res Commun. 2006; 345:1386–92. 

 https://doi.org/10.1016/j.bbrc.2006.05.042 
 PMID:16730329 

12. Barbosa MT, Soares SM, Novak CM, Sinclair D, Levine 
JA, Aksoy P, Chini EN. The enzyme CD38 (a NAD 
glycohydrolase, EC 3.2.2.5) is necessary for the 
development of diet-induced obesity. FASEB J. 2007; 
21:3629–39. 

 https://doi.org/10.1096/fj.07-8290com 
 PMID:17585054 

13. Camacho-Pereira J, Tarragó MG, Chini CC, Nin V, 
Escande C, Warner GM, Puranik AS, Schoon RA, Reid 
JM, Galina A, Chini EN. CD38 dictates age-related NAD 
decline and mitochondrial dysfunction through an 
SIRT3-dependent mechanism. Cell Metab. 2016; 
23:1127–39. 

 https://doi.org/10.1016/j.cmet.2016.05.006 
 PMID:27304511 

14. Hostetler GL, Ralston RA, Schwartz SJ. Flavones: food 
sources, bioavailability, metabolism, and bioactivity. 
Adv Nutr. 2017; 8:423–35. 

 https://doi.org/10.3945/an.116.012948 
 PMID:28507008 

15. Haytowitz DB, Bhagwat S, Harnly J, Holden JM, 
Gebhardt SE. Sources of Flavonoids in the US Diet 
Using USDA’s Updated Database on the Flavonoid 
Content of Selected Foods. U.S. Department of 
Agriculture (USDA). Agricultural Research Service, 
Beltsville Human Nutrition Research Center, Nutrient 
Data Laboratory and Food Composition Laboratory: 
Beltsville, MD; 2006. 

16. Salehi B, Venditti A, Sharifi-Rad M, Kręgiel D, Sharifi-
Rad J, Durazzo A, Lucarini M, Santini A, Souto EB, 

Novellino E, Antolak H, Azzini E, Setzer WN, Martins N. 
The therapeutic potential of apigenin. Int J Mol Sci. 
2019; 20:1305. 

 https://doi.org/10.3390/ijms20061305 
 PMID:30875872 

17. Escande C, Nin V, Price NL, Capellini V, Gomes AP, 
Barbosa MT, O'Neil L, White TA, Sinclair DA, Chini EN. 
Flavonoid apigenin is an inhibitor of the NAD+ ase 
CD38: implications for cellular NAD+ metabolism, 
protein acetylation, and treatment of metabolic 
syndrome. Diabetes. 2013; 62:1084–93. 

 https://doi.org/10.2337/db12-1139 PMID:23172919 

18. Gilbert RE, Cooper ME. The tubulointerstitium in 
progressive diabetic kidney disease: more than an 
aftermath of glomerular injury? Kidney Int. 1999; 
56:1627–37. 

 https://doi.org/10.1046/j.1523-1755.1999.00721.x 
 PMID:10571771 

19. Chini EN, Chini CC, Kato I, Takasawa S, Okamoto H. 
CD38 is the major enzyme responsible for synthesis of 
nicotinic acid-adenine dinucleotide phosphate in 
mammalian tissues. Biochem J. 2002; 362:125–30. 

 https://doi.org/10.1042/0264-6021:3620125 
 PMID:11829748 

20. Sun L, Adebanjo OA, Koval A, Anandatheerthavarada 
HK, Iqbal J, Wu XY, Moonga BS, Wu XB, Biswas G, Bevis 
PJ, Kumegawa M, Epstein S, Huang CL, et al. A novel 
mechanism for coupling cellular intermediary 
metabolism to cytosolic Ca2+ signaling via CD38/ADP-
ribosyl cyclase, a putative intracellular NAD+ sensor. 
FASEB J. 2002; 16:302–14. 

 https://doi.org/10.1096/fj.01-0705com 
 PMID:11874980 

21. Yamada M, Mizuguchi M, Otsuka N, Ikeda K, Takahashi 
H. Ultrastructural localization of CD38 immunoreactivity 
in rat brain. Brain Res. 1997; 756:52–60. 

 https://doi.org/10.1016/s0006-8993(97)00117-0 
 PMID:9187313 

22. Frasca L, Fedele G, Deaglio S, Capuano C, Palazzo R, 
Vaisitti T, Malavasi F, Ausiello CM. CD38 orchestrates 
migration, survival, and Th1 immune response of human 
mature dendritic cells. Blood. 2006; 107:2392–99. 

 https://doi.org/10.1182/blood-2005-07-2913 
 PMID:16293598 

23. Guedes AG, Jude JA, Paulin J, Kita H, Lund FE, Kannan 
MS. Role of CD38 in TNF-alpha-induced airway 
hyperresponsiveness. Am J Physiol Lung Cell Mol 
Physiol. 2008; 294:L290–99. 

 https://doi.org/10.1152/ajplung.00367.2007 
 PMID:18055841 

24. Malavasi F, Deaglio S, Funaro A, Ferrero E, Horenstein 
AL, Ortolan E, Vaisitti T, Aydin S. Evolution and 

https://doi.org/10.1016/j.cell.2005.02.001
https://pubmed.ncbi.nlm.nih.gov/15734681
https://doi.org/10.1080/13510002.2018.1487174
https://pubmed.ncbi.nlm.nih.gov/29897845
https://doi.org/10.1126/science.8235624
https://pubmed.ncbi.nlm.nih.gov/8235624
https://doi.org/10.1016/j.bbrc.2006.05.042
https://pubmed.ncbi.nlm.nih.gov/16730329
https://doi.org/10.1096/fj.07-8290com
https://pubmed.ncbi.nlm.nih.gov/17585054
https://doi.org/10.1016/j.cmet.2016.05.006
https://pubmed.ncbi.nlm.nih.gov/27304511
https://doi.org/10.3945/an.116.012948
https://pubmed.ncbi.nlm.nih.gov/28507008
https://doi.org/10.3390/ijms20061305
https://pubmed.ncbi.nlm.nih.gov/30875872
https://doi.org/10.2337/db12-1139
https://pubmed.ncbi.nlm.nih.gov/23172919
https://doi.org/10.1046/j.1523-1755.1999.00721.x
https://pubmed.ncbi.nlm.nih.gov/10571771
https://doi.org/10.1042/0264-6021:3620125
https://pubmed.ncbi.nlm.nih.gov/11829748
https://doi.org/10.1096/fj.01-0705com
https://pubmed.ncbi.nlm.nih.gov/11874980
https://doi.org/10.1016/s0006-8993(97)00117-0
https://pubmed.ncbi.nlm.nih.gov/9187313
https://doi.org/10.1182/blood-2005-07-2913
https://pubmed.ncbi.nlm.nih.gov/16293598
https://doi.org/10.1152/ajplung.00367.2007
https://pubmed.ncbi.nlm.nih.gov/18055841


 

www.aging-us.com 11335 AGING 

function of the ADP ribosyl cyclase/CD38 gene family 
in physiology and pathology. Physiol Rev. 2008; 
88:841–86. 

 https://doi.org/10.1152/physrev.00035.2007 
 PMID:18626062 

25. Barata H, Thompson M, Zielinska W, Han YS, Mantilla 
CB, Prakash YS, Feitoza S, Sieck G, Chini EN. The role of 
cyclic-ADP-ribose-signaling pathway in oxytocin-
induced Ca2+ transients in human myometrium cells. 
Endocrinology. 2004; 145:881–89. 

 https://doi.org/10.1210/en.2003-0774 
 PMID:14563702 

26. Lee CU, Song EK, Yoo CH, Kwak YK, Han MK. 
Lipopolysaccharide induces CD38 expression and 
solubilization in J774 macrophage cells. Mol Cells. 
2012; 34:573–76. 

 https://doi.org/10.1007/s10059-012-0263-3 
 PMID:23184288 

27. Kitada M, Ogura Y, Suzuki T, Sen S, Lee SM, Kanasaki K, 
Kume S, Koya D. A very-low-protein diet ameliorates 
advanced diabetic nephropathy through autophagy 
induction by suppression of the mTORC1 pathway in 
wistar fatty rats, an animal model of type 2 diabetes 
and obesity. Diabetologia. 2016; 59:1307–17. 

 https://doi.org/10.1007/s00125-016-3925-4 
 PMID:27020449 

28. Shikata K, Makino H. Microinflammation in the 
pathogenesis of diabetic nephropathy. J Diabetes 
Investig. 2013; 4:142–49. 

 https://doi.org/10.1111/jdi.12050 PMID:24843643 

29. Heim KE, Tagliaferro AR, Bobilya DJ. Flavonoid 
antioxidants: chemistry, metabolism and structure-
activity relationships. J Nutr Biochem. 2002; 13:572–84. 

 https://doi.org/10.1016/s0955-2863(02)00208-5 
 PMID:12550068 

30. Shin GC, Kim C, Lee JM, Cho WS, Lee SG, Jeong M, Cho 
J, Lee K. Apigenin-induced apoptosis is mediated by 
reactive oxygen species and activation of ERK1/2 in 
rheumatoid fibroblast-like synoviocytes. Chem Biol 
Interact. 2009; 182:29–36. 

 https://doi.org/10.1016/j.cbi.2009.07.016 
 PMID:19647729 

31. Zhang J, Zhao X, Zhu H, Wang J, Ma J, Gu M. Apigenin 
protects against renal tubular epithelial cell injury and 
oxidative stress by high glucose via regulation of NF-
E2-related factor 2 (Nrf2) pathway. Med Sci Monit. 
2019; 25:5280–88. 

 https://doi.org/10.12659/MSM.915038 
 PMID:31309931 

32. Tarragó MG, Chini CC, Kanamori KS, Warner GM, 
Caride A, de Oliveira GC, Rud M, Samani A, Hein KZ, 
Huang R, Jurk D, Cho DS, Boslett JJ, et al. A potent and 
specific CD38 inhibitor ameliorates age-related 
metabolic dysfunction by reversing tissue NAD+ 
decline. Cell Metab. 2018; 27:1081–95.e10. 

 https://doi.org/10.1016/j.cmet.2018.03.016 
 PMID:29719225 

33. Ali F, Rahul, Naz F, Jyoti S, Siddique YH. Protective 
effect of apigenin against n-nitrosodiethylamine 
(NDEA)-induced hepatotoxicity in albino rats. Mutat 
Res Genet Toxicol Environ Mutagen. 2014; 767:13–20. 

 https://doi.org/10.1016/j.mrgentox.2014.04.006 
 PMID:24755254 

  

https://doi.org/10.1152/physrev.00035.2007
https://pubmed.ncbi.nlm.nih.gov/18626062
https://doi.org/10.1210/en.2003-0774
https://pubmed.ncbi.nlm.nih.gov/14563702
https://doi.org/10.1007/s10059-012-0263-3
https://pubmed.ncbi.nlm.nih.gov/23184288
https://doi.org/10.1007/s00125-016-3925-4
https://pubmed.ncbi.nlm.nih.gov/27020449
https://doi.org/10.1111/jdi.12050
https://pubmed.ncbi.nlm.nih.gov/24843643
https://doi.org/10.1016/s0955-2863(02)00208-5
https://pubmed.ncbi.nlm.nih.gov/12550068
https://doi.org/10.1016/j.cbi.2009.07.016
https://pubmed.ncbi.nlm.nih.gov/19647729
https://doi.org/10.12659/MSM.915038
https://pubmed.ncbi.nlm.nih.gov/31309931
https://doi.org/10.1016/j.cmet.2018.03.016
https://pubmed.ncbi.nlm.nih.gov/29719225
https://doi.org/10.1016/j.mrgentox.2014.04.006
https://pubmed.ncbi.nlm.nih.gov/24755254


 

www.aging-us.com 11336 AGING 

SUPPLEMENTARY MATERIALS 
 

 

 

Supplementary Figure 
 

 

 
 

Supplementary Figure 1. Representative photograph of Masson’s trichrome (MT) staining and kidney injury molecule-1  
(Kim-1) immunohistochemistry (scale bar: 100 μm) in ZLRs treated with apigenin. ZLRs; Zucker lean rats. 


