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Abstract

Introduction: The nonselective herbicide Paraquat (PQ) is broadly used in agricultural
production. However, PQ has severe toxicity in humans and results in over 90% of death
due to lack of effective therapy strategies. Ubiquitin Specific Peptidase 22 (USP22)
is a deubiquitinase and it exerts a vital role in regulating ROS production. This study
aimed to study the effect of USP22 on PQ-induced lung injury and investigate the precise
mechanism.

Methods: The lung injury model was induced by treating with PQ. Hematoxylin and
eosin (HE) staining and lung wet/dry ratio were conducted to assess lung tissue injury.
Myeloperoxidase (MPO) activity was detected to evaluate neutrophil infiltration in the
lung tissues. Superoxidase dismutase (SOD) activity and Malondialdehyde (MDA)
content were measured to determine oxidative damage. Cell viability and cell apoptosis
were detected using MTT assay and Flow cytometry.

Results: PQ caused lung tissue damage and increased lung wet/dry ratio. PQ increased
the MPO activity and MDA content, and decreased SOD activity. USP22 was down-
regulated in PQ-treated mice. Besides, overexpression of USP22 alleviated PQ-induced
cell apoptosis and oxidative damage in vitro. Furthermore, overexpression of USP22
increased the expression of Sirtuin 1 (SIRT1)/nuclear factor E2-related factor 2 (NRF2).
Down-regulation of SIRT1 reversed the beneficial influence of overexpressed USP22 on
PQ-induced cell apoptosis and oxidative damage. Moreover, overexpression of USP22
attenuated PQ induced lung injury in vivo.

Conclusions: Overexpression of USP22 alleviated PQ-induced lung injury through
activating SIRT1/NRF2 pathway. USP22 may be a valuable target for the treatment
of PQ-induced lung injury.
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1. Introduction

Paraquat (PQ), a nonselective herbicide, is broadly utilized in
agricultural production worldwide due to high efficiency and
low price [1]. However, PQ has severe toxicity in animals
and humans. Previous studies report that PQ enters the body
via inhalation, contact, and ingestion [2], which results in the
injury of body organs such as lungs, liver, and kidneys [1, 3].
Among the organs, the lung is the main damage target [4].
Paraquat can lead to PQ lung, and the early symptoms are
acute lung injury (ALI) or acute respiratory distress syndrome
(ARDS), and the later symptoms appear as fibrosis in the
alveoli and pulmonary interstitial [5]. Currently, the morbidity
of PQ poisoning remains high, and it caused more than 90% of
death because of ineffective therapy strategies [6]. Therefore,
it is essential to investigate the PQ poisoning mechanism,
especially in lung injury, and explore therapeutic strategies
with high clinical efficacy.

Previous studies revealed that the leading cause of PQ tox-
icity was ROS accumulation [6, 7]. In lung tissues, PQ was
reduced to free radicals by NADPH assisted single-electron
reduction, and then hydrogen peroxide is produced by super-
oxide dismutase (SOD), and the more toxic hydroxyl radical
also was formed. Excessive accumulation of ROS could
damage lipid, protein and deoxyribonucleic acid, and other
macromolecular substances, thereby damaging cell membrane
and cell structure [3, 8]. Besides, ROS produced by PQ also
affected cell viability and apoptosis [ 1]. Hence, therapy related
to antioxidant and anti-apoptosis may be a promising strategy
for PQ poisoning treatment.

Ubiquitin specific proteinase 22 (USP22) belongs to the
deubiquitinase family, and it functions as an oncogene in many
cancers [9—12]. For instance, Liu ef al. [9] found that USP22
was associated with liver metastasis and poor prognosis of col-
orectal cancer. Besides, USP22 was demonstrated to attenuate
myocardial and intestinal I/R injury [13, 14]. In myocardial
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I/R injury, elevated USP22 repressed ROS generation and
lipid peroxidation [13]. Furthermore, USP22 could suppress
apoptosis, ROS generation, and inflammation caused by high
glucose in podocytes [15]. Therefore, we inferred that USP22
might exert an antitoxic effect on PQ poisoning. Hence, we
investigated the role of USP22 in PQ-induced lung injury and
explored the mechanism of the action.

2. Materials and methods

2.1 Animals

BALB/C mice were acquired from Beijing Vital River Lab-
oratory Animal Technology (Beijing, China). All mice were
grouped into sham group, paraquat (PQ) group, lenti-vector
group, lenti-USP22 group, lenti-vector + PQ group, and lenti-
USP22 + PQ group. Six mice were allocated to each group.
The mice in the PQ group were intraperitoneally injected with
50 mg/kg paraquat. The PQ dosage was selected accord-
ing to the previous studies [16, 17]. The mice in the sham
group were intraperitoneally injected with the same amount of
normal saline. In the lenti-vector group, lenti-USP22 group,
lenti-vector + PQ group, or lenti-USP22 + PQ group, mice
were intratracheally injected with lentivirus vector or lentivirus
carrying USP22 gene 7 days before they were treated with
normal saline or PQ. The animal experiments were carried
out following the national and international regulations and
policies. The Committee of Animal Experimentation of the
Affiliated Hospital of Southwest Medical University approved
the study.

2.2 Cell culture

Mouse lung epithelial cell line MLE-12 was acquired from
the American Type Culture Collection (ATCC). MLE-12 cells
were maintained in DMEM medium plus 10% fetal bovine
serum (FBS) (Gibco, Carlsbad, CA, USA) at 37 °C with 5%
CO;. In indicated experiments, MLE-12 cells were treated
with 200 M paraquat [18, 19] or 20 uM sirtinol [20, 21] for
24 h.

2.3 Lung wet/dry ratio

After the mice were sacrificed, lung tissues were collected.
The left lung was excised and the wet weight was recorded.
The tissues were placed into oven at 60 °C for 72 h to remove
water. Afterward, the dry tissues weight was determined, and
the ratio of wet weight to dry (W/D) weight was analyzed.

2.4 HE staining

Lung tissues were harvested, fixed using paraformaldehyde,
embedded by paraffin, and sectioned into 5 ym samples. The
samples were stained with hematoxylin and eosin, following
by examination under a light microscope (Olympus, Tokyo,
Japan).
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2.5 Determination of myeloperoxidase and
superoxidase dismutase activity and
malondialdehyde (MDA) content

After the mice were sacrificed, lung tissues were collected
to prepare lung homogenates. After the homogenates were
centrifuged, the supernatant was used to determine the activ-
ity of myeloperoxidase (MPO) and superoxidase dismutase
(SOD) and the content of malondialdehyde (MDA) using the
commercial kits (Abcam, Cambridge, MA, UK) following the
manufacturer’s procedures.

2.6 Western blot

The lysates of lung tissues and MLE-12 cells were prepared
using RIPA buffer (Thermo Fisher Scientific, Waltham, MA,
USA) and quantified through a BCA kit (Sigma, St. Louis,
MO, USA). Subsequently, the lysates were subjected to SDS-
PAGE and transferred to PVDF membranes. The membranes
were probed with anti-USP22 (1 : 1000), Sirtuin 1 (SIRT1)
(1 : 2000), nuclear factor E2-related factor 2 (NRF2) (1 :
1000), and S-actin (1 : 1000) antibodies (Abcam, Cambridge,
MA, UK) at 4 °C for 12 h after blocking by 4% non-fat milk.
Then, the membranes were incubated with secondary antibody
IgG H&L (HRP) (Abcam, Cambridge, MA, UK). The bands
were imaged utilizing the ECL Plus Western Blotting Substrate
(Thermo Fisher Scientific, Waltham, MA, USA). S-actin was
used as a reference protein.

2.7 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide
assay

To determine cell viability, 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was conducted.
MLE-12 cells were plated into 96-wells plates. After 24 h
of culture, cells were treated with 20 uL. MTT (5 mg/mL)
(Sigma, St. Louis, MO, USA) at 37 °C for 4 h. Subsequently,
100 L Dimethyl Sulfoxide (DMSO) was mixed to the cells
to remove crystallization. The microplate reader recorded the
absorbance at 490 nm of each well.

2.8 Flow cytometry

Cell apoptosis determination was conducted using Annexin V-
FITC Apoptosis Detection Kit (Sigma, St. Louis, MO, USA).
MLE-12 cells were collected through digestion by trypsin and
washed using PBS. Collected cells were resuspended using
binding buffer and incubated with Annexin-V and PI for 15
mins without light. Afterward, Flow Cytometry (BD, San Jose,
CA, USA) was employed to quantify the apoptotic cells.

2.9 Cell transfection

USP22 overexpression plasmid, sh-SIRT1, and corresponding
controls were acquired from Genscript (Genscript, Nanjing,
China). To perform cell transfection, MLE-12 cells were
plated into 6-wells plates and maintained at 37 °C for 24
h. Subsequently, MLE-12 cells were transfected with USP22
plasmid, sh-SIRT1, or corresponding controls by Lipofec-
tamine 2000 (Invitrogen, Carlsbad, CA, USA) following the
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FIGURE 1. Paraquat (PQ) induced lung injury and decreased USP22 expression. (A) HE staining was performed to assess
lung injury in mice treated with PQ. (B) Lung wet/dry ratio was determined in mice treated with PQ. (C) The activity of MPO
in lung tissues was measured in mice treated with PQ. (D) The activity of SOD and the content of MDA were measured in lung
tissues of mice treated with PQ. (E) Western blot was conducted to determine the protein level of USP22 in lung tissues of mice

treated with PQ. ***: p < 0.001.

protocol of the manufacturer. These cells were harvested to
conduct subsequent experiments 48 h later.

2.10 Statistical analysis

Data were displayed as mean =+ standard deviation (SD). Data
analysis was completed using SPSS Statistics 22.0 (SPSS,
Chicago, IL, USA). One-way ANOVA with LSD’s post hoc
test or Student’s z-test was employed to assess statistical sig-
nificance with p < 0.05 considered as statistically significant.

3. Results

3.1 PQinduced lung injury and decreased
USP22 expression

To induce lung injury, the mice were intraperitoneally injected
with 50 mg/kg PQ. After 7 days, HE staining was performed to
assess lung injury. Results revealed that PQ caused lung tissue
damage, reflected by small and irregular alveolar, thickened
alveolar wall and inflammatory cells infiltrating compared to
the sham group (Fig. 1 A). The lung wet/dry ratio was increased
in mice treated by PQ compared to sham mice (p < 0.001,
Fig. 1B). In addition, the activity of MPO was measured to
evaluate the infiltration of neutrophils and macrophages in lung
tissues. MPO activity was enhanced in PQ-treated lung tissues
(» < 0.001, Fig. 1C). Furthermore, PQ treatment decreased the
activity of SOD (p < 0.001) and increased the MDA content
in lung tissues (p < 0.001, Fig. 1D). Moreover, USP22 was
significantly inhibited in lung tissues of mice treated by PQ
compared to sham mice (p < 0.001, Fig. |E). Therefore, PQ
induced lung injury and decreased USP22 expression.

3.2 Elevated USP22 alleviated PQ-induced
cell apoptosis and oxidative damage

To understand the influence of USP22 on PQ-induced lung
injury, the USP22 overexpression plasmid was introduced
into MLE-12 cells 7 days before PQ treatment. The trans-
fection efficiency of the USP22 overexpression plasmid in
MLE-12 cells was confirmed using western blot. Results
suggested that USP22 was significantly elevated in MLE-
12 cells after transfection (p < 0.001, Fig. 2A). Besides,
the decreased expression of USP22 induced by PQ in MLE-
12 cells was reversed by the USP22 overexpression plasmid
(p < 0.01, Fig. 2A). Overexpressed USP22 did not affect
the viability of MLE-12 cells (Fig. 2B). However, the cell
viability was decreased after treatment of PQ (p < 0.001),
which was abrogated by elevated USP22 (p < 0.01, Fig. 2B).
Furthermore, PQ treatment induced apoptosis of MLE-12 cells
(»p < 0.001), which was abrogated by enhanced USP22 ex-
pression (p < 0.01, Fig. 2C,D). However, USP22 did not
affect cell apoptosis of MLE-12 cells in the absence of PQ
(Fig. 2C,D). Moreover, the decreased SOD activity in cells
treated by PQ was abolished by enhanced USP22 expression
(p < 0.01, Fig. 2E). Overexpression of USP22 decreased the
elevated MDA content in PQ-treated cells (p < 0.05, Fig. 2E).
Thus, elevated USP22 alleviated PQ-induced cell apoptosis
and oxidative damage.

3.3 Elevated USP22 increased the expression
of SIRT1 and NRF2

SIRT1/NRF2 signaling was considered an effective target for
the antioxidant therapy of PQ poisoning [22]. Besides, a study
revealed that USP22 inhibited the ubiquitination of SIRT1 and
stabilized the SIRT1 expression [23]. Therefore, SIRT1/NRF2
signaling might participate in the regulation of USP22 on
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FIGURE 2. Overexpression of USP22 attenuated PQ-induced cell apoptosis and oxidative damage. (A) The protein level
of USP22 in MLE-12 cells transfected with USP22 vector and treated with PQ was determined using Western blot. (B) Viability
of MLE-12 cells after USP22 vector transfection and PQ treatment was evaluated using MTT assay. (C) and (D) Apoptosis of
MLE-12 cells after transfected with USP22 vector and treated with PQ was determined by Flow cytometry. (E) The activity of
SOD and the content of MDA were measured in MLE-12 cells transfected with USP22 vector and treated with PQ. **: p < 0.01;

w55 p < 0.001. # p < 0.05; #4: p < 0.01.

PQ-induced injury. Therefore, to elucidate the underlying
regulatory mechanism of USP22 on PQ-induced cell apoptosis
and oxidative damage, the protein levels of SIRT1 and NRF2
were determined after overexpression of USP22 in MLE-12
cells. Results showed that overexpression of USP22 greatly
enhanced the levels of SIRT1 (p < 0.001) and NRF2 (p <
0.01) in MLE-12 cells (Fig. 3). In MLE-12 cells treated by
PQ, the expression levels of SIRT1 (p < 0.001) and NRF2
(p < 0.01) were remarkably decreased and overexpression of
USP22 abrogated these decrease (p < 0.01, Fig. 3). These
results revealed that overexpression of USP22 upregulated the
expression of SIRT1 and NRF2.

3.4 Down-regulation of SIRT1 reversed the
protective effect of elevated USP22 on
PQ-induced cell apoptosis and oxidative
damage

To better understand the function of the SIRT1/NRF2 pathway
on the regulation process of USP22 on PQ-induced cell apop-
tosis and oxidative damage, the sh-SIRT1 was transfected into
the MLE-12 cells treated by PQ, and the inhibitor of SIRT1

sirtinol was also used to treat the cells. Western blot results
showed that overexpression of USP22 abrogated the inhibitory
effects of PQ on SIRT1 and NRF2 in MLE-12 cells, which was
abolished by knockdown of SIRT1 (all p < 0.001, Fig. 4A).
Besides, the viability of MLE-12 cells was suppressed by PQ (p
< 0.001), but overexpression of USP22 increased the viability
of MLE-12 cells (p < 0.01, Fig. 4B). However, both sh-SIRT1
and sirtinol significantly abolished the effect of USP22 on cell
viability (two p < 0.01, Fig. 4B). In addition, down-regulation
of SIRT also abolished the protective effect of overexpressing
USP22 on PQ-induced cell apoptosis of MLE-12 cells (all p
< 0.05, Fig. 4C,D). Moreover, SOD activity was decreased,
and MDA content was increased in PQ-treated MLE-12 cells
(two p < 0.01), which were reversed by overexpressing USP22
(two p < 0.01, Fig. 4E). However, down-regulation of SIRT1
abolished the effects of USP22 on SOD activity and MDA
content (all p < 0.05, Fig. 4E). Hence, down-regulation of
SIRT1 reversed the protective effects of USP22 overexpression
on PQ-induced cell apoptosis and oxidative damage. Together
these results suggest SIRT1 participated in the regulation of
USP22 on PQ-induced injury.
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FIGURE 3. Overexpression of USP22 upregulated the expression of SIRT1 and NRF2. The protein levels of SIRT1 and
NRF2 were determined using Western blot in MLE-12 cells after USP22 vector transfection and PQ treatment. **: p < 0.01; ***:

p < 0.001. ##: p < 0.01.

3.5 Elevated USP22 alleviated PQ-induced
lung injury

To further study the effect of USP22 on PQ-induced lung
injury, the mice were intratracheally injected with lentivirus
carrying the USP22 gene before PQ treatment. Then, the
elevated expression level of USP22 was verified using western
blot in mice (p < 0.001, Fig. 5A). HE staining results revealed
that overexpression of USP22 alleviated the lung injury in-
duced by PQ (Fig. 5B). Besides, the lung wet/dry ratio was
increased in mice treated by PQ (p < 0.001) but was decreased
by elevated USP22 (p < 0.001, Fig. 5C). The increased MPO
activity in lung tissues of mice treated by PQ was inhibited by
overexpressed USP22 (all p < 0.001, Fig. 5D). Furthermore,
the decreased SOD activity and increased MDA content in lung
tissues of mice treated by PQ were reversed by overexpressing
USP22 (all p < 0.001, Fig. 5E). Moreover, the decreased
levels of SIRT1 and NRF2 in lung tissues of mice treated by
PQ were abrogated by overexpressing USP22 (all p < 0.001,
Fig. 5F). Taken together, overexpression of USP22 attenuated

PQ-induced lung injury.
4. Discussion

Paraquat (PQ) is broadly used in agricultural production to
control weed growth, while the drug has high toxicity to
humans [1]. It can lead to injury of body organs, especially
the lung [4]. The mortality rate of PQ poisoning is over 90%
[6]. Thus, it is imperative to search for an effective therapeutic
strategy for PQ poisoning. In this study, we studied the role
of USP22 in the PQ-induced lung injury and revealed that
overexpression of USP22 attenuated PQ-induced lung injury
via activating the SIRT/NRF2 pathway.

To establish the lung injury model, PQ was used to treat
mice. After PQ treatment, the mice’s alveolar became small
and irregular, and the lung wet/dry ratio was increased. Be-
sides, MPO activity was increased in lung tissues of mice
treated by PQ. Previous studies reported that MPO activity was
considered the biomarker to evaluate neutrophil infiltration in
the lung tissue [24, 25]. PQ was also proved to induce ROS
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FIGURE 4. Down-regulation of SIRT1 reversed the protective effect of USP22 overexpression on PQ-induced cell
apoptosis and oxidative damage. (A) The protein levels of SIRT1 and NRF2 in MLE-12 cells treated with PQ and transfected
with USP22 vector and sh-SIRT1 were determined using western blot. (B) Viability of MLE-12 cells treated with PQ and
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content of MDA were measured in MLE-12 cells treated with PQ transfected with USP22 vector and sh-SIRT1. *: p < 0.05; **:

p < 0.01; ***: p < 0.001.

production and cause oxidative damage to tissues and cells
in animals and humans [26, 27]. In this study, we found
that PQ decreased the activity of SOD and increased MDA
content. These results indicated that PQ successfully induced
lung injury.

As a deubiquitination protein, USP22 regulates ROS pro-
duction in myocardial I/R injury and high glucose-induced
cell injury [13, 15], which implies that USP22 might regulate
PQ-induced lung injury. To determine the role of USP22 in
PQ-induced lung injury, USP22 expression in lung tissues of
mice treated by PQ was determined. Results revealed that
USP22 was decreased in the lung tissues of mice treated by
PQ. Besides, overexpression of USP22 decreased PQ-induced
oxidative damage in MLE-12 cells, consistent with the previ-
ous studies [13, 15]. In addition, PQ suppress cell viability

and induced cell apoptosis in many tissues and cells, such as
human neural progenitor cells and lung cancer cells [28, 29].
Therefore, the roles of USP22 in cell viability and apoptosis
were examined in MLE-12 cells after PQ treatment. We
found that overexpression of USP22 reversed the PQ-induced
decrease in cell viability and decreased the PQ-induced cell
apoptosis of MLE-12 cells. Hi ef al. [14] also reported that
elevated USP22 promotes cell proliferation in intestinal epithe-
lial cells after hypoxia/reoxygenation injury. Zhou ef al. [30]
showed that down-regulation of USP22 promoted apoptosis of
human retinoblastoma cells. Therefore, these results were in
agreement with the previous reports [ 14, 30]. Furthermore, our
findings revealed that overexpression of USP22 could inhibit
lung tissue injury and oxidative damage in PQ-treated mice in
vivo. The function of USP22 on PQ-induced lung injury was
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demonstrated in the study for the first time.

Sirtuin 1 (SIRT1)/nuclear factor E2-related factor 2 (NRF2)
signaling pathway plays vital functions in PQ poisoning treat-
ment [22]. In addition, USP22 could inhibit the ubiquitination
of SIRT1 and stabilize the expression of SIRT1 [23]. Further-
more, USP22 inhibits apoptosis and promotes cell proliferation
through antagonizing p53 function through the regulation of
SIRT1 [23]. Thus, we inferred that the SIRT1/NRF2 sig-
naling might participate in the regulation of USP22 on PQ-
induced lung injury. Results revealed that overexpression of
USP22 upregulated the levels of SIRT1 and NRF2, and down-
regulation of SIRT1 reversed the protective effect of USP22
overexpression on PQ-induced cell apoptosis and oxidative
damage, which was consistent with the study conducted by
Lin et al. [23]. NRF2 signaling is a vital pathway in cellular
response to oxidative stress-induced injury [31, 32]. In normal
condition, NRF2 is in an inactive state through binding to
Keapl (a negative regulator of NRF2). When stimulated,
NRF?2 dissociates from Keapl, translocates to the nucleus, and
binds to Maf, thereby regulating the expression of anti-oxidant
genes in stimulation state [33, 34]. SIRTI1 exerts crucial
roles in regulating apoptosis and oxidative stress [35, 36].
Besides, Han ef al. [37] proved that SIRT1 could activate
the NRF2 pathway and then SIRT1/NRF2 signaling medi-
ates the protective effect of dietary melatonin on chromium-
induced lung injury. Thus, we inferred that USP22 might

protect PQ-induced through elevating the expression of SIRT1,
and increased SIRT1 activates NRF2 pathway and induces
the expression of anti-oxidant genes, thereby alleviating cell
apoptosis and oxidative damage. Taken together, the beneficial
effect of USP22 on PQ-induced lung injury is exerted via
activating the SIRT1/NRF2 pathway.

5. Conclusions

Paraquat induced lung tissue injury and oxidative damage and
decreased the expression of USP22. Overexpression of USP22
attenuated PQ-induced cell apoptosis and oxidative damage
in vitro and in vivo, and increased the expression of SIRT1
and NRF2. Besides, the down-regulation of SIRT1 reversed
the protective effect of elevated USP22 on PQ-induced cell
apoptosis and oxidative damage. In summary, overexpression
of USP22 alleviated PQ-induced lung injury through activating
SIRT1/NRF2 pathway. Taken together, USP22 may be a
valuable target for the treatment of PQ-induced lung injury.
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