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Abstract
Background  Cisplatin is an effective chemotherapeutic drug, but it may induce both acute and chronic kidney problems. The 
pathogenesis of chronic kidney disease (CKD) associated with cisplatin chemotherapy remains largely unclear.
Methods  Mice and renal tubular cells were subjected to repeated low-dose cisplatin (RLDC) treatment to induce CKD and 
related pathological changes. The roles of endoplasmic reticulum (ER) stress, PERK, and protein kinase C-δ (PKCδ) were 
determined using pharmacological inhibitors and genetic manipulation.
Results  ER stress was induced by RLDC in kidney tubular cells in both in vivo and in vitro models. ER stress inhibitors 
given immediately after RLDC attenuated kidney dysfunction, tubular atrophy, kidney fibrosis, and inflammation in mice. 
In cultured renal proximal tubular cells, inhibitors of ER stress or its signaling kinase PERK also suppressed RLDC-induced 
fibrotic changes and the expression of inflammatory cytokines. Interestingly, RLDC-induced PKCδ activation, which was 
blocked by ER stress or PERK inhibitors, suggesting PKCδ may act downstream of PERK. Indeed, suppression of PKCδ with 
a kinase-dead PKCδ (PKCδ-KD) or Pkcδ-shRNA attenuated RLDC-induced fibrotic and inflammatory changes. Moreover, 
the expression of active PKCδ-catalytic fragment (PKCδ-CF) diminished the beneficial effects of PERK inhibitor in RLDC-
treated cells. Co-immunoprecipitation assay further suggested PERK binding to PKCδ.
Conclusion  These results indicate that ER stress contributes to chronic kidney pathologies following cisplatin chemotherapy 
via the PERK–PKCδ pathway.
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Abbreviations
CKD	� Chronic kidney disease
RLDC	� Repeated low-dose cisplatin
ER	� Endoplasmic reticulum
PKCδ	� Protein kinase C-δ
PKCδ-KD	� Kinase-dead PKCδ

PKCδ-CF	� Active PKCδ-catalytic fragment
AKI	� Acute kidney injury
UPR	� Unfolded protein response
NF-κB	� Nuclear factor-kappa B
FN	� Fibronectin
TUDCA	� Tauroursodeoxycholic acid
4-PBA	� 4-Phenylbutyric acid
HE	� Hematoxylin–eosin
BUN	� Blood urea nitrogen
GFR	� Glomerular filtration rate
Mcp-1	� Monocyte chemoattractant protein-1
Cxcl1	� C–X–C motif chemokine ligand 1
W	� Week
M	� Month
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Introduction

Cisplatin is widely used as a chemotherapeutic drug to 
treat various tumors. However, its side effects in normal 
tissues, particularly nephrotoxicity, limited its clinical use 
and efficacy [1–14]. Clinically, cancer patients usually 
receive low, repeated doses of cisplatin to keep chemo-
therapeutic efficacy and reduce its side effects. Yet, even 
under this dosing regimen, around 30% of these patients 
still suffer from acute kidney injury (AKI) [15, 16]. Cispl-
atin-induced chronic kidney disease (CKD) has also been 
reported in humans [17]. Experimentally, recent stud-
ies have demonstrated that repeated low-dose cisplatin 
(RLDC) treatment that recapitulates the clinical settings 
induces renal fibrosis, renal tubular atrophy, and/or atubu-
lar glomerulus in mice, suggesting that RLDC treatment 
induces CKD [18–21]. As cancer survival rates improve, 
cisplatin-induced CKD will also increase and become 
a concern for both patients and physicians [17, 22, 23]. 
However, despite the recognition of cisplatin-related CKD, 
the mechanisms underlying its pathogenesis remain largely 
unclear.

Endoplasmic reticulum (ER) stress is a cellular stress 
state caused by excessive accumulation of misfolded and/
or unfolded proteins in the ER lumen. In response to 
ER stress, mammalian cells mount the unfolded protein 
response (UPR) involving three sensor proteins, ie. PERK, 
IRE1, and ATF6-mediated signaling pathways, to restore 
ER homeostasis [24, 25]. In this regard, upon activation, 
PERK phosphorylates eIF2α to prevent further unfolded 
protein accumulation [26]. Activated PERK has also been 
implicated in regulating nuclear factor erythroid 2-related 
factor 2 and nuclear factor-kappa B (NF-κB) which play 
essential roles in regulating redox metabolism, inflam-
matory processes, and other functions [27–31]. ER stress 
contributes to the progression of kidney diseases [32–36]. 
For instance, we recently showed that the persistence of 
ER stress in renal tubules after renal ischemic injury con-
tributed critically to the development of CKD [35]. How-
ever, the function of ER stress in RLDC-related CKD is 
currently unknown.

Protein kinase C-δ (PKCδ) is widely expressed in many 
kinds of tissues and cells [37]. Upon intracellular stress, 
such as DNA damage, ER stress, and /or oxidative stress, 
PKCδ is activated by phosphorylation on various ser-
ine/threonine and tyrosine residues, including Y311 by 
upstream protein kinases [38, 39]. PKCδ has been reported 
to have a function in cisplatin-induced AKI [40, 41]. It 
remains unclear whether PKCδ also contributes to the 
development of CKD following cisplatin treatment.

In this research, we determined the role and underly-
ing mechanism of ER stress in RLDC-induced CKD. We 

demonstrated that ER stress was induced by RLDC in 
kidney tubular cells in vivo in mice and in vitro in renal 
proximal tubular cells. Inhibitors of ER stress or PERK 
given after RLDC treatment attenuated RLDC-induced 
CKD. Mechanistically, PERK was shown to interact and 
activate PKCδ to induce a pro-fibrotic and pro-inflam-
matory phenotype in renal proximal tubular cells. Thus, 
ER stress, especially PERK, may contribute critically to 
cisplatin-induced CKD via PKCδ, suggesting a potential 
kidney protective strategy for cancer patients by targeting 
this pathway.

Materials and methods

Antibodies and reagents

Primary antibodies  including anti-PERK (3192), anti-
vimentin (5741), anti-p-PERK (3179S), anti-eIF2α (5324S), 
and anti-p-eIF2α (3597S) were from Cell Signaling Tech-
nology in Boston, USA; anti-Fibronectin (FN) (ab2413), 
anti-collagen IV (ab6586), anti-alpha smooth muscle Actin 
(α-SMA) (ab5694), anti-p-PKCδ (ab76181) and anti-PKCδ 
(ab182126) were from Abcam in Cambridge, UK; anti-F4/80 
(GB11027) was from Servicebio in Wuhan, China; anti-
GAPDH (10494-1-AP) was from Proteintech in Chicago, 
USA; anti-collagen I (AF7001) was from Affinity in Jiangsu, 
China. Cisplatin (H20040813) was from Hansoh Pharma 
in Jiangsu, China. Tauroursodeoxycholic acid (TUDCA) 
(S3654) and 4-phenylbutyric acid (4-PBA) (S4125) were 
from Selleck in Houston, USA. GSK2656157 (5.04651) was 
from EMD Millipore in Massachusetts, USA. Lipofectamine 
3000 (2343152) was from Invitrogen in California, USA.

Animal models

C57BL/6 male mice (8 weeks old) came from SJA Labo-
ratory Animal Corporation in Changsha, China. The mice 
were housed at the Second Xiangya Hospital of Central 
South University for 1 week to adapt to the environment 
with free access to food and water and a 12-h light–dark 
cycle. The mice were grouped and treated as follows. There 
were no additional criteria used for including and excluding 
animals during the experiment.

1.	 To determine the activation of ER stress during RLDC 
treatment, mice were subjected to four weekly injections 
of cisplatin (8 mg/kg) or saline (as the control group) 
intraperitoneally. The mice injected with saline were 
killed 1 month after the last saline injection (Ctrl group), 
and the mice subjected to RLDC treatment were killed 
1 week (RLDC − 1 W) or 1 month (RLDC − 1 M) after 
the last cisplatin injection.
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2.	 To determine the effect of pharmacological inhibi-
tion of ER stress with TUDCA or 4-PBA, mice were 
subjected to four weekly injections of cisplatin (8 mg/
kg) (RLDC group) or saline (Ctrl group) intraperito-
neally. After the last cisplatin injection, the RLDC mice 
were randomly divided into 3 groups, which respec-
tively received intraperitoneal injection of 250 mg/kg 
of TUDCA (RLDC + TUDCA), 20 mg/kg of 4-PBA 
(RLDC + 4-PBA), or saline (RLDC + saline) daily for 
1 week, and each group contained six mice. Similarly, 
after the last saline injection, the saline-injected control 
(Ctrl) mice were randomly divided into Ctrl + TUDCA 
group, Ctrl + 4-PBA group, and Ctrl + saline group, 
and each group contained 6 mice. The mice were killed 
1 month after the last injection of cisplatin or saline.

Immunoblot analysis

Kidney tissues or cells were lysed by 2% sodium dodecyl 
sulfate buffer with 1% protease inhibitor cocktail from 
Sigma-Aldrich in Missouri, USA. Proteins from different 
groups were separated via 8% or 10% sodium dodecyl sul-
fate–polyacrylamide gels and then transferred to polyvi-
nylidene difluoride membranes. The membranes were incu-
bated sequentially with blocking buffer (5% fat-free milk 
or bovine serum albumin) at room temperature for 1 h, a 
primary antibody (1:5000 dilution for anti-GAPDH, 1:3000 
dilution for anti-PKCδ and anti-p-PKCδ, and 1:1000 dilution 
for other primary antibodies) at 4 ℃ overnight and a corre-
sponding secondary antibody (1:5000 dilution) at room tem-
perature for 1 h. In some conditions, the blots were stripped 
and reprobed for other proteins. The blots were visualized by 
chemiluminescent substrate from Thermo Fisher Scientific 
in Massachusetts, USA. Protein band intensity was quan-
tified using ImageJ software (NIH). For densitometry, the 
signal of the target protein was normalized to the reference 
protein’s signal to determine the ratio.

Hematoxylin–eosin (HE) and Masson trichrome 
staining

4 μm paraffin-embedded kidney tissue sections underwent 
deparaffinization and rehydration. HE staining was per-
formed to assess kidney injury and tubular atrophy as pre-
viously described [42]. Kidney tubular atrophy was char-
acterized by apparent expansion of the interstitial space, 
tubule dilation, and necrotic debris in the tubule lumen. 
Renal tubular atrophy was quantitated by evaluating the 
percentage of the atrophic tubules in a blinded manner 
(the person analyzing the staining was blinded to the 
experimental groups) as follows: 0, no damage; 1, < 25%; 
2, 25–50%; 3, 50–75%; 4, > 75%. Masson trichrome stain-
ing was performed to assess collagen deposition following 

standard procedure, and the staining results were quan-
tified by evaluating the percentage of collagen staining 
positive area in a blinded manner (the person analyzing 
the staining was blinded to the experimental groups) [42]. 
For quantification, 10–20 fields were randomly selected 
from the kidney tissue sections of each mouse to assess 
the mean value of tubular atrophy and collagen staining 
positive area. Kidney tissue sections from 6 mice were 
analyzed in each group.

Blood urea nitrogen (BUN) and serum creatinine

BUN and serum creatinine were analyzed with standard 
automated enzymatic methods with HITACHI automatic 
analyzer at the Second Xiangya Hospital.

Glomerular filtration rate (GFR)

GFR was assessed through monitoring FITC-Sinistrin clear-
ance transdermally [43]. Mice were shaved 1 day before 
monitoring GFR. The GFR monitor (MediBeacon, Ger-
many) was kept on the skin with bilateral adhesive patch and 
medical tape. Two minutes later, FITC-Sinistrin (70 mg/kg) 
was injected via tail vein, and the mouse with GFR monitor 
was placed back in the cage for 1–2 h for measurement. Data 
were analyzed by Studio software.

Immunohistochemical staining

4 μm paraffin-embedded kidney tissues were deparaffinized 
and rehydrated. The tissues were then subjected to antigen 
retrieval by microwave heating in 10 mM sodium citrate 
buffer (pH 6.0), followed by cooling for at least 1 h. After 
washing with phosphate buffered saline (pH 7.4), the tissue 
sections were incubated sequentially with 3% H2O2 (10 min 
at room temperature) and goat serum (1 h at room tempera-
ture) for endogenous peroxidase inactivation and blocking. 
Then, the sections were incubated sequentially with a pri-
mary antibody (1:1000 anti-p-PERK and 1:400 anti-F4/80) 
at 4 °C overnight, and a horseradish peroxidase-conjugated 
secondary antibody at room temperature for 1 h. The anti-
gen–antibody complex was detected with DAB Kits (Vector 
Laboratories, California, USA) following the manufacturer’s 
instruction. For quantification, 10–20 fields were randomly 
selected from the kidney tissue sections of each mouse to 
assess the mean value of the percentage of positive tubules 
and the number of positive cells per mm2 in a blinded man-
ner (the person analyzing the staining was blinded to the 
experimental groups). Kidney tissue sections from 6 mice 
were analyzed for each group.
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Quantitative real‑time PCR

Trizol (CWBIO, Beijing, China) was used to extract RNA 
from kidney tissues or cells according to the manufactur-
er’s instructions. Taqman RT reagent (TaKaRa, Japan) was 
used to synthesize cDNA. Fluorescence real-time PCR was 
performed with TB GreenTM Premix Ex Taq II reagents 
(TaKaRa, Japan) on LightCycler96 Real-Time PCR Sys-
tem. For quantification, monocyte chemoattractant protein-1 
(Mcp-1) and C–X–C motif chemokine  ligand 1 (Cxcl1) 
mRNA levels were normalized to Gapdh mRNA level. The 
primer sequences are listed in Table 1.

Cell culture, transfection, and treatment

The mouse proximal tubular epithelial cell line BUMPT 
was initially received from Dr. Wilfred Lieberthal in Bos-
ton University and cultured as previously described [44]. 
Transfection and treatment in BUMPT cells were described 
as follows:

1. BUMPT cells were daily incubated with different con-
centrations (0, 0.5, 1, and 2 μM) of cisplatin for 7 h followed 
by incubation with cisplatin-free medium for another 17 h 
for 4 continuous days.

2. BUMPT cells were incubated with cisplatin (2 μM) or 
saline for 7 h daily for 4 days and then treated with 5 mM 
4-PBA, 1 μM GSK2656157 or corresponding vehicle for 
17 h starting from the last cisplatin treatment.

3. BUMPT cells were transfected with kinase-dead PKCδ 
(PKCδ-KD) plasmid or PC-DNA3.1b vector plasmid by 
Lipofectamine 3000. 24 h after transfection, the cells were 
then incubated with cisplatin (2 μM) or saline for 7 h daily 
for 4 days.

4. BUMPT cells were transfected with Pkcδ-shRNA or 
scrambled-shRNA with Lipofectamine 3000. 24 h after 
transfection, the cells were then incubated with or without 
cisplatin (2 μM) for 7 h daily for 4 days. These shRNAs 
were synthesized by Youbio Biological Technology Co., 
Ltd. (Changsha, China). The Pkcδ shRNA target sequence 
was as follows: 5`-GGA​AGA​CAC​TGG​TAC​AGA​AGA-3`.

5. BUMPT cells were transfected with PKCδ active 
fragment (PKCδ-CF) plasmid or PC-DNA3.1b vector plas-
mid using Lipofectamine 3000. PKCδ-KD and PKCδ-CF 
plasmids were initially received from Jae-Won Soh at Inha 
University. 24 h after transfection, the cells were incubated 
with cisplatin (2 μM) or saline for 7 h daily for 4 days. 
After the last cisplatin treatment, the cells were treated 
with 1 μM GSK2656157 or the vehicle for another 17 h.

Phase contrast microscopy

BUMPT cells show a cobblestone morphology under 
normal physiological conditions, and change to a spin-
dle-shaped, fibroblast-like morphology upon pro-fibrotic 
stimuli [34]. To evaluate cell morphological changes dur-
ing RLDC treatment, phase contrast microscopy images of 
live cells were collected immediately after treatment using 
a LEICA DMI3000 B microscope.

Co‑immunoprecipitation of PERK and PKCδ

BUMPT cells were lysed in ice-cold immunoprecipita-
tion lysis buffer (150 mM NaCl, 5% glycerol, 50 mM Tris 
HCl pH 8.0, 1 mM MgCl2, 1.0% NP40) with 1% protease 
inhibitor cocktail on ice for 30 min. After centrifugation 
at 12,000 rpm for 10 min at 4 °C, the supernatants were 
incubated with anti-PERK (1:150 dilution), anti-PKCδ 
antibody (1:100 dilution), or IgG (1:150 dilution) as con-
trol overnight at 4 °C, and the antigen–antibody complexes 
were then precipitated by the Protein A/G PLUS-Agarose. 
The immunoprecipitation complexes were washed, eluted, 
and then analyzed by immunoblot analysis.

Statistics

GraphPad Prism 7 was used for statistical analysis. Data 
were presented as means ± SDs. To analyze differences, 
the t-test was used between two groups, and the ANOVA 
was used for more than 2 groups. P values < 0.05 were 
regarded as significantly different.

Role of the funding source

The funders had no role in the design, analysis, and report-
ing of the study and the writing of this article.

Table 1   Primer sequences used for quantitative real-time PCR

Gene Primer sequences

Cxcl1 Forward 5′-CTG​GGA​TTC​ACC​TCA​AGA​
ACATC-3′

Reverse 5′-CAG​GGT​CAA​GGC​AAG​CCT​C-3′
Mcp-1 Forward 5′-TAA​AAA​CCT​GGA​TCG​GAA​

CCAAA-3′
Reverse 5′-GCA​TTA​GCT​TCA​GAT​TTA​CGGGT-

3′
Gapdh Forward 5′-AGG​TCG​GTG​TGA​ACG​GAT​TTG-3′

Reverse 5′-GGG​GTC​GTT​GAT​GGC​AAC​A-3′
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Results

ER stress is induced in the kidneys of mice 
after RLDC treatment

To investigate the potential mechanism underlying cispl-
atin-induced CKD, RLDC treatment that recapitulates the 
clinical settings was performed to induce chronic kidney 
changes in mice (Supplementary Fig.  1a) [43]. Kidney 
functions of the mice were evaluated by measuring GFR, 
serum creatinine, and BUN. At 1 week (W) and 1 month (M) 
after RLDC treatment, GFR was dramatically decreased in 
mice, while serum creatinine and BUN were significantly 
increased compared to saline-treated mice (Supplementary 
Fig. 1b–d), suggesting that RLDC treatment caused chronic 
renal dysfunction. Histological analysis via HE staining 
showed that RLDC treatment caused dramatic structural 
changes in kidneys, including tubular dilation, cast forma-
tion, tubular necrosis, tubular atrophy, and inflammatory cell 
infiltration (Supplementary Fig. 1e). Quantification analysis 
showed a time-dependent increase of tubular atrophy after 
RLDC treatment (Supplementary Fig. 1f). Renal intersti-
tial accumulation of collagen was markedly increased in a 
time-dependent manner after RLDC treatment, as shown by 
Masson trichrome staining (Supplementary Fig. 1 g, h). Col-
lectively, these findings indicate the development of CKD 
after RLDC treatment in mice.

For ER stress, our immunoblot analysis demonstrated 
the increase of phosphorylated/activated PERK (p-PERK) 
and phosphorylated/activated eIF2α (p-eIF2α) (Supple-
mentary Fig. 1i, j) in kidney tissues after RLDC treatment, 
indicating the activation of PERK-mediated UPR pathway. 
Immunohistochemical analysis also showed an increase in 
the signal intensity of p-PERK in renal tubules of RLDC-
treated mice compared to saline control (Supplementary 
Fig. 1 k, l). Together, these results indicate that ER stress 
is activated in the kidneys during cisplatin-induced CKD.

Inhibition of ER stress attenuates renal dysfunction, 
tubular atrophy, kidney fibrosis, and inflammation 
in mice following RLDC treatment

To evaluate the function of ER stress in cisplatin-induced 
CKD, we assessed the effect of ER stress inhibition. After 
the last cisplatin injection, administration of 4-PBA and 
TUDCA significantly suppressed PERK and eIF2α phos-
phorylation in RLDC-treated mice in immunoblot analy-
sis (Supplementary Fig. 2a–d) and immunohistochemical 
staining (Supplementary Fig. 2e, f).

Notably, both 4-PBA and TUDCA significantly 
restored GFR and reduced serum creatinine and BUN 

in RLDC-treated mice (Fig.  1a–c). RLDC treatment 
reduced kidney weight/body weight ratio, which was 
significantly alleviated by 4-PBA and TUDCA treatment 
(Fig. 1d). Moreover, following RLDC treatment, 4-PBA- 
or TUDCA-treated mice showed significantly less kidney 
tubular atrophy (Fig. 1e, f), lower levels of extracellular 
matrix proteins FN, vimentin, and α-SMA, and fewer 
accumulation of collagens (Fig. 1g–l) when compared 
to the mice with vehicle treatment. Collectively, these 
results demonstrate that inhibition of ER stress is protec-
tive against cisplatin-induced CKD.

Inflammation critically contributes to the development 
and progression of CKD [44–46]. We, thus, evaluated the 
effects of TUDCA and 4-PBA on renal inflammation in mice 
following RLDC treatment. Immunohistochemical staining 
of F4/80 indicated an occurrence of renal infiltration of mac-
rophages in RLDC-treated mice, and the number of mac-
rophages infiltrated into kidneys was significantly reduced by 
4-PBA or TUDCA treatment in RLDC-treated mice (Fig. 2a, 
b). We further analyzed proinflammatory cytokine expres-
sion, including Mcp-1 and Cxcl1, by quantitative reverse-
transcriptase PCR. RLDC induced over 30-fold increases of 
both Mcp-1 and Cxcl1 in kidneys, which were significantly 
attenuated by 4-PBA and TUDCA (Fig. 2c, d), further sup-
porting the beneficial effects of ER stress inhibitors.

ER stress is induced by RLDC treatment in renal 
proximal tubular BUMPT cells in vitro

We also examined ER stress in an in vitro cell model of cis-
platin-induced CKD that was established in our recent study 
[43]. As shown in Supplementary Fig. 3a, the BUMPT cells 
subjected to repeated 2 μM cisplatin treatment displayed 
a spindle-shaped morphology, while the vehicle-treated 
cells maintained a “cobblestone” morphology. Immunoblot 
analysis also showed that repeated 2 μM cisplatin treatment 
dramatically increased FN, vimentin, p-PERK, and p-eIF2α 
expression (Supplementary Fig. 3b–e). These observations 
indicate that RLDC of 2 μM cisplatin induces the fibrotic 
changes and ER stress in BUMPT cells, recapitulating the 
essential findings of RLDC-treated mice.

Inhibition of ER stress reduces RLDC‑induced fibrotic 
changes and inflammation in BUMPT cells

In vitro, we determined the function of ER stress in RLDC-
induced fibrotic changes in BUMPT cells via administrating 
a single dose of 4-PBA after the last cisplatin treatment. As 
shown in Fig. 3a and b, 4-PBA attenuated RLDC-induced 
phosphorylation of both PERK and eIF2α in these cells. 
4-PBA also markedly ameliorated RLDC-induced morpho-
logical changes (Fig. 3c) and FN, collagen I, Collagen IV, 
and vimentin expression (Fig. 3d, e). In addition, 4-PBA 



	 S. Shu et al.

1 3

452  Page 6 of 16



Endoplasmic reticulum stress contributes to cisplatin‑induced chronic kidney disease via…

1 3

Page 7 of 16  452

suppressed RLDC-induced expression of Mcp-1 and Cxcl1 
(Fig. 3f–g). Collectively, these findings indicate the role of 
ER stress in RLDC-induced fibrotic changes and inflamma-
tion in this cell culture model.

Inhibition of PERK alleviates RLDC‑induced fibrotic 
changes and inflammation in BUMPT cells

Upon ER stress, the sensor proteins PERK, ATF6, and/or 
IRE1-mediated UPR are activated to reduce protein load and 
restore ER homeostasis [24]. RLDC induced a remarkable 
activation of the PERK–eIF2α pathway in kidney tubular 
cells both in vivo (Supplementary Fig. 1i–l) and in vitro 
(Supplementary Fig. 3d–e). We, therefore, performed fur-
ther analysis to determine whether the PERK-mediated 
UPR pathway plays a major role in cisplatin-induced CKD. 
GSK2656157 is a specific PERK inhibitor that blocks PERK 

autophosphorylation through interacting with the PERK 
kinase domain [47]. Under the condition of RLDC treatment, 
GSK2656157 significantly attenuated RLDC-induced PERK 
phosphorylation (Fig. 4a, b), prevented RLDC-induced mor-
phological changes (Fig. 4c), and alleviated RLDC-induced 
expression of FN, vimentin, and collagen IV in BUMPT 
cells (Fig. 4d, e). In addition, GSK2656157 suppressed the 
expression of Mcp-1 and Cxcl1 following RLDC treatment 
(Fig. 4f, g). Together, these results suggest that activation 
of PERK–eIF2α pathway contributes critically to RLDC-
induced pro-fibrotic phenotype in renal tubular cells.

Inhibition of PERK suppresses RLDC‑induced PKCδ 
activation, and PERK physically interacts with PKCδ

PKCδ plays an important role in acute nephrotoxicity of 
cisplatin [40], but its involvement in cisplatin-induced CKD 
was unknown. We detected an increase of PKCδ phospho-
rylation at Y311 in the kidneys of mice subjected to RLDC 
treatment compared to vehicle-treated mice (Fig. 5a–d), 
indicative of PKCδ activation [39]. Importantly, treatment 
with 4-PBA or TUDCA significantly attenuated RLDC-
induced PKCδ phosphorylation (Fig.  5a–d). Moreover, 
inhibition of PERK with GSK2656157 dramatically attenu-
ated PKCδ phosphorylation following RLDC treatment 
(Fig. 6a, b). In addition, co-immunoprecipitation analysis 
demonstrated that PERK co-immunoprecipitated PKCδ in 
BUMPT cells, and vice versa, suggesting that PERK physi-
cally interacts with PKCδ in these cells (Fig. 6c, d). There-
fore, PERK may interact with PKCδ for its activation during 
RLDC treatment.

Fig. 1   4-PBA and TUDCA attenuate renal dysfunction, tubular atro-
phy, and kidney fibrosis in post-repeated low-dose cisplatin (RLDC) 
mouse kidneys. C57BL/6 male mice were subjected to four weekly 
injections of cisplatin (8  mg/kg). 4-PBA, TUDCA, or saline was 
given daily after the last injection of cisplatin for 1 week. FITC-Sin-
istrin was injected via tail vein before sacrifice to measure glomeru-
lar filtration rate (GFR). Blood and kidney tissues were collected 
1  month after the last injection of cisplatin. a Quantitative analysis 
of GFR. b Concentration of serum creatinine. c Concentration of 
blood urea nitrogen (BUN). d Ratio of kidney weight to body weight. 
e Representative HE staining images. Bar = 100  μm. f Pathological 
tubular atrophy score. g–j Immunoblot analysis of FN, vimentin, col-
lagen IV, α-SMA, and GAPDH. For quantification, the protein was 
analyzed through densitometry and then normalized with GAPDH. 
k, l Representative images of Masson trichrome staining and quan-
titative analysis. Bar = 100  μm. N = 6 mice. *p < 0.05; **p < 0.01; 
***p < 0.001

◂

Fig. 2   4-PBA and TUDCA 
reduce kidney interstitial inflam-
mation post-RLDC treatment in 
mouse kidneys. C57BL/6 male 
mice were subjected to four 
weekly injections of cisplatin 
(8 mg/kg). 4-PBA, TUDCA, 
or saline was given daily from 
the last injection of cisplatin for 
1 week. Kidney tissues were 
collected 1 month after the 
last injection of cisplatin. a, b 
Representative immunohisto-
chemical staining images and 
quantitative analysis of F4/80. 
Bar = 100 μm. c, d Quantitative 
real-time PCR analysis of Mcp-
1 and Cxcl1 normalized with 
Gapdh as an internal control. 
N = 6 mice. ***p < 0.001
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PKCδ activation contributes to RLDC‑induced 
pro‑fibrotic and pro‑inflammatory changes 
in BUMPT cells

We next determined whether PKCδ activation contributed 
to ER stress-induced fibrotic changes and inflammation fol-
lowing RLDC treatment. In BUMPT cells, overexpression 
of PKCδ-KD markedly attenuated RLDC-induced expres-
sion of FN, collagen IV, and vimentin (Fig. 7a, b) and sig-
nificantly alleviated RLDC-induced expression of Mcp-1 
and Cxcl1 (Fig. 7c, d). Consistently, silencing PKCδ with 
shRNA (Supplementary Fig. 4a and b) prevented RLDC-
induced expression of FN, vimentin, and collagen IV in 
BUMPT cells (Fig. 7e, f). Moreover, the PERK inhibitor 
GSK2656157 suppressed RLDC-induced expression of FN 
and vimentin as well as pro-inflammatory cytokines Mcp-
1 and Cxcl1. Notably, these effects of GSK2656157 were 
reversed by the overexpression of PKCδ-CF (Fig. 7g–j). Col-
lectively, these findings suggest that PKCδ acts downstream 
of PERK to contribute to RLDC-induced pro-fibrotic and 
pro-inflammatory changes in renal tubular cells.

Discussion

Cancer patients may develop chronic kidney problems or 
CKD after cisplatin-mediated chemotherapy, but the under-
lying mechanism remains largely unknown. In this research, 
we used both mice and cell models of RLDC treatment to 
demonstrate the involvement of ER stress and further elu-
cidate the responsible PERK–PKCδ pathway. The main 
findings include: (1) RLDC-induced persistent ER stress 
in kidneys, characterized by the activation of PERK; (2) 
pharmacological inhibition of ER stress or PERK attenu-
ated RLDC-induced CKD development in mice as well 
as the pro-fibrotic and pro-inflammatory changes in renal 
tubular cells; and (3) PKCδ was activated in an ER stress or 
PERK-dependent manner and acted downstream of PERK 
to mediate fibrotic changes in renal tubular cells. In addition, 
co-immunoprecipitation analysis also provided preliminary 
evidence for the physical interaction of PERK with PKCδ. 
Together, these results suggest that ER stress may contribute 

to the development of chronic kidney pathologies or CKD 
following cisplatin chemotherapy via the PERK–PKCδ 
pathway.

ER stress has been implicated as an important mecha-
nism for the development of both AKI and CKD [32, 34, 35, 
48, 49]. In addition, we have recently demonstrated that the 
persistence of ER stress facilitated the development of CKD 
post renal ischemic AKI [35]. In this study, we showed that 
ER stress was induced in kidney tubules following RLDC 
treatment (Supplementary Figs.  1i–l and 3d–e). More 
importantly, administration of ER stress inhibitor 4-PBA 
or TUDCA after the last cisplatin treatment dramatically 
attenuated RLDC-induced decline of both GFR and kidney 
weight/body weight ratio, and alleviated the increase of 
serum creatinine and BUN in mice as well as tubular atro-
phy and renal fibrosis even 1M after the RLDC treatment 
(Figs. 1 and 3c–e), suggesting that ER stress contributes 
critically to cisplatin-related CKD. Collectively, the findings 
from the present study and previous reports suggest that ER 
stress promotes the development of AKI and contributes to 
AKI–CKD transition.

Upon ER stress, the UPR pathways mediated by PERK, 
ATF6, and IRE1 are activated to restore ER homeostasis 
[24, 25]. In the present study, we showed that RLDC treat-
ment dramatically increased the levels of phosphorylated 
PERK and phosphorylated eIF2α in mouse kidneys (Sup-
plementary Fig. 1i–l) and renal tubular cells in vitro (Sup-
plementary Fig. 3d–e), and notably, selective inhibition of 
PERK efficiently attenuated RLDC-induced fibrotic changes 
(Fig. 4c–e), suggesting that activation of PERK–eIF2α sign-
aling pathway plays an important role in RLDC-induced 
CKD. Notably, ATF6- and IRE1-mediated signaling path-
ways have also been implicated in CKD [50, 51]. Further 
research is needed to investigate the involvement of ATF6- 
and IRE1-mediated UPR pathways in RLDC-induced CKD.

Short-term induction of PERK can promote cell survival 
through inducing eIF2α phosphorylation to arrest global 
protein translation, while prolonged PERK activation can 
trigger apoptosis [26]. How does PERK activation promote 
CKD? In the present study, we have provided several lines of 
evidence suggesting that PKCδ acts downstream of PERK. 
First, inhibition of ER stress or selective inhibition of PERK 
significantly suppressed RLDC-induced PKCδ activation in 
the kidneys of mice (Fig. 5) and in BUPMT cells in vitro 
(Fig. 6a–b). Second, PERK physically interacts with PKCδ 
(Fig. 6c–d). Third, suppression of PKCδ via overexpression 
of PKCδ-KD or Pkcδ shRNA dramatically alleviated RLDC-
induced fibrotic changes in BUMPT cells in vitro (Fig. 7a, b, 
e, f). Finally, enhancement of PKCδ activity by overexpres-
sion of PKCδ-CF diminished the beneficial effect of PERK 
inhibition in RLDC-treated BUMPT cells (Fig. 7g, h).

PKCδ activation has been implicated in cisplatin-induced 
AKI [40, 41]. PKCδ inhibition not only protected kidneys 

Fig. 3   4-PBA attenuates RLDC-induced fibrotic changes and 
cytokines production in cultured BUMPT cells. BUMPT cells were 
incubated with or without cisplatin (2  μM) for 7  h daily for 4  days 
and then treated with or without 5 mM 4-PBA for 17 h post last cispl-
atin treatment. a, b Immunoblot analysis of p-PERK, PERK, p-eIF2α, 
eIF2α, and GAPDH. For quantification, the protein was analyzed 
through densitometry and then normalized with GAPDH. c Repre-
sentative images of phase contrast. Bar = 100  μm. d, e Immunoblot 
analysis of FN, collagen I, vimentin, collagen IV, and GAPDH. f, g 
Quantitative real-time PCR analysis of Mcp-1 and Cxcl1 with Gapdh 
as an internal control. n = 4. *p < 0.05; **p < 0.01; ***p < 0.001
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from cisplatin-induced AKI but also preserved or even 
enhanced the chemotherapeutic effects of cisplatin among 
several mice tumor models [40]. PKCδ activation has been 

implicated in promoting liver fibrosis [52] and right ven-
tricular fibrosis [53], but it may attenuate bleomycin-induced 
pulmonary fibrosis [54]. The role of PKCδ in renal fibrosis 

Fig. 4   GSK2656157 attenuates fibrotic changes and cytokines pro-
duction in BUMPT cells following RLDC treatment. BUMPT cells 
were incubated with or without cisplatin (2  μM) for 7  h daily for 
4 days and then treated with or without 1 μM GSK2656157 for 17 h 
post last cisplatin treatment. a, b Immunoblot analysis of p-PERK, 
PERK, and GAPDH. For quantification, the protein was analyzed 

through densitometry and then normalized with GAPDH. c Repre-
sentative images of phase contrast. Bar = 100  μm. d, e Immunoblot 
analysis of FN, vimentin, collagen IV, and GAPDH. f, g Quantitative 
real-time PCR analysis of Mcp-1 and Cxcl1 with Gapdh as an inter-
nal control. n = 4. **p < 0.01; ***p < 0.001
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remains unknown. In this study, we showed that suppression 
of PKCδ via overexpression of PKCδ-KD or Pkcδ shRNA 
dramatically alleviated RLDC-induced fibrotic changes in 
BUMPT cells (Fig. 7a, b, e, f), suggesting a pro-fibrotic role 
of PKCδ during RLDC-induced renal fibrosis and CKD. 
However, the function of PKCδ in this pathological condi-
tion remains to be verified in vivo.

Maladaptive repair after initial kidney injury promotes 
the development of chronic kidney pathologies and CKD 

[55–58]. Inflammation has been implicated as an impor-
tant mechanism for maladaptive kidney repair after AKI 
[59]. In the present study, we showed that RLDC treatment 
induced the infiltration of macrophages and the expres-
sion of pro-inflammatory cytokines, including Mcp-1 and 
Cxcl1, which were dramatically suppressed by ER stress 
or PERK inhibitors (Figs. 2, 3f–g, 4f–g), suggesting a pro-
inflammatory role of ER stress during RLDC-induced CKD. 
Notably, the effect of the PERK inhibitor was abrogated by 

Fig. 5   4-PBA and TUDCA 
suppress RLDC-induced 
PKCδ activation in mouse 
kidneys. C57BL/6 male mice 
were subjected to four weekly 
injections of cisplatin (8 mg/
kg). 4-PBA, TUDCA, or saline 
was given daily from the last 
injection of cisplatin for 1 week. 
Kidney tissues were collected 
1 month after the last injection 
of cisplatin. a–d Immunoblot 
analysis of p-PKCδ, PKCδ, and 
GAPDH. For quantification, the 
protein was analyzed through 
densitometry and then normal-
ized with GAPDH. N = 6 mice. 
***p < 0.001

Fig. 6   Role of PERK in PKCδ activation in RLDC-treated BUMPT 
cells: effect of GSK2656157 and co-immunoprecipitation analysis. 
BUMPT cells were incubated with or without cisplatin (2 μM) for 7 h 
daily for 4 days and then treated with or without 1 μM GSK2656157 
for 17 h post last cisplatin treatment (a, b). BUMPT cells were incu-

bated with cisplatin (2 μM) for 7 h daily for 4 days (c, d). a, b Immu-
noblot analysis of p-PKCδ, PKCδ, and GAPDH. For quantification, 
the protein was analyzed through densitometry and then normalized 
with GAPDH. c, d Reciprocal co-immunoprecipitation of endog-
enous PERK and PKCδ. n = 4. ***p < 0.001
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the enhancement of PKCδ activity through overexpression 
of PKCδ-CF (Fig. 7i–j), suggesting that PKCδ activation, 
at least partially, contributes to the inflammatory response 
during RLDC-induced CKD. PERK–eIF2α-mediated sign-
aling pathway may activate NF-κB, a transcription factor 
that plays a vital role in inflammation [29–31]. PKCδ has 
also been implicated in NF-κB-mediated inflammatory 
response [52, 60, 61]. Recent research demonstrated that 
NF-κB involved in cisplatin-induced AKI [62–66]. The role 
of NF-κB-mediated inflammation in RLDC-induced CKD 
remains to be confirmed. Besides inflammation, cell senes-
cence, cell cycle arrest at the G2/M phase, and persistent 
autophagy are also important mechanisms of maladaptive 
repair after AKI [44, 56, 57, 67]. The involvement of these 
mechanisms and their connections with ER stress signaling 
in RLDC-induced CKD remains to be investigated.

In conclusion, this research offers both in  vivo and 
in vitro evidence that persistent ER stress contributes criti-
cally to RLDC-induced CKD. Mechanistically, we show that 
PERK-mediated UPR signaling pathway plays a critical role 
in this pathological condition. Moreover, we provide further 
evidence that PERK may physically interact with PKCδ and 
induce fibrotic changes and inflammation in renal tubular 
cells by activating PKCδ. Together, these results demon-
strate that ER stress-induced activation of the PERK–PKCδ 
pathway contributes critically to cisplatin-induced CKD, 
suggesting that this pathway may be an effective therapeutic 
target for chronic cisplatin nephrotoxicity in cancer patients.
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