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a b s t r a c t 

Background: Uncoupling protein 1 (UCP1) is predominantly found in brown adipose tissue mitochondria, 

and mediates energy dissipation to generate heat rather than ATP via functional mitochondrial uncou- 

pling. However, little is known about its expression and function in kidney. 

Methods: We carried out a mRNA microarray analysis in mice kidneys with ischemia reperfusion (IR) 

injury. The most dramatically downregulated gene UCP1 after IR was identified, and its role in generation 

of mitochondrial reactive oxygen species (ROS) and oxidative stress injury was assessed both in vitro and 

in vivo. Genetic deletion of UCP1 was used to investigate the effects of UCP1 on ischemia or cisplatin- 

indued acute kidney injury (AKI) in mice. 

Findings: UCP1 was located in renal tubular epithelial cells in kidney and downregulated in a time- 

dependent manner during renal IR. Deletion of UCP1 increased oxidative stress in kidneys and aggravated 

ischemia or cisplatin induced AKI in mice.Viral-based overexpression of UCP1 reduced mitochondrial ROS 

generation and apoptosis in hypoxia-treated tubular epithelial cells. Furthermore, UCP1 expression was 

regulated by peroxisome proliferator-activator receptor (PPAR) γ in kidneys during renal IR. Overexpres- 

sion of PPAR- γ resembled UCP1-overexpression phenotype in vitro. Treatment with PPAR- γ agonist could 

induce UCP1 upregulation and provide protective effect against renal IR injury in UCP1 + / + mice, but not 

in UCP1 −/ −mice. 

Interpretation: UCP1 protects against AKI likely by suppressing oxidative stress, and activation of UCP1 

represents a potential therapeutic strategy for AKI. 

Fund: National Natural Science Foundation of China grants, Science and Technology Commission of 
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. Research in context 

Evidence before this study : Uncoupling protein 1 (UCP1) is

redominantly found in brown adipose tissue mitochondria, and

as a central role in adaptive nonshivering thermogenesis in

esponsible to cold exposure via uncoupling ATP synthesis from

espiration. Meanwhile, UCP1 may reduce reactive oxygen species
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eneration in adipocyte mitochondria. However, little is known

bout its expression and function in kidney. 

Added value of this study : In this study, using global gene ex-

ression profiling approach in a mouse model of renal ischemia

eperfusion injury, we identify UCP1, which was the most down-

egulated gene in kidney 24 h after renal ischemia reperfusion,

s a regulator of kidney injury, in particular regulation of reac-

ive oxygen species generation and apoptosis. The results demon-

trated that UCP1 reduced oxidative stress and alleviated ischemia

r nephrotoxic drug-induced acute kidney injury (AKI) 

Implications of all the available evidence : This study demon-

trated the crucial role of PPAR- γ /UCP1 signaling pathway in

egulating ischemia-induced oxidative stress and subsequent 
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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kidney injury, which is conducive to better understanding the

pathogenesis of AKI. Activation of UCP1 may be a potential

approach for prevention and treatment of AKI 

2. Introduction 

Acute kidney injury (AKI) is a common clinical complication

characterised by the rapid loss of renal function, and is often

caused by renal ischemia reperfusion (IR) and nephrotoxins in

the clinics. Although supportive treatment is available, AKI is

associated with high morbidity and mortality, and also contributes

to the development of chronic kidney diseases [1] . Few specific

therapies have emerged that can prevent or attenuate AKI. It

is well known that AKI is a common reactive oxygen species

(ROS)-related kidney disease [2] . The excess prodution of ROS and

a reduction in antioxidant defenses are fundamentally implicated

in the pathophysiology of AKI. During renal ischemia reperfusion

injury (IRI), overproduction of ROS occurs early in the reperfusion

phase and remains for 24 h after reperfusion [3] . ROS react with

proteins, nucleic acids, carbohydrates and lipids, contribute to cell

apoptosis and necrosis [4] . It has been demonstrated that the renal

proximal tubular cells are particularly susceptible to the oxidative

stress elicited by ischemia reperfusion-induced excess ROS [5] .

Excess ROS impair the mitochondria, trigger inflammation and

apoptosis [6] . Therefore, ROS are one of the critical targets in the

management of AKI. 

Mitochondria is the main source of ROS in cells [7] . A byprod-

uct of mitochondrial respiration is a continual escape of electrons

from the electron transport chain of the inner membrane which

react directly with molecular oxygen to form ROS. Uncoupling

proteins (UCPs), a family of mitochondrial anion carrier proteins

expressed in the mitochondrial inner membrane, transport protons

from inner membrane to the matrix, which causes a limited

decrease in the inner membrane’s potential, and thus reduces ROS

emission from the electron transport chain, uncoupling respiration

from ATP production [8] . While, when the mitochondrial perme-

ability transition occurs, which is associated with the complete

loss of the membrane potential, ROS burst is observed [9] . The

first described UCP was UCP1 which was predominantly found in

brown adipose tissue (BAT). UCP1 is critical for thermogenesis in

responsible to cold exposure via uncoupling ATP synthesis from

respiration and leading to heat production [10] . Moreover, several

studies have demonstrated that UCP1 may reduce ROS generation

by BAT mitochondria and thymus mitochondria [11–14] . 

In the present study, we carried out a mRNA microarray

analysis in mice kidneys with IRI, and found UCP1 was the most

downregulated gene. UCP1 was specificly located in the renal tubu-

lar epithelial cells in normal kidneys. Our in vivo studies together

with in vitro experiments in which UCP1 was overexpressed or

genetically deleted demonstrated the critical role of UCP1 in reg-

ulating the mitochondrial ROS generation and apoptosis associated

with ischemia or hypoxic stress. Collectively, our data revealed that

UCP1 may protect against AKI through inhibiting oxidative stress. 

3. Materials and methods 

3.1. Animals and animal experiments 

Male C57BL/6 J mice were obtained commercially from the

Animal Resource Center of Fudan University. UCP1 −/ − (129S-

Ucp1 tm1Kz /J) mice were purchased from The Jackson Lab, back-

crossed to C57B/6 J mice for 10 generations, and after repeated

intercrossing UCP1 + / + (wild type) and UCP1 −/ − strains were

obtained and used for experiments. Adult (8- to 10-week-old)

mice used in these experiments were housed in temperature- and

humidity-controlled cages and fed a standard normal diet with
ree access to rodent food and water. All animal procedures in this

tudy were approved by the Institutional Animal Care and Use

ommittee of Fudan University. 

Renal IRI was induced by bilateral renal pedicle clamping

or 30 min or 25 min (mild IRI), as described previously [15] .

ham-operated mice underwent the same surgical procedures but

ithout occlusion of renal pedicle. Cisplatin-induced nephrotox-

city was induced by intraperitoneal injection with a single dose

f cisplatin at 30 mg/kg, or 20 mg/kg (mild cisplatin challenge). To

nvestigate the effects of PPAR- γ activation on AKI, we adminis-

ered pioglitazone (Cayman Chemical, Ann Arbor, MI, USA) at a

ose of 10 mg/kg/d, or the same volume of solvent, by oral gavage

or seven consecutive days before IR surgery. 

.2. Cell culture and lentivirus transfection 

Mouse renal tubular epithelial cells (mTECs) were purchased

rom Caltag Medsystems (Buckingham, UK), and cultured in Dul-

ecco’s Modified Eagle’s Medium supplemented with 10% fetal

ovine serum, grown in incubators at 37 °C and 5% CO 2 . For

ypoxia, the cells were transferred to a hypoxia incubator with the

esired level of hypoxia (2% O 2 ), and cultivated for 24 h. 

Lentiviral vectors expressing UCP1 or PPAR- γ gene or en-

anced green fluorescent protein (GFP) were constructed as

escribed previously [16] . HEK293T cells were used to produce

entiviral particles by transfection of lentiviral expression vectors,

LV-CMV-STAT3,p80.9,pVSV-G, with pLentivirus-CMV-T2A-GFP, or

Lentivirus-CMV-UCP1-T2A-GFP, or pLentivirus-CMV-PPAR- γ -T2A

GFP plasmids (for overexpression). Seventy-two hours after the

ransfection, the media containing lentiviruses were collected and

ncubated with mTECs for twenty-four hours. 

.3. Microarray hybridization 

Total RNA from kidneys was extracted using Trizol reagent

Invitrogen, Carlsbad, USA) according to the manufacturer’s in-

tructions. Arraystar Mouse LncRNA Microarray V3.0 (KangChen

io-technology Company, Shanghai, China) containing 35 923

ncRNA probes and 24 881 mRNA probes was used to detect the

lobal profiling of mouse LncRNAs and mRNAs. Sample labeling

nd array hybridization were conducted according to the Agilent

ne-Color Microarray-Based Gene Expression Analysis protocol

Agilent Technology, USA). 

.4. Microarray data analysis 

Agilent Feature Extraction software (version 11.0.1.1) was used

o extract raw data and analyze acquired array images. GeneSpring

X v12.1 software package (Agilent Technologies, Santa Clara, CA,

SA) was used to perform quantile normalization and subsequent

ata processing. Differentially expressed mRNAs with statistical

ignificance in kidneys of wild-type mice between the sham group

nd IR group were identified through fold-change filtering ( ≥ 2.0),

ultiple hypothesis testing (FDR < 0.05), and unpaired t-tests ( p

 0.05). Pathway analysis was performed to identify differentially

egulated biological processes, based on KEGG (Kyoto Encyclo-

edia of Genes and Genomes). LncRNAs data was analyzed and

urther studied in another study. The microarray data have been

eposited in NCBI Gene Expression Omnibus and are provided at:

ttps://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE131454 . 

he accession number is GSE131454. 

.5. Human kidney tissue samples 

We studied three normal controls and three patients with AKI

n Zhongshan Hospital, Fudan University, between 2014 and 2018.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE131454
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he control samples were from normal portions of nephrectomy

pecimens that had been removed for localized renal tumor, and

erified by light microscopy. Acute tubular necrosis (ATN) was

onfirmed by renal biopsy in these patients with AKI. A ATN pa-

ient who had normal renal function before operation undergone

urgery of ovarian tumor resection, accidental hemorrhage and

ypotension occurred during the operation, serum creatinine was

ignificantly increased 24 h after surgery. Two patients with ATN

ad a history of taking nephrotoxic drugs before onset. The renal

iopsy tissues were subjected to immunohistochemistry staining.

he study was approved by the Clinical Research Ethical Com-

ittee of the Zhongshan Hospital, Fudan University. All patients

rovided written informed consent. 

.6. Assessment of serum creatinine 

Serum creatinine was determined in 100 μl of serum with an

utomated analyzer (Vet test 8008, USA). 

.7. Immunohistochemistry staining 

Immunohistochemistry staining were performed as described

reviously [17] . The primary antibody was anti-UCP1 (ab209483,

bcam), and horseradish peroxidase-conjugated anti-rabbit IgG

as used as secondary antibody . Images were visualized under

ight microscopy. 

.8. Immunofluorescence staining 

Immunofluorescence staining was performed referring to the

reviously published method [18] . Anti-UCP1 (ab10983, Abcam)

nd FITC-labeled Lotus tetragonolobus lectin (FL-1321, Vector

aboratories, Burlingame, CA) were used as primary antibod-

es for frozen sections of mouse kidney. Secondary Alexa Fluor

55– or Alexa Fluor 488–conjugated antibodies against rabbit

mmunoglobulin (Invitrogen, Carlsbad, CA) were used to visual-

ze antigen-antibody complexes . 4 ′ , 6-diamidino-2 -phenylindole

DAPI) was used for nuclear staining. Images were recorded using

 confocal microscope (Zeiss LSM 700, Germany). 

.9. ELISA of UCP1 

Concentrations of UCP1 in blood and tissue homogenate were

xamined by commercially available ELISA kit (Wuhan Xinqidi

iological Technology, Inc., Wuhan, China), according to the

anufacturer’s protocol. 

.10. Examination of lipid peroxide 

The level of malondialdehyde (MDA) in mouse renal tissue

omogenate was tested using commercially available kit (TBARS

ssay Kit, Cayman Chemical Company, USA), according to the

anufacturer’s protocol. 

.11. Flow cytometry 

Cell apoptosis was detected by flow cytometric analysis with

n Annexin V/PI kit (BD Bioscience, USA) according to the man-

facturer’s instructions. Cells with Annexin V (FITC) or propidium

odide (PI) staining or not were detected by flow cytometry

Beckman Coulter, CA, USA) and analyzed by FlowJo 7.6 software. 

.12. Mitochondrial ros generation assay 

Cell mitochondrial ROS generation was detected using

itoSOX 

TM Red mitochondrial superoxide indicator (Invitro-

en) according to the manufacturer’s instructions. Images were
ecorded by confocal microscopy. Tissue ROS production was

etected on frozen kidney sections using Dihydroethidium (DHE)

taining, as described previously [19] . Images were captured by

onfocal microscopy, and quantified morphometrically to measure

rea of fluorescent signal with Image-J. 

.13. Mitochondrial membrane potential assay with JC-1 staining 

Mitochondrial membrane potential (MMP) assay kid (Bey-

time, China) was used to detect MMP in mTECs according to

he manufacturer’s instructions. In healthy cells with high MMP,

C-1 enters mitochondria matrix, forming a polymer (j-aggregates)

ith intense red fluorescence. While, in unhealthy cells with low

MP, JC-1 remains as a monomer, shows only green fluorescence.

hus, MMP can be detected by the change of fluorescence color

nd analyzed by a flow cytometer. In brief, cells were collected

nd 500 μL JC-1 staining solution was added, and incubated

or 20 min. Then cells were resuspended in 500 μL preheated

C-1 assay buffer, and analyzed using flow cytometer. Data are

resented as mean of red/green fluorescence ratio. 

.14. Assessment of cell viability 

Cell viability was determined by cell counting kit-8 (CCK8; Do-

indo, Kumamoto, Japan) according to manufacturers’ instructions.

n brief, mTECss were treated with CCK-8 regent (100 μL/well) and

ncubated for 2 h. The absorbance was measured at 450 nm with a

icroplate reader, and the cell viability was calculated. 

.15. Assessment of the activity of mitochondrial respiratory chain 

omplex i/iii 

The mitochondrial respiratory chain complex (MRCC) I/III kits

Solarbio, Beijing, China) were used to test the activity of MRCC

/III, as previously described [20] . In brief, 5 × 10 6 mTECs were ho-

ogenized on ice, centrifuged and the precipitant (mitochondria)

as suspended, then treated by ultrasonication. The samples were

ixed with working solution, and the initial absorbance (A1) and

nal absorbance after 2 min (A2) were recorded at 340 nm for

RCC I and at 550 nm for MRCC III, respectively. The activity of

RCC I/III was calculated. 

.16. Real-time polymerase chain reaction (PCR) 

Total RNA from mTECs and dissected kidney tissue was ex-

racted using Trizol reagent (Invitrogen, Carlsbad, CA), and then

everse-transcribed to complementary DNA (PrimeScript RT 

eagent Kit; TaKaRa, Japan), followed by real-time PCR (SYBR Pre-

ix Ex TaqTM TaKaRa). The PCR primer sequences were presented

n Supplemental Table 1. The analysis method was as previously

escribed [14] . 

.17. Western blot 

Western blot was performed as previously described [15] . The

rimary antibodies were used as follows: anti-UCP1 (ab209483,

bcam), anti-PPAR- γ (sc-7273, Santa Cruz Biotechnology), anti-

aspase 3 (#9662, Cell Signaling Technology) and anti-Cleaved

aspase 3 (#9661, Cell Signaling Technology), anti-GAPDH (sc-

65,062, Santa Cruz Biotechnology). 

.18. Statistical analysis 

Statistical analysis was performed using the SPSS Version 16.0

Chicago, IL). Data were expressed as a mean ± SEM. The differ-

nces between two groups were analyzed by two-tailed, unpaired
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t tests. For comparison of means among multiple groups, one-way

ANOVA followed by Bonferroni posttest was applied. A P value less

than 0.05 was determined to be significant. 

4. Results 

4.1. Renal ischemia reperfusion induces downregulation of UCP1 

To systematically identify mRNAs involved in ischemic kid-

ney injury, we used mRNA microarray to identify differentially

expressed mRNAs during renal IR. The results showed that 267

mRNAs were differentially expressed after renal IR (fold change

≥2; P < 0.05), among which 192 were upregulated and 75 were

downregulated. An expression volcano map of the differentially

expressed mRNAs showed that UCP1 was most downregulated

( Fig. 1 A). Next, qRT-PCR was performed to analyze the expression

of the top 11 downregulated mRNAs (fold change > 4) in the

mouse kidneys 24 h after renal IR. The expression of most mRNAs

was consistent with the microarray analysis except in the cases
Fig. 1. Renal ischemia reperfusion (IR) induces downregulation of UCP1 in mice. (A) A 

Sham group. Red and green dots represent upregulated and downregulated mRNAs in k

value ≤0.05). Black dots represent the genes that were not differentially expressed. UCP1

downregulated mRNAs in the mouse kidneys 24 h after renal IR. (C) Immunohistochemic

kidney, including renal cortex and medulla (arrow). Scale bar, 100 μm. (D) Quantitative R

assay (ELISA) of UCP1 in kidney. Data represent mean ± SEM. n = 4–6. ∗∗P < 0.01 versus

in kidneys from patients with acute kidney injury (AKI) or normal controls. UCP1 was exp

were from normal portions of nephrectomy specimens that had been removed for localiz

patients with AKI. 
f NM_007702 and NM_009605, and NM_009463 (UCP1) was the

ost downregulated mRNA ( Fig. 1 B). Then, we detected the UCP1

xpression in multiple organs in wild-type (WT) mice, and found

t was specificly expressed in kidney, not in heart, liver and lung

 Fig. 1 C). While there was no expression of UCP1 in these organs

n UCP1 −/ − mice (data not shown). UCP1 was present in the

ytoplasm of tubular epithelial cells in both cortex and medulla

f kidney ( Fig. 1 C). Furthermore, we examined the expression

rofiles of UCP1 mRNA during renal IR and found it was decreased

n a time-dependent manner, and reached the lowest level at

4 h after renal IR ( Fig. 1 D). In the protein level, UCP1 was also

ownregulated after renal IR in kidneys and in the blood ( Fig. 1 E

nd Supplemental Fig. 1A,B). 

In addition, we detected UCP1 expression in kidneys from

atients with ATN caused by hemorrhage or nephrotoxic drugs,

r normal controls. More detailed information about the patients

nd normal controls is available in the Materials and methods.

imilarly, UCP1 was widely expressed in renal cortex and medulla

f normal control kidneys, while, in kidneys of ATN patients, UCP1

xpression was significantly downregulated ( Fig. 1 F). 
volcano plot showed the differentially expressed mRNAs in IR group compared to 

idneys 24 h after ischemia reperfusion (IR), respectively (fold change ≥2.0 and P- 

 was the most downregulated gene. (B) Quantitative RT-PCR analysis of the top 11 

al staining for UCP1 in multiple organs in mice. UCP1 was specificly expressed in 

T-PCR analysis of UCP1 mRNA during renal IR. (E) Enzyme-linked immunosorbent 

 Sham group. (F) Representative images of immunohistochemical staining for UCP1 

ressed in renal tubular epithelium (arrow). Scale bar, 100 μm. The control samples 

ed renal tumor. Acute tubular necrosis (ATN) was confirmed by renal biopsy in the 
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Fig. 2. Deletion of UCP1 aggravates acute kidney injury and increased reactive oxygen species generation. (A) Serum creatinine 24 h after renal IR. 25-min renal ischemia 

induced a significant increase in serum creatinine in UCP1 −/ − mice, but not in wild-type (WT) mice. (B) Serum creatinine 72 h after cisplatin injection. Treatment with 

20 mg/kg cisplatin (Cis20) caused a significant increase in serum creatinine in UCP1 −/ − mice, but not in WT mice. (C) Malondialdehyde (MDA) concentration in mice kidneys. 

(D) Images and quantification of dihydroethidium (DHE) staining for detection of reactive oxygen species (ROS) generation in mice kidneys. Scale bar, 100 μm. Data represent 

mean ± SEM. n = 6. ∗P < 0.05, ∗∗P < 0.01 versus WT-IR25’ or WT-Cis20’ group. 
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.2. Deletion of UCP1 aggravates acute kidney injury 

To further determine the role of UCP1 in the pathogenesis

f AKI, we subjected UCP1 −/ − mice and WT littermates to mild

enal ischemia or a mild dose of cisplatin. The results showed that

5-minute clamping of bilateral renal pedicle did not cause an

ncrease of serum creatinine 24 h after reperfusion in WT mice,

hile a significant increase of serum creatinine was found in

CP1 −/ − mice ( Fig. 2 A). Similarly, a mild single dose of cisplatin

20 mg/kg) caused a significant increase in serum creatinine in

CP1 −/ − mice, but not in WT mice ( Fig. 2 B). Next, we used DHE

taining to assess the change in production of ROS, and found

CP1 −/ −mice showed a higher production of ROS in kidney tissue

4 h after renal IR compared with WT mice ( Fig. 2 D). Meanwhile,

he UCP1 −/ − mice had higher level of MDA in kidneys compared

ith WT mice ( Fig. 2 C). These results indicated that UCP1 could

nhibit oxidative stress and conferred protective effects against AKI.

.3. UCP1 overexpression reduces mitochondrial ros generation and 

poptosis in hypoxia-treated tubular epithelial cells 

To further investigate the effects of UCP1 overexpression on

poptosis and ROS generation in tubular epithelial cells treated

ith hypoxia, UCP1 was overexpressed in mTECs by transfec-

ion with UCP1 overexpressing lentivirus (UCP1-Lenti). Negative

entivirus (Neg-Lenti) was as control. The expression of UCP1

as significantly higher in mTECs infected with UCP1-Lenti than

n that of Neg-Lenti (Supplemental Fig. 2A). We investigated

he effects of UCP1 overexpression on mitochondria membrane

otential (MMP) together with viability in mTECs. The results

howed that UCP1 overexpression induced a mild decrease in

MP, while, did not affect cell viability (Supplemental Fig. 2B,

). Meanwhile, we examined the effects of UCP1 overexpression
n mitochondria respiratory parameters, complex I and III, in

TECs. The results revealed that UCP1 overexpression did not

ffect the activity of mitochondria respiratory chain complex I and

II (Supplemental Fig. 2D, E). As expected, overexpression of UCP1

ignificantly decreased mitochondrial ROS generation in mTECs

reated with hypoxia, and also reduced apoptosis ( Fig. 3 A,C). Next,

e examined the involvement of UCP1 overexpression in the

xpression of apoptosis-related protein caspase 3 in vitro. The

esults showed that the cleaved caspase 3 expression in mTECs

ransfected with UCP1-Lenti was significantly decreased compared

o those transfected with Neg-Lenti in hypoxia (Supplemental Fig.

F). In addition, we investigated the effect of UCP1 overexpression

n mitochondrial membrane potential (MMP) in tubular epithelial

ells treated with hypoxia. We found that the loss of MMP was

ignificant in Hypoxia group. While, the MMP was significantly

igher in UCP1 overexpression group than Hypoxia group ( Fig. 3 B).

.4. PPAR- γ regulates UCP1 expression during renal ischemia 

eperfusion 

Pathway analysis indicated that genes associated with PPAR

ignaling pathway were most downregulated by renal IR ( Fig. 4 A).

t is well documented that the transcription of UCP1 is regulated

y several key tissue-restricted transcription factors, including

eroxisome proliferator-activator receptor (PPAR) α, γ , and PPAR-

co-activator (PGC) −1 α [21,22] . We detected the expression of

PARs in kidneys during IR. The results revealed that PPAR- α
nd PGC-1 α mRNAs did not alter (Supplemental Fig. 3A,B), how-

ver, PPAR- γ mRNA was decreased in a time-dependent manner

 Fig. 4 B), which was consistent with the expression of UCP1

 Fig. 1 D). Western blot analysis showed that both PPAR- γ and

CP1 were downregulated in kidneys 6 h and 24 h after renal IR

Supplemental Fig. 3 C ). In vitro, PPAR- γ and UCP1 proteins were
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Fig. 3. UCP1 overexpression suppresses mitochondrial reactive oxygen species generation and apoptosis. (A) Images and quantification of mitochondrial reactive oxygen 

species (ROS) generation from hypoxia-treated mTEC transfected with UCP1 overexpressing lentivirus (UCP1-Hypoxia) or Negative lentivirus (Neg-Hypoxia). Scale bar, 25 μm. 

(B) Mitochondrial membrane potential was examined via JC-1 staining. Red inflorescence indicates the healthy mitochondria, and green inflorescence indicates the loss of 

mitochondrial potential. (C) Cell apoptosis in hypoxia-treated mTEC transfected with UCP1 overexpressing lentivirus or Negative lentivirus. The percentages of apoptotic cells 

were analyzed by Annexin V/PI analysis, and Annexin V positive cells were considered as apoptotic cells. Data represent mean ± SEM. ∗∗P < 0.01 versus Hypoxia group. 
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Fig. 4. PPAR- γ regulates UCP1 expression during renal ischemia reperfusion. (A) KEGG pathway enrichment analysis for downregulated mRNAs. Genes associated with PPAR 

signaling pathway were most downregulated 24 h after renal ischemia reperfusion (IR). (B) qRT-PCR analysis of PPAR- γ mRNA during renal IR in wild-type mice. Data 

represent mean ± SEM. ∗∗P < 0.01 versus Sham group. (C) Western blot analysis of UCP1 and PPAR- γ in hypoxia-treated mTECs. (D) Western blot analysis of PPAR- γ and 

UCP1 in mTEC transfected with PPAR- γ overexpressing lentivirus (PPAR- γ -OE) or Negative lentivirus (Neg). PPAR- γ overexpression upregulated UCP1 expression. ∗P < 0.05, 
∗∗P < 0.01. KEGG, Kyoto Encyclopedia of Genes and Genomes. 

Fig. 5. PPAR- γ overexpression inhibites hypoxia-induced ROS generation and apoptosis in vitro. (A) Images and quantification of mitochondrial ROS generation from hypoxia- 

treated mTECs transfected with PPAR- γ overexpressing lentivirus (PPAR- γ -Hypoxia) or Negative lentivirus (Neg-Hypoxia). Scale bar, 25 μm. (B) Cell apoptosis in hypoxia- 

treated mTECs transfected with PPAR- γ overexpressing lentivirus or Negative lentivirus. The percentages of apoptotic cells were analyzed by Annexin V/PI analysis, and 

Annexin V positive cells were considered as apoptotic cells. n = 4. Data represent mean ± SEM. ∗∗P < 0.01 versus Hypoxia group. 
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Fig. 6. PPAR- γ agonist upregulates UCP1 expression and attenuates ischemia-induced acute kidney injury and oxidative stress. (A) PPAR- γ agonist upregulated UCP1 mRNA 

expression in kidney. Mice were orally administered with PPAR- γ agonist pioglitazone (Piog, 10 mg / kg / day), or solvent (Solv) for one week. Data represent mean ± SEM. 

n = 6. ∗∗P < 0.01. (B) Concentration of serum creatinine 24 h after renal ischemia reperfusion (IR). UCP1 −/ − (UCP1 KO) and wild-type (WT) mice were orally administered 

with PPAR- γ agonist pioglitazone or solvent for one week, and then subjected to renal IR. (C) Malondialdehyde (MDA) concentration in kidneys 24 h after renal IR in WT 

and UCP1 −/ − mice. Data represent mean ± SEM. n = 6. ∗∗P < 0.01 versus IR group. (D) Western blot analysis of UCP1. Data are means from three independent experiments. ∗P 

< 0.05. (E) Proposed schema of the pathway underlying renal ischemia reperfusion-induced acute kidney injury, involving downregulation of PPAR- γ and UCP1, promotion 

of mitochondrial reactive oxygen species (ROS) generation and oxidative stress. 
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also decreased in mTECs treated with hypoxia ( Fig. 4 C). We further

examined the effect of PPAR- γ overexpression on the expression

of UCP1 in mTECs. PPAR- γ was overexpressed in mTECs by trans-

fection of PPAR- γ overexpressing lentivirus (Supplemental Fig. 4).

As expected, overexpression of PPAR- γ significantly upregulated

UCP1 expression ( Fig. 4 D). Collectively, these results suggested

that UCP1 was regulated by PPAR- γ in kidney. 

4.5. Overexpression of PPAR- γ inhibits hypoxia-induced ros 

generation and apoptosis in mTECs 

We then investigated whether overexpression of PPAR- γ re-

sembled UCP1-overexpression phenotype in vitro. PPAR- γ was

overexpressed in mTECs by transfection with PPAR- γ overexpress-

ing lentivirus (PPAR- γ -Lenti). Negative lentivirus (Neg-Lenti) was

as control. Similarly, overexpression of the PPAR- γ significantly

decreased mitochondrial ROS generation in mTECs treated with

hypoxia, and also reduced apoptosis ( Fig. 5 A,B). 

4.6. PPAR- γ agonist alleviates renal ischemia reperfusion injury via 

UCP1 

Previous studies demonstrated that chronic treatment of PPAR-

γ agonist could induce UCP1 upregulation in BAT and white

adipose tissue [23,24] . Then, we investigated the effect of PPAR- γ
agonist on the expression of UCP1 in kidney. Mice were orally ad-

ministered with pioglitazone (10 mg / kg / day), a selective PPAR- γ
gonist, or solvent for one week. The result revealed that PPAR- γ
ctivation significantly upregulated UCP1 mRNA expression in

idney ( Fig. 6 A). Next, we examined whether PPAR- γ activation

ould provide protective effect against renal IRI and whether this

ffect was mediated by UCP1. UCP1 −/ − and WT mice were orally

dministered with pioglitazone or solvent for one week, and then

ubjected to renal IR. The results revealed that pioglitazone ad-

inistration markedly reduced concentration of serum creatinine

hen compared to solvent administration in WT mice, but not

n UCP1 −/ − mice ( Fig. 6 B). Moreover, pioglitazone administration

aused a significant decrease in MDA in kidneys of WT mice when

ompared with that of UCP1 −/ − mice ( Fig. 6 C). Furthermore, pi-

glitazone administration upregulated UCP1 expression in kidneys

n WT mice ( Fig. 6 D). These data indicated that PPAR- γ alleviated

enal IRI via upregulation of UCP1. 

. Discussion 

In this study, using global gene expression profiling approach

n a mouse model of renal IRI, we identified UCP1 as a regulator

f kidney injury, in particular regulation of ROS generation and

nhibition of apoptosis. Renal ischemia induced downregulation of

PAR- γ , which inhibited UCP1 expression, and subsequently pro-

oted mitochondrial ROS generation, resulting in oxidative stress

njury and AKI ( Fig. 6 E). Moreover, deletion of UCP1 increased the

eneration of ROS, displayed greater susceptibility to renal IRI or
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ephrotoxicity. As such, activation of UCP1 represents an approach

or new therapeutics to treat AKI. 

As mentioned above, UCPs play an important role in the gen-

ration of mitochondrial ROS. There are five UCPs (UCP-1 to −5)

hich are somewhat different in tissue distributions and functions.

s the first identified and most studied uncoupling protein, UCP1

unction and its expression have been highly contentious. Previous

vidences suggested that UCP1 expression was limited to fat

issues [25,26] , most abundant in the BAT. Here, we found UCP1

as also expressed in normal kidney, with widespread expression

n the renal tubules ( Fig. 1 C and Fig. 1 F), but not in heart, liver and

ung. Early evidences showed that UCP1 had no effect on ROS gen-

ration and other markers of oxidative stress [27] . However, grow-

ng evidences have demonstrated that UCP1 activation may reduce

itochondrial ROS generation in BAT, beige adipose tissue, thymus

nd skeletal muscle [11–13,28] . Consistent with these results,

ur data indicated that UCP1 significantly reduced mitochondrial

OS generation in hypoxia-treated mTECs and ROS generation in

schemic kidneys from UCP1 −/ − mice was significantly higher than

hat from WT mice. UCP2 has high similarity with UCP1 in se-

uence, and is widely expressed in several tissues including kidney,

eart, lung, and spleen [29–31] ). In this study, our data indicated

hat UCP2 was upregulated in kidneys 24 h after IR (Supplemental

ig. 5), which was consistent with previous studies [32] . Upregula-

ion of UCP2 could provide protective effects against renal IRI [32] .

It is noteworthy that mitochondrial uncoupling induced by

CP1 causes a reduction in the oxidative phosphorylation, af-

ecting the ATP production which is particularly important for

roximal tubule epithelial cells to maintain cellular function.

hether mitochondrial uncoupling compromise the excretion and

eabsorption process of tubular epithelia cells are not explored

n this study. Recent evidence has indicated that the induction

f mitochondrial uncoupling not only impacts mitochondrial res-

iration but also regulates multiple cellular biological processes,

ncluding autophagy, ROS production, protein secretion, physical

xercise capacity [33–36] . Further experiments would be needed

o elaborate these and improve our knowledge of the cellular

onsequences of mitochondrial uncoupling in resident kidney cells.

It has been demonstrated that the transcription of UCPs are

egulated by PPAR- α, γ , and PGC-1 α [37] . In vivo PPAR- γ activa-

ion can induce expression of UCP-1, −2, and −3 in BAT [21,23,38] .

n the current study, pathway analysis indicated that genes as-

ociated with PPAR signaling pathway were most downregulated

uring renal IR ( Fig. 4 A), and we found that PPAR- γ mRNA was

ecreased consistent with the expression of UCP1 ( Fig. 4 B and

ig. 1 D). Given the potential of PPAR- γ for regulation of UCP-1

xpression, and that PPAR- γ acts as a regulator of energy home-

stasis, we assessed the effects of PPAR- γ activation on UCP1

xpression in kidneys, oxidative stress and renal damage induced

y renal IR. Interestingly, we discovered that mice treated with

ioglitazone, a selective PPAR- γ agonist, exhibited higher level of

CP1 protein in kidneys, lower MDA and attenuated renal injury,

ompared with the solvent control group mice. However, adminis-

ration of pioglitazone did not attenuate oxidative stress and renal

njury in UCP1 −/ − mice. It suggests that PPAR- γ activation may be

ssociated with UCP1-mediated inhibition of oxidative stress and

ubsequent improvement of renal IRI. 

In this study, PPAR- γ agonist (pioglitazone) was administered

efore the onset of renal injury, which is sort of limitation to

erform in clinic. Nevertheless, in fact, it is possible to identify

atients at high risk of AKI, such as major surgical procedures,

evere infection, nephrotoxic drugs administration, especially in

ritically ill patients. Pre-activation of UCP1 may be beneficial for

revention of AKI. 

The present study demonstrated the involvement of UCP1 in

he beneficial response to AKI via inhibiting oxidative stress and
poptosis. PPAR- γ agonist provided protective effects against renal

RI through activation of UCP1. Further experimental studies and

linical trials would be valuable in insight into activation of UCP1

nd its clinical application. 
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