
EXPERIMENTAL AND THERAPEUTIC MEDICINE  23:  275,  2022

Abstract. Diquat (1,1'‑ethylene‑2,2'‑bipyridylium) is a type of 
widely used agricultural chemical, whose toxicity results in 
damage to numerous tissues, including the lung, liver, kidney 
and brain. The aim of the present study was to establish a rat 
model of acute diquat exposure and explore the relationship 
between diquat concentration, and kidney and lung injury, in 
order to provide an experimental basis for clinical treatment. 
A total of 140 healthy adult male Wistar rats were randomly 
divided into control and exposure groups. The diquat solution 
was administered intragastrically to the exposure group at 1/2 
of the lethal dose (140 mg/kg). An equal volume of water was 
administered to the control group. The dynamic changes in the 
plasma and tissue diquat levels were quantitatively determined 
at 0.5, 1, 2, 4, 8, 16 and 24 h following exposure using liquid 
chromatography mass spectrometry. The content of hydroxy‑
proline (HYP) in the lung tissues, as well as the levels of blood 
urea nitrogen (BUN), creatinine (Cr), uric acid (UA), kidney 
injury molecule‑1 (KIM‑1) and tumor growth factor (TGF)‑β1, 
were detected using western blot analysis at every time point. 
Lung and kidney morphology were also assessed. Electron 
microscopy showed that the degree of renal damage gradually 
increased with time. Vacuolation gradually increased, some 
mitochondrial bilayer membrane structures disappeared and 
lysosomes increased. The lung tissue damage was mild, and 
the cell membrane integrity and organelles were damaged 
to varying degrees. The plasma and organ levels of diquat 
peaked at ~2 h, followed by a steady decrease, depending 
on the excretion rate. Over time, the serum concentrations 
of UA, BUN, Cr and KIM‑1 were all significantly increased 
(P<0.05). Serum KIM‑1 in rats was increased after 0.5 h, and 
was significantly increased after 4 h, suggesting that KIM‑1 
is an effective predictor of early renal injury. Early TGF‑β1 
expression was clearly observed in renal tissue, while no clear 

TGF‑β1 expression was observed in the lung tissue. In conclu‑
sion, the concentration of diquat in the serum and tissue of rats 
with acute diquat poisoning peaked at an early stage and then 
rapidly decreased. The renal function damage and pathological 
changes persisted, the lung tissue was slightly damaged with 
inflammatory cell infiltration, and early pulmonary fibrosis 
injury was not obvious.

Introduction

Diquat (1,1'‑ethylene‑2,2'‑bipyridylium) is a type of widely 
used agricultural chemical, whose toxicities result in the 
damage to numerous tissues, including the lung, liver, 
kidney and brain (1). Diquat is a herbicide that started to be 
widely used in agricultural production following the ban of 
paraquat (2). As a result, the incidence of rapid acute diquat 
poisoning has increased in recent years. Diquat is very toxic 
to humans, as it leads to damage of the function of multiple 
organs, and can even prove life‑threatening (3,4). Diquat is 
distributed through the bloodstream to the organs and tissues 
of the entire body. The liver and kidney contain the highest 
concentrations of diquat (5). Research has also found that 
bile contains diquat, which indicates that bile may be an 
effective way of lowering the concentration of diquat in the 
serum and tissues of the human body long after ingestion (6). 
Redox cycling and consequent reactive oxygen species (ROS) 
generation are believed to be key cytotoxic mechanisms 
induced by these bipyridyl herbicides. The diquat radicals are 
also capable of reacting with a variety of nucleophiles in cells, 
causing direct damage to cellular components (2,7). To date, 
the treatment method for diquat poisoning and satisfactory 
therapeutic effects remain in the exploratory stages. There is 
no specific antidote for rapid poisoning with diquat, as well 
as no clear therapeutic means of treatment (4). Key factors 
that determine the prognosis of diquat poisoning include 
whether the patient goes to the hospital after poisoning, the 
timely and effective gastrointestinal treatment and applica‑
tion of blood purification technology, as well as the timely 
application of glucocorticoids to protect organ function (3,8). 
Although human exposure to diquat can cause dysfunction 
or even multiple organ failure, the liver and kidneys are the 
major organs involved, mainly due to the high accumulation 
of diquat in those organs after poisoning (9). It is worth noting 
that diquat is mainly metabolized in the kidneys; thus, the 
kidneys are the main target organ after poisoning (9,10). In 
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the present study, a rat model of acute diquat exposure was 
established following gavage administration to further unveil 
the distribution characteristics, metabolism and organ damage 
of diquat in the body.

Materials and methods

Experimental animals, dosing, and blood and tissue 
collection. Healthy adult SPF male Wistar rats aged 
6‑8 weeks and weighing 240‑260 g were provided by the 
Experimental Animal Center of Shandong University (Jinan, 
China) [certificate  no.  SCXK (Lu) 20130009]. Ethical 
approval for this experiment was obtained from the Ethics 
Committee of Preventive Medicine of Shandong University 
(no. 20180225/February 12, 2018). The rats were allowed to 
eat and drink freely, and the environmental conditions of the 
room were set to maintain a relative humidity of 40‑70%, a 
temperature of ~26˚C and a 12‑h light/dark cycle. The rats 
were fasted overnight (~16 h), and were allowed free access to 
water prior to treatment.

A total of 140 healthy adult male Wistar rats were randomly 
divided into the control and exposure groups. The dose of the 
diquat solution intragastrically administered to the exposure 
groups was 140 mg/kg (50% of the median lethal dose) (11). 
An equal volume of normal saline solution was administered 
to the control group (n=70). The dynamic changes in the 
plasma and tissue diquat levels were quantitatively deter‑
mined by liquid chromatography mass spectrometry at 0.5, 
1, 2, 4, 8, 16 and 24 h after poisoning (n=10 per time point). 
Approximately 5 ml of blood was taken from the inferior 
vena cava for serological tests. Blood was collected following 
cervical dislocation under anesthesia. The blood was placed 
in a short purple tube (containing an EDTA anticoagulant). 
Following centrifugation, the plasma was collected and frozen 
at ‑80˚C for serum concentration and renal function analyses. 
Left lung and left kidney tissues were collected to determine 
the tissue diquat content using electron microscopy (Zeiss 
Axio Scope A1 Microscope; Carl Zeiss AG) and for western 
blot analysis. The right lung and right kidney tissues were used 
for pathological examination and fixed in a paraformaldehyde 
solution with a mass volume fraction of 4%. Conventional 
paraffin was used for embedding, and the tissue was sectioned. 
Following hematoxylin and eosin (H&E) and Masson staining, 
the sections were observed using the IX53 and DP73 upright 
fluorescence microscopes (Olympus Corp.). In addition, the 
lung tissue was used to determine the hydroxyproline (HYP) 
content using a commercial kit from the Nanjing Jiancheng 
Bioengineering Institute (cat. no. A030‑2).

Humane endpoints. The rats were anesthetized at the estab‑
lished time points (0.5, 1, 2, 4, 8, 16 and 24 h). The animals 
were anaesthetized through an intraperitoneal injection of 
10% chloral hydrate (300 mg/kg). The rats were euthanized by 
cervical dislocation immediately after anesthesia. At that time, 
peritonitis had not developed in the rats.

Establishment of the standard curve. The peak area of diquat 
was used as the y‑coordinate, the concentration of diquat was 
plotted on the abscissa and the weighting coefficient (1/x2) was 
used to obtain a standard curve.

Detection of various kidney indexes. Creatinine (Cr), blood urea 
nitrogen (BUN) and uric acid (UA) were detected using an auto‑
matic biochemical analyzer [Cobas® 8000 detection system (775 
module); Roche Diagnostics GmbH] at Qilu Hospital, Shandong 
University (Jinan, China). BUN was used for the urease method, 
and UA and Cr were used for the enzyme method.

ELISA and western blot analysis. The tissue block was washed 
with pre‑cooled PBS for 2‑3 times, two 3‑mm homogenization 
beads were added, 10 times the tissue volume of lysis buffer 
(Servicebio G2002) was added for homogenization, and then 
the lysis buffer was placed on ice for 30 min. After complete 
lysis, centrifugation at 12,000 rpm was carried out for 10 min 
at 4˚C, the supernatant was collected, and the protein concentra‑
tion was measured with a BCA protein concentration test kit. 
Reduced protein loading buffer was added to the protein solution 
at a ratio of 4:1, denatured in a boiling water bath for 15 min, 
and stored at ‑20˚C for later use. The proteins were separated by 
10% SDS‑PAGE, transferred to PVDF membranes, blocked with 
5% skim milk in TBST buffer (20% Tween) for 30 min at room 
temperature, and then incubated with the primary antibody over‑
night at 4˚C. The primary antibody dilution ratio was 1:1,000 
and it included KIM‑1 (Abbexa, cat. no. ABX102459), TGF‑β1 
(Abcam, cat. no. AB92486), and actin (Servicebio). Membranes 
were then washed three times with TBST and incubated with 
secondary antibodies peroxidase‑conjugated goat anti‑rabbit IgG 
(H+L) (Servicebio, cat. no. GB23303), peroxidase‑conjugated 
donkey anti‑goat IgG (H+L) (Servicebio, cat. no. GB23404), 
peroxidase‑conjugated goat anti‑mouse IgG (H+L) (Servicebio, 
cat. no. GB23301), peroxidase‑conjugated goat anti‑rat IgG (H+L) 
(Servicebio, cat. no. GB23302) at room temperature. The protein 
bands were observed using ECL (Servicebio, cat. no. G2014). 
The semi‑quantitative expression was measured by densitometry 
analysis using AlphaEaseFC 5.0 software (Alpha Innotech), and 
normalized to the expression of actin.

Statistical analyses. All experiments were performed indepen‑
dently at least 3 times. Data are presented as mean ± standard 
deviation of three replicates. SPSS17.0 statistical analysis software 
(SPSS Inc.) was used to conduct normality test, variance homo‑
geneity test, one‑way ANOVA and repeated measures analysis 
of variance for the experimental data. For pairwise comparisons, 
Dunnett's T3 was used when the variances were unequal, and 
LSD was used when the variances were homogeneous.

Results

H&E staining in the lung and renal tissues. Fig. 1 shows H&E 
staining in lung tissues in the control (a), and at times 0.5 (b), 
1 (c), 2 (d), 4 (e), 8 (f), 16 (g) and 24 h (h) after diquat exposure. 
In the exposure groups, H&E staining showed that the alveolar 
walls were dilated and hyperaemic, and the alveolar spaces 
were slightly widened. Infiltration by polymorphonuclear 
leukocytes and mononuclear macrophages was visible, and the 
alveolar cavities were clean, cell‑free and structurally intact. 
Inflammatory cell infiltration between the pulmonary alveoli 
was comparable 8, 16 and 24 h after administration, and the 
pulmonary alveoli were wider than previously measured. Part 
of the alveolar structure was disordered, and the alveolar 
cavities had disappeared (Fig. 1).
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Fig. 2 shows the results of H&E staining in renal tissues. 
Light microscopic observation of renal pathological sections 
in the control  (a), and at times 0.5  (b), 1  (c), 2  (d), 4  (e), 
8  (f), 16  (g) and 24 h (h) after diquat exposure is shown. 
Under microscopic examination, the renal interstitium was 
not found to be congested in the control group at any time 
point. The glomerular basement membrane was intact, and 
the renal tubules had clear borders, with no exfoliated cells 
in the lumen. Pathological changes, such as inflammatory 
cell infiltration and fibrous tissue hyperplasia, were rare in 
the stroma. In the exposure group, renal tubular epithelial 
cells exhibited hydropic degeneration, and a small number 
of casts were observed in the lumen. The glomerular mesen‑
tery basement membrane was slightly thickened and partial 
glomerular atrophy was observed. The renal tissue exhibited 
oedema, and the kidney tubules were notably widened. After 
16 and 24 h, mesenchymal inflammatory cell infiltration was 
observed (Fig. 2).

Electron microscopy observation of the lung tissue. After 0.5 h, 
a large number of organelles were observed in the cytoplasm 
of the lung type II alveolar cells using electron microscopy 
(Fig. 3), and a number of organelles were shown to be swollen. 
After 2 h, a small number of microvilli appeared locally in the 
cell membrane and an abundance of organelles were observed 
in the cytoplasm. The abundance of organelles were notably 
swollen and dilated after 8 h. After 16 h, the cell membrane of 
the type II lung alveolar cells had partially disappeared. After 
24 h, the cell membrane was partially blurred, and abundant 
and slightly swollen organelles (slightly milder than at 16 h) 
were observed in the cytoplasm.

Electron microscopy observation of renal tissues. Electron 
microscopy of renal tissues (Fig. 4) revealed relatively intact 
renal tubular epithelial cell membranes after 2 h, with an abun‑
dance of organelles and numerous vacuoles in the cytoplasm. 
After 4 h, the renal tubular epithelial cells were relatively 

Figure 1. Results of hematoxylin and eosin (H&E) staining in lung tissues. Light microscopic observation of lung pathological sections at each time point (A-H 
shows the control, and at times 0.5, 1, 2, 4, 8, 16 and 24 h in lung tissue after diquat exposure; magnification, x200). (A) In the control group, the alveolar walls 
were dilated and hyperaemic, and the alveolar spaces were slightly widened. Infiltration by polymorphonuclear leukocytes and mononuclear macrophages was 
visible. At (B) 0.5, (C) 1, (D) 2 and (E) 4 h, the alveolar cavities were clean, cell‑free and structurally intact. At (F) 8, (G) 16 and (H) 24 h, the pulmonary alveoli 
were wider than previously measured. Part of the alveolar structure was disordered, and the alveolar cavities had disappeared.

Figure 2. Results of hematoxylin and eosin (H&E) staining in renal tissues. Light microscopic observation of renal pathological sections at each time point 
(A-H shows the control, and at times 0.5, 1, 2, 4, 8, 16 and 24 h in renal tissue after diquat exposure; magnification, x200). (A) In the control group, there was 
no congestion observed at any time point. The glomerular basement membrane was intact, and the renal tubules had clear borders, with no exfoliated cells in 
the lumen. Pathological changes, such as inflammatory cell infiltration and fibrous tissue hyperplasia, were rare in the stroma. At (B) 0.5, (C) 1 and (D) 2 h, 
renal tubular epithelial cells exhibited hydropic degeneration, and a small number of casts were observed in the lumen. At (E) 4 and (F) 8 h, the glomerular 
mesentery basement membrane was slightly thickened and partial glomerular atrophy was observed. The renal tissue exhibited oedema, and the kidney tubules 
were notably widened. At (G) 16 and (H) 24 h, mesenchymal inflammatory cell infiltration was observed.
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Figure 3. Electron microscopy observation of lung tissue at each time point. (A) Electron microscopy of lung tissue at 0.5, 2, 8, 16 and 24 h after diquat exposure 
(magnification, x3,000; scale bar, 5 µm). (B) Electron microscopy of lung tissue at 0.5, 2, 8, 16 and 24 h after diquat exposure (magnification, x7,000; scale 
bar, 2 µm).

Figure 4. Electron microscopy observation of renal tissue at each time point. (A) Electron microscopy of renal tissue at 2, 4, 8, 16 and 24 h after diquat exposure 
(magnification, x2,000; scale bar 5 µm). (B) Electron microscopy of renal tissue at 2, 4, 8, 16 and 24 h after diquat exposure (magnification, x5,000; scale bar, 
2 µm).

Figure 5. The content of diquat in the plasma, kidney and lung tissues of rats. (A) HPLC of the diquat standard. (B) Histogram of the serum diquat concentra‑
tion in the Control (Ctrl) and Experimental group (at 0.5, 1, 2, 4, 8, 16 and 24 h after diquat exposure). (C) Histogram of kidney diquat concentration in the 
Control (Ctrl) and Experimental group (at 0.5, 1, 2, 4, 8, 16 and 24 h after diquat exposure). (D) Histogram of lung diquat concentration in the Control (Ctrl) 
and Experimental group (at 0.5, 1, 2, 4, 8, 16 and 24 h after diquat exposure).
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intact, and an abundance of organelles was observed in the 
cytoplasm. The nuclear membrane was intact, the nucleolus 
was clearly visible, and the level of heterochromatin had 
increased. Mitochondrial swelling and cytoplasmic vacuoliza‑
tion were observed. After 8 h, the amount of heterochromatin 
and lysosomes increased. After 16 h, the mitochondria were 
swollen, part of the mitochondrial cristae was fractured, the 
podocyte feet were protruded and fused, and the basement 
membrane exhibited dense deposition. After 24 h, cavitation 
bubbles appeared; the bilayer membrane structure of some 
mitochondria had disappeared, podocytic processes of Sertoli 
cells were fused, a dense basement membrane deposition was 
observed, and the number of lysosomes had increased.

Diquat levels in the plasma, kidney and lung tissues of rats. 
The diquat peak was clear and specific under the chromato‑
graphic conditions used in this study, with a retention time 
of 6.386 min (Fig. 5A). The diquat peak area was considered 

as the y‑coordinate, and the concentration of diquat as the 
x‑coordinate. The weighting factor (1/x2) was used to perform 
regression; the standard curve equation is listed in Table I. The 
standard curve of the diquat plasma sample exhibited a linear 
relationship at a concentration range of 0.100‑5,000 ng/ml, that 
of the renal sample at a concentration range of 0.1‑200, and that 
of the lung at a concentration range of 0.1‑100. The lowest limit 
of detection, that is, the lowest point of the standard curve, was 
0.1. Results were compared with the standard curve. A content 
below the lower limit of detection (undetectable) was defined 
as below the limit of quantification.

The plasma concentrations of diquat significantly increased 
at 0.5, 1 and 2 h (P<0.01) after administration, peaking at 2 h, and 
then significantly decreasing by 4 h, before slightly increasing 
again at 8 and 16 h (Fig. 5B and Table II). The concentration 
of diquat in the kidney was significantly increased at 1, 2 and 
4 h (P<0.01) from administration (Table II), also peaking at 
2 h (Fig. 5C and Table II). The concentration of diquat in the 
lung tissue was significantly increased at 1, 2 and 4 h from 
administration (Fig. 5D and Table II), peaked at 2 h and then 
decreased.

HYP content determination in the lung tissues. HYP levels 
in the lung tissue reflects lung tissue collagen content, and is 
used as a parameter to assess the degree of pulmonary fibrosis. 
Compared with that in the control group, the HYP content in 
the lung tissues of the exposure group was not significantly 
increased, and variance analysis yielded no statistical signifi‑
cance (P>0.05; Fig. 6 and Table III).

Renal function. The serum UA levels were significantly 
increased at 1, 2, 16 and 24 h (P<0.01), There was no apparent 
difference between the exposure and control groups at 0.5, 
4 and 8 h (P>0.05). Following exposure, the serum BUN of 
each group was significantly increased, and the difference 

Figure 6. Histogram of lung hydroxyproline (HYP) levels in rats in the 
Control (Ctrl) and Experimental group (at 0.5, 1, 2, 4, 8, 16 and 24 h after 
diquat exposure).

Table I. Regression equations of plasma and tissues.

Biological examination	 Regression equation	 Correlation coefficient r

Plasma	 y=332.855x + 1,395.76	 0.9941
Renal	 y=9,450x + 1,650	 0.9993
Lung	 y=24,440x + 1,050	 0.9968

Table II. Concentration of diquat at every time point after infection (n=10, ± SD, ng/ml).

Group	 0.5 h	 1 h	 2 h	 4 h	 8 h	 16 h	 24 h
Control group 	 BLQ	 BLQ	 BLQ	 BLQ	 BLQ	 BLQ	 BLQ

Exposure group
  Serum	 40.14±6.86a	 79.91±26.71a	 113.20±26.72a	 2.87±2.17	 6.41±5.62	 7.49±3.08	 3.26±1.85
  Kidney tissues	 84.17±3.39	 1,575.70±86.68a	 2,940.38±151.49a	 1,775.69±49.73a	 77.96±13.48	 34.38±4.35	 52.11±2.97
  Lung tissues	 0.74±0.24	 1.97±0.61a	 4.11±0.96a	 2.35±0.58a	 1.48±0.14	 0.66±0.06	 0.14±0.07

aP<0.01, compared with the control group. BLQ, below the detection lower limit.
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between the two groups was statistically significant (P<0.01). 
The serum Cr levels of the rats exposed to diquat were signifi‑
cantly increased from 0.5 to 24 h, and the Cr content peaked 
at 2 h. The Cr level of the exposure group was significantly 
higher from that of the control group (P<0.01; Table III and 
Fig. 7A‑C).

The serum KIM‑1 levels were determined using ELISA 
and were found to be significantly increased at 0.5, 1, 2, 4 and 
24 h from exposure (P<0.05). There was no significant differ‑
ence between the groups after 8 and 16 h (P>0.05; Table III 
and Fig. 7D).

KIM‑1 and TGF‑β1 expression in rat kidney and lung 
tissues were detected using western blot analysis. Compared 
with the control group, at 0.5, 1, 2, 4, 8, 16 and 24 h after 
exposure, the renal KIM‑1 and TGF‑β1 levels were increased, 
peaking at 2 h from exposure (Fig. 8A). The lung TGF‑β1 
concentration was not significant (Fig. 8B).

Discussion

Diquat (1,1'‑ethylene‑2,2'‑bipyridylium) is a type of widely 
used agricultural chemical, whose toxicities result in the 
damage to numerous tissues, including the lung, liver, kidney 
and brain (1). Diquat, a redox cycling compound, mediates 
its systemic toxicity through an enhanced production of free 
radicals. In vitro studies have shown that these compounds are 
potent generators of reactive oxygen species (ROS) by redox 
cycling and that they stimulate lipid peroxidation (5). However, 
in vivo research has failed to provide clear evidence of lipid 
peroxidation in response to exposure to these compounds (5). 
The role of ROS and lipid peroxidation in the toxic effects of 
diquat remains controversial. In the present study, a rat model 
of diquat poisoning was established using a one‑time admin‑
istration of diquat by gavage, and the dynamic changes in the 
levels of diquat in the blood, and various organs and tissues, 
were observed for 24 h. The results showed that the plasma 
and organ levels of diquat peaked at 2 h. They then decreased 
steadily according to different excretion rates. It is worth 
mentioning that the plasma diquat concentration increased 
again at 24 h, which appeared to be linked to the reabsorption 
of renal tubules and collecting ducts, and enterohepatic circu‑
lation. Generally, the concentration of diquat was at its highest 
in the kidney, second highest in the plasma and lowest in the 
lung tissues, which is consistent with the metabolic effect of 
diquat, and the observed degree of injury to various organs in 
patients with diquat poisoning in the clinic.

The kidney is one of the main organs damaged by diquat 
poisoning. In the present study, rats with acute diquat exposure 
underwent significant renal function impairment in a short 
period of time, and the renal function indexes, specifically 
blood urea nitrogen (BUN) and creatinine (Cr) were signifi‑
cantly higher in the exposure group than in the control group. 
Recent studies have shown that an increased uric acid (UA) is a 
strong independent biomarker for adverse outcomes in several 
diseases and conditions linked to increased oxidative stress 
and inflammation (12). The UA levels were not significantly 
increased in the 4‑8 h group compared with the control group, 
which was considered to be linked to the transient decrease 
in UA levels through glomerular filtration, due to the strong 
compensatory function of the kidney during early renal injury.
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Kidney injury molecule‑1 (KIM‑1) is a novel potential 
urinary biomarker for the early detection of acute kidney injury 
(AKI) within 24 h following kidney insult (13,14). The serum 
levels of KIM‑1 were tested in the rats following exposure; 

they began to increase at 0.5 h and significantly increased at 
4 h. This indicated that KIM‑1 may serve as an early biomarker 
of kidney damage caused by early diquat poisoning. Although 
none of the reported biomarkers are entirely specific for 

Figure 7. Renal function. (A) Statistical chart of serum uric acid (UA) level in the Control (Ctrl) and Experimental group (at 0.5, 1, 2, 4, 8, 16 and 24 h after 
diquat exposure). (B) Statistical chart of serum urea nitrogen (BUN) level in the Control (Ctrl) and Experimental group (at 0.5, 1, 2, 4, 8, 16 and 24 h after 
diquat exposure). (C) Serum creatinine (Cr) level of rats in the Control (Ctrl) and Experimental group (at 0.5, 1, 2, 4, 8, 16 and 24 h after diquat exposure). 
(D) Statistical chart of serum kidney injury molecule‑1 (KIM‑1) content in the Control (Ctrl) and Experimental group (at 0.5, 1, 2, 4, 8, 16 and 24 h after diquat 
exposure).

Figure 8. (A) Western blot grayscale images of KIM‑1 and TGF‑β1 in rat kidney in the Control (Ctrl) and Experimental group (at 0.5, 1, 2, 4, 8, 16 and 24 h after 
diquat exposure). (B) Western blot grayscale images of TGF‑β1 in rat lung tissue in the Control and Experimental group. KIM‑1, kidney injury molecule‑1; 
TGF‑β1, tumor growth factor‑β1.
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AKI (15), biomarkers such as KIM‑1 may be positively used 
for the risk stratification of diquat exposure‑induced AKI.

Tumor growth factor (TGF)‑β1 as a multifunctional growth 
factor, is closely associated with the deposition of the extracel‑
lular matrix and is an important regulator of glomerulosclerosis 
and renal tubule and interstitial fibrosis. Additionally, evidence 
indicates the causal relationship between the increase in 
TGF‑β1 levels and tissue fibrosis (12,16,17). The present study 
indicated that TGF‑β1 was strongly expressed in renal tissues 
of the diquat‑exposed mice, but was scarcely expressed in lung 
tissues. In addition, its expression was mainly concentrated at 
2 and 4 h when compared to other time period in the kidneys, 
and the levels of expression may have been positively corre‑
lated with the degree of renal interstitial fibrosis. TGF‑β1 in 
the kidney tissues was therefore significantly higher. TGF‑β1 
may be linked to the mechanism of AKI caused by diquat 
poisoning.

Histological analysis of the H&E‑stained kidney sections 
indicated that the renal tubules were the primary targets of 
injury, with renal tubular epithelial cells showing hydropic 
degeneration, and a small number of casts observed in 
the lumen. KIM‑1 is characteristically expressed in the 
epithelial cell parietal membranes of the renal proximal 
convoluted tubules. In the present study, KIM‑1 began to 
increase 0.5 h after exposure, which supported the inter‑
pretation that renal injury was likely initiated principally 
in the proximal tubules. Electron microscopy analysis of 
renal tissues showed that the renal tubular epithelial cells 
in each group had relatively complete cell membranes, basi‑
cally complete organelle structures and an abundance of 
organelles in the cytoplasm. However, after 2 h, there were 
more vacuoles (suspected to be formed by the swelling of 
mitochondria or formed after autophagic digestion), the 
local nuclear membrane and mitochondrial cristae were 
indistinct, and autophagy was increased. Heterochromatin 
levels increased after 4 h. The mitochondria swelled and 
the cytoplasm was vacuolated. After 24 h, the number of 
vacuoles increased compared to that at 16 h. Some of the 
mitochondrial bilayer membrane structures disappeared, 
and the number of lysosomes increased. Collectively, these 
results strongly suggested that diquat exposure induces 
mitochondrial dysfunction. Diquat‑induced cell death in the 
kidney of rats leads to kidney dysfunction, and the degree of 
damage may gradually increase over time.

The damage caused to lungs by diquat within 24 h was 
determined by detecting the hydroxyproline (HYP) levels in 
the lung tissue. As one of the main components of collagen in 
the body, HYP accounts for 13.4% of collagen amino acids, a 
very small amount of elastin (18). The HYP content in the lung 
tissue is a direct indicator of the degree of pulmonary fibrosis. 
When pulmonary fibrosis occurs, the amount of collagen fibers 
in the lung tissue increases. In rats exposed to diquat, the lack 
of increase in HYP content in the lung tissues showed that 
there was no marked difference in lung tissue injury and lung 
function between the exposure and control groups. Diquat 
caused relatively less injury to the lungs and did not lead to any 
obvious formation of fibrotic scars in the lung tissues at the 
early stages after exposure. However, whether the degree of 
pulmonary fibrosis worsens with time remains to be confirmed 
by further experimental studies.

In conclusion, in the present study, an animal model of 
acute diquat exposure was established, and the changes in 
diquat in the plasma and organ tissues were dynamically 
observed. The pathological damage to the kidney and lung 
tissues caused by diquat was studied. The results demon‑
strated that the diquat content in the organs and tissues was 
related to organ injury; although the mechanisms of kidney 
injury are not completely understood, the release of inflam‑
matory factors is believed to play an important role, and the 
related acute exposure‑related mechanism requires further 
exploration. By determining the main organs damaged by 
diquat poisoning, the patterns of plasma and tissue concentra‑
tion of diquat and organ damage were preliminarily explored 
in order to provide an experimental basis for clinical preven‑
tive interventions and effective therapeutic options of diquat 
poisoning.

As a limitation of the present study, there was not enough 
data that could accurately determine the clinical prognosis 
based on the measured plasma diquat concentration. The 
pharmacokinetics of diquat in the human body can only be 
inferred based on the results of animal experiments to date. 
It is preliminarily estimated that the best time is the early 
clinical treatment of patients. The relationship between the 
blood concentration of diquat and the prognosis of patients 
requires us to conduct further research through clinical 
epidemiological observations.
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