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A B S T R A C T   

Contrast-induced acute kidney injury(CI-AKI) is the third cause of AKI. Although tubular injury has been 
regarded as an important pathophysiology of CI-AKI, the underlying mechanism remains elusive. Here, we found 
arginase2(ARG2) accumulated in the tubules of CI-AKI mice, and was upregulated in iohexol treated kidney 
tubular cells and in blood samples of CI-AKI mice and patients, accompanied by increased nitrosative stress and 
apoptosis. However, all of the above were reversed in ARG2 knockout mice, as evidenced by the ameliorated 
kidney dysfunction and the tubular injury, and decreased nitrosative stress and apoptosis. Mechanistically, HO-1 
upregulation could alleviate iohexol or ARG2 overexpression mediated nitrosative stress. Silencing and over-
expressing ARG2 was able to upregulate and downregulate HO-1 expression, respectively, while HO-1 siRNA had 
no effect on ARG2 expression, indicating that ARG2 might inhibit HO-1 expression at the transcriptional level, 
which facilitated nitrosative stress during CI-AKI. Additionally, CREB1, a transcription factor, bound to the 
promoter region of ARG2 and stimulated its transcription. Similar findings were yielded in cisplatin- or 
vancomycin-induced AKI models. Taken together, ARG2 is a crucial target of CI-AKI, and activating CREB1/ 
ARG2/HO-1 axis can mediate tubular injury by promoting nitrosative stress, highlighting potential therapeu-
tic strategy for treating CI-AKI.   

1. Introduction 

Acute kidney injury (AKI), which affects approximately 13.3 million 
people around the world each year, has become a common and impor-
tant public health problem [1,2]. Although once considered predomi-
nantly to be a self-limited and reversible condition, AKI is now 
recognized to be associated with high risk of non-recovery of kidney 
function, chronic kidney disease (CKD), and end-stage renal disease 
(ESRD) [3]. Contrast-induced AKI (CI-AKI) is the third leading cause of 
AKI [4,5], which occurs in up to 30 % of patients treated with iodine 
contrast media [6,7]. For old patients or those with diabetes, CKD, or 
hypertension, the prevalence of CI-AKI may be as high as 40 % [8], 
leading to high risk of in-hospital need for dialysis (<1 %), long-term 
kidney failure, and overall mortality (7 %–31 %) [8]. However, the 
mechanisms of CI-AKI are complex and there is no effective intervention 
for it. Therefore, it is essential to decipher the underlying mechanisms of 
CI-AKI to explore efficient preventive or therapeutic strategies. 

The tubules, especially the proximal tubules, are exposed with 
potentially toxic drugs or their metabolites secreted into the tubular 
lumen [9]. Direct acute tubular injury has reported to be the main cause 
of CI-AKI [8]. Tubules are rich in mitochondria for the high energy 
demand [10]. Previous studies have found that contrast exposure can 
cause mitochondrial damage, renal tubular epithelial cells apoptosis, 
and renal injury [11,12]. Mitochondria-targeted protection can alleviate 
contrast-induced tubular cell death and acute kidney injury [13,14]. Our 
previous studies also found that mitochondrial permeability transition 
pore (mPTP) opening of tubular cells triggered mitochondrial dysfunc-
tion and tubular cells apoptosis in CI-AKI [15,16]. Thus, mitochondrial 
dysfunction of tubular cells may play a vital role in CI-AKI. 

Arginase2 (ARG2), which is one of the two arginase isoforms, is re-
ported to be highly expressed in the kidney localized to the mitochon-
dria [17,18]. The physiological function of arginase is hydrolyzing 
L-arginine into urea and L-ornithine [19]. Defective function of arginase1 
(ARG1), a hepatic arginase localized to the cytosol, could induce a toxic 
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buildup of ammonia [20]. However, mice globally deficient in ARG2 
were apparently indistinguishable from wide-type (WT) mice, and the 
physiologic role of ARG2 has not been well defined [21]. There is evi-
dence showed that increased ARG2 activity seems to be involved in 
diabetic nephropathy by competing with nitric oxide synthase (NOS) for 
the same substrate, L-arginine, which results in reduced NO production 
and increased reactive nitrogen species [17,22]. A recent study also 
showed that the expression of ARG2 in the renal tubules of the cortex 
significantly increased after ischemia-reperfusion injury (IRI) and sup-
pressing ARG2 could reduce nitrosative stress in the kidney [23]. And 
another study performed by Uchida et al., found that ARG2 promoted 
the inflammatory responses of macrophages, resulting in the exacerba-
tion of cisplatin-induced AKI [24]. In contrast, Ansermet et al., reported 
that renal tubular ARG2 could attenuate kidney damage in IRI mice via 
participating in the formation of the corticomedullary urea gradient 
[25]. Thus, it is unclear whether ARG2 is detrimental or protective in 
AKI. What’s more, the role and molecular mechanisms of ARG2 in 
CI-AKI have not been reported. 

Consequently, the current experiments were performed to determine 
whether ARG2 is a key target of CI-AKI, and then investigate how ARG2 
influences CI-AKI. 

2. Materials and methods 

2.1. Human subjects 

We carried out present study in accordance with the Declaration of 
Helsinki (2008) of the World Medical Association, which was approval 
by the Third Xiangya Hospital Institutional Ethics Review Broad 
(#2021-S110, Changsha, China), following the Strengthening the 
Reporting of Observational Studies in Epidemiology (STROBE) recom-
mendations for observational clinical trials. After screening for eligi-
bility, we enrolled patients who were treated with contrast media and 
developed AKI at the Third Xiangya Hospital retrospectively. Those with 
known causes of AKI were excluded. AKI was diagnosed as an absolute 
increase of ≥26.5 μmol/L within 48 h or a relative increase of ≥50 % 
within 7 days in serum creatinine (SCr) [26]. Propensity score matching 
(1:1) was used to identify the controls who received contrast media 
without developing AKI by adjusting age, gender, diabetes mellitus, 
CKD, and chronic heart failure. Preoperative and postoperative (1–7 
days after contrast media treatment) serum samples were collected to 
measure levels of SCr and ARG2. To avoid potential sources of bias, two 
well-trained operators independently collected the data, with the third 
operator resolving any disputes. The detailed characteristics of patients 
are shown in Supplementary Table S1. 

2.2. Animals and treatment 

Animal studies were approved by the Committee on the Ethics of 
Animal Experiments of Central South University and were performed in 
accordance with the National Institutes of Health Guidelines for the Care 
and Use of Laboratory. ARG2 knockout (KO) mice in the C57BL/6 
background were purchased from the Cyagen Biosciences (Suzhou) Inc. 
Male WT C57BL/6 mice were purchased from the Department of Lab-
oratory Animals of Central South University (Changsha, China). To 
induce CI-AKI mice model, male mice (6–8 weeks), which had under-
gone unilateral right nephrectomy 3 weeks before, were treated with 
water deprivation for 48 h, followed by intraperitoneal injection of 
furosemide (15 mL/kg). Thirty minutes later, iohexol (350 mg iodine/ 
mL, GE Healthcare, China) was administrated (20 mL/kg) via tail vein. 
To induce cisplatin-induced AKI model, mice were intraperitoneal 
injected with a single dose of cisplatin (Sigma-Aldrich, P4394; 20 mg/ 
kg). To induce vancomycin-induced AKI model, vancomycin (MedChe-
mExpress, HY-17362; 500 mg/kg) was given to mice by intraperitoneal 
injection once a day for 7 days. Control mice experienced a similar 
procedure with an equal amount of saline instead of iohexol, cisplatin or 

vancomycin, respectively. We collected the blood samples and renal 
tissues 24 h after administration of iohexol or the last dose of vanco-
mycin, and 72 h after cisplatin injection, respectively. Prior to admin-
istration of iohexol, the ARG inhibitor nor-NOHA (GLPBIO, GC10628; 
100 mg/kg) or nitrosative stress inhibitor FeTPPS (Apexbio, GC10628; 
30 mg/kg) was intraperitoneally injected once a day for three days. 

2.3. Measurement of kidney function and injury 

SCr and blood urea nitrogen (BUN) were measured to determine 
kidney function by the Third Xiangya Hospital clinical laboratory using 
automatic biochemistry analyzer (Hitachi 7600A, Japan). Formalin- 
fixed, paraffin-embedded left kidney tissues, which was stained with 
hematoxylin and eosin (HE), were used for renal histopathological 
evaluation. The tubular injury score was assessed using the following 
qualitative scoring system: 0, normal; 1, slight tubular injury with 0 %– 
10 % area affected; 2, moderate tubular injury with 11 %–25 % area 
affected; 3, significant tubular injury with 26 %–50 % area affected; 4, 
severe injury with 51 %–75 % area affected, and 5, high severe tubular 
injury with 76 %–100 % area affected [27]. 

2.4. Cell culture 

Human kidney proximal tubular cells (HK-2 cells) were purchased 
from Zhong Qiao Xin Zhou Biotechnology Co., Ltd. Primary renal 
tubular cells were extracted as previously reported [28,29]. Kidneys 
were extracted from WT and ARG2 KO mice within 5 min after sacrifice, 
the cortex of kidneys were minced and incubated in 1 mg/mL collage-
nase II at 37 ◦C for 30 min. The collagenase was inactivated by adding 
the DMEM/F12 medium containing 10 % FBS. The digested renal tissue 
was first through a 100 μm filter, and then through a 70 μm and 40 μm 
filter (Corning). Filtrate was collected at the bottom of a 40 μm filter, 
centrifuged at 1000 r/min for 5 min, then inoculated in a culture bottle 
after medium suspension, and cultured until fusion. Cells were cultured 
in Dulbecco’s modified Eagle’s medium/F12 medium (DMEM/F12, 
Gibco, Thermo Fisher Scientific), which contained 10 % fetal bovine 
serum (Gibco, Thermo Fisher Scientific), 1 % penicillin (Gibco, Thermo 
Fisher Scientific), and 1 % streptomycin (Gibco, Thermo Fisher Scien-
tific), in an incubator at 37 ◦C and of 5 % CO2, until 70 % – 80 % 
confluent in 6- or 12- or 96- well multiwall plates before each experi-
ment. To induce AKI cell models, cells were treated with iohexol (75 mg 
iodine/mL), cisplatin (2.5 μM), or vancomycin (4 mM) for 48 h, 
respectively. Nitrosative stress inhibitor FeTPPS (Apexbio, GC10628) 
was used at 100 μM 6 h before iohexol treatment. In some experiments, 
cells were treated with HO-1 agonist CoPP (Sigma, C1900) at 100 μM 
when exposed to iohexol. The Cell Counting Kit 8 (CCK8, Apexbio, 
Houston, USA) assay was used to detect cell viability in accordance with 
the manufacturer’s instructions. 

2.5. Gene silencing or overexpression 

The siRNA of ARG2, HO-1, CREB1 and their matched scramble 
control were purchased from RiboBio Co., Ltd. (Guangzhou, China). In 
brief, cells were transfected with 100 nmol/L of the indicated siRNA 
using transfection reagent (RIBOBIO, China) according to the manu-
facturer’s protocol. The sense sequence for ARG2 siRNA is ’5-GAGGG-
CATATTGTCTATGA-3’, for HO-1 siRNA is ’5- 
CGATGGGTCCTTACACTCA-3’, and for CREB1 siRNA is ’5-GCTCGA-
GAGTGTCGTAGAA-3’. The ARG2 overexpression was achieved by 
transfection of PCDNA3.1-ARG2 expressing plasmid (Genechem, China) 
with Lipofectamine 3000 (Thermo Fisher Scientific, L3000015) ac-
cording to the manufacturer’s protocol. 

2.6. Proteomic and transcriptomic 

Proteomic and transcriptomic analyses of the kidneys of iohexol- 
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induced AKI mice were performed (12 mice, 6 mice in each group). 
Kidney tissue weighing 50 mg was lysed and homogenized. Following 
ultrasonic denaturation, 14 000 g were centrifuged for 15 min, with the 
supernatant then being filtered through a 0.22 m centrifuge tube to 
obtain the filtrate. After adding 20 g of protein to a 6× loading buffer 
solution and heating it to 100 ◦C for 5 min, it was electrophoresed using 
12 % SDS-PAGE at 250 V for 40 min before being stained with Coomas 
bright blue. Each sample yielded an 80 g protein solution, which was 
then digested by enzymes and desalted in an ultrafiltration tube to 
produce peptide segments. The Easy- nLC system was used to separate 
the samples, and a Q Exactive Plus mass spectrometer was used to 
analyze them using mass spectrometry. The unlabeled quantitative 
calculation of proteomics data was carried out using the Label-free 
method of Maxquant. Lastly, and proteins were identified using the 
Uniprot MusMusculus-16998-20180905 database. 

RNA was isolated after 50 mg of renal tissue was homogenized and 
lysed with Trizol. RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 
system and NanoPhotometer® spectrophotometer (IMPLEN, CA, USA) 
were used to assess the integrity and amount of RNA (Agilent Tech-
nologies, CA, USA). NEBNext® UltraTM RNA Library Prep Kit for Illu-
mina® (NEB, USA) was used to generate sequencing libraries. After 
clustering, sequencing and analyzing, genes with an adjusted P value <
0.05, found by DESeq2 R package (1.16.1), were considered to be 
significantly differentially expressed between groups. 

2.7. Real-time polymerase chain reaction (RT-PCR) 

Total RNA was separated and extracted from kidney tissues and renal 
tubular cells using Trizol reagent (TransGen Biotech, China), and the RT 
kit (TransGen Biotech, China) was used to reversely transcript RNA into 
cDNA according to the manufacturer’s instructions. Then, real-time PCR 
was performed using SYBR green mixture kit and gene-specific primers. 
Target gene mRNA expression levels were determined by 2-△△Ct tech-
nique and adjusted to β-actin. 

2.8. Western blotting 

Following primary antibodies were used in present study: anti-ARG2 
(Cell Signaling Technology, #55003, 1:1000), anti-Casapse-3 (Cell 
Signaling Technology, #9662, 1:1000), anti-Bax (Abclonal, A0207, 
1:1000), anti-Bcl-2 (Abclonal, A0208, 1:1000), anti-3-Nitrotyrosine 
(Bioss, bs-8551R, 1:1000), anti-HO-1 (Cell Signaling Technology, 
#43966, 1:1000), anti-P-CREB1 (Cell Signaling Technology, #9198, 
1:1000), anti-CREB1 (Abclonal, A11989, 1:1000), anti-β-actin (Pro-
teintech, 66009-1-Ig, 1:5000), and anti-β-Tubulin (Proteintech, 66240- 
1-Ig, 1:5000). Western blotting was performed, and band intensities 
were adjusted to internal control. 

2.9. Immunofluorescence staining 

The dewaxing solution and anhydrous ethanol were used to convert 
paraffin sections to water. After washing with PBS, 3 % BSA was used to 
block for 30 min later. Antigen repair solution was utilized for antigen 
repair. Primary antibody and fluorescein were incubated for night at 
4 ◦C. After washing three times with PBS, the secondary antibody was 
added, incubating for 50 min at room temperature away from light. Add 
the DAPI dye solution and incubate at room temperature for 10 min 
without exposure to light after three PBS washes. After adding liquid B 
of the autofluorescence quencher, rinse for 10 min under running water. 
Seal for an anti-fluorescence pill. According to various fluorescence 
wavelengths, images were gathered using a fluorescence microscope. 
The following uses are made using antibodies and fluorescent dyes: anti- 
ARG2 (Bioss, bs-11397R), CD31 (Wuhan Servicebio Technology, 
GB11063-2), F4/80 (Wuhan Servicebio Technology, Q61549), Lotus 
Tetragonolobus Lectin (LTL) Fluorescein (Vector, FL-1321), Peanut 
Agglutinin (PNA) Fluorescein (Vector, FL-1071), Dolichos Biflorus 

Agglutinin (DBA) Fluorescein (Vector, FL-1031), DAPI (Wuhan Serv-
icebio Technology, G1012). For cellular immunofluorescence, iohexol 
treated HK-2 cells were incubated with Mito-Tracker Red CMXRos for 
30 min at 37 ◦C. After washing three times with PBS, the cells were fixed 
with 4 % paraformaldehyde fixative solution at 37 ◦C for 20 min, and 
then 0.3 % Triton X-100 at 4 ◦C for 20 min. Anti-ARG2 antibody (Bioss, 
bs-11397R; 1:100) was then added and incubated for 4 h. Add secondary 
antibody (diluted with 1%BSA) and incubate for 30 min at room tem-
perature after washing with PBS. Anti-fluorescence quenching tablet 
sealing was done after the DAPI dye solution had been stained in the 
nucleus. Finally, confocal microscopy was used for photographic anal-
ysis (Leica). 

2.10. Immunohistochemistry 

After being uniformly coated with 3 % BSA, the dewaxed slices were 
sealed at room temperature for 30 min, and then incubated with the 
primary antibodies (anti-ARG2, Bioss, bs-11397R, 1:100; anti-3- 
Nitrotyrosine, Bioss, bs-8551R, 1:100) overnight at 4 ◦C. Tissue was 
covered with the secondary antibody that had been HRP-labeled after 
the sections had been PBS-washed. After that, it was incubated for 50 
min at room temperature. Hematoxylin was used to stain the nucleus 
once more before being viewed under an optical microscope. The IHC 
Toolbox in Image J software was used to analyze the proportion of 
positive areas. 

2.11. Enzyme-linked immunosorbent assay (ELISA) 

After centrifuging the blood samples for 15 min at 4000 g, the serums 
were collected and kept at − 80 ◦C. ARG2 ELISA kits (Shanghai Enzyme- 
linked Biotechnology Co., Ltd., YJ060179 and YJ002075) were used to 
detect the serum levels of ARG2 in mice and human using the diluted 
serum samples (1:50). 

2.12. Terminal deoxynucleotidyl transferase dUTPnick-end labeling 
(TUNEL) 

The paraffin-embedded tissue slide was deparaffinized and mois-
turized. After washing with distilled water, TUNEL kit was used to detect 
the apoptosis cells. A mixture of TDT enzyme, dUTP and buffer (1:5:50) 
was added to the slices, incubating for 2 h at 37 ◦C. Then, the slices were 
washed with PBS for three times and incubated with DAPI for 10 min at 
room temperature away from light. The anti-fade medium treated sec-
tions were then observed under fluorescence microscope. 

2.13. Peroxynitrite measurement 

Peroxynitrite assay kit (Abcam, ab233468) was used to detect the 
concentration of peroxynitrite. Cells were incubated with the Perox-
ynitrite Sensor Green working solution (10×) for 30 min at 37 ◦C away 
from light. After washing with PBS for three times, the hoechst 33342 
dye solution was added, incubating for 10 min at room temperature. The 
Operetta® High Content Imaging System (PerkinElmer, Massachusetts, 
USA) was used to observe and measure the peroxynitrite [30,31]. 

2.14. Mitochondrial permeability transition pore (mPTP) assay 

The mPTP assay kit (Beyotime Biotechnology, C2009S) was used to 
detect the mPTP opening. Cells were incubated with fluorescence 
quenching solution (100 μL/well) for 30 min, and then pre-warmed 
DMEM/F12 was used to instead the liquid for another 30 min at 37 ◦C 
away from light. The Operetta® High Content Imaging System (Perki-
nElmer, Massachusetts, USA) was used to observe and detect the mPTP 
[30,31]. 
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2.15. Luciferase reporter assay 

Cells was inoculated in 24-well culture plate, and then X-tremegene 
HP transfection solution (ROCHE) was used. A mixture of firefly luc 
plasmid, transcription factor plasmid, Renilla luc plasmid (0.5 μg; 0.5 
μg; 0.02 μg), dissolving in 100 μL of opti-MEM, was added to each well. 
After adding the plasmid and X-tremegene HP mixture, cells were 
incubated for 6 h. Then, complete medium with 10 % serum as a sup-
plement was used to instead the mixture, and cells were gathered for 
luciferase detection 48 h after transfection using the Dual-Luciferase® 
Reporter Assay System (Promega, E1910, USA). 

2.16. ChIP-PCR assay 

The enrichment of CREB1 to the promoter region of ARG2 in HK-2 
cells was assessed using a ChIP-PCR experiment. HK-2 cells were gath-
ered and connected with 1 % formaldehyde for 10 min at room tem-
perature. Centrifugation was followed by the addition of lysis buffer and 
30 min at 4 ◦C. After that, 5 min of ultrasonic crushing was performed. 
The 1 μg supernatant was used as the input and stored at 4 ◦C. 5 μg 
samples were incubated at 4 ◦C overnight with IgG antibody (Invitrogen, 
11203D) or CREB1 antibody (Abclonal, A11989), respectively. Protein 
G Magnetic Beads were added to the IP sample, which was then incu-
bated at 4 ◦C for 4 h. Separate magnetic beads and wash thoroughly. 
RNase was then added, with the final concentration being 1 μg/mL, and 
the mixture was heated at 65◦C for 2 h before being incubated at 37◦C 
for 20 min. A PCR purification kit (Qiagen 28106) was used for the 
purification process. The DNA was detected using RT-PCR and agarose 
gel electrophoresis (AGE) methods to identify the purified samples. 
Following is the primer sequence: ChIP-ARG2-F:’5-CGTGAA-
GATTGGTGTCGGCT-3’; ChIP-ARG2-R: ’5-GACGCCAGAAGGCCAA-
TATC-3’. 

2.17. Statistical analysis 

Data were presented as mean ± SD. Student t-test was used to 
compare the differences between two groups. One-way analysis of 
variance (ANOVA), two-way ANOVA, and three-way ANOVA were used 
to compare the differences among multiple-groups when needed plus 
Tukey’s post-test, respectively. Statistical analyses were performed 
using GraphPad Prism 9.0. Statistically significant differences were 
defined as a 2-tailed value of P < 0.05. 

3. Results 

3.1. ARG2 accumulates in the kidneys of CI-AKI mice and is upregulated 
in blood samples of CI-AKI mice and patients 

To identify the key target of CI-AKI, we utilized iohexol-induced AKI 
as a representative model and employed proteomics and transcriptomics 
techniques to analyze protein and mRNA alterations in the kidneys of 
mice. Iohexol induced a significant increase in SCr, BUN, and tubular 
injury score at 24 h after iohexol treatment compared with those of 
control mice (Figs. S1A–S1D). And results of proteomics and tran-
scriptomics showed that both mRNA and protein expressions of ARG2 
significantly increased in the kidneys of iohexol-induced AKI mice 
(Fig. 1A and B), which was further verified by western blotting (Fig. 1C 
and D), RT-PCR (Fig. 1E), and immunohistochemistry staining also 
showed that ARG2-positive staining significantly increased in renal tu-
bules of mice after iohexol treatment (Fig. 1F). Next, the localization of 
ARG2 in the kidneys was studied. As determined by confocal immuno-
fluorescence using tubular (LTL, proximal tubule; PNA, distal tubule; 
DBA, collecting duct), endothelial (CD31), and macrophage (F4/80) 
markers, the ARG2 extensively colocalized with tubules in the CI-AKI 
mice models (Fig. 1G), indicating the accumulation of ARG2 in renal 
tubules after iohexol treatment, especially in the proximal tubules. 

The upregulated ARG2 expression observed in vivo was corroborated 
in the in vitro experiments. After treating primary renal tubular cells and 
HK-2 cells with 75 mg(I)/mL iohexol for 0 h–48 h, ARG2 mRNA and 
protein levels significantly increased in a time-dependent manner, 
elevating at 6 h, and lasting at least 48 h (Fig. 1H–J, Figs. S2A–S2C). As 
ARG2 was previously reported to localize to mitochondria [23], we 
performed double staining of mitochondria with Mito-Tracker Red 
CMXRos and ARG2. Results showed that there was obvious colocaliza-
tion between ARG2 and mitochondria in the control group, and the 
mitochondrial fluorescence and the colocalization between ARG2 and 
mitochondria decreased significantly due to iohexol (Fig. 1K). To 
determine whether the other isoform of ARG, ARG1, is upregulated in 
CI-AKI, western blotting was performed, and results showed that ARG1 
was not increased in the HK-2 cell after iohexol treatment (Fig. S3A). 

Of interest is that serum level of ARG2 in CI-AKI mice was found to be 
significantly increased (Fig. 1L). In addition, we measured ARG2 in 
human serum samples with or without CI-AKI. The level of serum ARG2 
was also significantly higher in the CI-AKI patients who received 
contrast media when compared with the matched non-CI-AKI in-
dividuals (Fig. 1M). Detailed clinical characteristics of patients were 
shown in Table S1. 

Thus, iohexol could significantly upregulate mRNA and protein ex-
pressions of ARG2 in the kidneys of mice, mainly localizing to mito-
chondria of renal tubular cells, which was also increased in the blood 
samples of CI-AKI mice and patients. 

3.2. ARG2 deficiency attenuates iohexol-induced kidney injury and 
apoptosis 

To explore the role of ARG2 in CI-AKI, we firstly used the unselective 
ARG inhibitor, nor-NOHA, to investigate whether ARG inhibition could 
protect against CI-AKI. Results showed that nor-NOHA markedly 
blunted the elevation in SCr, BUN and tubular injury score (Fig. 2A–C) 
when compared with those received an equal amount of saline. HE 
staining revealed that the renal tubule vacuolar degeneration was 
significantly increased in mice induced by iohexol, and nor-NOHA 
intervention could significantly reduce the tubular vacuolar degenera-
tion (Fig. 2D). Then, we generated ARG2 KO mice. ARG2 protein 
expression was significantly lower in the renal tissues of ARG2 KO mice 
compared with WT mice even when exposed to iohexol (Fig. S3B), while 
ARG1 expression was not induced in a compensatory manner in the 
kidneys of ARG2 KO mice (Fig. S3C). Under basal conditions, ARG2 KO 
mice were viable with no detectable defect in renal structure or function 
(Fig. 2E− H), and the levels of SCr (Fig. 2E) and BUN (Fig. 2F) were both 
remarkably reduced in iohexol treated ARG2 KO mice when compared 
with similarly treated WT mice as well as decreased pathologic injury 
scores (Fig. 2G) and alleviated renal tubular vacuolar degeneration 
(Fig. 2H), indicating that ARG2 ablation is beneficial for CI-AKI. 

Next, both of TUNEL staining and protein expressions of cleaved 
caspase-3, Bax and Bcl-2 were used to detect apoptosis, which has been 
demonstrated to play a key role in CI-AKI. As shown in Fig. 3A–F, 
compared with the WT mice, iohexol induced increases in TUNEL- 
positive cells (Fig. 3A and B) and protein expressions of cleaved 
caspase-3 (Fig. 3C and D) and Bax (Fig. 3C and F), and the decrease in 
protein expression of Bcl-2 (Fig. 3C and E) were significantly alleviated 
in kidneys of ARG2 KO mice. 

The above in vivo results were replicated in cells transfected with 
ARG2 siRNA or ARG2 overexpression plasmid, respectively. In primary 
renal tubular cells extracted from ARG2 KO mice kidneys, iohexol- 
induced ARG2 mRNA expression upregulation and decrease in cell 
viability were found to be alleviated when compared with those 
extracted from WT mice kidneys (Figs. S3D and S3E). Similarly, iohexol- 
induced protein expression of ARG2 could be reversed by transfecting 
ARG2 siRNA in HK-2 cells (Fig. 3G and H). In the meanwhile, ARG2 
siRNA markedly reduced the percentage of TUNEL-positive apoptotic 
cells, and alleviated iohexol-induced increases in protein expressions of 
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cleaved caspase-3 and Bax, and decrease in protein expression of Bcl-2 in 
HK-2 cells (Fig. 3I–K). In contrast, transfecting with ARG2 over-
expression plasmid could further increase iohexol-induced ARG2 pro-
tein expression in HK-2 cells Fig. S4A, and decreased the cell viability 
(Figs. S4A and S4B). 

Collectively, above findings demonstrate that the elevation of ARG2 
mediated iohexol-induced renal dysfunction, tubular injury, and 
apoptosis in CI-AKI. 

3.3. ARG2 mediates tubular apoptosis through nitrosative stress during 
CI-AKI, which may be not relevant to the NOS 

As ARG2 was implicated in the regulation of reactive nitrogen spe-
cies, we speculated that the upregulation of ARG2 in the kidneys 
mediated nitrosative stress, then leading to the tubular apoptosis during 
CI-AKI. To verify the role of nitrosative stress in CI-AKI, we utilized the 
specific peroxynitrite decomposition catalyst, FeTPPS, to scavenge 
reactive nitrogen species and alleviate nitrosative stress. As shown in 
Fig. 4A–D, the histologic damage and renal dysfunction induced by 
iohexol were markedly attenuated by FeTPPS. Furthermore, iohexol- 
induced increased level of ONOO− (Fig. 4E and F) and protein expres-
sion of 3-nitrotyrosine (3-NT) (Fig. 4G and H), the marker of nitrosative 
stress, and the upregulated cleaved caspase-3 protein expression 
(Fig. 4G and I), which detects apoptosis, were significantly reversed by 
FeTPPS treatment in HK-2 cells. All of the above results confirmed the 
role of nitrosative stress in iohexol-induced AKI. 

We subsequently assessed the contribution of ARG2 in nitrosative 
stress during CI-AKI. In CI-AKI mice models, the 3-NT protein expression 
in renal tissues of ARG2 KO mice were much lower than that in similarly 
treated WT mice as determined by western blotting and histochemical 
staining analyses (Fig. 5A–D), indicating that ARG2 ablation is benefi-
cial for reducing the nitrosative stress in CI-AKI. The above in vivo results 
were replicated in cells. The increase in protein expression of 3-NT 
(Fig. 5E and F) and the ONOO− production (Fig. 5G and H) induced 
by iohexol were significantly reduced in ARG2 siRNA transfected HK-2 
cells compared with those transfected with scramble siRNA. Similar 
results were found in iohexol treated primary tubular cells extracted 
from WT mice kidneys and ARG2 KO mice kidneys (Figs. S5A, S5B, S5D 
and S5E), and even when HK-2 cells were cultured in L-arginine-free 
medium (Fig. S6), which confirmed the role of ARG2 in mediating 
nitrosative stress during CI-AKI. Because the colocalization of ARG2 and 
mitochondria, the effect of ARG2 siRNA on iohexol-induced mitochon-
drial injury was also evaluated, and results showed that iohexol-induced 
mPTP opening significantly recovered in cells transfected with ARG2 
siRNA (Fig. S7). 

To more clearly examine whether NOS, which competes with ARG 
for the same substrate, is involved in the ARG2 mediated nitrosative 
stress, we detected the protein expressions of three isoforms of NOS, 
iNOS, nNOS and eNOS. The most prominent NOS isoform in renal 
tubular cells was demonstrated to be iNOS. However, neither iohexol 
nor ARG2 siRNA changed the protein expression of any isoforms of NOS 
(Fig. S8). 

All the above results suggest that ARG2 mediates nitrosative stress 

and subsequent apoptosis during CI-AKI, which may be not relevant to 
NOS. 

3.4. ARG2 inhibits transcription and expression of HO-1, facilitating 
nitrosative stress during CI-AKI 

To elucidate the potential mechanism responsible for ARG2 medi-
ated nitrosative stress in CI-AKI, we examined the correlations between 
all differentially expressed proteins [32] measured by proteomics of 
iohexol induced AKI mice kidneys compared with the control group. 
After the analysis, HO-1 which was demonstrated to have a significantly 
negative correlation with ARG2, caught our attention (Fig. 6A). As an 
anti-nitrosative stress factor, HO-1 mRNA and protein expressions were 
significantly increased in mice treated with iohexol (Fig. 6B–D), which 
may protect against iohexol-induced AKI. No matter in primary tubular 
cells (Fig. 6E–G) or in HK-2 cells (Figs. S9A-S9C), the expressions of 
HO-1 protein (24 h) and mRNA (6 h) increased at the early stage of 
iohexol treatment, but decreased significantly after a long period of 
treatment (48 h), which was in contrast to the continuous increase of 
ARG2 after iohexol treatment. Next, we investigated the potential effect 
of HO-1 on CI-AKI. HO-1 silencing (Figs. S9D and S9E) significantly 
aggravated iohexol induced cell death (Fig. S9F), while activating HO-1 
using the HO-1 agonist, CoPP, was able to significantly alleviate the 
iohexol-induced mPTP opening (Figs. S9G and S9H) and decrease in cell 
viability (Fig. S9I). Additionally, HO-1 overexpression was able to 
reverse iohexol or ARG2 overexpression induced nitrosative stress 
(Fig. 6H–K) and decreased cell viability (Fig. S9J) in HK-2 cells, sug-
gesting that HO-1 may be a key downstream target involved in ARG2 
mediated nitrosative stress and cell death during CI-AKI. 

Based our hypothesis that the upregulated protein expression of 
ARG2 might inhibit the expression of HO-1, we firstly tested whether 
protein expression of HO-1 was altered by the upregulating or down-
regulating of ARG2. Both iohexol treatment and ARG2 KO markedly 
increased HO-1 protein expression in mice kidneys (Fig. 6C and D). 
Consistent with the findings in vivo, in primary renal tubular cell 
extracted from ARG2 KO mice kidneys, iohexol-induced HO-1 protein 
expression downregulation was found to be alleviated when compared 
with those extracted from WT mice kidneys (Figs. S5A and S5C). 
Further, silencing ARG2 significantly increased iohexol suppressed 
protein expression of HO-1 in HK-2 cells (Fig. 7A and C), while over-
expressing ARG2 significantly decreased HO-1 protein expression no 
matter with or without iohexol treatment (Fig. 7B and D). In the 
meanwhile, a higher HO-1 mRNA level was discovered in HK-2 cells 
treated with ARG siRNA compared with those exposed to iohexol at 0 h, 
12 h (Fig. 7E), but a lower HO-1 mRNA level was discovered in HK-2 
cells treated with ARG2 overexpression plasmid compared with those 
exposed to iohexol at 0 h, 12 h, 24 h and 48 h (Fig. 7F). However, HO-1 
siRNA or CoPP could not affect the iohexol-induced ARG2 protein 
expression (Fig. 7G–J). We further investigated whether ARG2 pro-
moted the protein degradation of HO-1 using cycloheximide (CHX, an 
inhibitor of protein synthesis). Results showed that HO-1 degradation 
was not slowed by ARG2 silencing under CHX treatment, suggesting that 
ARG2 does not decrease HO-1 levels by promoting degradation of HO-1 

Fig. 1. ARG2 is upregulated in the CI-AKI mice kidneys and primary tubular epithelial cells, and increased in blood samples of CI-AKI mice and patients. (A) Heat 
map of proteomics in iohexol-induced AKI mice. P-Value <0.05 and log2 fold change (FC) > 2. (B) Heat map of transcriptomics in iohexol-induced AKI mice. P-Value 
<0.0001 and log2 fold change (FC) > 3. (C–E) The ARG2 protein and mRNA expressions were evaluated in the kidneys of mice treated with iohexol. (F) Repre-
sentative images of immunohistochemistry staining of ARG2 in the kidneys of iohexol-induced AKI mice. The red arrows indicate deeper ARG2-positive staining of 
renal tubules. Scale, 20×, 100 μm, 40×, 50 μm. (G) Representative images of the immunofluorescence colocalization of CD31, F4/80, LTL, PNA, and DBA with ARG2 
in the kidney of iohexol-induced AKI mice. The following specific markers were used: endothelial, CD31; macrophage, F4/80; proximal tubule, lotus tetragonolobus 
lectin (LTL); distal tubule, peanut agglutinin (PNA); and collecting duct, dolichos biflorus agglutinin (DBA). The white arrows indicate positive tubules with 
colocalization of ARG2 and specific tubular markers. Scale, 50 μm. (H–J) ARG2 protein and mRNA expressions in primary tubular epithelial cells treated with 
iohexol. (K) Representative image of ARG2 and mito-tracker immunofluorescence colocalization in HK-2 cells. The orange arrows indicate that iohexol causes a 
decrease in mitochondrial fluorescence. The white arrows indicate the normal colocalization of ARG2 with mitochondria. The yellow arrows indicate that iohexol 
leads to reduced colocalization of ARG2 with mitochondria. Scale, 20 μm. (L and M) Serum levels of ARG2 in CI-AKI mice (L) and patients (M). *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001. mean ± SD, n = 5-6 in mice, n = 3–6 in HK-2 cells. 
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Fig. 2. ARG2 inhibition and deficiency significantly ameliorate iohexol-induced AKI. (A–D) Renal function and renal tissue injury of iohexol-induced AKI mice 
treated with nor-NOHA were assessed by SCr, BUN, and tubular injury score. Scale, 20×, 100 μm, 40×, 50 μm. (E–H) Renal function and renal tissue injury of ARG2 
KO and WT mice injected by iohexol via tail vein were assessed by SCr, BUN, and tubular injury score. The red arrows indicate the vacuolar degeneration of renal 
tubules. Scale, 20×, 100 μm, 40×, 50 μm *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. mean ± SD, n = 6. 
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Fig. 3. ARG2 deficiency significantly reduces apoptosis in iohexol-induced AKI mice and HK-2 cells. (A and B) Representative images of TUNEL staining in ARG2 KO 
and WT mice treated with iohexol. TUNEL-positive cells and nuclei were indicated by green and blue fluorescence, respectively. (C–F) The protein expressions of 
caspase-3, cleaved caspase-3, Bcl-2, and Bax were evaluated with western blotting in ARG2 KO and WT mice administrated with iohexol. β-actin was used as the 
loading control. (G–K) Western blotting was used to evaluate the protein expressions of ARG2, caspase-3, cleaved caspase-3, Bcl-2, and Bax in HK-2 cells transfected 
with ARG2 siRNA and incubated with iohexol. (L and M) TUNEL staining was performed to examine apoptotic HK-2 cells transfected with ARG2 siRNA and incubated 
with iohexol. TUNEL-positive cells and nuclei were indicated by green and blue fluorescence, respectively. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
mean ± SD, n = 6 in mice, n = 3-6 in HK-2 cells. 

Fig. 4. FeTPPS rescues nitrosative stress caused by iohexol in mice and HK-2 cells. (A–D) Renal function and renal tissue injury of AKI mice induced by iohexol 
treated with or without FeTPPS were assessed by SCr, BUN, and tubular injury score. The red arrows indicate the vacuolar degeneration of renal tubules. (E and F) 
The level of ONOO− was evaluated with immunofluorescence in HK-2 cells cultured with FeTPPS and iohexol. Green fluorescence indicates ONOO− . The number of 
cells was counted by DPC. DPC, Digital phase contrast. Scale, 100 μm. (G–I) The protein expressions of 3-NT, caspase-3 and cleaved caspase-3 were evaluated by 
western blotting in HK-2 cells cultured with FeTPPS and iohexol. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. mean ± SD, n = 6 in mice, n =5-8 in HK- 
2 cells. 
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(Fig. 7K and L). Taken together, ARG2 may inhibit HO-1 expression at 
the transcriptional level, which facilitates nitrosative stress during CI- 
AKI. 

3.5. cAMP responsive element binding protein 1 (CREB1) promotes 
ARG2 transcription 

As the limited information about the factors that contribute to ARG2 
upregulation following injury, we conducted the bioinformatics analysis 
to determine the transcription factors that might regulate ARG2 
expression. And we found that CREB1 had 26 binding sites in the pro-
moter region of ARG2 (Table S2). Luciferase reporters assay and ChIP 
further verified that CREB1 targeted promoter sites of ARG2 (Fig. 8A 
and B). What’s more, we observed significant induction in the 

phosphorylation of CREB1 as early as 6 h, in both renal tissues of mice 
(Fig. 8C and D) and HK-2 cells (Fig. 8E and F) treated with iohexol. 
Following transfection with CREB1 siRNA, the ARG2 protein expression 
was significantly downregulated in HK-2 cells, even under iohexol 
treatment (Fig. 8G–J). However, overexpressing ARG2 could not affect 
the CREB1 protein expression (Fig. 8K and L). All the above results 
indicate that CREB1 may promote ARG2 transcription, responsible for 
the increased ARG2 protein expression in CI-AKI. 

3.6. ARG2 may be a potential common target of cisplatin-, or 
vancomycin-induced AKI 

To further investigate whether ARG2 is a crucial target of other drugs 
induced AKI, we used cisplatin or vancomycin, two clinical commonly 

Fig. 5. ARG2 mediates nitrosative stress in iohexol-induced AKI and HK-2 cells. (A and B) The protein expression of 3-NT was evaluated by western blotting in ARG2 
KO and WT mice treated with iohexol. (C and D) Representative images of immunohistochemistry staining of 3-NT in the kidneys of ARG2 KO and WT mice treated 
with iohexol. The red arrows indicate deeper 3-NT-positive staining of renal tubules. Scale, 20×, 100 μm, 40×, 50 μm. (E and F) The expression of 3-NT was 
evaluated with western blotting in HK-2 cells transfected with ARG2 siRNA and incubated with iohexol. (G and H) The level of ONOO− was evaluated with 
immunofluorescence in HK-2 cells transfected with ARG2 siRNA and incubated with iohexol. Green fluorescence indicates ONOO− . The number of cells was counted 
by DPC. DPC, Digital phase contrast. Scale, 100 μm *P < 0.05, **P < 0.01, ****P < 0.0001. mean ± SD, n = 6 in mice, n = 3-10 in HK-2 cells. 
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used medications, to establish AKI mice (Figs. S1E-S1L) and cell models, 
and confirmed the renal accumulation of ARG2 via western blotting 
(Fig. 9A and B, Fig. 10A and B), RT-PCR (Fig. 9C and 10C), and 
immunohistochemistry staining (Fig. 9D and 10D). Also, the localization 
of ARG2 in the proximal tubules were found by immunofluorescence 
colocalization in both cisplatin-(Fig. 9E) and vancomycin- (Fig. 10E) 

induced AKI mice kidneys. And upregulated ARG2 protein expression 
was confirmed in primary renal tubular cells treated with cisplatin 
(Fig. 9F and G) or vancomycin (Fig. 10F and G). 

What’s more, similar protective effects of ARG2 deficiency were 
found in cisplatin- or vancomycin-induced AKI mice models, as evi-
denced by the remarkably reduced levels of SCr and BUN (Fig. 9H and I, 

Fig. 6. HO-1 is involved in ARG2 mediated nitrosative stress. (A) Correlation between ARG2 protein expression and significantly different proteins of proteomics. X- 
axis, R with ARG2; Y-axis, P-value. (B) The HO-1 mRNA expression was evaluated in mice treated with iohexol. (C and D) The HO-1 protein expression was evaluated 
by western blotting in ARG2 KO and WT mice administrated with iohexol. (E–G) The HO-1 mRNA and protein expressions were evaluated in primary tubular 
epithelial cells incubated with iohexol. (H and I) The level of ONOO− was evaluated by immunofluorescence in HK-2 cells transfected with HO-1 overexpression 
plasmid or cultured with iohexol. Green fluorescence indicates ONOO− . The number of cells was counted by DPC. DPC, Digital phase contrast. Scale, 100 μm. (J and 
K) The 3-NT protein expression was evaluated by western blotting in HK-2 cells incubated with iohexol and transfected with ARG2 overexpression plasmid and HO-1 
overexpression plasmid. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. mean ± SD, n = 6 in mice, n = 3-6 in cells. 
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Fig. 10H and I), and decreased pathologic injury scores when compared 
with similarly treated WT mice (Fig. 9J and K, Fig. 10J and K). Similar to 
the iohexol-induced AKI model, the expression of HO-1 protein was also 
increased in ARG2 KO mice or cisplatin- or vancomycin-induced AKI 
mice kidneys (Fig. 9L and M, Fig. 10L and M). Thus, ARG2 ablation is 
also beneficial for cisplatin- or vancomycin-induced AKI, indicating that 
ARG2 may be a potential common target of those drugs induced AKI. 
However, further studies are needed to confirm the assumption. 

4. Discussion 

CI-AKI is one of the most common causes of AKI, which was previ-
ously perceived as a self-limited condition but now known to be asso-
ciated with progression to CKD, sustained functional impairment and 

death. However, the medical intervention is not effective enough to 
prevent the occurrence of AKI or improve the long-term outcomes of AKI 
for the unclear underlying pathophysiology [33]. ARG2 has been re-
ported to be involved in a variety of pathological processes, including 
oxidative stress, apoptosis, and inflammation [34]. Nevertheless, little is 
known about the role of ARG2 in CI-AKI. In present study, we found that 
ARG2 is highly expressed in the kidneys of CI-AKI mice, mainly local-
izing to the mitochondrial of renal tubular cells, and discovered the 
increased serum levels of ARG2 in CI-AKI patients. ARG2-targeted in-
hibition or deficiency could dramatically attenuate renal dysfunction 
and tissue injury, reduce nitrosative stress and apoptosis of renal tubular 
cells during CI-AKI. What’s more, similar results were found in the other 
two clinical commonly used drugs, cisplatin and vancomycin, induced 
AKI models. In terms of mechanism, upregulated ARG2 mediates 

Fig. 7. ARG2 inhibits the expression of HO-1 at the transcriptional level in HK-2 cell cultured with iohexol. (A–D) The HO-1 protein expression was examined by 
western blotting in HK-2 cells transfected with ARG2 siRNA or ARG2 overexpression plasmid, and incubated with iohexol. (E and F) The HO-1 mRNA expression was 
evaluated in HK-2 cells transfected with ARG2 siRNA or ARG2 overexpression, and incubated with iohexol. (G and H) The ARG2 protein expression was evaluated 
with western blotting in HK-2 cells transfected with HO-1 siRNA or cultured with iohexol. (I and J) The ARG2 protein expression was evaluated with western blotting 
in HK-2 cells cultured with CoPP and iohexol. (K and L) The HO-1 protein expression was evaluated with western blotting in HK-2 cells transfected with ARG2 siRNA 
or cultured with CHX. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. mean ± SD, n = 3-6 in HK-2 cells. 
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nitrosative stress and apoptosis of renal tubules, partially by decreasing 
HO-1 expression, then inducing CI-AKI, and CREB1 may be a tran-
scription factor of ARG2. 

To identify key target genes of CI-AKI, we used both proteomic and 
transcriptomic approaches [32] to determine the differentially 
expressed mRNA and protein in the renal tissues of iohexol-induced AKI 
mice, and discovered that both mRNA and protein expressions of ARG2 
were dramatically increased. In an iohexol-induced AKI rat model, Deng 
et al. performed a proteomic investigation and identified 16 candidate 
proteins [35]. Kilari et al. employed RNA-Seq to investigate the impact 
of terazosin suppression of alpha-adrenergic receptor 1b on gene and 
protein expression in iohexol-induced AKI mouse, and found 436 
down-regulated genes and 21 up-regulated genes [36]. Yet, ARG2 was 
not enriched in above mentioned studies. Of interest was that, in present 
study, not only iohexol-induced AKI mice but also cisplatin- and 
vancomycin-induced AKI mice had much higher mRNA and protein 
expressions of ARG2 in kidneys than control group, which has not yet 
been documented. To the best of our knowledge, we are the first to 
confirm the accumulation of ARG2 in the kidneys of iohexol-, cisplatin-, 
or vancomycin-induced AKI models. 

ARG2, a subtype of arginase, hydrolyzes L-arginine to produce L- 
ornithine and urea [37]. ARG2 mRNA and protein are reported to be 
abundantly expressed in the renal tubules, especially in S3 section of the 

proximal tubules, of deep cortex and the outer medulla layer [18,25,38]. 
Similar to this, our immunofluorescence findings demonstrated that 
ARG2, particularly at the cortical and medullary junction, was consid-
erably increased in renal tubules during CI-AKI. Furthermore, ARG2 
colocalized with mitochondria, as shown in present study. ARG2’s 
colocalization with mitochondria was diminished as a result of the 
partial mitochondrial rupture caused by the iohexol intervention. 
However, the role of ARG2 in kidney injury is still controversial. In the 
IRI model, the histological damage of ischemic kidney in ARG2 renal 
tubular epithelial knockout mice was more obvious and increased 
TUNEL-positive areas were found after IRI when compared with controls 
[25]. In contrast, Hara et al. found that ARG2 KO reduced IRI-induced 
abnormal renal function and acute tubular necrosis in mice, with 
reduced proportion of TUNEL-positive cells [23]. Selective inhibition of 
ARG2 can effectively prevent and improve diabetic kidney damage [22, 
39]. ARG2 silencing has protective effect on podocytes under hypoxia 
condition [40]. In present study, results showed that ARG2 KO signifi-
cantly alleviated kidney injury in iohexol-, cisplatin-, and 
vancomycin-induced AKI mice via inhibiting apoptosis in renal tubular 
cells. The mechanism of ARG2 caused apoptosis may be through pro-
moting nitrosative stress, which has been reported recently in mice with 
IRI [23] or bleomycin-induced pulmonary hypertension [41]. Similarly, 
our results showed that ARG2 KO or silencing could significantly 

Fig. 8. CREB1 regulates ARG2 transcription. (A) Luciferase reporter gene results demonstrated that CREB1 combined with ARG2 promoter. (B) ChIP-PCR showed a 
direct combination and enrichment of CREB1 to the promoter region of ARG2. (C and D) The P-CREB1 and CREB1 protein expressions were evaluated in mice treated 
with iohexol. (E and F) The P-CREB1 and CREB1 protein expressions were evaluated in HK-2 cells cultured with iohexol at the indicated time points. (G–J) The 
CREB1 and ARG2 protein expression were evaluated in HK-2 cells transfected with CREB1 siRNA. (K and L) The CREB1 protein expression was evaluated in HK-2 
cells transfected with ARG2 overexpression plasmid. *P < 0.05, **P < 0.01, ****P < 0.0001. mean ± SD, n = 6 in mice, n = 3-6 in HK-2 cells. 
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Fig. 9. ARG2 may be a potential target of cisplatin-induced AKI. (A–C) ARG2 protein and mRNA expressions in the kidneys of cisplatin-induced AKI mice. (D) 
Representative images of immunohistochemistry staining of ARG2 in cisplatin-induced AKI mice kidneys. The red arrows indicate deeper ARG2-positive staining of 
renal tubules. Scale, 20×, 100 μm, 40×, 50 μm. (E) Representative images of the immunofluorescence colocalization of CD31, F4/80, LTL, PNA, and DBA with ARG2 
in the kidney of cisplatin-induced AKI mice. The following specific markers were used: endothelial, CD31; macrophage, F4/80; proximal tubule, lotus tetragonolobus 
lectin (LTL); distal tubule, peanut agglutinin (PNA); and collecting duct, dolichos biflorus agglutinin (DBA). The white arrows indicate positive tubules with 
colocalization of ARG2 and specific tubular markers. Scale, 50 μm. (F and G) ARG2 protein expression in primary tubular epithelial cells treated by cisplatin. (H–K) 
Renal function and renal tissue injury of ARG2 KO and WT mice administrated with cisplatin were assessed by SCr, BUN, and tubular injury score. The red arrows 
showed the vacuolar degeneration, tubular necrosis, cast formation, and tubular dilation of renal tubules. (L and M) The HO-1 protein expression was evaluated by 
western blotting in ARG2 KO and WT mice administrated with cisplatin. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. mean ± SD, n = 6. 
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Fig. 10. ARG2 may be a potential target of vancomycin-induced AKI. (A–C) ARG2 protein and mRNA expressions in the kidneys of vancomycin-induced AKI mice. 
(D) Representative images of immunohistochemistry staining of ARG2 in vancomycin-induced AKI mice kidneys. The red arrows indicate deeper ARG2-positive 
staining of renal tubules. Scale, 20×, 100 μm, 40×, 50 μm. (E) Representative images of the immunofluorescence colocalization of CD31, F4/80, LTL, PNA, and 
DBA with ARG2 in the kidney of vancomycin-induced AKI mice. The following specific markers were used: endothelial, CD31; macrophage, F4/80; proximal tubule, 
lotus tetragonolobus lectin (LTL); distal tubule, peanut agglutinin (PNA); and collecting duct, dolichos biflorus agglutinin (DBA). The white arrows indicate positive 
tubules with colocalization of ARG2 and specific tubular markers. Scale, 50 μm. (F and G) ARG2 protein expression in primary tubular epithelial cells treated by 
vancomycin. (H–K) Renal function and renal tissue injury of ARG2 KO and WT mice administrated with vancomycin were assessed by SCr, BUN, and tubular injury 
score. The red arrows showed the vacuolar degeneration, tubular necrosis, cast formation, and tubular dilation of renal tubules. (L and M) The HO-1 protein 
expression was evaluated by western blotting in ARG2 KO and WT mice administrated with vancomycin. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. mean 
± SD, n = 6. 
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improve the nitrosative stress of renal tubular cells induced by iohexol, 
cisplatin or vancomycin. 

After examining the correlations between all differentially expressed 
proteins measured by proteomics of kidney tissues in the iohexol 
induced AKI group compared with the control group, using the method 
similar with previous study [32], HO-1 was demonstrated to have a 
significantly negative correlation with ARG2 in present study. HO-1, an 
inducible cell protective enzyme, could degrade toxic free heme 
including hemoglobin, myoglobin, and cytochrome. Upon injury, toxic 
heme becomes unstable and release free heme, leading to oxidative 
stress, inflammation, and apoptosis [42]. Currently, several studies have 
demonstrated the protective effects of HO-1 in various AKI models, 
including glycerol [43], IRI [44], cisplatin [45], and lipopolysaccharide 
[46]. In those injury models [43–46], HO-1 protein expressions are all 
induced to prevent kidney failure in vivo. Similarly, in present study, we 
found upregulated expression of HO-1 in the kidneys, which may be a 
self-protection mechanism to protect against iohexol-induced AKI in 
mice. However, inconsistent with in vivo experiments, the decreased 
HO-1 mRNA and protein expressions were found in the in vitro experi-
ments. ARG2 silencing could increase the mRNA and protein levels of 
HO-1, while HO-1 silencing or activating could not alter ARG2 protein 
expression. CHX results showed that ARG2 had no significant effect on 
the degradation of HO-1. HO-1 is a Nrf2-targeted gene, and a recent 
study reports that Nrf2 activation is reduced in ARG2 knockout in UUO 
kidneys [47], which may be the potential mechanism involved in ARG2 
regulated HO-1 expression. These results indicated that the ARG2 may 
down-regulate the transcription of HO-1, contributing to a deeper un-
derstanding of various physiological and pathological processes 
involved in HO-1. 

It has been reported that ARG2 transcription factors include HIF-2 
[48] and interferon regulatory factor 3 (IRF3) [49]. We demonstrated 
the binding of CREB1 to the ARG2 promoter by luciferase reporter gene 
assay and CHIP analysis, and then upregulating ARG2 expression. 
CREB1 is a key transcription factor mediating transcriptional responses 
to a variety of growth factors and stress signals [50]. Barra et al. found 
that apoptotic cells derived factors activated ERK5 and CREB induced 
anti-inflammatory macrophage phenotype through ARG2, and CREB 
induced ARG2 expression [51], which is consistent with present study. 

There are some limitations of this study. First of all, we only studied 
the effect of ARG2 in three AKI models: iohexol, cisplatin and vanco-
mycin. However, there are other drugs that can cause AKI, and further 
studies should be conducted regarding the effect of ARG2 on other drug 
induced AKI models. Second, only whole-body ARG2 knockout mice 
were constructed. Although ARG2 was mainly expressed in renal tubules 
of CI-AKI mice, it could not be ruled out whether ARG2 in other parts 
caused by whole-body knockout did indeed participate in the protective 
effect of CI-AKI. Third, we demonstrated that ARG2 regulates HO-1 
expression by regulating its transcription, rather than by inhibiting 
degradation. However, the specific mechanism of action has not been 
fully studied, and further research is needed to explore its specific reg-
ulatory mechanism. 

5. Conclusions 

In summary, our study suggests that ARG2 is a key target of CI-AKI. 
ARG2 deletion can improve CI-AKI by reducing nitrosative stress and 
apoptosis of renal tubular cells, partially by up-regulating HO-1 
expression. And the transcription of ARG2 may be regulated by the 
CREB1. Similar results were found in the other two clinical commonly 
used drugs, cisplatin and vancomycin, induced AKI models. These 
findings may provide new insights into the pathogenesis of CI-AKI, even 
drug induced AKI, and strategies for its prevention and treatment. 
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