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Abstract
Acute kidney injury (AKI) is the main obstacle that limits the use of cisplatin in cancer 
treatment. Proton pump inhibitors (PPIs), the most commonly used class of medi-
cations for gastrointestinal complications in cancer patients, have been reported to 
cause adverse renal events. However, the effect of PPIs on cisplatin-induced AKI 
remains unclear. Herein, the effect and mechanism of lansoprazole (LPZ), one of the 
most frequently prescribed PPIs, on cisplatin-induced AKI were investigated in vivo 
and in vitro. C57BL/6 mice received a single intraperitoneal (i.p.) injection of cisplatin 
(18 mg/kg) to induce AKI, and LPZ (12.5 or 25 mg/kg) was administered 2 hours prior 
to cisplatin administration and then once daily for another 2 days via i.p. injection. 
The results showed that LPZ significantly aggravated the tubular damage and further 
increased the elevated levels of serum creatinine and blood urea nitrogen induced by 
cisplatin. However, LPZ did not enhance cisplatin-induced tubular apoptosis, as evi-
denced by a lack of significant change in mRNA and protein expression of Bax/Bcl-2 
ratio and TUNEL staining. Notably, LPZ increased the number of necrotic renal tubu-
lar cells compared to that by cisplatin treatment alone, which was further confirmed 
by the elevated necroptosis-associated protein expression of RIPK1, p-RIPK3 and p-
MLKL. Furthermore, LPZ deteriorated cisplatin-induced inflammation, as revealed by 
the increased mRNA expression of pro-inflammatory factors including, NLRP3, IL-1β, 
TNF-α and caspase 1, as well as neutrophil infiltration. Consistently, in in vitro study, 
LPZ increased HK-2 cell death and enhanced inflammation, compared with cisplatin 
treatment alone. Collectively, our results demonstrate that LPZ aggravates cisplatin-
induced AKI, and necroptosis may be involved in the exacerbation of kidney damage.
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1  | INTRODUC TION

Cisplatin is a potent first-line chemotherapy agent for many malig-
nancies, such as lung and ovarian cancers. However, the utility of 
cisplatin in the clinic is limited mainly because of its nephrotoxicity. 
It has been reported that 20%-40% of cancer patients exposed to 
cisplatin experience acute kidney injury (AKI), which is associated 
with a significantly increased risk of mortality.1 Patients that survive 
AKI are predisposed to develop chronic kidney disease (CKD).2 Since 
there is a lack of an effective therapeutic approach for cisplatin-
induced AKI prevention and treatment,3,4 risk factors that induce 
or promote AKI should be addressed during cisplatin treatment as 
carefully as possible.

In clinical practice, cisplatin, a high emetogenic chemotherapy 
drug, is often used in combination with proton pump inhibitors 
(PPIs). PPIs are among the most commonly used medications to 
treat a variety of indications, including gastroesophageal reflux 
disease and gastroduodenal disease.5 Evidence shows that ap-
proximately 65% of cancer patients receiving acid-reducing agents 
receive PPI treatment for gastroesophageal reflux.6 Although PPIs 
are considered to be highly safe and well-tolerated, they cause 

some adverse renal events. Recent large clinical population-based 
cohort studies have shown that PPIs are associated with an in-
creased risk of AKI, incident CKD, and progression to end-stage 
renal disease in different patient populations compared with that 
in histamine-2 (H2) receptor antagonist users or PPI non-users.7-10 
Additionally, PPIs are often overused without reasonable indica-
tions or medical prescription, leaving us to question the number 
of different populations at risk of adverse renal events.11 In this 
regard, we need to evaluate the effects of PPI use under co-
administration with cisplatin.

A retrospective cohort study showed that the combination of 
PPIs alleviated the nephrotoxicity induced by the anti-tumour drugs 
cisplatin and fluorouracil, as evidenced by the decrease in blood 
urea nitrogen (BUN) (not serum creatinine [Scr]) and delayed onset 
of renal function failure, compared to that in non-users.12 However, 
given the small size and the observational nature of this data, further 
investigation of co-treatment of PPIs and cisplatin-associated renal 
outcomes is needed.

A recent in vitro study focused on the mechanisms of PPI-
induced nephrotoxicity, pointing out that tubular cell death may be 
a contributing factor.13 Tubular cell death and tissue inflammation 

F I G U R E  1   Lansoprazole aggravates 
acute kidney injury caused by cisplatin. 
C57BL/6 mice were injected with 18 mg/
kg cisplatin or a combination with 
different doses of lansoprazole (LPZ). 
(A) Schematic representation of the 
experimental design. (B) Representative 
histology of renal tissue (periodic acid–
Schiff [PAS] staining, ×200). Arrows 
indicate tubular dilatation. Arrowheads 
indicate tubular cast formation. Asterisks 
indicate tubular cell necrosis. (C) 
Pathological score of tubular injury in the 
kidneys. (D and E) Blood samples were 
collected to measure the concentration 
of serum creatinine (Scr) and blood urea 
nitrogen (BUN). Data are presented as 
mean ± standard error (SE). All data of 
each group are analyzed using one-
way analysis of variance (ANOVA). ns: 
not significant; *P < .05; **P < .01; and 
***P < .001
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are major factors that determine the outcome of cisplatin-induced 
AKI.14 Morphology analyses of cisplatin-induced AKI have shown 
that tubular cells mainly undergo necrosis and apoptosis.14 We 
were curious to learn whether PPIs affect cisplatin-induced renal 
damage via cell death and inflammation. To test this hypothesis, 
we assessed apoptosis, necroptosis and inflammation using lanso-
prazole, a commonly used PPI, in a cisplatin-induced AKI model.

2  | MATERIAL S AND METHODS

2.1 | Animal care and use

Male C57BL/6 mice (9-10  weeks old; weight: 23-25  g) were pur-
chased from Guangdong Medical Laboratory Animal Center (Foshan, 
China, Quality certificate No. 44007200050890). The animals were 
housed under standardized pathogen-free conditions (22-24°C) 
under a 12 hours light/dark cycle at the Animal Center of Guangdong 
Medical University, with freely available water and food. Mice were 
randomly assigned to different groups: control group (CON, n = 5), 
lansoprazole group (LPZ, n = 6), cisplatin group (CIS, n = 6), cispl-
atin  +  lansoprazole 12.5 group (CIS  +  LPZ 12.5, n  =  6) and cispl-
atin + lansoprazole 25 group (CIS + LPZ 25, n = 6). Cisplatin (S1166, 
Selleck) was administered via intraperitoneal (i.p.) injection at a sin-
gle dose of 18 mg/kg. Lansoprazole (L8533, Sigma) was administered 
via i.p. injection at a dose of 12.5 mg/kg or 25 mg/kg 2 hours before 
cisplatin administration and then injected once daily for another 
2 days. A dose of 25 mg/kg was used in the LPZ group. All mice were 
euthanized 3  days after cisplatin injection. All animal experiments 
were carried out with the approval of the Animal Experimentation 
Ethics Committee of Guangdong Medical University. All animal pro-
cedures were performed in strict accordance with the NIH Guide for 
the Care and Use of Laboratory Animals.

2.2 | Measurement of kidney function

Blood samples were collected for kidney function measurement. 
Scr and BUN were tested according to the manufacturer's instruc-
tions (C011-2-1 and C013-2, Nanjing Jiancheng Bioengineering 
Institute).

2.3 | Histological evaluation of kidney damage

Kidney tissue was fixed with Carnoy's solution for 24  hours and 
embedded in paraffin as previously described.15 Renal morphology 
changes were examined on renal tissue slices (3 μm) by periodic acid–
Schiff (PAS) staining and haematoxylin and eosin (HE) staining. Tubular 
dilatation, tubular cell necrosis and cast formation were scored from 
0 to 4 as a percentage of the whole cortical area of the kidney slices.16 
0, normal; 1, <10%; 2, 10%-25%; 3, 26%-75%; 4, >75%. The morpho-
metric measurements were performed in a blinded manner.

2.4 | Quantitative real-time PCR (RT-qPCR)

Total RNA was extracted from kidney tissues using RNAiso Plus 
(Takara Bio Inc). PrimeScript RT Master Mix (Takara Bio Inc) was 
used to reverse transcribe the total RNA into cDNA according to 
the manufacturer's instructions. RT-qPCR was performed using 
SYBR Premix Ex Taq II (Takara Bio Inc) with a Light Cycler 480 
system (Roche). Sequences of the primers used were as follows: 
mouse β-actin (forward) 5′-GGCCAACCGTGAAAAGATGA-3′ 
and (reverse) 5′- GACCAGAGGCATACAGGG ACA-3′; mouse Il-1β 
(forward) 5′-CTTCAGGCAGGCAGTATCACTCAT-3′ and (reverse) 
5′-TCTAATG GGAACGTCACACACCAG-3′; mouse Tnf-α (forward) 
5′-CATGAGCACAGAA AG CATGATCCG-3′ and (reverse) 5′-AAGCA
GGAATGAGAAGAGGCTGAG-3′; mouse Nlrp3 (forward) 5′-CTTCTC
TGATGAGGCCCAAG-3′ and (reverse) 5′-GCAGCAAACTG
GAAAGGAAG-3′; mouse Bcl-2 (forward) 5′-CTGGT
GGA CAACATCGCTCTG-3′ and (reverse) 5′-GGTCTGCTGAC
CTCACTTGTG-3′; mouse Bax (forward) 5′-GCAAAGTAGAAG
GCAACG-3′ and (reverse) 5′-GGCCAAGATCATCCATGACAACT-3′; 
and mouse Caspase 1 (forward) 5′-ATGGCC GACAAGGTCCTG-3′ 
and 5′-TTAATGTCCTGGGAAGAGGTA-3′. Relative gene expres-
sion was calculated using the 2−ΔΔCt method, with β-actin mRNA as 
a loading control. All mRNA primers were purchased from Sangon 
Biotech.

2.5 | Western blotting analysis

Western blotting was performed as previously described.17 Briefly, 
kidney tissue or cells were lysed with the addition of a protease 
inhibitor cocktail (ST506-2, Beyotime Institute of Biotechnology) 
and phosphatase inhibitor (P1260, Applygen) in radioimmunopre-
cipitation assay buffer and then centrifuged at 13  200  ×  g for 
25 minutes at 4°C. Supernatants were extracted and denatured 
at 100°C for 15 minutes. After normalization, equal amounts of 
protein were loaded in each lane and separated by sodium do-
decyl sulphate polyacrylamide gel electrophoresis using 10% 
or 12% gels, followed by transfer to polyvinylidene difluoride 
membranes (Millipore). The membranes were blocked in 5% (w/v) 
bovine serum albumin and incubated overnight at 4°C with the 
following primary antibodies: NLRP3 (ab6709, Multi Sciences), 
Bax (2772s, Cell Signaling Technology), Bcl-2 (ab196495, Abcam), 
phosphorylated mixed lineage kinase domain-like (p-MLKL; 
ab196436, Abcam), receptor-interacting protein kinase (RIPK) 3 
(ab205421, Abcam), RIPK1 (17519-1-AP, Proteintech) and β-actin 
(ab8227, Abcam). Subsequently, membranes were incubated with 
the corresponding horseradish peroxidase-conjugated second-
ary antibodies (A0181, A0216 and A0208, Beyotime Institute of 
Biotechnology) for 1  hour. Protein bands were detected using 
Clarity Western ECL Substrate (Bio-Rad) and imaged on the c500 
Western Blot Imaging System (Azure Biosystems, Dublin, CA). 
Image J software (NIH, Bethesda, MD) was used for densitomet-
ric analysis.
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2.6 | Apoptosis detection

Apoptosis was determined by TUNEL staining (ApopTag 
Peroxidase Kit, EMD Millipore) in paraffin-embedded renal tis-
sues (3  μm), according to the manufacturer's instructions. The 
TUNEL-positive cells in 10 high-power fields at 400× magnifica-
tion were counted.

2.7 | Immunofluorescence

For detection of neutrophils, frozen kidney sections were incu-
bated with primary antibody against Ly6G (BP0075-1, BioXcell) 
overnight at 4°C, and then incubated with Alexa Fluor® 594 goat 
anti-rat IgG (A11005, Invitrogen) for 1 hour at room temperature 
in the dark. DAPI (C1005, Beyotime Biotechnology) was used for 

F I G U R E  2   Exacerbation of cisplatin-induced kidney injury by lansoprazole is independent of tubular apoptosis. (A) Representative images 
of TUNEL staining (×400). (B) Quantification of TUNEL-positive cells in different groups. (C) Relative mRNA level of Bax/Bcl-2. (D) Detection 
of Bax/Bcl-2 protein level in renal tissues via western blot. (E) Quantification of Bax/Bcl-2 protein level expressed as mean ± standard error 
(SE). All data of each group are analysed using one-way analysis of variance (ANOVA). ns: not significant; ***P < .001 [Colour figure can be 
viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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nuclear staining. Images were acquired using a fluorescence mi-
croscope (Olympus IX81, Olympus), and 10 high-power fields at 
400× magnification were randomly chosen for neutrophil number 
counting.

2.8 | Electron microscopy

Ultrastructure analysis of renal proximal tubule cells was performed 
by transmission electron microscopy. Mouse renal tissue sam-
ples were fixed, dehydrated, embedded and stained as previously 

described.17 Ultrathin sections were examined using a JEM-1400 
transmission electron microscope (Jeol Ltd.).

2.9 | Statistical analysis

Results are presented as the mean  ±  standard error. All statisti-
cal analyses were performed using GraphPad Prism version 5.0 
(GraphPad Software, Inc). One-way analysis of variance with Tukey's 
or Bonferroni's post-hoc test was used to compare parameters 
among groups. Statistical significance was defined as P < .05.

F I G U R E  3   Lansoprazole increases 
cisplatin-induced tubular necrosis. (A) 
Representative histology of haematoxylin 
and eosin (HE) stained renal tissue (×200). 
(B) Quantifications of the percentage of 
necrotic proximal tubules in HE-stained 
renal tissue. (C) Representative electron 
micrographs of normal or necrotic 
proximal renal tubule cells from control 
mice and mice receiving cisplatin and/
or lansoprazole (original magnification, 
×8000). (a) Normal proximal renal 
tubule cells showing rounded nucleus 
(N), abundant mitochondria (asterisk) 
and prominent microvilli (MV); necrotic 
epithelial cells (b-d) showing pale, swollen 
and ruptured nuclei (d, arrows), damage 
and loss of mitochondria, and necrotic 
cellular debris with hardly recognizable 
structures (c, arrowheads). Results are 
expressed as mean ± standard error (SE). 
All data of each group are analysed using 
one-way analysis of variance (ANOVA). 
*P < .05

A

B

C

a b

c d
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3  | RESULTS

3.1 | Lansoprazole aggravates cisplatin-induced AKI

We used the PPI, lansoprazole, to investigate the effect of PPIs on 
cisplatin-induced AKI. An estimated human clinical equivalent dose 
(or range of doses) of lansoprazole (12.5 mg/kg) and a higher dose 
(25 mg/kg) were tested in this experiment. Based on the doses used 
in previous experiments,18 a single dose of 18 mg/kg cisplatin was 
chosen to induce AKI in C57BL/6 mice. The experimental design is 
illustrated in Figure 1A. According to PAS staining, there were no 
significant differences in morphology between the LPZ and CON 
groups (Figure  1B,C). Similar to the results of previous studies,19 
tubular dilatation, tubular cell necrosis and cast formation were 
observed in renal sections following cisplatin treatment. When co-
treated with different doses of lansoprazole in addition to cisplatin, 
renal damage significantly increased compared to that in cisplatin 
treatment alone (Figure  1B,C). This result was further confirmed 
by the remarkable upregulation of Scr and BUN in the CIS  +  LPZ 
12.5 and CIS +  LPZ 25 groups compared to that in the CIS group 
(Figure 1D,E), indicating the exacerbation of renal function caused 
by lansoprazole. Taken together, these data show that lansoprazole 
aggravates cisplatin-induced AKI.

3.2 | Exacerbation of cisplatin-induced AKI by 
lansoprazole is independent of tubular apoptosis

A recent study revealed that PPIs nephrotoxicity is associated with 
tubular cell death.13 Since tubular apoptosis is one of the major cel-
lular process changes in cisplatin-induced nephrotoxicity,20 we ques-
tioned whether lansoprazole exacerbates cisplatin-induced renal 

damage via apoptosis. The TUNEL assay showed that cisplatin treat-
ment led to significant tubular cell apoptosis, while no further in-
crease in apoptosis was observed after co-treatment with different 
doses of lansoprazole (Figure 2A,B). Moreover, the critical apoptosis 
regulators Bax (pro-apoptotic) and Bcl-2 (anti-apoptotic) were tested 
at both the mRNA and protein levels. The Bax/Bcl-2 ratio has been 
hypothesized to increase apoptosis.21 A remarkable increase in the 
Bax/Bcl-2 ratio at both the mRNA and protein levels indicated ap-
optosis in renal tissue after cisplatin treatment. No further increase 
in the Bax/Bcl-2 ratio was detected following addition of different 
doses of lansoprazole (Figure 2C-E). Taken together, these data sug-
gest that apoptosis may not explain why lansoprazole aggravates 
cisplatin-induced AKI.

3.3 | Lansoprazole increases cisplatin-induced 
tubular necroptosis

Next, we estimated the occurrence of necroptosis, another com-
mon form of tubular cell death in cisplatin-induced renal injury.19 
Necroptosis, a type of programmed necrosis, can be triggered by toll-
like receptors, interferons, death receptors and other mediators.22 
RIPK3 and its substrate MLKL are considered crucial players of this 
pathway.23 Here, we investigated the role of necroptosis in the exac-
erbation of cisplatin-induced kidney injury by lansoprazole. Tubular 
necrosis was estimated in HE-stained renal tissues (Figure  3A). 
Cisplatin significantly induced necrosis in tubular cells. The per-
centage of necrotic tubular cells increased slightly after 12.5  mg/
kg lansoprazole combination treatment and significantly increased 
following treatment with 25 mg/kg lansoprazole, compared to that 
after cisplatin treatment alone (Figure  3B). Next, ultrastructural 
changes in renal proximal tubule cells were detected under normal 

F I G U R E  4   Necroptosis may contribute 
to the exacerbation of cisplatin-induced 
kidney injury by lansoprazole. (A) 
Necroptosis associated proteins, p-
MLKL, p-RIPK3 and RIPK1, determined 
by western blot. (B-D) Quantifications 
of p-MLKL, p-RIPK3 and RIPK1 protein 
levels expressed as mean ± standard error 
(SE). All data of each group are analysed 
using one-way analysis of variance 
(ANOVA). ns: not significant; *P < .05; 
**P < .01; and ***P < .001
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conditions or after cisplatin treatment with or without lansoprazole 
combination. Representative electron micrographs of necrotic tubu-
lar cells showed swollen and ruptured nuclei and loss of cell orga-
nelle content and integrity (Figure 3C). Subsequently, we examined 
necroptotic biomarkers, including RIPK1, p-RIPK3 and p-MLKL. We 
detected necroptosis in the renal tissue after cisplatin treatment, as 
evidenced by the significant increase in RIPK1, p-RIPK3 and p-MLKL 
expression (Figure 4). Both p-MLKL and p-RIPK3 expression showed 
a further significant increase in the CIS + LPZ groups compared to 
that in the CIS group. RIPK1 expression also showed a slight increase 
in the CIS + LPZ 12.5 group but showed a significant increase in the 
CIS + LPZ 25 group compared to that in the CIS group.

In in vitro study, cisplatin were used to stimulate HK-2 cells 
for 24 hours at 80 μmol/L.19 Different doses of LPZ, 2.5, 5, 10 and 
50 μmol/L, were co-treated with cisplatin, among which the concen-
tration of 5  μmol/L is within the therapeutic range in clinic treat-
ment.24 Consistently, increased cell death was observed in CIS + LPZ 
groups, compared with CIS group, revealed by propidium iodide 
(PI) stain with flow cytometry (Figure S1). PARP-1, RIPK1, p-RIPK3 

and p-MLKL expression were also tested by western blot. The core 
necroptosis execution component, p-MLKL, was significantly in-
creased after co-treated with LPZ, compared with cisplatin adminis-
tration alone (Figure S2). Altogether, these results demonstrate that 
LPZ aggravates cisplatin-induced tubular necroptosis.

3.4 | Lansoprazole enhances cisplatin-induced renal 
inflammation

In vivo data have shown that necroptosis plays a critical role in trig-
gering inflammation.25 Next, we were keen to determine whether 
lansoprazole enhances cisplatin-induced renal inflammation. We 
observed that cisplatin treatment significantly increased the mRNA 
expression of some pro-inflammatory factors, such as NLRP3, TNF-α 
and IL-1β, but not caspase 1, compared to that in the control and 
lansoprazole treatments. Notably, the combination of different 
doses of lansoprazole and cisplatin further increased the mRNA ex-
pression of these pro-inflammatory cytokines compared to that in 

F I G U R E  5   Lansoprazole enhances the 
expression of pro-inflammation cytokines. 
(A-D) mRNA expression of inflammatory 
proteins in the kidneys of different 
groups, such as Nlrp3, Il-1β, Caspase 1 and 
Tnf-α, measured by RT-qPCR. (E) NLRP3 
protein detected by western blot in renal 
tissue. (F) Quantitative level of NLRP3 
protein expression. Results are expressed 
as mean ± standard error (SE). All data of 
each group are analysed using one-way 
analysis of variance (ANOVA). *P < .05; 
**P < .01; and ***P < .001
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cisplatin treatment alone (Figure  5A-C). NLRP3, caspase 1 and IL-
1β were also tested at the protein level, and it showed a slight in-
crease in the CIS + LPZ 12.5 group and a significant increase in the 
CIS + LPZ 25 group compared to that in the CIS group (Figure 5D,E 
and Figure S3). Besides, we also test IL-6 and IL-18 by western blot 
in in vitro study. The result shows that both IL-6 and IL-18 increased 
in CIS  +  LPZ groups, compared with CIS group (Figure  S4). In ad-
dition, we tested neutrophil infiltration in kidney tissues, and the 
result was consistent with the expression of pro-inflammatory fac-
tors (Figure 6A,B). Collectively, these data suggest that lansoprazole 
increases cisplatin-induced renal inflammation.

4  | DISCUSSION

In the present study, we examined the effect of lansoprazole, a com-
monly used PPI, on kidney injury induced by cisplatin treatment. Our 
data demonstrate that lansoprazole aggravates cisplatin-induced 
AKI. Necroptosis and inflammation may contribute to this aggra-
vated renal injury, but this exacerbation is independent of apoptosis 
(Figure 7).

In this study, a dose of 12.5  mg/kg or 25  mg/kg lansoprazole 
was used according to the conversion of the clinical dosage (lan-
soprazole, 1 or 2 mg/kg/d). The pattern of lansoprazole treatment 
was also based on clinical practice in cisplatin-treated patients. Our 

findings showed that lansoprazole aggravated cisplatin-induced AKI. 
However, in another similar study, rats were pretreated with PPIs 
(omeprazole, 1.8 mg/kg and 3.6 mg/kg) before cisplatin treatment, 
in which the doses of omeprazole were below the range of clinical 
treatment and showed a renoprotective effect.26 The inconsisten-
cies in these outcomes may be owing to the different doses and ad-
ministration pattern of PPIs.

Recently, an in vitro study revealed that tubular cell death may 
contribute to omeprazole nephrotoxicity.13 Therefore, we investi-
gated the role of renal tubular cell death in exacerbated renal func-
tion after cisplatin and lansoprazole co-treatment. Renal tubular cell 
death (apoptosis and necrosis) has been hypothesized as a major 
factor in cisplatin-induced nephrotoxicity.27 Over the past two de-
cades, apoptosis in tubular epithelial cells has been well studied and 
has been considered to be a promising therapeutic target.28,29 In the 
present study, our data show an increased Bax/Bcl-2 ratio at both the 
mRNA and protein level and TUNEL staining after cisplatin treatment, 
demonstrating that cisplatin does indeed induce apoptosis. However, 
no further increase in apoptosis was observed following combination 
treatment with lansoprazole and cisplatin, indicating that apoptosis 
may not contribute to the exacerbated renal function. In fact, the 
therapeutic role of apoptosis in cisplatin-induced renal dysfunc-
tion has been argued. A recent study showed that the prevention 
of proximal renal tubular apoptosis did not rescue cisplatin-induced 
kidney dysfunction.30 Furthermore, a broadly used antiapoptotic 

F I G U R E  6   Lansoprazole enhances 
neutrophil infiltration. (A) Neutrophil 
infiltration in renal tissue determined 
via Ly6G immunofluorescent labelling 
(×400). (B) Quantification of Ly6G 
immunofluorescence staining. Results are 
expressed as mean ± standard error (SE). 
All data of each group are analysed using 
one-way analysis of variance (ANOVA). 
*P < .05
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agent zVAD-fmk has been reported to worsen cisplatin-induced de-
cline of renal function by impairing autophagic flux.31 Our results of 
morphology analyses showed obvious necrosis in tubular cells after 
cisplatin treatment, which is consistent with the results of a previ-
ous study showing that necrosis is the main form of cell death in 
cisplatin-induced nephrotoxicity, rather than apoptosis.14 Notably, 
lansoprazole significantly increased the number of necrotic tubules, 
which may account for the deteriorative renal function. Necrosis has 
long been thought to be an uncontrolled form of cell death. In recent 
years, significant progress has aided our understanding of necropto-
sis as a type of programmed necrosis. It has also been reported that 
cisplatin induces necroptosis via the TNF-α-mediated RIPK1/RIPK3/
MLKL pathway.32 In addition, necroptosis has been confirmed to be 
the major proximal tubular cell death pathway in cisplatin-induced 
AKI by manipulating the RIPK3 or MLKL gene in vivo.19 RIPK1 can as-
semble RIPK3 to form a RIPK1-RIPK3 hetero-interaction, which can 
promote RIPK3-RIPK3 homo -interactions, resulting in the recruit-
ment and phosphorylation of MLKL.33,34 As an executor, p-MLKL 
functions as either a platform for Na+ or Ca++ channel recruitment or 
a pore in the plasma membrane, causing ion influx and loss of plasma 

membrane integrity, respectively.35 Accordingly, we hypothesized 
that necroptosis contributed to the worsening of renal function. We 
found that RIPK1, p-RIPK3 and p-MLKL showed a significant increase 
after cisplatin treatment and a further increase in protein expression 
after co-treatment with lansoprazole and cisplatin both in vivo and in 
vitro, suggesting that necroptosis is involved in the exacerbation of 
cisplatin-induced renal injury.

Several studies have shown that necroptosis is involved in pro-
moting inflammation.36,37 A recent study showed that inflamma-
tory cytokine upregulation, such as the TNF-α family of cytokines, 
was partially declined in RIPK3- or MLKL-deficient cisplatin-treated 
mice,19,23 indicating necroptosis take part in forming a inflamma-
tion state. Also, TNF, Fas and TRAIL, as well as certain TLR ligand 
can induce necroptosis,38 forming a positive feedback loop be-
tween inflammation and necroptosis.19 In our study, the increased 
inflammatory cytokine transcription reflects a more severe in-
flammatory condition in the CIS + LPZ groups compared to that in 
the CIS group both in in vivo and in vitro study. Moreover, the in-
creased infiltration of neutrophils further confirmed the enhanced 
inflammation after co-treatment with lansoprazole and cisplatin. 
Accordingly, necroptosis and inflammation have their distinct 
functions or may form a positive feedback pattern to cause the 
aggravated renal damage in combination with lansoprazole and 
cisplatin.

Our study has some limitations. First, necroptosis-related gene 
knockdown experiments should be performed in vivo to estimate 
the role of PPIs in the aggravation of cisplatin-induced renal injury. 
Furthermore, additional efforts should be made to elucidate the pre-
cise mechanism by which PPIs enhance necroptosis in the setting of 
cisplatin-induced renal injury. Although, some efforts that we have 
made give us some hints that this may be associated with increased 
production of mitochondrial ROS (Figure S5). Our findings also need 
to be proven in human studies.

Taken together, our results suggest that lansoprazole aggravates 
AKI induced by cisplatin and that necroptosis may be involved in the 
exacerbation of this kidney damage.
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