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Abstract 

Aims: Cisplatin, an anticancer drug, always leads to nephrotoxicity by causing mitochondrial dysfunction. As a 
major mechanism for cellular self-degradation, autophagy has been proven to protect against cisplatin-induced 
acute kidney injury (AKI). Based on the activation of autophagy induced by trehalose, we aimed to investigate 
the nephroprotective effects of trehalose on cisplatin-induced AKI and its underlying mechanisms.  
Results: Due to the activation of autophagy, mitochondrial dysfunction (mitochondrial fragmentation, 
depolarization, reactive oxygen species (ROS), and reduced ATP generation) and apoptosis induced by cisplatin 
were markedly inhibited in trehalose-treated HK2 cells in vitro. Based on the transcriptional regulation role of 
transcription factor EB (TFEB) in autophagy and lysosome, we characterized trehalose-induced nuclear 
translocation of TFEB. Furthermore, consistent with trehalose treatment, overexpression of TFEB inhibited 
cell injury induced by cisplatin. However, the protective effects of trehalose were largely abrogated in 
tfeb-knockdown cells. In vivo, cisplatin injection resulted in severe kidney dysfunction and histological damage 
in mice. Trehalose administration activated TFEB-mediated autophagy, alleviated mitochondrial dysfunction 
and kidney injury in AKI mice. 
Innovation and conclusion: Our data suggest that trehalose treatment preserves mitochondria function via 
activation of TFEB-mediated autophagy and attenuates cisplatin-induced kidney injury. 
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Introduction 
Acute kidney injury (AKI), characterized by 

sudden renal function decline, is a worldwide public 
health problem associated with increased morbidity 
and mortality [1]. Cisplatin, one of the first generation 
chemotherapeutic drugs, is a potent chemothera-
peutic agent used for treating many kinds of solid 
tumors [2]. However, its clinical use is limited by its 
side effects to normal tissues [3, 4]. It has been 
reported that approximately 25% – 30% of patients 
treated with cisplatin might develop nephrotoxicity, 

such as AKI [5]. Thus, challenges in the prevention of 
cisplatin nephrotoxicity still lie ahead. 

Recent publications suggest that cisplatin 
induces tubular cell damage via multiple signaling 
pathways and factors [6]. Among these, mitochondria 
are an important target organelle in cisplatin-induced 
kidney injury [7, 8]. Due to accumulation in the 
mitochondria of renal proximal tubular cells, cisplatin 
evokes the subsequent excessive production of 
reactive oxygen species (ROS), decreasing membrane 
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potential and impairing the mitochondrial redox 
balance, leading to cisplatin-induced renal injury 
[9-11]. 

Autophagy is a self-degradation process through 
which cells remove misfolded proteins, defective 
organelles, lipid droplets, and damaged DNA to 
maintain cellular homeostasis [12]. Recent studies 
have demonstrated that basal autophagy in the 
kidney is vital for normal homeostasis of the proximal 
tubules, and downregulation of autophagy is 
associated with severe ischemia-reperfusion-induced 
acute kidney injury [13]. Moreover, autophagy 
deficiency in the proximal tubule with conditional 
autophagy-related genes worsened tubular injury and 
renal function by aggravating mitochondrial damage 
in the AKI model [14, 15]. Conversely, several 
strategies for enhancing autophagy could protect 
renal tubular cells from many stressors [16, 17]. Thus, 
selectively targeting autophagy might be effective to 
alleviate kidney injury in AKI models. More 
importantly, Lynch/Parikh have found that the 
PGC1α-dependent renal stress resistance in 
cisplatin-induced AKI mice was relied on 
TFEB-driven lysosomal biogenesis and mitophagy, 
suggesting that TFEB may be a potentially novel 
target for renal tubular stress resistance [18]. 

Trehalose, a natural nonreducing disaccharide 
that is present in a diverse range of organisms, 
including bacteria, yeast, fungi, and plants, is a novel 
autophagy and TFEB inducer in many cells through 
an mTOR-independent pathway [19]. Indeed, a recent 
study has reported that trehalose prevents 
osteoarthritis development, and administration of 
trehalose to osteoarthritis mice ameliorates oxidative 
stress-mediated mitochondrial dysfunction and ER 
stress via selective autophagy stimulation and 
autophagic flux restoration [20]. In addition, Evans et 
al. found that trehalose could drive the macrophage 
autophagy-lysosome system to protect atherosclerosis 
by activating TFEB [21]. However, the effects of 
trehalose on kidney injury in AKI mice has never been 
tested.  

The aim of this study was to test whether 
trehalose administration could reduce renal 
dysfunction in cisplatin-induced AKI mice and, if so, 
whether these effects were relied on the activation of 
TFEB-mediated autophagy.  

Materials and Methods 
Materials and reagents  

Cisplatin, hydroxychloroquine (HCQ), and 
rapamycin (Rapa) were purchased from 
MedChemExpress (MCE, New Jersey, USA). 
Trehalose was obtained from ApexBio (Boston, MA, 

USA). The cell counting kit 8 (CCK8) assay was 
purchased from Dojindo (Kumamoto, Japan). An 
Annexin V/PI apoptosis detection kit was purchased 
from BD Corporation (San Jose, CA, USA). MitoSOX 
Red, Mito deep Red and Hoechst were obtained from 
Thermo Fisher Scientific (Sunnyvale, CA, USA). A 
mitochondrial membrane potential (MMP) assay kit 
(JC-1) was purchased from AAT Bioquest (Sunnyvale, 
CA). Mito Tracker Green, an ATP measurement kit, 
and a nuclear and cytoplasmic protein extraction kit 
were purchased from Beyotime Biotechnology 
(Jiangsu, China). The tfeb-Fag-His plasmid 
(CH898579) was purchased from Vigene Biosciences 
(Shandong, China). The tfeb-siRNA was synthesized 
by GenePharma (Shanghai, China). The jetPRIME 
transfection reagent was obtained from Polyplus 
Transfection (Illkirch, France). The reagents used for 
transmission electron microscopy (osmium tetroxide, 
Epon, and lead citrate) and DAPI were purchased 
from Sigma-Aldrich (Taufkirchen, Germany). The 
primary antibodies were purchased from the 
following sources: anti-Bax, anti-LC3B, anti-Drp1, 
anti-Sirt3, and anti-TFEB (Cell Signaling Technology, 
Beverly, MA); anti-Bcl-2, anti-Parkin, anti-OPA1, 
anti-ATP5a, and anti-Ndufs4 (ABclonal Biotech Co., 
Ltd., Cambridge, MA, USA); anti-P62 (Abcam); and 
anti-Pink1 (Hua Bio-Engineering Co. Ltd., Shanghai, 
China). For real-time PCR, TRIzol was purchased 
from Gibco (Life Technologies, CA, USA), the iScript 
cDNA synthesis kit was obtained from Bio-Rad (CA, 
USA), and the SYBR Green PCR mix was purchased 
from Vazyme Biotech (Nanjing, China). 

Cell culture and treatment 
The human renal proximal tubular cells (HK2) 

cell line was obtained from the American Type 
Culture Collection (ATCC) and cultured in 
DMEM/F-12 medium (HyClone, Solarbio, Beijing, 
China) supplemented with 10% fetal bovine serum, 
penicillin (100 U/mL) and streptomycin (100 μg/mL) 
and maintained at 37 °C in 5% CO2 in a humidified 
incubator.  

Cells incubated with 5 µM cisplatin for 48 h were 
treated with or without trehalose. To induce or inhibit 
autophagy, cells were cocultured with Rapa (50 nM) 
or HCQ (20 μM) at the same time. 

Cell transfection 
Small interfering RNA against tfeb (sitfeb) (sense: 

GACGAAGGUUCAACAUCAATT; antisense: UUGA 
UGUUGAACCUUCGUCTT) or negative control 
RNAi (sicon) were purchased from GenePharma 
(Shanghai, China). The tfeb plasmid with C-terminal 
flag and His tag (CH898579) was purchased from 
Vigene Biosciences (Shandong, China). To induce the 
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overexpression or knockdown of TFEB, HK2 cells 
were transfected with tfeb-Fag-His plasmid and sitfeb 
using the jetPRIME transfection reagent. 

Cell viability and apoptosis assay 
Cell viability was determined by a CCK8 assay 

kit. Briefly, 10 µl of CCK8 solution was added to each 
well containing 100 µl of medium. After incubating 
for 2 h, the absorbance was detected at 450 nm. Cell 
apoptosis was determined using an Annexin V/PI 
Apoptosis Detection kit following the manufacturer’s 
instructions. Cells were incubated with Annexin V–
FITC and/or propidium iodide (PI) for 30 min in the 
dark, and then apoptotic cells were analyzed via flow 
cytometry (Beckman, USA).  

Isolation of nuclear and cytoplasmic proteins 
and western blot analysis 

Nuclear and cytoplasmic lysates were obtained 
using the Nuclear and Cytoplasmic Protein Extraction 
kit. For western blotting, tissue samples or cells were 
extracted using RIPA lysate containing protease 
inhibitor cocktail, and an immunoblot assay of the 
proteins was performed as described previously [22]. 
Densitometry analysis was performed using ImageJ 
software. The relative fold differences in expression 
levels were normalized to the β-actin levels. 

Immunofluorescence 
For the imaging of mitophagy, cells were 

incubated with 100 nM MitoTracker Deep Red at 37 
°C for 30 min, fixed with 4% paraformaldehyde, 
permeabilized with 0.1% Triton X-100 for 10 min, and 
blocked in 1% BSA in PBS for 30 min. Then, the cells 
were immunolabeled with primary antibodies (LC3B 
at a 1:200 ratio; TFEB at a 1:100 ratio) overnight at 4 
°C. After washing, the cells were incubated with a 
corresponding FITC-conjugated secondary antibody 
(1:200) in 1% BSA for 1 h at 37 °C. Nuclei were stained 
with DAPI for 5 min at room temperature. The 
fluorescent signals were examined using a 
fluorescence microscope (Zeiss, Germany).  

Mitochondrial morphology, mitochondrial 
ROS and mitochondrial membrane potential 
(Δψm) assessment 

Cells were seeded and grown on glass 
coverslips. After incubating the cells with 
MitoTracker Green at 37 ℃ for 30 min, the 
mitochondrial morphology was visualized, and 
images were acquired using a confocal laser scanning 
microscope with 63× oil immersion objective lens. 
Mitochondrial ROS generation was evaluated by 
MitoSOX Red (2.5 μM) for 30 min at 37 ℃ and then 
analyzed by flow cytometry. The Δψm was evaluated 
by JC-1 (5 nM) for 30 min at 37 °C and then visualized, 

images were acquired using confocal microscopy 
(Nikon, Japan). The Δψm were analyzed by ImageJ, 
and the values are expressed as the fold-increase in 
red/green fluorescence over control cells.  

ATP measurement 
ATP levels were measured using the ATP assay 

kit according to the manufacturer’s instructions. 
Briefly, the collected cells and tissues were lysed with 
lysis buffer and then centrifuged at 12000 g for 10 min 
at 4 °C. After that, an aliquot of the supernatant plus 
ATP detection solution was added to a 96-well plate. 
Luminescence was detected using a SpectraMax M5 
MultiMode Microplate Reader, and the ATP level is 
presented as nmol/mg of protein. 

Real-time PCR quantification 
Total RNA was extracted by TRIzol and 

reverse-transcribed into cDNA with an iScript cDNA 
synthesis kit. Real-time polymerase chain reaction 
(real-time PCR) was performed using SYBR Green 
PCR mix (Vazyme Biotech) in a real-time PCR 
detector (Bio-Rad). The primer sequences used are 
listed in Table 1. Data analysis was performed using 
the ΔΔCt method. 

 

Table 1. Primers used for real-time PCR analysis 

p62-F CCGTCTACAGGTGAACTCCAGTCC 
p62-R AGCCAGCCGCCTTCATCAGAG 
LC3b-F CCGACTTATTCGAGAGCAGCATCC 
LC3b-R GTCCGTTCACCAACAGGAAGAAGG 
Lamp1-F CTCTGTGGACAAGTACAACGT 
Lamp1-R GTTGATGTTGAGAAGCCTTGTC 
Ctsb-F ATACTCAGAGGACAGGATCACT 
Ctsb-R ATCTTTTCCCAGTACTGATCGG 
Becn1-F GGAGCTGCCGTTATACTGTTCTGG 
Becn1-R TGCCTCCTGTGTCTTCAATCTTGC 
Atg5-F GATGGGATTGCAAAATGACAGA 
Atg5-R GAAAGGTCTTTCAGTCGTTGTC 
TFEB-F CAGCAGTCGCAGCATCAGAAGG 
TFEB-R TGTTGCCAGCGGAGGAGGAC 
GAPDH-F ACCACAGTCCATGCCATCAC 
GAPDH-R TCCACCACCCTGTTGCTGTA 

 

Animal experiments 
Male C57BL/6 mice (6 - 8 weeks) were 

purchased from Dashuo Biotechnology (Chengdu, 
China), and all mice were housed in the animal center 
of West China Hospital, Sichuan University in 
accordance with the Guide for the Care and Use of 
Laboratory Animals. To evaluate the effects of 
trehalose on cisplatin-induced acute injury, mice were 
assigned to 3 groups (normal control, NC: n ≥ 8; 
cisplatin-treated, Cisp: n ≥ 8; cisplatin + trehalose, 
Cisp + Tre: n ≥ 8). Specifically, mice were 
intraperitoneally (i.p.) injected with cisplatin (16 
mg/kg, single injection) and then administered 
trehalose (3 g/kg per day, i.p. or i.g.) for 2 days. The 
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blood and kidneys were collected when the animals 
were sacrificed.  

Serum biochemistry  
Plasma samples were separated by 

centrifugation at 1000 × g for 15 min. Clinical 
biochemistry analysis of creatinine (Crea) and urea 
nitrogen (BUN) from mice were measured by the 
Department of Laboratory Medicine of West China 
Hospital (Chengdu, China). 

Terminal deoxynucleotidyl transferase–
mediated dUTP nick-end labeling (TUNEL) 
staining 

Apoptotic cell death in kidney sections was 
determined using TUNEL staining (Promega, 
Madison, WI, USA). Briefly, kidney sections were 
deparaffinized and pretreated with 0.1 M sodium 
citrate, pH 6.0, at 65 °C for 30 min and then incubated 
with a TUNEL reaction mixture for 1 h at 37 °C in a 
dark chamber, and the nuclei were labeled by DAPI. 
Positive staining with nuclear DNA fragmentation 
was detected by fluorescence microscopy (Zeiss, 
Germany). 

Histological assessment 
The kidney tissues were dissected and fixed in 

10% formalin. Fixed tissues were processed for 
embedding in paraffin, and 5 µm sections were 
prepared, stained with hematoxylin-eosin (HE) and 
periodic acid Schiff (PAS), and observed by light 
microscopy (Zeiss, Germany). 

Transmission electron microscopy (TEM) 
Kidney tissues were fixed in paraformaldehyde 

and glutaraldehyde, postfixed in osmium tetroxide, 
dehydrated in ethanol, subjected to resin penetration 
and embedded in Epon. After that, the tissues were 
cut into ultrathin sections and stained with uranyl 
acetate, followed by staining with lead citrate, and 
examined with a FEI Tecnai Spirit (T12). The aspect 
ratio and mitochondrial area were calculated. 

Isolation of mouse primary tubule epithelial 
cells (mPRTCs) 

Isolation of mPRTCs was performed under a 
modified protocol as described previously [23, 24]. 
Briefly, kidney cortices were minced with a sterile 
scalpel, transferred to a collagenase solution 
(DMEM/F-12 medium with 0.1% (wt/vol) type IV 
collagenase and 0.1% bovine serum albumin) at 37 °C 
and digested for 30 min. After digestion, the 
supernatant was sieved through two nylon sieves 
(pore sizes 100 μm and 40 μm). Then, the proximal 
tubule (PT) fragments remaining in the 40 μm sieve 
were resuspended by flushing the sieve in the reverse 

direction with warm media. The PTs present in the 
media were centrifuged for 5 min at 170 g, washed, 
resuspended in DMEM/F-12 medium supplemented 
with 10% fetal bovine serum and maintained at 37 °C 
in 5% CO2 in a humidified incubator. 

Statistical analysis 
All data are expressed as the mean ± s.d. from at 

least three independent experiments. 
Mann-Whitney analysis was employed for 

comparisons between two groups; one-way ANOVA 
(followed by Tukey’s or LSD multiple comparison 
post hoc test) was used for groups of three or more. A 
value of P < 0.05 was considered statistically 
significant. 

Results 
Trehalose suppresses cisplatin-induced injury 
in vitro 

To evaluate the effects of trehalose in 
cisplatin-treated HK2 cells, cisplatin-treated HK2 cells 
were incubated with or without trehalose. Here, we 
found that after cisplatin treatment, cell viability was 
declined in a concentration- and time-dependent 
manner (Figure 1A). After incubation with trehalose, 
the cell viability was increased to 0.78 ± 0.04-fold from 
0.60 ± 0.04-fold in cisplatin-treated HK2 cells (Figure 
1B). In addition, cell apoptosis induced by cisplatin 
was significantly inhibited after trehalose treatment 
(Figure 1C). In parallel to ameliorating cell apoptosis, 
the enhanced expression of Bax was decreased after 
trehalose treatment, while the reduced expression of 
Bcl-2 was increased (Figure 1D). Mannitol was used 
as osmotic control of trehalose, and no significant 
effects were observed in the above parameters in 
osmotic control group. These data showed that 
trehalose protected against cisplatin-induced renal 
tubular cell apoptosis in vitro.  

Trehalose induces autophagy in 
cisplatin-treated HK2 cells  

The LC3 II level was increased in HK2 cells 
treated with cisplatin for 48 h, while the P62 level was 
decreased (Figure 2A). According to the guidelines for 
the use and interpretation of assays for monitoring 
autophagy (3rd edition), the accumulation of LC3 Ⅱ 
could be due to either the induction of autophagy or 
the inhibition of autophagic degradation [25, 26]. 
Moreover, in the presence of the lysosomal 
acidification inhibitor HCQ, the LC3 II protein was 
dramatically elevated in cisplatin-treated HK2 cells, 
indicating that increased LC3 II turnover and 
induction of autophagic flux were induced by 
cisplatin in HK2 cells (Figure 2B). To explore the effect 
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of autophagy on cisplatin-induced cell injury, an 
autophagy activator (mTOR inhibitor, Rapamycin; 
Rapa) or inhibitor (HCQ) was added to the cells. 
Compared with the cisplatin group, we found that cell 
viability was increased after Rapa treatment, while 
furtherly decreased in the cisplatin + HCQ group 
(Figure 2C). The results demonstrated that autophagy 
plays a protective role in cisplatin-induced cell injury.  

Western blot analysis showed that LC3 II and 
P62 increased in trehalose-treated HK2 cells in a 
dose-dependent manner (Figure 2D). The 
accumulation of P62 level was correlated with 
dysfunctional autophagy or transcriptional activation 
of p62. Herein, the elevated protein of P62 was due to 
the increase of the p62 mRNA after trehalose 
treatment, which was consistent with the observation 
in NSC34 and Hepa1-6 cells (Figure 2F) [27, 28]. As 
osmotic control, mannitol had no significant effect on 
LC3 II and P62 levels in HK2 cells (Figure S1A). 
Moreover, in the presence of HCQ, the LC3 Ⅱ and P62 
proteins were elevated in trehalose-treated HK2 cells, 

suggesting that trehalose could enhance the 
autophagy process (Figure 2E and G). Mitophagy, as a 
selective autophagy, is critical for mitochondrial 
maintenance. Here, we found that the expression of 
Pink1 and Parkin were increased after trehalose 
treatment (Figure 2H). Additionally, the 
colocalization between LC3 and mitochondria was 
increased (Figure 2I), indicating that the mitophagy 
process was activated under this stimulus. 

Trehalose attenuates mitochondrial 
dysfunction in cisplatin-treated HK2 cells  

Due to the protective role of mitophagy on 
mitochondrial dysfunction, we then measured 
mitochondrial function in cisplatin-treated HK2 cells. 
After trehalose treatment, the overproduction of 
mitochondrial ROS (mtROS) and depolarization of 
membrane potential induced by cisplatin was 
inhibited (Figure 3A and B). Moreover, compared 
with normal cells, the mitochondria in 
cisplatin-treated HK2 cells were swollen and smaller, 

 

 
Figure 1. Trehalose suppresses cisplatin-induced injury in vitro. Mannitol was used as osmotic control of trehalose. (A) HK2 cells were exposed to cisplatin (5 μM, 10 
μM, 20 μM) for 24 h or 48 h, and cell viability was determined by CCK8. (B) HK2 cells treated with cisplatin were incubated with trehalose for 48 h, and cell viability was 
determined. (C) The effects of trehalose on cisplatin-induced apoptosis were determined by flow cytometry. (D) The expression of apoptosis-related proteins (Bax and Bcl-2 was 
measured by western blotting. B - D, cisplatin, 5 μM; trehalose, 50 mM; mannitol, 50 mM. Data are shown as the means ± s.d. from three independent experiments and analyzed 
by one-way ANOVA with Tukey’s test. * P < 0.05, ** P < 0.01 vs. Con; & P < 0.05, && P < 0.01 vs. Cisp. (Con, control; Tre, trehalose; Cisp, cisplatin; Cisp + Tre, cisplatin + 
trehalose; Man, mannitol; Cisp + Man, cisplatin + mannitol). 
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indicating that cisplatin induced mitochondrial 
fragmentation. Consistent with the alterations in 
mitochondrial morphology, the protein level of optic 
atrophy 1 (Opa1) was decreased, and the expression 
of the mitochondrial fission protein Drp1 was 
remarkably increased. While, trehalose treatment 
effectively alleviated mitochondrial fragmentation 
(Figure 3C and D). Parallel changes included increase 
of mitochondria-related proteins (ATP5a, Sirt3 and 
Ndufs4) were observed after trehalose treatment 
(Figure 3D). As a consequence, the ATP content in 
cisplatin-treated HK2 cells was increased when the 
cells were incubated with trehalose (Figure 3E). 
Mannitol, used as osmotic control, has no significant 
effects on overproduction of measured mtROS and 

decreased ATP level in cisplatin-induced HK2 cells 
(Figure S1B and C). Collectively, these results 
indicated that trehalose alleviated cisplatin-induced 
mitochondrial dysfunction by promoting autophagy. 

Trehalose induces autophagy by activating 
TFEB in HK2 cells 

Although trehalose is one of the few known 
compounds to induce mTOR-independent autophagy 
effectively, its mechanism of action is completely 
unknown. More recently, transcription factor EB 
(TFEB), which is a major regulator of autophagy and 
lysosomal biogenesis, has emerged as a key factor in 
several disease pathologies [21]. TFEB is 
predominantly diffusely located in the cytoplasm in 

 

 
Figure 2. Trehalose induces autophagy in cisplatin-treated HK2 cells. (A) The expression of the proteins P62 and LC3 was measured by western blotting in HK2 cells 
exposed to cisplatin (5 μM, 10 μM, 20 μM). (B) The expression of the proteins P62 and LC3 was measured by western blotting in HK2 cells exposed to cisplatin (5 μM) in the 
presence or absence of HCQ (20 μM). (C) HK2 cells were treated with cisplatin (5 μM) in the presence or absence of Rapa (50 nM) or HCQ (20 μM), and cell viability was 
determined. (D) The expression of the proteins P62 and LC3 was measured by western blotting in HK2 cells exposed to trehalose (20 mM, 50 mM, 100 mM). (E) The expression 
of the proteins P62 and LC3 was measured by western blotting in HK2 cells exposed to trehalose (50 mM) in the presence or absence of HCQ (20 μM). (F) HK2 cells treated 
with trehalose (50 mM) and p62 mRNA was measured by real-time polymerase chain reaction (real-time PCR). Data analyzed by Mann-Whitney. (G and H) HK2 cells were 
exposed to cisplatin (5 μM) in the presence or absence of trehalose (50 mM), and the expression of the proteins P62, LC3, Pink1 and Parkin was measured by western blotting. 
(I) Representative images of the colocalization between LC3 and mitochondria. Data are shown as the means ± s.d. from at least three independent experiments. A - C and D 
- I, Data analyzed by one-way ANOVA with Tukey’s test. * P < 0.05, ** P < 0.01 vs. Con; & P < 0.05, && P < 0.01 vs. Cisp; # P < 0.05, ## P < 0.01 vs. HCQ. (Con, control; Cisp, 
cisplatin; HCQ, hydroxychloroquine; Rapa, Rapamycin; Tre, trehalose; Cisp + Tre, cisplatin + trehalose). 
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the normal physiological state. Upon starvation stress, 
it translocates to the nucleus, resulting in activated 
transcription of its target genes. Based on these 
studies, we investigated whether TFEB is involved in 
the action of trehalose in HK2 cells. Confocal 
microscopy showed that under untreated conditions, 
endogenous TFEB was mainly distributed in the cell 
cytoplasm and progressively translocated into the 
nucleus after trehalose administration (Figure 4A). 
Similar results were also shown by western blotting of 
TFEB from the nucleic and cytosolic fractions of HK2 
cells (Figure 4B). These data confirmed previous 
findings that trehalose could activate TFEB. 

To further determine whether the protective role 
of trehalose on cisplatin-induced injury was relied on 
TFEB-mediated autophagy, HK2 cells were 
transfected with the tfeb-Fag-His plasmid or 
tfeb-siRNA prior to trehalose treatment. 
Overexpression of TFEB could activate the 
transcription of autophagy- and lysosome-related 
genes, including Atg5, Becn1, Ctsb, Lamp, Lc3b and p62 
(Figure 5A). Moreover, along with the elevated 

expression of TFEB, the LC3 II level was significantly 
increased, indicating that overexpression of TFEB 
promoted the autophagy process in cisplatin-treated 
HK2 cells (Figure 5B). Furthermore, the impaired 
mitochondria induced by cisplatin were effectively 
improved in the over-tfeb group, characterized by 
decreased accumulation of mtROS, inhibition of 
depolarization of the membrane potential and 
mitochondrial fragmentation, and increased 
mitochondrial transport chain complex proteins 
(ATP5a and Ndufs4) and ATP content (Figure 5C-F). 
Finally, as a consequence, overexpression of TFEB 
increased cell viability and inhibited cell apoptosis 
induced by cisplatin treatment (Figure 5G and H). 
Conversely, the improvement of mitochondrial 
function and inhibition of cell injury after trehalose 
treatment was remarkably abrogated in 
tfeb-knockdown HK2 cells (Figure 6). These results 
indicated that upon trehalose treatment, TFEB was 
crucial for the induction of autophagy and protection 
against cell damage in cisplatin-treated HK2 cells. 

 
 

 
Figure 3. Trehalose attenuates mitochondrial dysfunction in cisplatin-treated HK2 cells. (A) Mitochondrial ROS (mtROS) were measured by incubation with 
MitoSOX. (B) The mitochondrial membrane potential measurement was detected with JC-1 and quantified by ImageJ. (C) Representative images of the mitochondrial 
morphology of HK2 cells stained with MitoTracker Green. (D) The expression of mitochondria-related proteins (Drp1, Opa1, ATP5a, Sirt3 and Ndufs4) was measured by 
western blotting. (E) ATP levels were quantified in HK2 cells, the ATP content was calculated as nmol/mg of protein, and the data are represented as the rate of control. (cisplatin, 
5 μM; trehalose, 50 mM). Data are shown as the means ± s.d. from at least three independent experiments and analyzed by one-way ANOVA with Tukey’s test. * P < 0.05, ** 
P < 0.01 vs. Con; & P < 0.05, && P < 0.01 vs. Cisp. (Con, control; Tre, trehalose; Cisp, cisplatin; Cisp + Tre, cisplatin + trehalose). 
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Figure 4. Trehalose induces autophagy by activating TFEB in HK2 cells. (A) Representative immunofluorescence images of TFEB in HK2 cells. (B) Cytoplasmic and 
nuclear fractions of TFEB in HK2 cells were analyzed by western blotting. (cisplatin, 5 μM; trehalose, 50 mM). Data are shown as the means ± s.d. from three independent 
experiments and analyzed by one-way ANOVA with Tukey’s test. * P < 0.05, ** P < 0.01 vs. Con; & P < 0.05, && P < 0.01 vs Cisp. (Con, control; Tre, trehalose; Cisp, cisplatin; 
C + T, cisplatin + trehalose).  

 

Intraperitoneal administration of trehalose 
prevents cisplatin-induced AKI 

To evaluate the preventive effects of trehalose in 
vivo, male C57BL/6N mice were intraperitoneally 
injected with cisplatin (16 mg/kg) to induce AKI. For 
trehalose administration, AKI mice were 
intraperitoneally injected with trehalose (i.p., 3 g/kg, 
once a day for 2 days) at the beginning of AKI (Figure 
7A). Here, we found that trehalose treatment for 4 
days had no effects on mouse blood urea nitrogen 
(BUN) and serum creatinine (Crea) levels, suggesting 
that trehalose did not induce nephrotoxicity in mice 
(Figure S2). After cisplatin injection, the levels of BUN 
and Crea were increased on the 4th day, while 
decreased after trehalose administration (Figure 7B). 
In addition, histological staining of the kidney 
sections showed that cisplatin-treated mice displayed 
histopathological alterations, such as loss of the brush 
border, tubular cell loss, and cast formation, whereas 
renal structural damage was attenuated by trehalose 
administration (Figure 7C).  

It is well known that cisplatin induces apoptosis 
of proximal tubular epithelial cells. We next assessed 
apoptosis in the kidneys, and apoptotic cells were 
detected by terminal deoxynucleotidyl transferase–
mediated dUTP nick end labeling (TUNEL) staining. 
Here, we found that the number of TUNEL-positive 

cells was lower in the trehalose-treated group than in 
the cisplatin group (Figure 7D). Accordingly, 
significantly higher expression of the pro-apoptotic 
Bax treated with cisplatin was decreased and lower 
expression of anti-apoptotic Bcl-2 was increased after 
trehalose administration (Figure 7E). Taken together, 
these data indicated that trehalose had a protective 
effect on cisplatin-induced AKI. 

Intraperitoneal administration of trehalose 
activates autophagy and improves 
mitochondria in AKI mice 

As shown in the previous study, Lynch/Parikh 
reported that at the early stage of cisplatin-induced 
AKI the mitophagy was induced as an adaptive 
response, while was retarded along with the 
development of AKI, thereby accelerating cell death 
[18]. Consistent with the report, we found that the 
mRNA levels of autophagy related genes (Becn1, Ctsb, 
Lc3b) was elevated at 2d, and sequentially reduced at 
4d after cisplatin injection (Figure S3B). Meanwhile, 
the protein level of LC3 II was slightly elevated 
without significant difference between NC and AKI 
mice, and the TFEB level was decreased in AKI mice 
(Figure 8A). Our data showed that cisplatin induced 
autophagy and the process may be retarded by a later 
time. 
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Figure 5. Over-TFEB attenuates mitochondrial dysfunction and apoptosis in cisplatin-treated HK2 cells. Control and TFEB-overexpressing HK2 cells treated or 
not with cisplatin (5 μM). (A) The mRNA levels of several autophagy-lysosome markers were evaluated by real-time PCR. Data analyzed by Mann-Whitney. (B) The protein levels 
of LC3 Ⅱ and TFEB were evaluated by western blotting. (C) mtROS were measured by incubation with Mito-SOX. (D) Representative images of JC-1 staining. (E) The expression 
of mitochondria-related proteins (Drp1, Opa1, ATP5a, Sirt3 and Ndufs4) was analyzed by western blotting. (F) ATP levels were assessed using an ATP assay kit. (G) The 
expression of the proteins Bax and Bcl-2 was measured by western blotting. (H) Apoptosis was determined by flow cytometry. Data are shown as the means ± s.d. from at least 
three independent experiments. B - H, Data analyzed by one-way ANOVA with Tukey’s test. * P < 0.05, ** P < 0.01 vs. Con; & P < 0.05, && P < 0.01 vs. Cisp. (overcon, 
overcontrol; Cisp, cisplatin). 

 
Moreover, western blot analysis showed that the 

expression of LC3 II in the kidney sections was 
increased after trehalose administration, indicating 
that trehalose activated autophagy in AKI mice 
(Figure 8A). Based on the protective role of autophagy 
on mitochondrial function, we observed the 
mitochondria in the cortices of the mouse kidneys 
using transmission electron microscopy. Compared 
with the normal control (NC) group, many swollen, 
smaller and round mitochondria were observed in the 
tubular cells of AKI mice, and quantitative 
morphometric analysis revealed that the aspect ratio 
(the long axis of mitochondria/short axis of 
mitochondria) and mitochondrial area were 
decreased, which is indicative of mitochondrial 
fragmentation. However, these phenomena were 

obviously attenuated after trehalose administration 
(Figure 8B). In line with the alterations in 
mitochondrial morphology, the elevated expression 
of Drp1 in AKI mice was decreased in the 
trehalose-administrated group (Figure 8C). In 
addition, the expression levels of mitochondrial 
transport chain complex proteins (ATP5a and 
Ndufs4) in the kidney were increased in the 
trehalose-administrated group (Figure 8C). Moreover, 
compared with the NC mice, the mtROS levels in the 
kidney, as assessed by MitoSOX fluorescence, was 
increased in cisplatin-induced AKI mice, while 
markedly decreased after trehalose administration 
(Figure 8D).  

Due to the accumulation of cisplatin in the 
mitochondria of renal proximal tubular cells in vivo, 
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we then isolated mouse primary tubule epithelial cells 
(mPRTCs) and measured their mitochondrial 
function. Our results showed that trehalose promoted 
TFEB translocation to nuclear and the autophagy 
process was promoted in the mPRTCs from 
trehalose-administrated group mice (increased 
expression of LC3 II) (Figure S4A and B). Along with 
the activation of autophagy, mitochondrial 
dysfunction in mPRTCs from AKI mice were 

alleviated, such as decreased mtROS levels, an 
elevated membrane potential, and increased ATP 
content (Figure S4C-F). In addition, the 
cisplatin-induced apoptosis in mPRTCs from AKI 
mice, was inhibited after trehalose administration 
(Figure S4G and H). Collectively, these results 
indicated that the beneficial effects of trehalose on 
cisplatin-induced acute kidney injury were probably 
due to the prevention of mitochondrial dysfunction. 

 
 

 
Figure 6. Silencing of TFEB partially abolishes the protective effects of trehalose in cisplatin-treated HK2 cells. HK2 cells were transfected with control siRNA 
(sicon) or TFEB siRNA (sitfeb) for 6 h and treated with cisplatin (5 μM) in the presence or absence of trehalose (50 mM) for 48 h. (A) The expression of autophagy-related 
proteins (TFEB and LC3) was measured by western blotting. (B) mtROS were measured by incubation with MitoSOX. (C) Representative images of JC-1 staining. (D) The 
expression of mitochondria-related proteins (Drp1, Opa1, ATP5a, Sirt3, and Ndufs4) was measured by western blotting. (E) ATP levels were assessed using an ATP Assay Kit. 
(F) The expression of apoptosis-related proteins (Bax and Bcl-2) was measured by western blotting. (G) The apoptosis of HK2 cells was determined by flow cytometry. Data are 
shown as the means ± s.d. from at least three independent experiments and analyzed by one-way ANOVA with LSD test. * P < 0.05, ** P < 0.01 vs. Con; & P < 0.05, && P < 0.01 
vs. Cisp. # P < 0.05, ## P < 0.01 vs. sitfeb. (Con, control; Cisp, cisplatin; Tre, trehalose; C + T, cisplatin + trehalose). 
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Figure 7. Intraperitoneal (i.p.) injection of trehalose protects the kidney against cisplatin-induced AKI. (A) Mice were intraperitoneally injected with a single dose 
of cisplatin (16 mg/kg BW) to induce AKI and then intraperitoneally administered trehalose (3 g/kg BW) at the same time for 2 days. (B) Serum BUN and Crea levels were 
quantified in each group (n = 8 - 11 mice). (C) Representative images of HE- and PAS-stained kidney sections. (D) Representative micrographs showing TUNEL staining. (E) 
Representative images of western blotting and the quantitative analyses of Bax and Bcl-2 (n = 3 mice). Data analyzed by one-way ANOVA with Tukey’s test. * P < 0.05, ** P < 0.01 
vs. Con; & P < 0.05, && P < 0.01 vs. Cisp. (NC, normal control; Cisp, cisplatin; Tre, trehalose; C + T, cisplatin + trehalose; i.p., intraperitoneal; BUN, blood urea nitrogen; Crea, 
serum creatinine; HE, hematoxylin/eosin; PAS, periodic acid-Schiff; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling staining). 

 

Oral administration of trehalose prevents 
cisplatin-induced AKI 

For the consideration of trehalose in clinical 
therapeutic usage, we furtherly tested whether oral 
administration of trehalose could alleviate kidney 
injury in AKI mice. Male C57BL/6N mice were 
intraperitoneally injected with cisplatin and orally 
administered trehalose at the same time (Figure 9A). 
Compared with AKI mice, kidney injury was 
alleviated after the oral administration of trehalose, as 
indicated by decreased levels of BUN and Crea, and 
decreased pathological damage (Figure 9B and C). 
Moreover, oral administration of trehalose decreased 
the level of pro-apoptotic Bax and increased 
anti-apoptotic Bcl-2 expression in AKI mice (Figure 
9D). In terms of autophagy, we found that the 
expression levels of TFEB and LC3 II were increased, 
indicating that oral administration of trehalose 
activated autophagy in AKI mice (Figure 9E). As a 
consequence of activated autophagy, the impaired 
mitochondria (mitochondrial fragmentation and 
decreased expression of mitochondrial transport 

chain complex proteins) was improved (Figure 9F).  

Oral treatment with trehalose alleviates 
cisplatin-induced AKI 

We further investigated whether oral treatment 
with trehalose could alleviate kidney injury when 
renal function was impaired after cisplatin injection. 
In AKI mice, the BUN and Crea levels were increased 
on the 2nd day and continuously increased on the 4th 
day after cisplatin injection. Consistently, pathological 
damage to kidney tissue was clearly observed on the 
2nd day after cisplatin injection (Figure S3C and D). 
To investigate the oral treatment of trehalose, 
trehalose was orally administered on the 2nd day 
after cisplatin injection (Figure 10A). The results 
showed that oral treatment with trehalose reduced 
BUN and Crea levels, inhibited apoptosis, and 
improved pathological structural damage (Figure 
10B-D). Moreover, along with the promotion of 
autophagy in kidney tissue, mitochondrial function 
was improved after oral treatment with trehalose 
(Figure 10E and F).  
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Figure 8. Intraperitoneal injections of trehalose activate autophagy and improve mitochondria in AKI mice. (A) The expression of autophagy-related proteins 
(TFEB and LC3) was measured by western blotting (n = 6 mice). (B) Representative TEM micrographs of mouse renal tubular epithelial cell mitochondria from each group. Scale 
bar, 2 μm (wireframe indicates the magnified image). The aspect ratio (major axis/minor axis) of mitochondria and the mitochondrial area were evaluated via ImageJ (n = 15 
mitochondria). (C) The expression of mitochondria-related proteins (Drp1, Opa1, ATP5a, Sirt3 and Ndufs4) was measured by western blotting (n = 3 mice). (D) Representative 
images showing mtROS in fresh renal tissue visualized by staining with MitoSOX. Data analyzed by one-way ANOVA with Tukey’s test. * P < 0.05, ** P < 0.01 vs. Con; & P < 0.05, 
&& P < 0.01 vs. Cisp. (NC, normal control; Cisp, cisplatin; C + T, cisplatin + trehalose; i.p., intraperitoneal).  

 

Discussion 
In kidney diseases, trehalose has been found to 

ameliorate renal function in the polycystic kidney and 
Akt2 knockout-induced insulin resistance models 
[29]. Thus, we hypothesized that trehalose might have 
potential as an effective drug to treat cisplatin 
nephrotoxicity. To our knowledge, the present study 
was the first to investigate the effects of trehalose on 
cisplatin-induced AKI. 

Mitochondria undergo significant alterations 
during AKI [30], with functional and structural 
damage appearing earlier than the pathologic 
manifestations of kidney injury [31]. Mitochondria are 
known as the main intracellular sites for ROS 
production [32]. Under pathological conditions, 
mtROS can trigger oxidative stress, the inflammatory 
response and apoptosis, which ultimately results in 
kidney injury [9, 33]. Consistent with previous 

studies, our study also found that mitochondrial 
function in cisplatin-induced HK2 cells and AKI 
mouse kidneys was impaired, as shown by 
mitochondrial fragmentation, the excessive 
accumulation of mtROS, and depolarization of the 
membrane potential. Thus, protection of the 
mitochondria might be a valuable therapeutic 
approach for the treatment of AKI.  

Growing evidence supports that autophagy 
induction has been demonstrated in various 
experimental models of AKI, and promotion 
autophagy is protective [34-36]. Moreover, inhibition 
of autophagy aggravated AKI, whereas activation of 
autophagy showed protective effects, suggesting the 
renal protective role of autophagy in AKI disease [37]. 
Trehalose is regarded as an autophagy inducer in 
neurological studies [38]. Moreover, the safety of 
trehalose is well recognized [39]. Mitophagy, as a 
form of selective autophagy, targets impaired 
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mitochondria for autophagic recognition and 
degradation, is important for maintaining 
mitochondrial quality [18, 40]. Therefore, we 
investigated whether trehalose provided benefits to 
damaged mitochondria in AKI mice. Here, we 
revealed that trehalose induced autophagy both in 
vitro and in vivo, as shown by the increased expression 
of LC3 II. In terms of mitophagy, the expression levels 
of Pink1 and Parkin were increased after trehalose 
treatment. Moreover, the colocalization between LC3 
and mitochondria was increased, indicating that the 
mitophagy process was activated. Due to the 
induction of mitophagy, mitochondrial function was 
improved in cisplatin-induced HK2 cells and AKI 
mice. 

Autophagic responses to stress conditions 
depend on transcriptional regulation. TFEB is a 
known master transcriptional regulator of autophagy 
and can regulate lysosome biogenesis and promote 
autophagosome-lysosome activity by binding to the 
CLEAR element on a variety of autophagy and 
lysosomal genes to induce their expression [41, 42]. 
Several studies have found that trehalose enhances 

the activity of autophagy by increasing activation of 
TFEB [28, 43, 44].  

Moreover, Lynch/Parikh have found that 
suppressive effect of PGC1α on mitochondrial ROS 
(mtROS) induced by cisplatin was fully reversed by 
TFEB depletion. Moreover, the mitochondria damage, 
indicated by electron microscopy in cisplatin-treated 
iNephPGC1α mouse kidneys was exacerbated when 
the TFEB was knockdown, suggesting that 
TFEB-mediated mitophagy was pivotal for 
PGC1α-dependent renal stress resistance [18]. 
Consistent with the observation, our results showed 
that after the trehalose treatment not only the 
suppression of mtROS, the ATP content and protein 
levels of Opa1, ATP5a, Ndufs4 in cisplatin-treated 
cells were elevated by TFEB-driven autophagy, while 
blocked in HK2 cells with TFEB knockdown. These 
findings indicate that trehalose upregulates 
autophagy and improves mitochondrial function by 
enhancing the nuclear translocation of TFEB. 
However, the mechanism involved in trehalose- 
mediated activation of TFEB is unclear. 

 

 
Figure 9. Oral administration of trehalose prevents cisplatin-induced AKI. (A) Mice intraperitoneally injected with cisplatin were orally administered trehalose at the 
same time for 2 days. (B) Serum BUN and Crea levels were quantified in each group (n = 8 - 10 mice). (C) Representative images of HE- and PAS-stained kidney sections. (D - 
F) The expression levels of apoptosis-related proteins (Bax and Bcl-2), autophagy-related proteins (TFEB and LC3), and mitochondria-related proteins (Drp1, Opa1, ATP5a, Sirt3 
and Ndufs4) were measured by western blotting (n = 3 mice). Data analyzed by one-way ANOVA with Tukey’s test. * P < 0.05, ** P < 0.01 vs. Con; & P < 0.05, && P < 0.01 vs. 
Cisp. (NC, normal control; Cisp, cisplatin; Tre, trehalose; C + T, cisplatin + trehalose; i.g., intragastric; BUN, blood urea nitrogen; Crea, serum creatinine; HE, hematoxylin/eosin; 
PAS, periodic acid-Schiff). 



Theranostics 2020, Vol. 10, Issue 13 
 

 
http://www.thno.org 

5842 

 
Figure 10. Oral treatment with trehalose alleviates cisplatin-induced AKI. (A) Mice were intraperitoneally injected with cisplatin, and trehalose was orally 
administered on the 2nd day after cisplatin injection. (B) Serum BUN and Crea levels were quantified in each group (n = 8 - 11 mice). (C) Representative images of HE- and 
PAS-stained kidney sections. (D - F) The expression of apoptosis-related proteins (Bax and Bcl-2), autophagy-related proteins (TFEB and LC3), and mitochondria-related proteins 
(Drp1, Opa1, ATP5a, Sirt3 and Ndufs4) was measured by western blotting (n = 3 mice). Data analyzed by one-way ANOVA with Tukey’s test. * P < 0.05, ** P < 0.01 vs. Con; 
& P < 0.05, && P < 0.01 vs. Cisp. (NC, normal control; Cisp, cisplatin; Tre, trehalose; C + T, cisplatin + trehalose; i.g., intragastric; BUN, blood urea nitrogen; Crea, serum 
creatinine; HE, hematoxylin/eosin; PAS, periodic acid-Schiff). 

Multiple studies have shown that the subcellular 
localization and activity of TFEB proteins are 
primarily regulated through phosphorylation. 
Phosphorylated TFEB is retained in the cytoplasm 
and subsequently translocates to the nucleus upon 
dephosphorylation [45, 46]. Based on previous 
studies, transcription factor-mediated lysosome-to- 
nucleus signaling can be directly controlled by several 
signaling molecules involved in the mTORC1, ERK, 
and AKT pathways [45]. As an inducer of autophagy, 
trehalose has been reported to induce autophagy via 
an mTOR-independent pathway [38]. Previous 
studies have demonstrated that the nuclear 
translocation of TFEB mediated by trehalose is due to 
the inhibition of Akt-mediated phosphorylation of 
TFEB at S467, and pharmacological inhibition of Akt 
promotes TFEB nuclear translocation [47]. Moreover, 
several experiments have confirmed that the Akt 
pathway is activated in cisplatin-induced HK2 cells 
and AKI mice [48, 49]. Thus, we speculated that 
activation of TFEB mediated by trehalose in AKI mice 
may be dependent on the inhibition of Akt.  

As an autophagy inducer, trehalose has been 
received the most attention in mammalian cells. 

However, some autophagy-independent pathway has 
been uncovered in recent studies. Lee et al have found 
that trehalose downregulates PARP-1 and PARP-2 
expression, prevents lipopolysaccharide (LPS) and 
interferon gamma (INFγ) (a method widely used to 
induce iNOS and to promote neurotoxic conditions) 
induced oxidative injury and apoptosis in primary rat 
astrocyte and oligodendrocyte cells cultures [19]. 
Moreover, it has been reported that trehalose not only 
promots autophagy but also functions as an activator 
of the p62-Keap1/Nrf2 pathway, leading to 
suppression of oxidative stress [27]. Thus, the 
autophagy-independent pathway might also be 
involved in the nephroprotective effects of trehalose. 

In our study, we demonstrated that trehalose 
treatment activated TFEB-mediated autophagy, 
alleviated the mitochondrial dysfunction and kidney 
injury in cisplatin-induced AKI mice.  
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