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A B S T R A C T   

Growing evidence suggests that dimethylarginine dimethylaminohydrolase 1 (DDAH1), a crucial enzyme for the 
degradation of asymmetric dimethylarginine (ADMA), is closely related to oxidative stress during the develop-
ment of multiple diseases. However, the underlying mechanism by which DDAH1 regulates the intracellular 
redox state remains unclear. In the present study, DDAH1 was shown to interact with peroxiredoxin 1 (PRDX1) 
and sulfiredoxin 1 (SRXN1), and these interactions could be enhanced by oxidative stress. In HepG2 cells, H2O2- 
induced downregulation of DDAH1 and accumulation of ADMA were attenuated by overexpression of PRDX1 or 
SRXN1 but exacerbated by knockdown of PRDX1 or SRXN1. On the other hand, DDAH1 also maintained the 
expression of PRDX1 and SRXN1 in H2O2-treated cells. Furthermore, global knockout of Ddah1 (Ddah1-/-) or 
liver-specific knockout of Ddah1 (Ddah1HKO) exacerbated, while overexpression of DDAH1 alleviated liver 
dysfunction, hepatic oxidative stress and downregulation of PRDX1 and SRXN1 in CCl4-treated mice. Over-
expression of liver PRDX1 improved liver function, attenuated hepatic oxidative stress and DDAH1 down-
regulation, and diminished the differences between wild type and Ddah1-/- mice after CCl4 treatment. 
Collectively, our results suggest that the regulatory effect of DDAH1 on cellular redox homeostasis under stress 
conditions is due, at least in part, to the interaction with PRDX1 and SRXN1.   

1. Introduction 

Oxidative stress, which is caused by the overproduction of reactive 
oxygen species (ROS) and the impairment of the antioxidant system, 
triggers various biochemical reactions such as lipid peroxidation, DNA 
damage, and protein oxidative modifications or misfolding [1,2]. 
Growing evidence suggests that oxidative stress plays an important role 
in the pathogenesis of numerous diseases, including nonalcoholic fatty 
liver disease (NAFLD) [3], diabetes [4], and cardiovascular disease [5]. 
Understanding the mechanism involved in the regulation of intracellular 
redox homeostasis is essential for the treatment of clinically relevant 
diseases. 

Dimethylarginine dimethylaminohydrolase 1 (DDAH1) is recognized 

as a critical enzyme for the degradation of asymmetric dimethylarginine 
(ADMA) [6], which inhibits nitric oxide synthase (NOS) by competing 
with L-Arg. Our studies have consistently shown that DDAH1 can repress 
oxidative stress in different disease models, including fatty liver [7,8], 
muscle injury and regeneration [9], diabetic nephropathy [10] and 
PM2.5-exposed lung [11]. As ADMA accumulation under pathological 
conditions can promote ROS production by uncoupling NOS [12] or 
upregulating the renin–angiotensin system [13], the antioxidant effect 
of DDAH1 may be partly attributed to ADMA degradation. We previ-
ously also demonstrated that the deletion of Ddah1 in mouse embryonic 
fibroblasts (MEFs) increased intracellular ROS levels through a 
miR-21-dependent pathway [14], suggesting that DDAH1 may have an 
additional mechanism of regulation of the cellular redox state. 
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Additionally, DDAH1 contains several cysteine (Cys) residues and is 
sensitive to oxidative stress. DDAH1 activity or expression is reduced by 
hydrogen peroxide (H2O2) or homocysteine [15,16]. However, whether 
there is a potential mechanism to protect DDAH1 activity or expression 
under conditions of oxidative stress has not been investigated. 

Peroxiredoxin 1 (PRDX1) is a representative antioxidant enzyme that 
scavenges H2O2 and alkyl hydroperoxide involved in redox signaling 
pathways. However, PRDX1 can be overoxidized by excess H2O2 under 
conditions of extreme oxidative stress, leading to enzyme inactivation. 
The reduction of overoxidized PRDX1 is catalyzed by sulfiredoxin 1 
(SRXN1) [17]. In addition to sensing redox signaling, PRDX1 is involved 
in signal transduction through noncovalent protein‒protein interaction 
[18]. As shown in the Biogrid interaction database [19], there are 338 
unique PRDX1 interactors (accessed 10/31/2023). For example, PRDX1 
interacts with mammalian Ste20-like kinase-1 (MST-1) and stimulates 
MST-1 autophosphorylation and activation [20]. PRDX1 also functions 
as a tumor repressor by inhibiting c-Myc-mediated transcription via 
protein interaction [21]. To fully understand the roles of PRDX1 in 
signal transduction and cellular function, it is necessary to further 
analyze the interacting partners of PRDX1 in different models. 

In the present study, we found that PRDX1 and SRXN1 interacted 
with DDAH1 and maintained its expression and activity in HepG2 cells 
and the livers of carbon tetrachloride (CCl4)-challenged mice. However, 
DDAH1 also attenuated PRDX1 downregulation and oxidation after 
oxidative stimulation. 

2. Materials and methods 

Detailed information on the experimental materials is listed in 
Table S1. 

2.1. Mice and experimental Design 

The generation and genetic backgrounds of Ddah1-/- mice and 
DDAH1 transgenic (DDAH1-TG) mice were described in our previous 
studies [11,22]. In brief, Ddah1 gene was first deleted in the sperm 
through crossing the DDAH1flox/flox mice with the protamine (Prm)-Cre 
mice. The obtained male Prm-Cre/DDAH1flox/+ mice were then crossed 
with wild-type (WT) female mice to obtain Ddah1+/− mice. The het-
erozygotes were crossed with WT C57BL/6J mice for more than 10 
generations and then used to obtain the Ddah1-/− mice. The DDAH1-TG 
mice were generated by Cyagen Biosciences Inc. (Jiangsu, China) 
through microinjection a human DDAH1 transgenic vector into the 
pronuclei of fertilized one-cell mouse embryos of C57BL/6J mice. The 
vector contains an EF1A promoter, human DDAH1 coupled with 
3xFLAG epitope on N-terminus, and RNA processing signals from SV40 
polyA. Age-matched C57BL/6J mice were used as WT controls. 
Eight-week-old Ddah1f/f;Alb− ERT2− cre/+ mice were injected intraperito-
neally with tamoxifen (50 mg/kg/day) for 5 consecutive days to 
establish hepatocyte-specific Ddah1 knockout mice (Ddah1HKO) [7]. 
Ddah1f/f littermates were administered the same dose of tamoxifen and 
then used as controls. The mice were kept in temperature-controlled (22 
± 2 ◦C) SPF rooms under a 12:12 h light–dark cycle and fed distilled 
water and commercial mouse food ad libitum. 

Eight-week-old male C57BL/6J, Ddah1-/-, DDAH1-TG, Ddah1f/f and 
Ddah1HKO mice were randomly divided into control and CCl4 treated 
groups (8–10 mice/group). CCl4 was dissolved in olive oil before in-
jection. Mice were injected intraperitoneally with 1 g/kg CCl4 or with 
olive oil every other day three times. At the end of the experiments, the 
mice were sacrificed via CO2 inhalation followed by spinal cord dislo-
cation, and blood and liver tissue collection for biochemical analyses. 

The liver-specific promoter (thyroxine-binding globulin)-driven 
AAV8-Prdx1 and AAV8-GFP expression vectors were produced by Vig-
ene Biosciences Inc. (Shandong, China). Hepatic PRDX1 overexpression 
in WT and Ddah1-/- mice was achieved by tail vein injection of AAV8- 
Prdx1 (1.1 × 1012 vg/mouse). Four weeks after injection, the mice were 

treated with CCl4 using the same protocol as described above. 
All mice-related experiments were carried out following the Guide 

for the Care and Use of Laboratory Animals (Eighth Edition, 2011) and 
were approved by the Animal Care and Use Committee of University of 
Chinese Academy of Sciences (UCAS-A-20220923). 

2.2. Biochemical and histological analyses 

Serum alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST) levels were measured using commercial kits. Serum ADMA 
levels and liver 4-hydroxynonenal (4-HNE) and 3′-nitrotyrosine (3′-NT) 
were measured with respective ELISA kits. Liver paraffin sections (5 μm) 
were stained with hematoxylin and eosin (H&E), Masson, and TUNEL 
kits to assess histopathological damage, fibrosis, and apoptosis, respec-
tively. Frozen liver sections (4 μm) were stained with dihydroethidium 
(DHE) to evaluate the degree of oxidative stress. 

2.3. Cell culture and assays 

HEK293, 293T and HepG2 cells were obtained from the Cell Bank of 
the Institute of Biochemistry and Cell Biology (Shanghai, China). DMEM 
containing 10% FBS and 1% penicillin and streptomycin was used for 
cell culture. As previously described [23], the MTT method was used for 
measuring cell viability. DCFH-DA and DHE were used to measure 
intracellular ROS and superoxide levels, respectively. Notable, although 
DCFH-DA is a wildly used fluorescent probe, it has several limitations 
[24]. The ratio of reduced GSH to oxidized GSH (GSSG) were measured 
by commercial kit (#S0053, Beyotime Biotechnology, Shanghai, China). 

To perform the bimolecular fluorescence complementation (BiFC) 
assay, cells were grown in glass-bottom plates, and the target plasmids 
were transfected using Lipofectamine 3000 at approximately 50% cell 
density. After 24 h, the medium was replaced with a fresh medium, and 
the cells were treated with PBS, 100 μM H2O2 or 5 mM NAC for 2 h. 
Then, BiFC signals were obtained via laser confocal microscopy 
(LSM880, Zeiss, Germany) at an excitation wavelength of 488 nm/ 
emission wavelength of 525 nm. 

2.4. Coimmunoprecipitation 

HEK293 cells were cotransfected with the indicated plasmids for 
coimmunoprecipitation (co-IP) assays. The cells were lysed with native 
lysis buffer (#R0030, Solarbio Science & Technology Co., Ltd., Beijing, 
China) containing protease and phosphatase inhibitor cocktail at 4 ◦C 
for 30 min. The lysates were centrifuged at 12,000×g for 10 min and 
500 μl of the supernatant was preprocessed with 20 μl of protein A/G 
magnetic beads (#B23201, Bimake, USA) and 1 μg of the corresponding 
IgG antibody at 4 ◦C for 1 h. Anti-Myc magnetic beads were incubated 
with the supernatants at 4 ◦C overnight. The magnetic beads were then 
washed with a cold washing buffer (20 mM Tris-HCl, pH 7.4, 150 mM 
NaCl, 1 mM EDTA, 0.5% Triton X-100, and protease and phosphatase 
inhibitor cocktail) three times and boiled with 2 × SDS loading buffer 
prior to western blot analysis. 

2.5. Plasmid construction and virus packaging 

PRDX1 (NM_001202431.2), DDAH1 (NM_012137.4) and SRXN1 
(NM_080725.3) were subcloned into the expression vectors (e.g. 
pQCXIH and pCMV-C-Myc/mcherry), respectively. Short hairpin RNA 
(shRNA) sequences targeting human DDAH1 (5′-GGGCCTAACCT-
GATCGCAATT-3′), PRDX1 (5′-GGCCACAGCTGTTATGCCAGA-3′) and 
SRXN1 (5′-GTTGGCGGGGTCCAACACGGA-3′) were constructed in the 
lentiviral vector PLKO.1 (Addgene plasmid #10878 [25]). The obtained 
pQCXIH expression vectors and shRNA vectors were used for subsequent 
retroviral and lentiviral packaging, respectively. To perform the BiFC 
assay, DDAH1WT and the DDAH1C274A mutant were subcloned into the 
pBiFC-VC155 vector. PRDX1 and SRXN1 were subcloned into the 
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pBiFC-VN173 vector. The sequences of the primers used for plasmid 
construction are listed in Table S2. 

Site-directed mutagenesis kits were used to generate DDAH1 muta-
tions at the His173, Cys274 and Cys275 sites and PRDX1 mutations at the 
Cys52 and Cys173 sites. The mutations were confirmed by DNA 
sequencing. The sequences of the primers used for site-specific muta-
genesis are listed in Table S3. 

2.6. Quantitative real-time PCR and western blotting 

Total RNA was extracted from livers using the TRIzol reagent and 
reverse-transcribed with the PrimeScript RT reagent. Subsequently, real- 
time PCR was performed using TB Green Premix Ex Taq II on a Quant-
Studio 7 PCR detection system (Thermo Fisher Scientific, USA). Relative 
expression was calculated by the 2− △△Ct method with normalization to 
the 18S rRNA gene expression. The primer sequences are listed in 

Fig. 1. PRDX1 is one of the identified proteins that interact with DDAH1. (A) The experimental processes are illustrated in the diagram. Mass spectrometry 
analysis identified three PRDXs in the myc-DDAH1 immunoprecipitates. (B) Lysates of HEK293 cells transfected with myc-DDAH1 and treated with or without H2O2 
for 2 h were subjected to immunoprecipitation, and the resulting immunoprecipitates (IP) and cell lysates (Input) were analyzed by Western blotting. (C) HepG2 cells 
were exposed to 150 μM H2O2 for 1, 2 and 24 h, and the cell lysates were examined by Western blotting. (D) HEK293 cells transfected with WT or mutant DDAH1 
plasmids were subjected to co-IP analysis. (E) HEK293 cells were transfected with DDAH1 tagged with mCherry plus WT or mutant PRDX1 plasmids tagged with myc 
for 24 h. The resulting cell lysates were analyzed by co-IP. (F) HEK293 cells were transfected with pBiFC-VN173-PRDX1, pBiFC-VC155-DDAH1 or pBiFC-VC155- 
DDAH1C274A for 24 h and treated with or without 100 μM H2O2 or 5 mM NAC for 2 h. Fluorescence images were taken by confocal microscopy. Scale bar = 50 μm. 
The values are expressed as the means ± SDs. In Fig. B–C, N = 3; in Fig. D–E, N = 4; in Fig. F, N = 5; *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant. 
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Table S4. 
Protein was extracted from pulverized livers and scraped cells on ice 

for 30 min using a lysis buffer containing 150 mM NaCl, 50 mM Tris- 
HCl, 100 μg/ml PMSF, a protease and phosphatase inhibitor cocktail 
and 1% Triton X-100. The lysates were centrifuged at 12,000×g for 20 
min at 4 ◦C, and the supernatants were subjected to western blot anal-
ysis. The detailed procedures were described in our previous study [22], 
and the information for the primary antibodies is provided in Table S1. 

2.7. Data and statistical analysis 

All the values are expressed as the means ± SDs and were analyzed 
with GraphPad Prism 8 (GraphPad Software, Inc., San Diego, CA, USA). 
The statistical significance of differences between two groups was 
analyzed using the unpaired two-tailed Student’s t-test. One- or two-way 
ANOVA with Tukey’s correction was used for multiple comparisons 
among the groups. A value of p < 0.05 was considered to indicate sta-
tistical significance. 

3. Results 

3.1. PRDX1 was shown to interact with DDAH1 

DDAH1 has been found to interact with eNOS to maintain com-
partmentalized NO signaling in cardiomyocytes [26]. To investigate 
whether DDAH1 interacts with certain proteins to affect the cellular 
redox state, lysates of HEK293 cells transfected with the Myc 
epitope-tagged DDAH1 (Myc-DDAH1) or Myc-GFP expression construct 
were immunoprecipitated with anti-Myc magnetic beads. The immu-
noprecipitates were separated by SDS‒PAGE and then analyzed by mass 
spectrometry. PRDX1, PRDX4, and PRDX6 were identified in the im-
munoprecipitates, and the specific peptide coverage was 44%, 27.2% 
and 31.6%, respectively (Fig. 1A). The covered peptide sequences are 
shown in Fig. S1. Co-IP analysis confirmed that DDAH1 interacted with 
PRDX1, PRDX4, and PRDX6 but not with PRDX5. Interestingly, when 
the cells were incubated with 150 μM H2O2 for 2 h, more PRDX1 was 
detected in the Myc-DDAH1 immunoprecipitates, while the PRDX4 and 
PRDX6 levels were not affected (Fig. 1B). Moreover, the reciprocal 
immunoprecipitation assay showed that H2O2 increased the DDAH1 
content in the Myc-PRDX1 immunoprecipitates (Fig. S2). To investigate 
the dynamic changes in protein expression during oxidative stress, we 
treated HepG2 cells with H2O2 for 1, 2 and 24 h. After 2 h of treatment, 
the expression of DDAH1 and PRDX1/4/6 was significantly reduced. 
When the treatment time was extended to 24 h, the reductions in the 
expression of DDAH1 and PRDX1 were decreased. However, the 
expression of PRDX4 was unchanged, and that of PRDX6 further 
decreased (Fig. 1C). 

Cys274 and His173 were identified as critical active site residues in 
human DDAH1. Alanine mutations at Cys274 and His173 have no 
detectable activity, while the C275A mutation results in a kcat value of 
approximately half of that of the WT protein [16]. To elucidate whether 
the active site residues are involved in the interaction between DDAH1 
and PRDX1, we generated 7 mutants, H173A, C274A, C275A, 
H173A/C274A, H173A/C275A, C274A/C275A, and 
H173A/C274A/C275A. The effect of mutations on DDAH1 activity was 
indirectly determined by measuring the intracellular ADMA levels. In 
ADMA treated HEK293 cells, transfection with WT DDAH1 significantly 
decreased intracellular ADMA levels, while the DDAH1 mutations had 
no obvious effects (Fig. S3). Co-IP analysis of the immunoprecipitates 
revealed that the mutation at Cys274 significantly decreased PRDX1 
levels, but the mutations at His173 and Cys275 had no obvious effects on 
the PRDX1 content, indicating that Cys274 in DDAH1 is important for its 
interaction with PRDX1 (Fig. 1D). 

PRDX1 is a typical 2-Cys PRDX protein that uses redox-active cys-
teines to reduce peroxides [27,28]. Similarly, we mutated Cys52 and 
Cys173 in PRDX1 and generated three mutants: C52A, C173A and 

C52/C173A. Co-IP analysis of the immunoprecipitates of WT PRDX1 and 
mutated PDRX1 revealed similar DDAH1 levels, indicating that muta-
tions at Cys52 and Cys173 have no obvious effect on the PRDX1-DDAH1 
interaction (Fig. 1E). 

Next, we performed a BiFC assay to visualize the effect of the redox 
state on the interaction between DDAH1 and PRDX1 in living cells. 
HEK293 cells cotransfected with pBiFC-VC155-DDAH1 and pBiFC- 
VN173-PRDX1 exhibited strong BiFC fluorescence signals, indicating 
that DDAH1 indeed interacts with PRDX1. The signal was further 
increased by H2O2 treatment (100 μM, 2 h) but not by NAC treatment (5 
mM, 2 h). When pBiFC-VC155-DDAH1Cys274 was cotransfected, the in-
tensity of the BiFC fluorescent signals decreased in PBS-, H2O2- and 
NAC-treated cells (Fig. 1F). 

3.2. PRDX1 protects against H2O2-induced downregulation of DDAH1 

In HepG2 cells, H2O2 dose-dependently decreased cell viability and 
increased intracellular ROS and ADMA levels (Fig. S4). To elucidate the 
effect of the DDAH1-PRDX1 interaction on cellular redox homeostasis, 
we stably transfected HepG2 cells with a shPRDX1 lentiviral vector or a 
shRNA lentiviral vector targeting a scrambled sequence (shScr). Under 
basal conditions, PRDX1 knockdown slightly but significantly increased 
the intracellular ROS and ADMA levels. In response to H2O2 treatment 
(150 μM, 24 h), PRDX1 knockdown resulted in a greater cell viability 
loss and greater increases in intracellular ADMA, ROS and superoxide 
levels (Fig. 2A–D). H2O2 treatment significantly decreased the GSH/ 
GSSG ratio, which was aggravated by PRDX1 knockdown (Fig. 2E). On 
the other hand, overexpression of PRDX1 (PQ-PRDX1) via infection with 
the retroviral vector pQCXIH-PRDX1 decreased the intracellular ADMA 
and ROS levels in control cells. PRDX1 overexpression increased cell 
viability and decreased the intracellular ADMA, ROS and superoxide 
levels in H2O2-treated cells (Fig. 2F–I). Overexpression of PRDX1 also 
attenuated the H2O2-induced decreases in GSH/GSSG ratio (Fig. 2J). 

Western blot analysis revealed that stable transfection of shPRDX1 
decreased the expression of the target gene by ~60%. PRDX1 knock-
down increased the expression of oxidized PRDXs (PRDX-SO3) and 
SRXN1 in control cells and exacerbated the H2O2-induced down-
regulation of DDAH1 and upregulation of PRDX-SO3 (Fig. 2K). Over-
expression of PRDX1 decreased PRDX-SO3 expression under basal 
conditions and significantly attenuated the H2O2-induced down-
regulation of DDAH1 and SRXN1 (Fig. 2L). To determine whether the 
active site residues (Cys52 and Cys173) in PRDX1 are involved in the 
protection of DDAH1 under oxidative stress conditions, we transfected 
HEK293 cells with Myc-tagged WT and mutant PRDX1 expression vec-
tors and then treated the cells with 100 μM H2O2 for 24 h. As shown in 
Fig. 2M, downregulation of DDAH1 could be attenuated only by over-
expression of WT PRDX1 but not by any of the PRDX1 mutants. Over-
expression of the Myc-PRDX1C52A/C173A construct caused an even 
greater decrease in DDAH1 expression in H2O2-treated cells (Fig. 2M). 
Taken together, these results suggested that PRDX1 could preserve 
DDAH1 expression and activity under conditions of oxidative stress. 

3.3. SRXN1 interacts with DDAH1 and protects its expression and activity 

Since the results of the STRING database (https://string-db.org/) 
suggest that PRDX and SRXN1 interact at the protein level (Fig. S5), we 
transfected HEK293 cells with the myc-DDAH1 construct and performed 
co-IP analysis. The results showed that SRXN1 was present in the Myc- 
DDAH1 immunoprecipitates and that its content increased with H2O2 
treatment (150 μM, 2 h), suggesting that there was a direct interaction 
between SRXN1 and DDAH1 and that this interaction could be enhanced 
by oxidative stress (Fig. 3A). Similarly, we cotransfected HEK293T cells 
with the pBiFC-VN173-SRXN1, pBiFC-VC155-DDAH1 and pBiFC- 
VC155-DDAH1C274A plasmids for BiFC verification. The results showed 
that the interaction between SRXN1 and DDAH1 was enhanced by H2O2 
treatment but was not affected by NAC treatment or the C274A mutation 
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(Fig. 3B). 
To determine whether SRXN1 affects DDAH1 expression and activity 

in response to oxidative stress, we first stably transfected HepG2 cells 
with shSRXN1. Under basal conditions, SRXN1 knockdown increased 
the intracellular ADMA and ROS levels. After H2O2 treatment (150 μM, 
24 h), SRXN1 elimination further decreased cell viability and increased 
intracellular ADMA, ROS and superoxide levels in H2O2-treated cells 
(Fig. 3C–F). SRXN1 knockdown also exacerbated H2O2-induced 
decrease in GSH/GSSG ratio (Fig. 3G). We then overexpressed SRXN1 
(PQ-SRXN1) in HepG2 cells via transfection with the retroviral pQCXIH- 

SRXN1 vector. SRXN1 overexpression attenuated the decrease in cell 
viability of H2O2-treated cells and decreased the intracellular ADMA, 
ROS and superoxide levels in control and H2O2-treated cells (Fig. 3H–K). 
SRXN1 overexpression also attenuated the decrease in GSH/GSSG ratio 
after H2O2 treatment (Fig. 3L). 

Western blot analysis revealed that SRXN1 knockdown caused sig-
nificant decreases in DDAH1 and PRDX1 expression and increases in 
PRDX-SO3 expression in control and H2O2-treated HepG2 cells 
(Fig. 3M). SRXN1 overexpression significantly attenuated the H2O2- 
induced downregulation of DDAH1 and PRDX1 and upregulation of 

Fig. 2. PRDX1 preserves cell viability, DDAH1 expression, and redox homeostasis in H2O2-treated cells. (A–E) HepG2 cells stably transfected with a shRNA 
lentiviral vector targeting a scrambled sequence (shScr) or PRDX1 (shPRDX1) were treated with or without 150 μM H2O2 for 24 h. Then, cell viability (A) was 
measure by MTT method. The Intracellular ADMA levels were measure by ELISA kit (B). The intracellular reactive oxygen species (ROS) (C) and superoxide (D) levels 
were measured by DCFH-DA and dihydroethidium (DHE), respectively. The GSH/GSSG ratio was measured by commercial kit(E). (F–J) HepG2 cells stably trans-
fected with the empty retroviral vector (PQ-Ctr) or the PRDX1 expression vector (PQ-PRDX1) were incubated with or without 150 μM H2O2 for 24 h. Cell viability (F) 
and intracellular ADMA (G), ROS (H), and superoxide (I) levels and GSH/GSSG ratio (J) were subsequently measured. (K) HepG2 cells stably transfected with shScr 
or shPRDX1 were examined by western blotting. (L) Lysates of control and PRDX1-overexpressing cells were subjected to western blot analysis. (M) HEK293 cells 
were transfected with WT or mutant PRDX1 expression vectors and then incubated with 100 μM H2O2 for 24 h. The cell lysates were examined by western blotting. 
The values are expressed as the means ± SDs. In Fig. A–D and F–I, N = 6; in Fig. E and J, N = 5; in Fig. K–M, N = 3; *p < 0.05; **p < 0.01; ***p < 0.001. 
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PRDX-SO3 (Fig. 3N). Taken together, these results suggested that SRXN1 
not only functioned as a reductase of oxidized PRDXs but also main-
tained the expression and activity of DDAH1 under conditions of 
oxidative stress. 

3.4. DDAH1 affects redox homeostasis and PRDX1 and SRXN1 
expression under oxidative stress conditions 

To determine whether DDAH1 also affects the redox state and 
PRDX1/SRXN1 expression under oxidative stress conditions, we stably 
transfected HepG2 cells with a shDDAH1 lentivirus or the retroviral 
vector pQCXIH-DDAH1 to knock down or overexpress DDAH1 (PQ- 

Fig. 3. SRXN1 interacts with DDAH1, attenuates the loss of cell viability, and maintains DDAH1 expression and redox homeostasis in H2O2-treated cells. 
(A) HEK293 cells were transfected with myc-DDAH1 and treated with or without 150 μM H2O2 for 2 h, followed by co-IP analysis. (B) HEK293 cells cotransfected 
with pBiFC-VN173-SRXN1 and pBiFC-VC155-DDAH1 or pBiFC-VC155-DDAH1C274A were treated with PBS, H2O2 (100 μM) or NAC (5 mM) for 2 h, and then BiFC 
images were obtained by confocal microscopy. Scale bar = 50 μm. (C–G) HepG2 cells stably transfected with shScr or shSRXN1 were treated with or without 150 μM 
H2O2 for 24 h. Then, cell viability (C) and intracellular ADMA (D), ROS (E), and superoxide (F) levels were measured. The GSH/GSSG ratio in control and H2O2- 
treated cells were measured (G). (H–L) HepG2 cells stably transfected with the empty retroviral vector (PQ-Ctr) or SRXN1 expression vector (PQ-SRXN1) were 
incubated with or without 150 μM H2O2 for 24 h. Cell viability (H), intracellular ADMA (I), ROS (J), and superoxide (K) levels and GSH/GSSG ratio (L) were 
subsequently measured. (M, N) After H2O2 treatment (150 μM, 24 h), control and SRXN1-depleted or SRXN1-overexpressing cells were collected, and cell lysates 
were examined by western blotting. The values are expressed as the means ± SDs. In Fig. A, M and N, N = 3; in Fig. C–F and H–K, N = 6; in Fig. G and L, N = 5; *p <
0.05; **p < 0.01; ***p < 0.001. 
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DDAH1), respectively. Under control conditions, DDAH1 knockdown 
increased the intracellular ADMA, ROS, and superoxide levels. In 
response to H2O2 treatment (150 μM, 24 h), DDAH1 knockdown resulted 
in a greater cell viability loss and greater increases in the intracellular 
levels of ADMA, ROS, and superoxide (Fig. 4A–D). DDAH1 knockdown 
also exacerbated the decrease in GSH/GSSG ratio in H2O2-treated cells 
(Fig. 4E). On the other hand, DDAH1 overexpression significantly 
decreased the intracellular ADMA and ROS levels in control cells. 
DDAH1 overexpression attenuated the cell viability loss and decreased 
the intracellular ADMA, ROS, and superoxide levels in H2O2-treated 
cells (Fig. 4F–I). The H2O2-induced decrease in GSH/GSSG ratio were 
attenuated by DDAH1 overexpression (Fig. 4J). 

Western blot analysis revealed that stable transfection of cells with 
shDDAH1 caused a more than 90% decrease in DDAH1 expression. 
Interestingly, DDAH1 knockdown increased the expression of PRDX1 
and SRXN1 in control and H2O2-treated cells but had no obvious effect 
on the expression of PRDX-SO3 (Fig. 4K). DDAH1 overexpression 
significantly attenuated H2O2-induced upregulation of PRDX-SO3 and 
downregulation of PRDX1 and SRXN1 (Fig. 4L). To determine whether 
the active site residues in DDAH1 are needed for the maintenance of 
PRDX1 and SRXN1 expression in H2O2-treated cells, HEK293 cells were 
transfected with the WT and mutant DDAH1 constructs and then incu-
bated with 100 μM H2O2 for 24 h. Western blot analysis revealed that 
only the WT and DDAH1H173A mutant constructs could attenuate the 
H2O2-induced downregulation of PRDX1. Other mutations, including 
DDAH1C274A, DDAH1C275A, DDAH1H173A/C274A, DDAH1H173A/C275A, 
DDAH1C274A/C275A and DDAH1H173A/C274A/C275A, had no effect on the 
expression of PRDX1 or SRXN1 in H2O2-treated cells (Fig. 4M), indi-
cating that Cys274 and Cys275 in DDAH1 are important for the regulation 
of PRDX1 and SRXN1 expression under oxidative stress conditions. We 
also determined the effects of these mutations on intracellular ROS 
levels in HEK293 cells. In unstressed cells, transfection with the WT or 
DDAH1-mutant constructs had no obvious effect on intracellular ROS 
levels. In H2O2-treated cells, the overexpression of DDAH1WT or 
DDAH1H173A significantly decreased the ROS levels. Although over-
expression of the DDAH1C274A and DDAH1C275A mutants also decreased 
the intracellular ROS levels, the degree of ROS generation was much 
weaker than that with the WT DDAH1 plasmid. Other mutations, 
including DDAH1H173A/C274A, DDAH1H173A/C275A, DDAH1C274A/C275A 

and DDAH1H173A/C274A/C275A, failed to attenuate H2O2-induced oxida-
tive stress (Fig. 4N). In HepG2 cells, transient overexpression of 
DDAH1C274A did not affect cell viability or intracellular ROS levels in 
control and H2O2-treated cells (Fig. 4O-P), suggesting that Cys274 is 
important for DDAH1-mediated protection against oxidative stress. 

3.5. DDAH1 ameliorates CCl4-induced liver injury, oxidative stress, and 
cell death 

To study the in vivo effects of DDAH1 on PRDX1 and SRXN1 
expression under oxidative stress conditions, we treated WT, Ddah1-/-, 
and DDAH1-TG mice with CCl4 via intraperitoneal injection to induce 
liver oxidative stress. The experimental process is illustrated in Fig. 5A. 
After CCl4 treatment, the serum AST and ALT levels significantly 
increased, and these increases were exacerbated in Ddah1-/- mice but 
attenuated in DDAH1-TG mice (Fig. 5B and C). Ddah1 deletion increased 
the serum ADMA concentration in control mice and further aggravated 
the CCl4-induced increase in the serum ADMA concentration. However, 
there were no significant changes in the serum ADMA level in the 
DDAH1-TG mice after CCl4 treatment (Fig. 5D). H&E, Masson, DHE and 
TUNEL staining revealed that CCl4 caused more pathological alterations 
(for example, inflammatory cell infiltration, centrilobular hepatic ne-
crosis, and ballooning degeneration), fibrosis, superoxide generation, 
and apoptosis in the livers of Ddah1-/- mice than in those of WT mice. 
CCl4-induced pathological lesions, fibrosis, oxidative stress and 
apoptosis were significantly improved in the livers of DDAH1-TG mice 
(Fig. 5E–H). Furthermore, CCl4-induced increases in the liver 4-HNE and 

3′-NT levels were greater in Ddah1-/- mice than in WT mice (Fig. 5I and 
J). CCl4 significantly increased the mRNA levels of collagen I, collagen 
III, TNFα and IL-1β in the livers of mice of the three genotypes. Mean-
while, the increases in the expression of the liver fibrotic and inflam-
matory genes were exacerbated in Ddah1-/- mice but alleviated in 
DDAH1-TG mice (Fig. 5K-N). 

DDAH1 expression was completely undetected in the livers of 
Ddah1-/- mice. CCl4 decreased the expression of liver DDAH1 in both WT 
and DDAH1-TG mice. However, liver DDAH1 expression was greater in 
DDAH1-TG mice than in WT mice. Treatment with CCl4 decreased 
PRDX1 and Bcl-2 expression but increased that of PRDX-SO3, SRXN1, 
and Bax in the livers of WT and Ddah1-/- mice. However, Ddah1-/- mice 
exhibited lower levels of liver PRDX1, SRXN1, and Bcl-2 and higher 
levels of liver PRDX-SO3 and Bax than did WT mice. Although CCl4 also 
decreased PRDX1 expression in the livers of DDAH1-TG mice, the dif-
ference was not significant. The CCl4-induced downregulation of Bcl-2 
and upregulation of PRDX-SO3 and Bax were attenuated. However, the 
upregulation of SRXN1 was further enhanced by the overexpression of 
DDAH1 (Fig. 5O). CCl4 also increased PRDX4 expression and decreased 
PRDX6 expression in mice of the three genotypes. However, PRDX4 
upregulation was attenuated in the livers of Ddah1-/- mice (Fig. S6A). 

3.6. Hepatocyte-specific deletion of Ddah1 exacerbates CCl4-induced 
hepatotoxicity and downregulation of PRDX1 

To elucidate whether hepatic DDAH1 affects hepatotoxicity of CCl4 
and the PRDX1/SRXN1 pathway, we treated Ddah1HKO and Ddah1f/f 

mice with CCl4 using the same protocol. After treatment, Ddah1HKO mice 
exhibited higher AST and ALT levels than did Ddah1f/f mice (Fig. 6A and 
B). Although Ddah1HKO mice had higher serum ADMA levels than 
Ddah1f/f mice under basal conditions, this difference was diminished 
after CCl4 treatment (Fig. 6C). As revealed by H&E, Masson, DHE and 
TUNEL staining, CCl4 treatment caused more liver injury, fibrosis, su-
peroxide generation, and apoptotic cells in Ddah1HKO mice than in 
Ddah1f/f mice (Fig. 6D–G). The Ddah1HKO mice also showed the aggra-
vation of CCl4-induced increases in liver 4-HNE levels and in mRNA 
levels of collagen I, collagen III, TNFα and IL-1β (Fig. 6H-L). Western 
blot analysis revealed that specific deletion of Ddah1 in hepatocytes 
exacerbated the downregulation of PRDX1 and Bcl-2 and the upregu-
lation of PRDX-SO3 and Bax and attenuated the upregulation of SRXN1 
and PRDX4 in the livers of mice treated with CCl4 (Fig. 6M, Fig. S6). 
Liver PRDX6 expression was not affected by hepatic Ddah1 deletion in 
oil- or CCl4-treated mice (Fig. S6B). 

3.7. Hepatic overexpression of PRDX1 alleviates CCl4-induced 
hepatotoxicity and diminishes the effect of Ddah1 deficiency 

To determine whether hepatocyte-specific overexpression of PRDX1 
could maintain DDAH1 expression and activity in vivo, we treated CCl4- 
exposed WT and Ddah1-/- mice with AAV8-Prdx1 via tail vein injection. 
WT mice that received AAV8-GFP injection were used as controls. 
PRDX1 overexpression significantly decreased the serum AST, ALT, and 
ADMA levels in CCl4-treated mice (Fig. 7A–C). Interestingly, the dif-
ferences in the serum AST and ALT levels between the WT and Ddah1-/- 

mice were reduced by PRDX1 overexpression (Fig. 7A and B). Further-
more, PRDX1 overexpression similarly ameliorated CCl4-induced path-
ological changes, fibrosis, superoxide generation, and apoptosis in the 
livers of WT and Ddah1-/- mice (Fig. 7D–G). After CCl4 treatment, the 
liver from Ddah1-/- mice exhibited higher levels of 3′-NT levels and 4- 
HNE levels than WT livers. Overexpression of PRDX1 decreased 3′-NT 
and 4-HNE levels and mRNA levels of collagen I, collagen III, TNF-α and 
IL-1β in the livers of CCl4-treated mice (Fig. 7H-M). After PRDX1 was 
overexpressed, CCl4-treated WT and Ddah1-/- mice exhibited similar 
liver fibrosis areas, superoxide generation, apoptotic cell numbers, 3′-NT 
and 4-HNE levels and mRNA levels of the fibrotic and inflammatory 
genes (Fig. 7D-M). Western blot analysis of the livers of mice treated 
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Fig. 4. DDAH1 maintains redox homeostasis and PRDX1/SRXN1 expression in H2O2-treated cells. (A–E) HepG2 cells stably transfected with ShScr or 
shDDAH1 were treated with PBS or 150 μM H2O2 for 24 h. Then, cell viability (A), intracellular ADMA (B), ROS (C) and superoxide (D) levels, and GSH/GSSG ratio 
(E) were measured. (F–J) HepG2 cells stably transfected with the empty retroviral vector (PQ-Ctr) or DDAH1 expression vector (PQ-DDAH1) were incubated with or 
without 150 μM H2O2 for 24 h. Cell viability (F), intracellular ADMA (G), ROS (H) and superoxide (I) levels, and GSH/GSSG ratio (J) were subsequently measured. (K, 
L) Lysates from control and H2O2-treated DDAH1-depleted and DDAH1-overexpressing cells were examined by western blotting. (M) HEK293 cells transfected with 
the WT or mutant DDAH1 constructs and treated with or without H2O2 (100 μM, 2 h) were analyzed by western blotting. (N) DCFH-DA was used to determine ROS 
levels in HEK293T cells transfected with different mutants and treated with or without H2O2 (100 μM) for 24 h HepG2 cells transfected with the empty vector or 
DDAH1 WT or C274 mutant lentivirus were incubated with PBS or H2O2 for 24 h. Then, cell viability (O) and intracellular ROS levels (P) were measured. The values 
are expressed as the means ± SDs. In Fig. A–D, F, H–I, O–P, N = 6; In Fig E, J, N = 5; in Fig. G, K, L and M, N = 3; in Fig. N, N = 4; *p < 0.05; **p < 0.01; ***p <
0.001; NS, not significant. 
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Fig. 5. DDAH1 alleviates CCl4-induced hepatic fibrosis, oxidative stress, and apoptosis. (A) Schematic diagram illustrating the experimental process. After CCl4 
treatment, the serum levels of AST (B), ALT (C), and ADMA (D) were measured by commercial kits. (E) Representative liver sections from control and CCl4-treated 
mice were stained with hematoxylin and eosin (H&E), Masson, DHE, and TUNEL assay kits. Scale bar = 50 μm. The relative fibrosis area (F), DHE fluorescence 
intensity (G), and number of TUNEL-positive cells (H) were quantified. The levels of 4-HNE (I) and 3′-NT (J) in the liver were measured in each group. (K–N) The 
mRNA levels of fibrotic and inflammatory genes were measured by qPCR. (O) Liver lysates were examined by western blotting. The values are expressed as the means 
± SDs. In Fig. B–N, N = 6; in Fig. O, N = 3; *p < 0.05; **p < 0.01; ***p < 0.001; NS, not significant. 
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Fig. 6. Hepatic Ddah1 deficiency aggravated liver dysfunction, oxidative stress, and apoptosis in mice treated with CCl4. Male Ddah1f/f and Ddah1HKO mice 
were treated with CCl4 by intraperitoneal injection and then their serum levels of AST (A), ALT (B), and ADMA (C) were measured. (D) Representative liver sections 
were stained with H&E, Masson, DHE, and TUNEL assay kits. Scale bar = 50 μm. The relative fibrosis area (E), DHE fluorescence intensity (F), and number of TUNEL- 
positive cells (G) were quantified. (H) Liver 4-HNE levels were measured in each group. (I–L) Liver mRNA levels of fibrotic and inflammatory genes were measured. 
(M) Liver lysates were examined by western blotting. The values are expressed as the means ± SDs. In Fig. A–L, N = 6; in Fig. M, N = 3; *p < 0.05; **p < 0.01; ***p 
< 0.001; NS, not significant. 
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Fig. 7. PRDX1 overexpression improved CCl4-induced liver injury, oxidative stress, and apoptosis. Male WT and Ddah1-/- mice were treated with AAV8-GFP 
or AAV8-Prdx1 via tail vein injection. At 4 weeks after injection, the mice were treated with CCl4 following the previous protocol. The mice were sacrificed, and the 
serum levels of AST (A), ALT (B), and ADMA (C) were measured. (D) Representative liver sections from each group were stained with H&E, Masson, DHE and TUNEL 
assay kits. Scale bar = 50 μm. The relative fibrosis area (E), DHE fluorescence intensity (F), and number of TUNEL-positive cells (G) were quantified. Liver 3′-NT (H) 
and 4-HNE (I) levels were determined in each group with respective ELISA kits. (J–M) The mRNA levels of fibrotic and inflammatory genes were measured by qPCR. 
(N) Liver lysates from each group were examined by western blotting. The values are expressed as the means ± SDs. In Fig. A–M, N = 6; in Fig. N, N = 3; *p < 0.05; 
**p < 0.01; ***p < 0.001. 
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with CCl4 revealed that PRDX1 overexpression increased the expression 
of DDAH1, SRXN1, Bcl-2 and PRDX4 but decreased that of PRDX-SO3 
and Bax. Furthermore, the differences in the protein expression of PRDX- 
SO3, SRXN1, Bcl-2, Bax and PRDX4 between the livers of WT and 
Ddah1-/- mice treated with CCl4 were diminished after overexpression of 
PRDX1 (Fig. 7N, Fig. S6C). 

4. Discussion 

The present study revealed two major new findings. First, we 
demonstrated that DDAH1 interacted with PRDX1 and SRXN1 to 
maintain its expression and/or activity under oxidative stress condi-
tions. Second, DDAH1 could maintain cell redox homeostasis by regu-
lating the expression of PRDX1 and SRXN1 in response to oxidative 
stress. 

There is evidence that DDAH1 is sensitive to oxidative stress. For 
example, H2O2 inactivates human DDAH1 in a time- and concentration- 
dependent manner [16]. DDAH1 activity or expression is also reduced 
by oxidative stress in different animal models, including those of dia-
betic nephropathy [29], polycystic ovary syndrome [30] and cirrhosis 
[31]. Herein, we showed that H2O2 decreased DDAH1 expression and 
dose-dependently increased intracellular ADMA levels in HepG2 cells. 
Treatment with CCl4 also decreased hepatic DDAH1 expression and 
increased serum ADMA levels in mice. These results further confirmed 
that DDAH1 expression and activity were regulated by the cell redox 
state. Considering that oxidative stress plays an essential role in the 
pathogenesis of multiple diseases (e.g., congestive heart failure [32], 
NAFLD [33] and diabetes [4]), the elevated circulating ADMA levels in 
patients with these diseases could be the result of decreased tissue 
expression or activity of DDAH1. 

Since DDAH1 is repressed by oxidative stress, it is reasonable to 
observe that antioxidant supplementation preserves DDAH1 activity 
and/or expression in different animal models [34,35]. However, it re-
mains unclear whether there is any endogenous pathway that can pro-
tect DDAH1 against oxidation. PRDXs are a family of ancient and 
important antioxidant enzymes that eliminate H2O2, organic hydro-
peroxides and peroxynitrite [36]. Herein, we showed that DDAH1 
interacted with PRDX1, PRDX4, and PRDX6 and that the interaction 
between DDAH1 and PRDX1 could be further enhanced by H2O2. 
Interestingly, PRDX1 negatively regulated intracellular ADMA levels 
without affecting DDAH1 expression in unstressed cells. Furthermore, 
PRDX1 overexpression attenuated, while PRDX1 knockdown exacer-
bated, the decreases in DDAH1 expression and the increases in intra-
cellular ADMA levels in H2O2-treated HepG2 cells. PRDX1 
overexpression also increased liver DDAH1 expression and decreased 
serum ADMA levels in mice treated with CCl4. These findings suggest 
that DDAH1 may recruit PRDXs via protein‒protein interactions to 
protect itself. 

As a critical active site residue in human DDAH1, Cys274 may affect 
the susceptibility of DDAH1 to oxidation. H2O2-induced full inactivation 
of DDAH1 could be reversed by dithiothreitol, while L-lysine was found 
to increase the sensitivity of DDAH1 to H2O2 [16]. The present study 
showed that the C274A mutation impaired the interaction between 
DDAH1 and PRDX1, while the C275A and H173A mutations had no 
effect, suggesting that Cys274 is important for DDAH1 recruitment of 
PRDX1 and could be a potential protective target of PRDX1. 

Cys52 and Cys173 in PRDX1 have been reported to be important for 
H2O2 catabolism and maintenance of cellular redox homeostasis [37, 
38]. Herein, we showed that the C52A and C173A mutations did not 
affect the DDAH1-PRDX1 interaction but led to a loss of the ability to 
protect against the H2O2-induced reduction in DDAH1 expression, sug-
gesting that the antioxidant activity of PRDX1 is important for the 
maintenance of DDAH1 expression and activity. Upon extreme oxidative 
stress, aminoterminal Cys sulfenic acid (Cys-SOH) is overoxidized to 
sulfinic acid (Cys-SO2H), leading to enzyme inactivation [39]. The levels 
of oxidized PRDXs could be reduced by the expression of SRXN1, an 

endogenous antioxidant enzyme that can effectively prevent cellular 
oxidative stress damage and apoptosis [40–42]. The present study 
showed that DDAH1 also interacted with SRXN1 and that this interac-
tion was also enhanced by H2O2 but was not affected by the C274A 
mutation. Furthermore, SRXN1 overexpression attenuated, while 
SRXN1 knockdown aggravated, the overoxidation of PRDXs, decreases 
in DDAH1 and PRDX1 expression and increases in intracellular ADMA 
and ROS levels in H2O2-treated cells. Therefore, these results suggest 
that DDAH1 can also recruit SRXN1 to protect itself, which may be 
important for the preservation of DDAH1 under conditions of excessive 
oxidative stress. 

The present study showed that DDAH1 overexpression attenuated, 
while DDAH1 knockdown exacerbated, cell death and ROS production 
in H2O2-treated cells. DDAH1 also exerted significant protective effects 
against CCl4-induced hepatotoxicity. These results were consistent with 
our previous findings that DDAH1 has antioxidant effects on aged and 
diabetic kidneys [10], fatty livers [7], and PM2.5-exposed lungs [11]. As 
ADMA accumulation can not only inhibit NO production but can also 
promote ROS production by uncoupling NOS [12], it is undisputed that 
the antioxidant effect of DDAH1 under stress conditions is related to 
ADMA degradation. However, we previously showed that the deletion of 
Ddah1 in MEFs increased intracellular ROS levels, which could not be 
mimicked by the administration of exogenous ADMA [14]. Herein, we 
showed that the H173A mutation, which has been reported to inactivate 
DDAH1 [16], did not affect the antioxidant effect of DDAH1 in 
H2O2-treated HEK293 cells. Moreover, overexpression of DDAH1 did 
not affect the serum ADMA concentration but attenuated liver oxidative 
stress in mice treated with CCl4. Similar results were observed in 
CCl4-treated Ddah1f/f and Ddah1HKO mice. Therefore, DDAH1 may also 
affect the cellular redox state through an ADMA-independent pathway. 

The present study showed that DDAH1 overexpression attenuated 
PRDX1 downregulation in H2O2-treated cells and the livers of mice 
treated with CCl4, while global or hepatocyte-specific deletion of Ddah1 
exacerbated CCl4-induced PRDX1 downregulation. Furthermore, PRDX1 
overexpression reduced the effect of Ddah1 deficiency on CCl4-induced 
hepatotoxicity. Ddah1 deletion also attenuated the induction of SRXN1 
and PRDX4 expression in the livers of CCl4-treated mice. The regulatory 
effects of DDAH1 on antioxidant enzymes have also been observed in 
PM2.5-exposed lungs [11] and in patients with cardiotoxin-induced 
muscle injury [9], acute myocardial infarction-induced heart failure 
[43] and diabetic nephropathy [10]. Notably, the underlying mecha-
nism by which DDAH1 regulates antioxidant enzymes is complex and 
enzyme/cell/tissue dependent. For example, DDAH1 regulates SOD2 
expression in MEFs via an NF-κB/miR-21-dependent pathway [14], 
while it regulates PRDX5 through an AMPK-dependent pathway in 
tubular epithelial cells [10]. DDAH1 deletion can also activate NRF2 by 
increasing intracellular ROS levels [44]. This mechanism could be 
responsible for the upregulation of PRDX1 and SRXN1 in HepG2 cells 
depleted of DDAH1. Herein, we showed that the DDAH1C274A mutation 
could not preserve the expression of PRDX1 in H2O2-treated HEK293 
cells. The C274A mutation at Cys274 also impaired the antioxidant effect 
of DDAH1 in H2O2-treated HEK293 and HepG2 cells. Therefore, DDAH1 
is likely to partially regulate PRDX1 expression through protein‒protein 
interactions, which are also important for the regulation of the cell redox 
state by DDAH1. 

Although PRDX1 is primarily a H2O2 scavenging enzyme, its 
knockdown or overexpression significantly affected the DHE fluores-
cence intensity in H2O2-treated cells and CCl4-challenged livers. The 
negative regulation on superoxide levels by PRDX1 has also been re-
ported in bleomycin-treated BEAS-2B cells and lungs of mice [45]. It has 
been reported that H2O2 can increase superoxide levels and induce 
mitochondrial dysfunction in HUVEC cells [46]. H2O2 can also decrease 
SOD activity in HepG2 cells [47]. Moreover, PRDX1 knockout exacer-
bated the decreases in SOD activity and increases in H2O2 levels in the 
lungs of LPS-treated mice [48]. Therefore, it is possible that PRDX1 
indirectly affects superoxide levels under stress conditions by 
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modulating H2O2 levels and SOD activity. 
The present study has several limitations. First, DCFH-DA is not a 

H2O2 specific probe. Second, the peroxide scavenging activity of PRDX1 
has not been measured in cells and livers. Therefore, our data could not 
provide the direct evidence to show that PRDX1 activity is directly 
altered by the interaction with DDAH1. Further evaluations of the 
PRDX1-DDAH1 interaction with purified proteins and advance tech-
nology are necessary in future studies. 

In conclusion, our results provide the first direct evidence that 
DDAH1 can recruit PRDX1 and SRXN1 to maintain its activity/expres-
sion and redox homeostasis under oxidative stress conditions. Our re-
sults also suggest that targeting the DDAH1–PRDX1–SRXN1 interactions 
could be a novel therapeutic approach for liver diseases related to 
oxidative stress. 
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with ASK1 upon exposure to H(2)O(2) and independently of a scaffolding protein, 
Antioxidants 10 (7) (2021). 

[39] A. Hall, P.A. Karplus, L.B. Poole, Typical 2-Cys peroxiredoxins–structures, 
mechanisms and functions, FEBS J. 276 (9) (2009) 2469–2477. 

[40] J. Wu, Y. Chen, S. Yu, L. Li, X. Zhao, Q. Li, J. Zhao, Y. Zhao, Neuroprotective effects 
of sulfiredoxin-1 during cerebral ischemia/reperfusion oxidative stress injury in 
rats, Brain Res. Bull. 132 (2017) 99–108. 

[41] K.C. Wu, J.J. Liu, C.D. Klaassen, Nrf2 activation prevents cadmium-induced acute 
liver injury, Toxicol. Appl. Pharmacol. 263 (1) (2012) 14–20. 

[42] J. He, M. Ma, D. Li, K. Wang, Q. Wang, Q. Li, H. He, Y. Zhou, Q. Li, X. Hou, L. Yang, 
Sulfiredoxin-1 attenuates injury and inflammation in acute pancreatitis through 
the ROS/ER stress/Cathepsin B axis, Cell Death Dis. 12 (7) (2021) 626. 

[43] L. Hou, J. Guo, F. Xu, X. Weng, W. Yue, J. Ge, Cardiomyocyte dimethylarginine 
dimethylaminohydrolase1 attenuates left-ventricular remodeling after acute 
myocardial infarction: involvement in oxidative stress and apoptosis, Basic Res. 
Cardiol. 113 (4) (2018) 28. 

[44] H. Wang, Y. Guo, L. Liu, L. Guan, T. Wang, L. Zhang, Y. Wang, J. Cao, W. Ding, 
F. Zhang, Z. Lu, DDAH1 plays dual roles in PM2.5 induced cell death in A549 cells, 
Biochim. Biophys. Acta 1860 (12) (2016) 2793–2801. 

[45] H.N. Sun, C.X. Ren, D.H. Lee, W.H. Wang, X.Y. Guo, Y.Y. Hao, X.M. Wang, H. 
N. Zhang, W.Q. Xiao, N. Li, J. Cong, Y.H. Han, T. Kwon, PRDX1 negatively 
regulates bleomycin-induced pulmonary fibrosis via inhibiting the epithelial- 
mesenchymal transition and lung fibroblast proliferation in vitro and in vivo, Cell. 
Mol. Biol. Lett. 28 (1) (2023) 48. 

[46] H. Patel, J. Chen, M. Kavdia, Induced peroxidase and cytoprotective enzyme 
expressions support adaptation of HUVECs to sustain subsequent H2O2 exposure, 
Microvasc. Res. 103 (2016) 1–10. 

[47] S. Sahoo, D. Rath, D.M. Kar, S. Pattanaik, Hepatoprotective potency of Litsea 
glutinosa (L.) C.B. Rob. leaf methanol extract on H(2)O(2)-induced toxicity in 
HepG2 cells, J. Ethnopharmacol. 304 (2023) 116076. 

[48] W.P. Lv, M.X. Li, L. Wang, Peroxiredoxin 1 inhibits lipopolysaccharide-induced 
oxidative stress in lung tissue by regulating P38/JNK signaling pathway, Eur. Rev. 
Med. Pharmacol. Sci. 21 (8) (2017) 1876–1883. 

J. Yuan et al.                                                                                                                                                                                                                                    

http://refhub.elsevier.com/S2213-2317(24)00056-9/sref29
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref29
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref29
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref29
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref30
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref30
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref30
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref31
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref31
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref31
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref31
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref32
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref32
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref32
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref33
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref33
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref34
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref34
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref34
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref34
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref34
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref35
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref35
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref35
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref36
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref36
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref36
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref37
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref37
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref37
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref38
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref38
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref38
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref39
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref39
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref40
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref40
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref40
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref41
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref41
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref42
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref42
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref42
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref43
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref43
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref43
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref43
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref44
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref44
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref44
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref45
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref45
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref45
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref45
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref45
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref46
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref46
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref46
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref47
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref47
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref47
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref48
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref48
http://refhub.elsevier.com/S2213-2317(24)00056-9/sref48

	DDAH1 recruits peroxiredoxin 1 and sulfiredoxin 1 to preserve its activity and regulate intracellular redox homeostasis
	1 Introduction
	2 Materials and methods
	2.1 Mice and experimental Design
	2.2 Biochemical and histological analyses
	2.3 Cell culture and assays
	2.4 Coimmunoprecipitation
	2.5 Plasmid construction and virus packaging
	2.6 Quantitative real-time PCR and western blotting
	2.7 Data and statistical analysis

	3 Results
	3.1 PRDX1 was shown to interact with DDAH1
	3.2 PRDX1 protects against H2O2-induced downregulation of DDAH1
	3.3 SRXN1 interacts with DDAH1 and protects its expression and activity
	3.4 DDAH1 affects redox homeostasis and PRDX1 and SRXN1 expression under oxidative stress conditions
	3.5 DDAH1 ameliorates CCl4-induced liver injury, oxidative stress, and cell death
	3.6 Hepatocyte-specific deletion of Ddah1 exacerbates CCl4-induced hepatotoxicity and downregulation of PRDX1
	3.7 Hepatic overexpression of PRDX1 alleviates CCl4-induced hepatotoxicity and diminishes the effect of Ddah1 deficiency

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


