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Metformin Protects Against 
Cisplatin-Induced Tubular Cell 
Apoptosis and Acute Kidney Injury 
via AMPKα-regulated Autophagy 
Induction
Jianzhong Li, Yuan Gui, Jiafa Ren, Xin Liu, Ye Feng, Zhifeng Zeng, Weichun He, Junwei Yang 
 & Chunsun Dai

Metformin, one of the most common prescriptions for patients with type 2 diabetes, is reported to 
protect the kidney from gentamicin-induced nephrotoxicity. However, the role and mechanisms for 
metformin in preventing cisplatin-induced nephrotoxicity remains largely unknown. In this study, a 
single intraperitoneal injection of cisplatin was employed to induce acute kidney injury (AKI) in CD1 
mice. The mice exhibited severe kidney dysfunction and histological damage at day 2 after cisplatin 
injection. Pretreatment of metformin could markedly attenuate cisplatin-induced acute kidney injury, 
tubular cell apoptosis and inflammatory cell accumulation in the kidneys. Additionally, pretreatment 
of metformin could enhance both AMPKα phosphorylation and autophagy induction in the kidneys 
after cisplatin injection. In cultured NRK-52E cells, a rat kidney tubular cell line, metformin could 
stimulate AMPKα phosphorylation, induce autophagy and inhibit cisplatin-induced cell apoptosis. 
Blockade of either AMPKα activation or autophagy induction could largely abolish the protective effect 
of metformin in cisplatin-induced cell death. Together, this study demonstrated that metformin may 
protect against cisplatin-induced tubular cell apoptosis and AKI through stimulating AMPKα activation 
and autophagy induction in the tubular cells.

Cisplatin-based chemotherapeutic strategy has been clinically used for decades in patients suffered from several 
types of solid tumor such as non-small cell lung cancer and prostate cancer1. Unfortunately, approximate 25–30% 
of the patients treated with cisplatin may develop nephrotoxicity such as acute kidney injury (AKI). Except for the 
supportive regimens including fluid resuscitation and renal replacement therapy, there is no specific therapeutic 
strategy available currently for alleviating AKI in patients2. Hence, identifying the new agents for ameliorating 
cisplatin-induced acute kidney injury may benefit the patients who require cisplatin-based chemotherapy.

Cisplatin or its metabolites may be absorbed by kidney tubular cells through organic cation transporters 
(OCT) located on the basolateral side of the tubular cells, which will lead to subsequent tubular cell death and 
AKI3. Since tubular cell death including apoptosis and necrosis is the precipitating factor for cisplatin-induced 
AKI in both patients and animal models2,4, protecting tubular epithelial cells from death should be effective in 
halting the initiation and progression of cisplatin-induced nephotoxicity5,6.

Accumulated evidences demonstrated that autophagy, characterized by part of the cytoplasm, organelles, or 
membrane engulfed by a double-membrane structure and targeted for destruction in lysosomes7, may protect 
against cisplatin-induced tubular cell death8–14. It has been reported that mTOR signaling may regulate autophagy 
induction and affect tubular cell death through different mechanisms14–17. Except for regulating cell growth, mito-
chondrial biogenesis, oxidative stress, cell polarity and migration18,19, AMP-activated protein kinase (AMPK) 
activation may inhibit mammalian target of rapamycin complex 1 (mTORC1) signaling pathway and stimulate 
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autophagy in many cell types18,20–23. In a mouse model with kidney ischemia-reperfusion injury, activation of 
AMPK with AICAR or metformin could mitigate the tubular cell injury24.

Metformin, one of the most common prescriptions for the patients with type 2 diabetes25–27, may reduce 
cancer risk and suppress tumourigenesis through AMPK-dependent suppression of the mammalian target of 
rapamycin (mTOR) pathway28–34. Metformin can also alleviate pain and the loss of tactile function in a mouse 
model of chemotherapy-induced peripheral neuropathy35. Additionally, our previous study demonstrated that 
metformin may inhibit cell apoptosis via autophagy induction in cultured tubular cells14. Thus, it is highly possi-
ble that metformin may protect against cisplatin-induced nephrotoxicity via activating AMPK and autophagy in 
tubular epithelial cells.

Here, we found that metformin could ameliorate cisplatin-induced tubular cell apoptosis in cultured NRK-
52E cells and AKI in mice. Metformin could stimulate AMPKα  phosphorylation and autophagy induction in 
cultured NRK-52E cells. Blockade of autophagy or AMPKα  activation could largely diminish the protective effect 
for metformin in cisplatin-induced tubular cell death. This study suggests that metformin may protect against cis-
platin induced tubular cell apoptosis and AKI through stimulating AMPKα  activation and autophagy induction.

Results
Metformin protects against cisplatin-induced AKI. Male CD1 mice were intraperitonially injected 
with cisplatin at 20 mg/kg to induce acute kidney injury as previous reported14. The mice developed severe acute 
kidney dysfunction exhibited as elevated BUN level at day 2 after cisplatin injection (Fig. 1A). To determine 
the role of metformin on cisplatin-induced AKI, the mice were pretreated with metformin at different dosage 
(100 mg/kg.d and 200 mg/kg.d) three days before cisplatin injection. At day 2 after cisplatin injection, com-
paring to the mice received cisplatin alone, metformin could significantly attenuate cisplatin-induced kidney 
dysfunction at a dose-dependent manner (Fig. 1A). PAS staining revealed that the mice developed severe kid-
ney histological abnormalities including tubular cell death, tubular cell detachment and cast formation at day 
2 after cisplatin injection, whereas kidney damage was largely diminished in mice pretreated with metformin 
(Fig. 1B,C). Together, these results suggest that metformin may protect against cisplatin-induced AKI in mice.

Metformin reduces tubular cell apoptosis in the kidneys with cisplatin-induced AKI. Tubular 
cell apoptosis plays an essential pathogenic role for cisplatin-induced AKI. In this study, cell apoptosis was exam-
ined by terminal deoxynucleotidyl transferase-mediated digoxigenin-deoxyuridine nick-end labeling (TUNEL) 
staining and immuno-staining for cleaved caspase 3 in kidney tissues. As shown in Fig. 2, few apoptotic cells were 
detected in the kidney tissues from control or metformin treated mice. However, at day 2 after cisplatin injection, 
the number of apoptotic cells in the kidney tissues exhibited as TUNEL staining positive or cleaved caspase 3 

Figure 1. Metformin protects against cisplatin-induced AKI. The male CD1 mice were treated with vehicle 
or metformin (100 or 200 mg/kg per day, ip) for 3 days, followed by cisplatin injection (20 mg/kg, ip), and 
sacrificed at day 2 after cisplatin injection. (A) The graph showing the blood urea nitrogen (BUN) levels in each 
group. *P <  0.05 compared to vehicle control (n =  6 −  18); #P <  0.05 compared to mice treated with cisplatin 
alone (n =  6 −  18). (B) Periodic acid-Schiff (PAS) staining showing the histological changes within groups. The 
asterisks indicate the injured tubule. Bar =  50 μm. (C) The graph showing the injury scores for kidney damage 
within groups. *P <  0.05 compared to vehicle control (n =  3 −  5); #P <  0.05 compared to mice treated with 
cisplatin alone (n =  5).
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immuno-staining positive was significantly increased, while cell apoptosis was much less in mice pretreated with 
metformin. These results suggest that metformin pretreatment can mitigate cisplatin-induced cell apoptosis in 
mice.

Metformin decreases inflammatory cell accumulation in the kidneys with cisplatin-induced AKI.  
Besides cell apoptosis, kidney interstitial inflammation also plays a critical role for cisplatin-induced nephro-
toxicity. To assess the role for metformin on inflammatory cell accumulation in kidneys after cisplatin injection, 
the kidney tissues were stained with antibody against ly6b or F4/80 to identify neutrophils or macrophages, 
respectively. As shown in Fig. 3, at day 2 after cisplatin injection, comparing to the control mice, neutrophil and 
macrophage accumulation were largely increased in the kidney tissues with cisplatin-induced AKI. Whereas 
inflammatory cell accumulation was much less in the kidneys from mice treated with metformin plus cisplatin 
compared to the mice treated with cisplatin alone.

Administration of Metformin enhances AMPKα phosphorylation and autophagy induction in 
the kidneys from mice treated with cisplatin. Metformin is able to induce autophagy via activating 
AMPK in cardiocytes and tumor cells. To further investigate the underlying mechanisms for metformin in pro-
tecting against cisplatin-induced AKI, we detected the AMPKα  activation and autophagy in the mouse kid-
neys. At first, CD1 mice were injected intraperitoneally with cisplatin and sacrificed at 1, 12 and 24 hours after 
injection. Western blotting assay revealed that LC3-II protein abundance was increased at 1 hr and peaked at 
12 hrs in the kidneys after cisplatin injection, suggesting the induction of autophagy (Fig. 4A). Then, CD1 mice 
were pretreated with metformin (100 mg.kg.day) at 3 days before cisplatin injection. The mice were sacrificed at 
12 hrs after cisplatin injection. Western blotting assay showed that p-AMPKα  as well as LC3-II were significantly 
increased in the kidney lysates from the mice treated with metformin plus cisplatin compared to the mice treated 
with cisplatin alone (Fig. 4B,C). Immunofluorescent staining for LC3β  showed that a few intensive dot-like LC3β  
puncta appear in tubular cells from mice treated with cisplatin alone, whereas the puncta were much more in the 
mice treated with metformin plus cisplatin, suggesting the enhancement of autophagy by metformin treatment 
(Fig. 4D). These results indicate that metformin may exacerbate AMPKα  activation and autophagy induction in 
the kidneys with cisplatin-induced AKI.

Figure 2. Metformin reduces tubular cell apoptosis in the kidneys with cisplatin-induced AKI.  
(A) Representative micrographs showing the TUNEL staining and immnuo-staining images for cleaved caspase 
3 among different groups. Bar =  50 μm. (B) Quantitative analysis for the number of TUNEL staining positive 
cells among different groups. *P <  0.05 compared to vehicle control, (n =  3 −  5); #P <  0.05 compared to mice 
treated with cisplatin alone (n =  5). (C) Quantitative determination for the number of cleaved caspase 3 positive 
cells among different groups. *P <  0.05 compared to vehicle control (n =  3 −  5); #P <  0.05 compared to mice 
treated with cisplatin alone (n =  5).
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Metformin attenuates tubular cell apoptosis stimulated by cisplatin in NRK-52E cells.  
To explore the role for metformin in protecting against cisplatin-induced tubular cell death in cultured cells, we 
treated NRK-52E cells, a rat kidney tubular epithelial cell line, with metformin, followed by cisplatin adminis-
tration to induce cell death. At 12 hrs after cisplatin treatment, the cells were harvested, costained with annexin 
V/PI and analyzed by FACS analysis to identify apoptotic cells. As shown in Fig. 5A,B, flow cytometric analysis 
revealed that the percentage for dead cells including early cell apoptosis (annexin V+/PI−) and late cell apoptosis 
(annexin V+/PI+) was markedly increased after cisplatin treatment, while pre-incubation of metformin could 
significantly diminish cisplatin-triggered cell apoptosis. We also performed TUNEL staining on these cells. The 
results showed that the number of TUNEL staining positive cells was largely decreased in metformin pretreated 
cells compared to those treated with cisplatin alone (Fig. 5C,D). Consistently, western blot results showed that 
cisplatin could induce caspase 3 cleavage, while metformin largely diminished it (Fig. 5E). Together, it is clear that 
metformin may directly inhibit cisplatin-induced tubular cell apoptosis in cultural NRK-52E cells.

Metformin activates AMPKα and induces autophagy in cultured NRK-52E cells. To further clar-
ify the underlying mechanisms for metformin in mitigating cisplatin-induced tubular cell apoptosis, the role of 
metformin on AMPK signaling and autophagy induction was examined in NRK-52E cells. Western blot anal-
ysis showed that the abundance of phosphorylated AMPKα  was increased slightly in the cells after cisplatin 
treatment, whereas pretreatment of metformin could further enhance it. Additionally, phosphorylated S6, an 
mTORC1 signaling molecule, was increased at as early as 15 min after cisplatin treatment, while pretreatment 
of metformin could markedly decrease it, suggesting the inhibition of mTORC1 signaling (Fig. 6A,B). Western 
blotting assay showed that LC3-II was largely induced in NRK-52E cells treated with metformin, suggesting the 
induction of autophagy in NRK-52E cells (Fig. 6C). NRK-52E cells were transiently transfected with GFP-LC3 
plasmid and then treated with metformin for 12 hours. GFP-LC3 was diffusely distributed throughout the cell 
cytosol in the control cells, while the number of cells with green intense dot-like GFP-LC3 puncta was signifi-
cantly increased in cultured cells treated with metformin, indicating the induction for the formation of autopha-
gosomes in metformin-treated cells (Fig. 6D,E). Thus, these results suggest that metformin may activate AMPKα  
and induce autophagy in NRK-52E cells.

Figure 3. Metformin diminishes inflammatory cell accumulation in the kidneys with cisplatin-induced AKI. 
(A) Representative micrographs showing the immuno-staining images for Ly6b and F4/80 among different 
groups. Arrows indicate Ly6b or F4/80 staining positive cells. Bar =  50 μm. (B) Quantitative determination 
of Ly6b-positive cells within kidney tissues among different groups. *P <  0.05 compared to vehicle control 
(n =  3 −  5); #P <  0.05 compared to mice treated with cisplatin alone (n =  5). (C) Quantitative determination 
of F4/80-positive cells within kidney tissues among different groups. *P <  0.05 compared to vehicle control 
(n =  3 −  5); #P <  0.05 compared to mice treated with cisplatin alone (n =  5).
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Inhibition of autophagy by 3-methyladenine abolishes the protective effect for metformin 
in cisplatin-induced cell apoptosis in NRK-52E cells. To further determine the role of autophagy 
induction in mediating the protective effect for metformin in cisplatin-induced tubular cell death, we used 
3-methyladenine (3-MA) to suppress autophagy in NRK-52E cells. Western blotting assay showed that met-
formin could induce LC3-II formation. As expected, 3-MA could largely abolish LC3-II induction (Fig. 7A). We 
then detected cleaved caspase 3 in NRK-52E cells with western blotting assay and found that cisplatin-induced 
caspase 3 cleavage was largely abolished by metformin treatment, whereas 3MA could restore the reduction of 
caspase 3 cleavage in NRK-52E cells treated with metformin plus cisplatin (Fig. 7B,C). TUNEL staining further 
confirmed the results of western blotting assay (Fig. 7D,E). These results suggest that autophagy induction is 
required for metformin in protecting against cisplatin-stimulated tubular cell apoptosis.

Down regulating AMPKα expression diminishes metformin-promoted tubular cell survival.  
Metformin could induce the phosphorylation of AMPKα  in NRK-52E cells. We then want to explore the role 
of AMPKα  activation in metformin-promoted tubular epithelial cell survival. Small interference RNA was used 
to down regulate AMPKα  expression in NRK-52E cells. Western blotting assay showed that AMPKα  siRNA 
transfection could downregulate about 60% of AMPKα  protein expression compared to the cells transfected with 
scramble siRNA (Fig. 8A). NRK-52E cells transfected with scramble or AMPKα  siRNA were treated with cispla-
tin w/o metformin for 12 hours. Western blotting assay showed that metformin could reduce cisplatin-stimulated 
caspase 3 cleavage, while AMPKα  siRNA transfection could partly restore the reduction of caspase 3 cleavage in 
cells treated with metformin plus cisplatin (Fig. 8B,C). TUNEL staining further confirmed the results of western 
blotting assay (Fig. 8D,E). Together, these results suggest that metformin protects against cisplatin-induced NRK-
52E cell apoptosis, at least in part, through AMPKα  activation.

Discussion
In this study, we pre-administrated the mice with metformin and found that metformin could efficiently protect 
against cisplatin-induced tubular cell apoptosis and AKI, which is partly through the activation of AMPKα  and 
the induction of autophagy in tubular cells.

Figure 4. Metformin promotes AMPKα activation and autophagy induction in the kidneys with cisplatin-
induced AKI. (A) Western blot assay showing the induction of LC3-II in the mouse kidneys after cisplatin 
injection. CD1 mice were injected with cisplatin (20 mg/kg) intraperitoneally, and the kidneys were collected 
at 1, 12 and 24 hours after injection. Numbers indicate the individual animal within each group. The gels were 
run under the same experimental conditions. (B) Western blot assay showing the abundance of p-AMPKα  
and LC3-II in cisplatin or cisplatin plus metformin treated kidneys. Numbers indicate the individual animal 
within each group. (C) The graph showing the results of semiquantitative analysis for p-AMPKα  and LC3-II 
protein abundance among groups. *P <  0.05 compared to cisplatin treated cells (n =  3). The gels were run under 
the same experimental conditions. (D) Representative micrographs showing the immunofluorescent staining 
images for LC3β  in kidneys. The intensive dot-like LC3β  puncta were much more in the mice treated with 
metformin plus cisplatin comparing to those treated with cisplatin alone. Kidney sections were count stained 
with DAPI to visualize the nuclei. Bar =  20 μm.
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Metformin has been widely used in patients with type 2 diabetes for its glucose-lowering effect through the 
inhibition of liver gluconeogenesis as well as increasing insulin-mediated glucose uptake in the skeletal mus-
cle27. Although it is reported that metformin may rescue tumor cells from cisplatin-induced death through 
Akt-dependent mechanism36, multiple viewpoints have looked into the pleiotrophic potential of metformin in 
various types of disease, especially focusing on a notable reduction of cancer-related mortality with attenuated 
cancer progression28–32. Previous study found that metformin is protective in the gentamicin-induced nephro-
toxicity37. In the present study, we demonstrated that pretreatment of metformin could prevent cisplatin-induced 
acute kidney injury in mice. However, Sahu et al. reported that metformin could attenuate the increase in malon-
dialdehyde and tROS generation and restore the decrease in both enzymatic and non-enzymatic antioxidants, 
but couldn’t affect cisplatin-induced kidney abnormality in terms of renal functional and histological changes in 
rats38. We think the difference as to the species, the administrating route as well as the dosage for metformin we 
used may account for the discrepancy between ours and Sahu’s38.

Many studies demonstrated that tubular cell apoptosis is one of the major mechanisms leading to 
cisplatin-induced acute kidney injury5,39. In this study, metformin could inhibit cisplatin-induced tubular cells 
apoptosis in both cultured kidney tubular cells and in mouse model. In addition, excessive inflammatory cell 
infiltration in the kidneys is also involved into tubular collapse and kidney failure40. Recent studies found that 
metformin may inhibit TNF-α -induced inflammatory signaling activation and iNOS expression in lung tissue 

Figure 5. Metformin prevents cisplatin-induced cell apoptosis in cultured NK-52E cells. (A) The 
representative graphs showing the results of FACS analysis. NRK-52E cells treated with cisplatin w/o metformin 
were stained with annexin-V-FITC (20 mg/ml) and PI (20 mg/l) to identify cell apoptosis. (B) The graph 
showing the cell apoptosis among different groups. *P <  0.05 compared to control (n =  4); #P <  0.05 compared 
to cells treated with cisplatin alone (n =  4). (C) Representative micrographs showing TUNEL staining among 
different groups as indicated. (D) The graph showing the quantitative determination of TUNEL staining 
positive cells among different groups. Data are presented as the percentage of the TUNEL staining positive cells. 
*P <  0.05 compared to vehicle control (n =  3); #P <  0.05 compared to mice treated with cisplatin alone (n =  3). 
(E) Western blot assay showing the abundance of cleaved caspase 3 among different groups. The gels were run 
under the same experimental conditions.
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of obese mice41. In this study, neutrophil and macrophage infiltration in the kidneys were largely diminished 
by metformin administration. Based on these observations, it may be concluded that metformin ameliorates 
cisplatin-induced nephrotoxicity through inhibiting both tubular cell death and interstitial inflammation.

Autophagy is crucially involved in various biological processes such as cell growth, development and homeo-
stasis via maintaining a balance between the synthesis, degradation, and subsequent recycling of cellular compo-
nents7. Autophagy is rapidly induced in the kidney tissue after cisplatin treatment and such induction is protective 
against cisplatin induced tubular cell apoptosis and kidney injury. Inhibition of autophagy with pharmacological 
inhibitors as well as autophagy gene deletion strategy enhances cisplatin-induced tubular cell death and kidney 
injury12–14,42. Thus, autophagy induction is able to attenuate cisplatin-induced renal injury through antagonizing 
apoptotic cell death. In this study, we found that metformin could stimulate autophagic activity in both cultured 
tubular cells and mice received cisplatin treatment. Additionally, 3-methyladenine, an autophagy inhibitor43, 
could antagonize the protective effect for metformin in cisplatin-induced tubular cell death, suggesting that the 
autophagy induction is required for metformin in protecting against cisplatin induced tubular cell death.

AMPK, the major target of metformin, acts as the sensor of cellular energy supplies and controls protein syn-
thesis, apoptosis and autophagy18,19. Previous studies showed that the activation of AMPK may inhibit mTORC1 
signaling and stimulate autophagy42. Xie et al. reported that metformin can protect against cardiac dysfunction 
following myocardial ischemia through activating AMPK and cardiac autophagy44. In this study, we found that 
metformin could enhance AMPKα  phosphorylation in both kidneys from mice and cultured tubular cells in the 
presence of cisplatin. Additionally, down regulating AMPKα  expression with small interfering RNA could partly 
antagonize the protective effect of metformin in cisplatin-induced tubular cell death, which suggests that AMPKα  
activation is crucial for mediating the protective effect of metformin in cisplatin-induced nephrotoxity. However, 
except for AMPKα  activation, some other mechanisms may exist in mediating the protective effect for metformin 
in cisplatin-induced tubular cell death, which needs more investigation.

In both prospective and retrospective studies, metformin has been reported to be associated with antineo-
plastic activity and decreased burden of many types of tumor45–48. Since cisplatin can reduce tumor mass through 
inducing DNA damage and apoptosis, it may be argued that metformin may antagonize the anti-tumor effect of 
cisplatin if used as a combination therapy. Fortunately, a combination of metformin and cisplatin exhibits better 
anti-tumor effect in many types of cancer in both clinical practice and animal experiments via inhibiting angio-
genesis, metastatic spread and helping to overcome tumor cisplatin resistance in ovarian cancer or non-small-cell 
lung cancer49,50. Based on those reports, it may be concluded that the combination of metformin with cisplatin is 
safe for patients suffering from solid tumors.

Figure 6. Metformin promotes AMPKα activation and autophagy induction in NRK-52E cells.  
(A,B) Western blot analysis showing the abundance of p-AMPKα  and p-S6 at different time points after 
cisplatin treatment in NRK-52E cells. The antibody against actin was probed as normalization. The gels were 
run under the same experimental conditions. (C) Western blot analysis showing the induction of LC3-II 
abundance in NRK-52E cells treated with metformin plus cisplatin. The gels were run under the same 
experimental conditions. (D) Representative micrographs showing the autophagosome formation in NRK-
52E cells after metformin treatment. NRK-52E cells were transiently transfected with GFP-LC3 expression 
plasmid for 24 h, followed by metformin treatment for 12 h. The transfected cells with dot-like GFP-LC3 puncta 
were considered as autophagosome formation in the cells. (E) The graph showing the quantitative analysis for 
autophagosome formation in NRK-52E cells after metformin treatment. Data are presented as the percentage of 
the GFP-LC3 puncta positive cells. *P <  0.05 compared to the control cells (n =  3).
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In conclusion, we demonstrated here that metformin is protective in cisplatin-induced tubular cell death and 
AKI, which is probably mediated by promoting AMPK activation and autophagy induction in tubular cells. This 
study may elicit a new therapeutic strategy for the patients suffering from cisplatin-induced nephrotoxicity.

Methods
Mice and animal Models. Male CD1 mice weighing approximately 20–25 g were acquired from the Specific 
Pathogen-Free (SPF) Laboratory Animal Center of Nanjing Medical University and maintained according to 
the guidelines of the Institutional Animal Care and Use Committee at Nanjing Medical University. To generate 
the cisplatin-induced AKI model, mice were injected with a single dose of cisplatin (20 mg/kg) intraperitoneally. 
To investigate the protective effect of metformin in cisplatin-induced AKI, metformin was administrated 3 days 
before cisplatin injection at dosages of 100 mg/kg and 200 mg/kg per day. Mice were sacrificed at day 2 after cis-
platin injection. Blood and kidney samples were harvested for further analysis. All experiments were performed 
in accordance with the approved guidelines and regulations by the Animal Experimentation Ethics Committee 
at Nanjing Medical University. All experimental protocols were approved by the Animal Experimentation Ethics 
Committee at Nanjing Medical University.

Serum BUN assay. Serum BUN was measured with the QuantiChrom Urea Assay kit (cat: DIUR-500, 
Hayward, CA) according to the manufacturer’s instructions.

Cell culture and treatment. Normal Rat Kidney epithelial cells (NRK-52E) were obtained from ATCC 
(CRL-1571TM, Manassas, VA). Cells were cultured in Dulbecco’s modified Eagle’smedium-F12 medium sup-
plemented with 10% fetal bovine serum (Invitrogen, Grand Island, NY). Cells were seeded on six-well cul-
ture plate and let the cells grow to 60–70% confluence in complete medium containing 10% FBS for 16 h, then 
changed to serum-free medium after washing twice with serum-free medium. Metformin (cat: 100-B-010-CF, 
Sigma-Aldrich, St Louis, MO) was added at the final concentration of 4 mM. AMPKα  siRNA (Integrated Biotech 
Solutions, Shanghai, China) and GFP-LC3 expression plasmid provided by Wen-Xing Ding (The University of 
Kansas Medical Center, Kansas City, KS, USA) were transfected into NRK-52E cells using Lipofectamine 2000 
reagent (Invitrogen, Grand Island, NY) according to the manufacturer’s instructions. NRK-52E cells were incu-
bated with 20 μg/ml of cisplatin for 12 h to induce cell death.

Histology and immunohistochemistry. Kidney samples were fixed in 10% neutraformaline, embedded 
in paraffin. Sections at 3 μm thickness were used for PAS staining. To determine kidney injury, as defined by 

Figure 7. Inhibition of autophagy by 3-methyladenine diminishes the protective effect for metformin in 
cisplatin-induced cell apoptosis in NRK-52E cells. (A) Western blot assay showing the LC3-II abundance in 
NRK-52E cells. NRK-52E cells were incubated with metformin in the absence or presence of 3MA (10 mM) 
for 12 h. The gels were run under the same experimental conditions. (B) Western blot assay showing caspase 3 
cleavage in NRK-52E cells. The gels were run under the same experimental conditions. (C) The graphs showing 
the semi-quantitative analysis results for the abundance of cleaved caspase 3 protein in NRK-2E cells. *P <  0.05 
compared to the cells treated with cisplatin alone (n =  4); #P <  0.05 compared to the cells treated with cisplatin 
plus metformin (n =  4). (D) Representative micrographs showing the TUNEL staining among different 
groups as indicated. (E) The graphs showing the quantitative determination of TUNEL-positive cells among 
different groups. Data are presented as the percentage of the TUNEL-positive cells. *P <  0.05 compared to the 
cells treated with cisplatin alone (n =  3); #P <  0.05 compared to the cells treated with cisplatin plus metformin 
(n =  3).
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tubular necrosis, cellular casts, and tubular injury, a semi-quantitative scoring method was used. Score 0 repre-
sents injury area less than 10%, whereas score 1,2,3, or 4 represent the injury involving 10–25%, 25–50%, 50–75% 
or >75% of the field, respectively. At least ten randomly chosen fields under the microscope (×400) were evalu-
ated for each mouse, and an average score was calculated. For immunohistochemical staining, paraffin-embedded 
kidney sections were deparaffinized, hydrated, antigen-retrieved, and endogenous peroxidase activity was 
quenched by 3% H2O2. Sections were then blocked with 10% normal donkey serum, followed by incubation with 
anti-Ly-6b (cat: MCA771G, AbD Serotec, Raleigh, NC) overnight at 4 °C. After incubation with secondary anti-
body for 1 h, sections were incubated with ABC reagents for 1 h at room temperature before subjected to substrate 
3-amino-9-ethylcarbazole or DAB (Vector Laboratories, 7dBurlingame, CA). Slides were viewed with a Nikon 
Eclipse 80i microscope equipped with a digital camera (DS-Ri1, Nikon, Shanghai, China).

Immunofluorescent staining. Kidney cryosections at 3 μm thickness were fixed for 15 min in 4% para-
formaldehyde, followed by permeabilization with 0.2% TritonX-100 in PBS for 5 min at RT. After blocking with 
2% donkey serum for 60 min, the slides were immunostained with primary antibodies against LC3-β  (cat: L7543, 
Sigma Aldrich, St Louis, MO), cleaved caspase3 (cat: 9664, Cell Signaling Technology, Beverly, MA) and F4/80 
(cat: 14–4801, eBioscience, San Diego, CA). The slides were then stained with TRITC or FITC-conjugated sec-
ondary antibodies. Slides were viewed with a Nikon Eclipse 80i Epifluorescence microscope equipped with a 
digital camera.

Terminal deoxynucleotidyl transferase–mediated dUTP nick-end labeling (TUNEL) staining.  
Apoptotic cell death was determined by using terminal deoxynucleotidyl transferase–mediated dUTP nick-end 
labeling staining using the Apoptosis Detection System (Promega, Madison, WI).

Annexin V/PI staining and Flow cytometric analysis. Briefly, NRK-52E cells were seeded on 100 mm 
culture dishes to 60–70% confluence in complete medium containing 10% FBS for 16 h, then changed to 
serum-free medium after washing twice with serum-free medium. Metformin (cat: 100-B-010-CF, Sigma-Aldrich, 
St Louis, MO) was added (4 mM), 30 minutes later, followed by cisplatin (20 μg/ml) administration for 12 h. The 
cells were harvested, stained with annexin V-FITC/PI staining kit according to the manufacturer’s instruction 
(cat: APOAF, Sigma-Aldrich, St Louis, MO) and analyzed by flow cytometry to identify cell apoptosis (BD 
FACSCanto II, BD Biosciences, SanJose, CA). Annexin V+/PI− cells were considered as early apoptotic cells, and 
Annexin V+/PI+ cells were considered as late apoptotic cells.

Figure 8. Inhibition of AMPKα with siRNA antagonizes the protective effect for metformin in cisplatin-
induced cell apoptosis. (A) Western blot assay showing the downregulation of AMPKα  expression in NRK-
52E cells transfected with AMPKα  siRNA. The gels were run under the same experimental conditions.  
(B) Western blot assay showing the caspase 3 cleavage after cisplatin treatment in NRK-52E cells. The gels 
were run under the same experimental conditions. (C) The graphs showing the semi-quantitative analysis of 
the abundance for cleaved caspase 3 protein in NRK-52E cells within different groups. *P <  0.05 compared 
to the cells treated with cisplatin alone (n =  3); #P <  0.05 compared to the cells treated with cisplatin plus 
metformin (n =  3). (D) Representative micrographs showing the results for TUNEL staining among different 
groups as indicated. (E) The graphs showing the quantitative determination of TUNEL-positive cells among 
different groups. Data are presented as the percentage of the TUNEL-positive cells. *P <  0.05 compared to the 
cells treated with cisplatin alone (n =  3); #P <  0.05 compared to the cells treated with cisplatin plus metformin 
(n =  3).
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Western blot analysis. Cultural NRK-52E cells were lysed in 1 ×  SDS sample buffer. The kidneys were lysed 
with RIPA solution containing 1% NP40, 0.1%SDS, 100 mg/ml PMSF, 1% protease inhibitor cocktail, and 1% 
phosphatase I and II inhibitor cocktail (Sigma, St Louis, MO) on ice. The supernatants were collected after cen-
trifugation at 13,000 ×  g at 4 °C for 30 min. Protein concentration was determined by bicinchoninic acid protein 
assay. An equal amount of protein was loaded into 10% or 15% SDS-PAGE and transferred onto polyvinylidene 
difluoride membranes. The primary antibodies were as follows: anti-LC3-β  (cat: L7543, Sigma Aldrich, St Louis, 
MO), anti-cleaved caspase3 (cat: 9664, Cell Signaling Technology, Beverly, MA), anti-β -actin (cat: sc-1616, Santa 
Cruz Biotechnology), anti-p-AMPKα  (T172) (cat: 2535, Cell Signaling Technology, Beverly, MA), anti-AMPKα  
(cat: 5831, Cell Signaling Technology, Beverly, MA), anti-p-S6 (S235/236) (cat: 4857, Cell Signaling Technology, 
Beverly, MA). Quantification was performed by measuring the intensity of the signals with the aid of National 
Institutes of Health Image software package.

Statistical analysis. All data examined are presented as mean ±  s.e.m. Statistical analysis of the data was 
performed using the Sigma Stat software (Jandel Scientific Software, San Rafael, CA). Comparison among three 
or more groups was made using one-way ANOVA, followed by the Student-Newman-Keuls test. Comparison 
between two groups was made using Student’s t-test. P <  0.05 was considered statistically significant.
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