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	 Background:	 Diabetic nephropathy (DN) is a disease characterized by oxidative stress and apoptosis of renal tubular epi-
thelial cells driven by hyperglycemia. Apigenin is a flavonoid compound that possesses potent anti‑apoptotic 
properties. The present study aimed to explore the protective effects and underlying mechanisms of apigenin 
on renal tubular epithelial cells exposed to hyperglycemia.

	 Material/Methods:	 Human renal epithelial cell HK-2 were incubated to D-glucose to establish in vitro DN model. The cell viability, 
lactate dehydrogenase (LDH) release, apoptosis and oxidative stress were evaluated. qRT-PCR was performed 
to determine the mRNA levels of NF-E2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1). Western blot 
analysis was performed to measure the protein expressions of Nrf2.

	 Results:	 In HK-2 cells, high glucose reduced cell viability in a concentration- and time-dependent manner. Apigenin sup-
pressed the decrease in cell viability and increase in supernatant LDH release at 100 and 200 μM after 48-h 
treatment. Apigenin reduced apoptotic rate and pro-inflammatory cytokines production. Apigenin suppressed 
oxidative stress and increased mRNA expressions of Nrf2 and HO-1. Inhibition of Nrf2 using small interfering 
RNA (siRNA), or cotreatment with LY294002, an inhibitor of PI3K/Akt, abolished the protective effect on high 
glucose-induced injury, oxidative stress, and pro-inflammatory cytokines production by apigenin. LY294002 
also attenuated the increase in Nrf2 protein by apigenin in high glucose-treated HK-2 cells.

	 Conclusions:	 Apigenin protects renal tubular epithelial cells against high glucose-induced injury through suppression of ox-
idative stress and inflammation via activation of the Nrf2 pathway.
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Background

Diabetic nephropathy (DN) is a microvascular complication of 
diabetes mellitus, and is characterized by persistent clinical 
albuminuria and reduced glomerular filtration rate (GFR) [1]. 
DN affects long-term morbidity and mortality of DM patients, 
and is also a leading cause of end-stage renal disease [2]. 
The mechanisms of the pathology of DN have not yet been fully 
described, and hyperglycemia is currently regarded a driving 
factor. Hyperglycemia activates various cellular signaling path-
ways in different kidney cell types, thus contributing to glomer-
ular hyperfiltration [3]. Recently, renal tubular injury has been 
found to be involved in the progression of DN, and correlates 
with deterioration of renal function [4]. Moreover, tubular injury 
has been proposed to be a critical contributor to early DN [5]. 
As DN is a condition of multiple stages before becoming clin-
ically evident, renal tubular injury is an appropriate therapeu-
tic target and its mechanisms warrant detailed investigation.

Oxidative stress is thought to be an important factor that links 
hyperglycemia with vascular complications, and this is achieved 
by altering cellular signaling pathways involving kidney me-
tabolism, thereby contributing to deteriorated hemodynamics 
and renal function [6]. Hyperglycemia enhances the production 
of reactive oxygen species (ROS) via a variety of mechanisms, 
thus aggravating oxidative stress [7]. After counteracting the 
endogenous antioxidant defense system, excessive oxidative 
stress oxidizes various biomolecules such as DNA, proteins, 
and lipids [8]. NF-E2-related factor 2 (Nrf2) is a master regu-
lator of response to oxidative stress. Under oxidative condi-
tions, Nrf2 binds to antioxidant response elements (AREs) and 
thus activates transcription of its target genes, including heme 
oxygenase-1 (HO-1), quinone oxidoreductase-1 (NQO1), glu-
tathione peroxidase (GSHPX), and glutamate-cysteine ligase 
modifier subunit (GCLM) [9]. There is evidence that renal tis-
sue of diabetes mellitus rats undergoes excessive oxidative 
stress at 4 weeks, and after 4 weeks the protein expression of 
Nrf2 was upregulated compared with the control group and 
further increased with DM progression [10]. This indicates that 
enhanced Nrf2 expression is a response to oxidative stress 
and provides a protective effect against hyperglycemic injury. 
In fact, upregulation of Nrf2 expression can inhibit oxidative 
stress and ameliorate diabetic nephropathy progression [11].

Apigenin is a flavonoid compound from common fruits and veg-
etables. Recently, increasingly studies have reported its vari-
ous pharmacological activities, such as anticancer [12], anti-
oxidation [13] and anti-inflammation [14] effects. Given these 
potent antioxidative effects, we hypothesized that apigenin 
may have therapeutic implications for DN. HK-2 is a human 
renal tubular epithelial cell line and has been used as an in 
vitro hyperglycemic injury DN model. In the present study, we 
used this model to examine the protective activity of apigenin 

against high glucose-induced cell viability, apoptosis, and ox-
idative stress, and we assessed the underlying mechanism.

Material and Methods

Reagents and chemicals

Apigenin (purity >99%), tert-butyl hydroperoxide (tBHP), and 
N-Acetyl-L-cysteine (NAC) were purchased from Sigma-Aldrich 
(Saint Louis, MO). PI3K/Akt inhibitor LY294002 was purchased 
from MedChem Express (Princeton, NJ). Low glucose DMEM 
media and fetal bovine serum (FBS) were purchased from 
Invitrogen (Carlsbad, CA). Cell counting kit-8 (CCK-8) kits were 
obtained from Beyotime Institute of Biotechnology (Shanghai, 
China). LDH assay kit (CAS: A020-3), malondialdehyde (MDA) 
assay kit (CAS: A003-1), SOD assay kit (CAS: A001-1), and CAT 
kit (CAS: A007-1) were purchased from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China). The primary anti-
body against Nrf2 (CAS: sc-365949) was purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA). ELISA kits for TNFa, IL-1b, 
and IL-6 were purchased from eBioscience (San Diego, CA).

Cell culture and treatment

The human renal tubular epithelial cell line (HK-2) was pur-
chased from the cell bank of the Chinese academy of sciences 
(Shanghai, China), and cultured in low glucose DMEM supple-
mented with 10% FBS, penicillin (100 U/ml), and streptomy-
cin (100 μg/ml) at 37°C in a 5% CO2 incubator. HK-2 cells were 
incubated with D-glucose (5.5, 10, 15, 20, 25, 30, 40 mM) for 
up to 72 h. Then, 30 mM D-glucose was chosen as the appro-
priate concentration for further experiments.

Experiment grouping

The HK-2 cells were seeded, and after reaching to 80% con-
fluence, cells were randomly divided into 4 groups: a con-
trol group (5.5 mM D-glucose), a high glucose group (30 mM 
D-glucose), and an apigenin group (cells were incubated with 
30 mM D-glucose and 100 or 200 μM apigenin). After 48 h, 
the cells and the culture supernatant were collected for fur-
ther experiments.

Cell viability assay

HK-2 cells were seeded at a density 2×104 cells/mL in a 96-
well plate, with 100 μL media per well. Then, cells were ran-
domly divided into various groups according to different ex-
periments. After 48 h, CCK-8 solution (10 μL) was added to 
each well, followed by incubation at 37°C for 2 h. To evaluate 
cell viability, a microplate reader was used to measure the ab-
sorbance at 450 nm.
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LDH release assay

HK-2 cells were seeded at a density 2×104 cells/mL in a 96-
well plate, and treated D-glucose (30 mM) and apigenin (100, 
200 μM) for 48 h. Then, the LDH content in the media was as-
sessed using an LDH activity kit.

Flow cytometric analysis of apoptosis

HK-2 cells were incubated with 30 mM glucose and apigenin 
(100, 200 μM) for 48 h. Then, cells were harvested and washed 
twice with cold PBS, and were incubated with 200 μL 1×bind-
ing buffer (contains 5 µL Annexin V-FITC and 5 µL PI (KeyGEN 
Annexin V Apoptosis Detection Kit) for 15 min in the dark. 
Finally, cellular apoptosis was analyzed using a FACScan flow 
cytometer (Becton Dickinson, SF, CA) (Ex 488 nm, and Em 
530 nm), and data were analyzed by CELLQuest software. 
At least 10 000 events were analyzed for each sample.

Determination of MDA, SOD, and CAT

HK-2 cells were harvested and protein was extracted. MDA 
content was measured at 532 nm absorbance by a microplate 
reader, SOD was measured at 520 nm absorbance, and CAT 
was measured at 240 nm absorbance.

Measurement of pro-inflammatory cytokines

ELISA assays were performed in triplicate to determine the lev-
els of the pro-inflammatory cytokines TNFa, IL-1b, and IL-6. 
The concentrations of TNFa, IL-1b, and IL-6 in each group were 
determined based on the standard curve, which was estab-
lished by their recombinant proteins.

Cell transfection with Nrf2 siRNA

Nrf2 siRNA was synthesized by Shanghai GenePharma Co. 
(Shanghai, China), with the primers as follows: forward: 5’-CGU 
GAA UCC CAA UGU GAA ATT-3’, reverse: 5’-UUU CAC AUU GGG 
AUU CAC GTT-3’. After plating in 24-well plates, HK-2 cells were 
added with 1000 μL transfection complex solution (contain-
ing 0.5 μg of Nrf2 or control siRNA plasmids) at 37°C for 8 h, 
using a lip2000 transfection kit (Invitrogen, USA). Then, cells 
were incubated for an additional 16 h in complete medium.

Quantitative real-time PCR

Total RNA was isolated using TRIzol (Invitrogen, USA) and re-
verse transcribed into cDNA. Specific primers were as follows: 
Nrf2: forward, 5’-TCC GGG TGT GTT TGT TCC AA-3’, reverse, 5’-
CGC CCG CGA GAT AAA GAG TT-3’; HO-1: forward, 5’-CAG GCA 
ATG GCC TAA ACT TC-3’, reverse, 5’-GCT GCC ACA TTA GGG TGT 
CT-3’; GAPDH: forward, 5’-CCT CAA GAT CAT CAG CAA TG-3’, 

reverse, 5’-CCA TCC ACA GTC TTC TGG GT-3’. Real-time quan-
tification was performed using the SYBR Green One-Step qRT-
PCR kit (Invitrogen, Carlsbad, CA) on an Applied Biosystems 
7300 system (ABI 7300, USA). The PCR parameters were as 
follows: 95°C for 30 s, followed by 40 cycles of 95°C denatur-
ation for 5 s, and 60°C annealing for 30 s. The data were an-
alyzed using the 2-DDCt method [15].

Western blotting

Cells were rinsed with cold PBS and lysed by RIPA buffer to 
extract protein, followed by determination of protein concen-
tration by bicinchoninic acid assay. Total protein (50 μg per 
lane) was loaded in 12% SDS-PAGE to perform electrophoresis, 
and then the protein was transferred to a nitrocellulose mem-
brane (Millipore). The membrane was blocked with 5% skim 
milk for 1 h, followed by incubation with primary antibody 
against human Nrf2 and GAPDH (1: 1000 dilution) overnight 
at 4°C. Subsequently, the membrane was incubated with HRP-
conjugated secondary antibody (1: 2000) for 1 h at room tem-
perature. Finally, protein bands on the membrane were visu-
alized by enhanced chemiluminescence (ECL) system (Thermo 
Scientific, MA, USA), and were analyzed using ImageJ software.

Statistical analysis

Data are expressed as means ± standard deviation (SD) from 
at least 3 independent experiments, and the results were an-
alyzed using SPSS 19.0 statistical software. The significance 
of difference was determined by analysis of variance (ANOVA), 
followed by the post hoc Dunnett’s test. Two-tailed P value 
<0.05 was considered as statistical significance.

Results

High glucose decreased cell viability

To establish an in vitro DN model to simulate injury of renal 
tubular epithelial cells induced by hyperglycemia, HK-2 cells 
were exposed to different concentrations of D-glucose (5.5, 
10, 15, 25. 30, 40 mM) for 72 h to determine the appropriate 
glucose concentration. CCK-8 assay showed that D-glucose 
reduced the cell viability in a concentration-dependent man-
ner (Figure 1A). We then incubated HK-2 cells with 30 mM 
D-glucose for 6, 12, 24, 48, and 72 h. There was a gradual de-
crease in viability over time, with significant differences at 48 
and 72 h (Figure 1B). To explore the role of oxidative stress 
induced by high glucose, HK-2 cells were simultaneously in-
cubated with pro-oxidant tBHP or antioxidant NAC. We found 
that 30 mM cytotoxicity induced by D-glucose was enhanced 
by tBHP and suppressed by NAC (Figure 1C).
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Apigenin increased cell viability and reduced apoptosis of 
HK-2 cells with high glucose

We then examined the effect of different doses of apigenin (10, 
50, 100, 200, 400 μM) on cell viability of HK-2 cells. Results 
showed that apigenin had little effect on cell proliferation at 
10~100 μM at 48 h. However, apigenin at 200 and 400 μM 
significantly reduced cell viability (Figure 1D). Thus, we chose 
to use apigenin at 100 and 200 μM for further experiments. 
To investigate the effect of apigenin on cell injury, HK-2 cells 
were treated with 30 mM D-glucose and 30 mM D-glucose 
plus apigenin (100, 200 μM) for 48 h co-culture. The results 

showed that apigenin (100 and 200 μM) significantly reversed 
the decrease in viability and increase in LDH release of HK-2 
cells exposed to high glucose (P<0.05) (Figure 1E, 1F). To ex-
plore whether apoptosis involves reduced cell viability, cells 
were stained with Annexin V/PI to detect the apoptotic rate. 
High glucose (30 mM D-glucose) significantly increased the 
apoptotic rate, which was significantly attenuated by apigenin 
at 100 and 200 μM (Figure 1G, 1H).
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Figure 1. �Apigenin increased viability and reduced apoptosis in renal tubular epithelial cell with high glucose (HG). CCK-8 assay was 
performed to assess cell viability. (A) HK-2 cells cultured in DMEM containing 5.5, 10, 15, 20, 25, 30, or 40 mM D-glucose 
for 72 h. ** P<0.01, *** P<0.001 vs. 5.5 mM group. (B) Cell viability was assessed in HK-2 cells cultured in DMEM containing 
30 mM D-glucose for 6, 12, 24, 48, and 72 h. * P<0.05, *** P<0.001 vs. control group (0 h). (C) HK-2 cells were incubated 
with 30 mM D-glucose in combination with tBHP (200 μM) or NAC (1 mM). (D) HK-2 cells were treated with different 
concentrations (0, 10, 50, 100, 200, 400 μM) of apigenin for 48 h. HK-2 cells were treated with 30 mM D-glucose with or 
without apigenin (100, 200 μM) for 48 h. (E) CCK-8 analysis was used to measure cell viability. (F) LDH content in media was 
measured by assay kit. (G) Apoptosis was determined through annexin V-FITC and PI double staining. The apoptotic rate 
was calculated from the sum of cells in the right lower quadrant (early apoptosis) and cells in the right upper quadrant (late 
apoptosis). (H) Apigenin attenuated high glucose-induced increase in apoptotic rate. ** P<0.01, *** P<0.001 vs. control group; 
### P<0.001 vs. HG group.
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Apigenin inhibited oxidative stress and inflammatory 
response in high glucose-induced HK-2 cells

To investigate the effect of apigenin on oxidative stress, 
we measured intracellular oxidative stress indicators by col-
orimetric analysis. High glucose significantly increased MDA 
content and decreased SOD and CAT activities, which was re-
versed by apigenin treatment (P<0.05) (Figure 2A–2C). To in-
vestigate whether apigenin regulates inflammatory response 
in high glucose-induced HK-2 cells, we measured TNFa, IL-1b, 
and IL-6 contents in supernatant media by ELISA. Apigenin sig-
nificantly attenuated the increase of TNFa, IL-1b, and IL-6 in 
culture supernatant of HK-2 cells induced by 30 mM D-glucose 
(P<0.05) (Figure 2D–2F).

Apigenin activated Nrf2-ARE pathway in high glucose-
induced HK-2 cells

To explore the molecular mechanism underlying suppressed ox-
idative stress by apigenin, we performed qRT-PCR and Western 
blot analysis to measure the expression of Nrf2 and HO-1. 
Treatment with apigenin significantly increased the mRNA 
and protein expressions of Nrf2 in HK-2 cells after exposure 
to 30 mM D-glucose (P<0.05) (Figure 3A–3C). Apigenin also 

increased the mRNA expression of a Nrf2 response gene, 
HO-1 (Figure 3D).

Apigenin protected against high glucose-induced HK-2 cell 
injury via Nrf2 pathway

To investigate whether Nrf2 mediates the protective effect of 
apigenin on hyperglycemia injury, HK-2 cells were transfected 
with Nrf2 siRNA for 48 h, or pretreated with PI3K inhibitor 
LY294002 (LY, 50 μM) for 2 h, followed by incubation with 
D-glucose (30 mM) and apigenin (200 μM) for 48 h. Knocking 
down Nrf2 sharply downregulated expression of Nrf2 protein 
(71% reduction rate) in HG-2 cells after apigenin treatment 
(Figure 4A, 4B). Nrf2 protein expression was also downregulated 
by pretreatment with LY294002 in HK-2 cells. We then investi-
gated the role of Nrf2 and LY294002 in cell viability, oxidative 
stress, and inflammatory cytokine production. Compared with 
HK-2 cells with D-glucose and apigenin, cells with Nrf2 siRNA 
transfection or pretreatment with LY294002 had significantly 
reduced cell viability (Figure 4C), as well as increased MDA 
content (Figure 4D) and supernatant TNFa level (Figure 4E). 
Taken together, these data indicate that Nrf2 play critical roles 
in the protection of hyperglycemia damage to renal tubular 
epithelial cells by apigenin, and PI3K may lie upstream of the 
Nrf2 pathway.
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Figure 2. �Effect of apigenin on oxidative stress and inflammatory cytokine production in high glucose-induced HK-2 cells. HK-2 cells 
were incubated with 30 mM D-glucose, and (or) apigenin (100, 200 μM) for 48 h. Apigenin decreased intracellular MDA 
(A), and increased SOD (B) and CAT (C). ELISA was performed to determine the production of pro-inflammatory cytokines. 
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*** P<0.001 vs. control group; ### P<0.001 vs. HG group.
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Discussion

This study investigated the protective effects of apigenin on 
high glucose-induced human renal tubular epithelial cells. High 
glucose reduced HK-2 cell viability in a concentration- and 
time-dependent manner, which was attenuated by apigenin 
treatment. Apigenin reduced apoptotic rate and suppressed 
oxidative stress and pro-inflammatory cytokine production 
in high glucose-induced HK-2 cells. Apigenin also increased 
mRNA expressions of Nrf2 and HO-1. The protective effects 
of apigenin in high glucoses-induced HK-2 cells were medi-
ated by Nrf2 and PI3K, as the protective effect on cell viabil-
ity, oxidative stress, and pro-inflammatory cytokine produc-
tion could be abolished by Nrf2 siRNA or cotreatment with 
LY294002. Therefore, apigenin protects renal tubular epithe-
lial cells against high glucose-induced injury through modu-
lation of Nrf2 and HO-1 pathway.

Several studies showed the protective effect of apigenin on 
the progression of renal diseases. Apigenin can ameliorate 
nephrotoxicity of human renal proximal tubular epithelial cells 

induced by cisplatin [16]. Another study indicated that apigenin 
improved diabetic nephropathy in rats by suppressing oxida-
tive stress and fibrosis [17]. However, the role of apigenin in 
hyperglycemic injury of renal tubular epithelial cells remains 
unclear. This study found that apigenin alleviated injury in HK-2 
cells, and proved that the Nrf2 mediated its protective effect.

Oxidative stress, apoptosis, and inflammation are impor-
tant mechanisms involved in hyperglycemic injury of DN [18]. 
Persistent hyperglycemia increased ROS production, which 
exceeded endogenous antioxidants, leading to MDA produc-
tion and subsequent cellular damage [19]. SOD and CAT act 
as important antioxidant defense systems, and their expres-
sions were reduced in DN rats compare with healthy rats [20]. 
Therefore, MDA, SOD, and CAT are 3 biomarkers for detec-
tion of oxidative stress in DN. In this study, exposure of HK-2 
cells to high glucose resulted in reduced cell viability and en-
hanced oxidative stress, as evidenced by elevated MDA and de-
creased SOD and CAT levels in cellular supernatant. This con-
firms that our model is effective in simulating renal injury from 
oxidative stress through incubation of HK-2 cells with 30 mM 
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Figure 3. �Apigenin activated the Nrf2-HO-1 signaling pathway in high glucose-induced cells. HK-2 cells were treated with 30 mM 
D-glucose with or without apigenin (100, 200 μM) for 48 h. (A) qRT-PCR showed that apigenin enhanced mRNA expression 
of Nrf2 in HK-2 cells treated with 30 mM D-glucose. (B) Western blot showed that apigenin enhanced protein expression 
of Nrf2 in HK-2 cells. (C). LY294002 pretreatment significantly increased Nrf2 protein levels compared to HK-2 cells with 
D-glucose. (D) Apigenin also enhanced mRNA expression of HO-1. *** P<0.001 vs. HG group. HG – high glucose.
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D-glucose, and supports the concept that hyperglycemia pro-
motes oxidative stress and aggravates diabetic nephropathy [7]. 
Furthermore, treatment with apigenin increased cell viability 
and suppressed oxidative stress, which is consistent with the 
previous reports that apigenin alleviated renal injury induce by 
cisplatin [21] and ischemia/reperfusion [22]. Therefore, agents 
targeting oxidative stress are promising therapeutic strategies 
against tubular epithelial injury in DN, and we showed apigenin 
is another molecule targeting oxidative stress.

This study showed that apigenin activates Nrf2 and its down-
stream antioxidant response gene, HO-1, in HK-2 cells with 
high glucose. As a transcription factor of the endogenous 
antioxidant defense system, Nrf2 protein can reduce renal 
cell injury in diabetes [23], thus slowing the progression of 
DN [24]. The mechanisms underlying the protective effects of 
Nrf2 were suppression of excessive inflammation and oxida-
tive stress [25]. Nrf2 has been regarded as a therapeutic tar-
get of diabetic nephropathy [26], and mediated alleviation of 
diabetic nephropathy by various agents, such as Carnosic acid 
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Figure 4. �Nrf2 mediates the protective effects of apigenin on high glucose-induced injury. HK-2 cells were transfected with Nrf2 siRNA 
for 48 h, or pretreated with PI3K inhibitor LY294002 (LY, 50 μM) for 2 h, followed by incubation with D-glucose (30 mM) 
and apigenin (200 μM) for 24 h. (A) Western blotting was performed to determine protein levels of Nrf2 in HK-2 cells. 
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Notoginsenoside R1 [27,28]. Our study adds apigenin as a new 
Nrf2 activator in high glucose-induced renal tubular, which is 
in accordance with its wide modulation of Nrf2 in retinal pig-
mented epithelium with oxidative injury [29] and D-galactose-
induced aging mice [30]. Moreover, Nrf2 seems to suppress 
inflammation, as evidenced by increased pro-inflammatory cy-
tokine production in HK-2 cells with apigenin and Nrf2 siRNA, 
compared with cells with apigenin alone. Whether there are 
other upstream and downstream molecules regulated by api-
genin needs further investigation.

Our study showed that Nrf2 expression induced by apigenin 
is dependent on the PI3K/Akt pathway, as evidenced by sig-
nificantly decreased Nrf2 protein levels after cotreatment with 
PI3K/Akt inhibitor LY294002. PI3K/Akt is involved in renal cel-
lular processes, including glucose uptake and cell survival, and 
PI3K/Akt activation showed protective effects in DN [31], and 
also promoted survival of renal tubular epithelial cells induced 
by high glucose [32]. This can explain how the protective ef-
fect of apigenin on high glucose-induced cellular injury could 

be abolished by LY294002. This indicates that PI3K/Akt lies up-
stream of the Nrf2 pathway, which is supported by recent re-
ports that enhanced Nrf2 activation by berberine or zinc can 
be effectively reduced by PI3K/AKT inhibitors treatment in re-
nal tubular epithelial cells with high glucose [33,34]. This sug-
gests that PI3K/Akt mediates the cellular survival effect of api-
genin in renal tubular epithelial cells [35].

Conclusions

Apigenin treatment can attenuate high glucose-induced in-
jury in renal tubular epithelial cells, and can inhibit oxidative 
stress and inflammation through activation of the Nrf2 signal-
ing pathway. Our study suggests that apigenin could be a safe 
therapeutic option for DN.
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