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Objective: To establish a stable acute DILI mouse model and explore its possible pathogenesis.
Methods: Mice were randomly divided into control, low-dose, middle-dose and high-dose sodium cyclamate groups. Mice in the
model group were intraperitoneally injected with corresponding doses of sodium cyclamate, and in the control group intraperitoneally
injected with 0.9% normal saline. The toxic effects of sodium cyclamate on liver, heart, kidney were evaluated by biochemical index
level and histomorphologically observed. The expression of TNF-α and IL-1β were measured by immunohistochemistry.
Results: 1. The level of ALT in the low-dose and middle-dose groups at 24h, 72h, 120h and 168h were increased, also in the high-
dose group at 24h, 72h and 120h. The level of AST in the low-dose group at 72h, 120h, 168h and in the middle-dose group at 168h
were increased, also in the middle-dose and high-dose groups at 24h, 72h and 120h. The levels of CK, CK-MB and cTnT in the low-
dose and middle-dose groups at 168h were increased, also in the high-dose group at 24h, 72h and 120h. 2. The damage of hepatocytes
increased with the increase of sodium cyclamate dosage and treated time. 3. At 120h, the IOD/Area of TNF-α and IL-1β positive
expression increased in the liver tissues with the increase of the dosage. In the heart and kidney tissues, the IOD/Area of TNF-α and
IL-1β positive expression in the high-dose group increased significantly. In the kidney tissues, the IOD/Area of IL-1β positive
expression in the middle-dose group increased significantly.
Conclusion: Sodium cyclamate-induced acute DILI mouse model can be established by intraperitoneal injection of 6000 mg/kg/day
sodium cyclamate for 5 days successfully. The toxicity of sodium cyclamate to liver showed a dose-response and time-response
relationship. Sodium cyclamate induced liver, heart and kidney injury closely related to the inflammatory response mediated by TNF-α
and IL-1β.
Keywords: sodium cyclamate, acute liver injury, animal model, TNF-α, IL-1β

Introduction
With all kinds of drugs used widely, drug-induced liver injury (DILI) has become a hot and difficult research topic in liver
Diseases. It is defined as “liver damage caused by the drug or its metabolites, also including caused by hypersensitivity or
reduced tolerance of the drug”.1 It is reported that 12.2% of the hospitalized patients in China have acute liver failure caused by
hepatotoxic drugs.2 As the diagnosis of DILI is quite challenging, in fact, the incidence of DILI is much higher than the
existing statistics.3 The pathogenesis of DILI is complex, which may be related to endoplasmic reticulum and mitochondrial
stress, genetic susceptibility, environment and other factors.4 However, the current animal model used for DILI research is not
mature and the related mechanism research is not clear. Therefore, it is of great practical significance to establish a stable acute
DILI mouse model and explore its possible pathogenesis.

As a food additive, sodium cyclamate has been added to hot strips by illegal businesses, and its excessive use has caused liver
damage.5 Sodium cyclamate is a white crystalline. Its sweetness is about 40–50 times that of sucrose, and it is a non nutritive
sweetener.6 According to the toxicological study of sodium cyclamate, long-term use has different degrees of damage to liver,

Journal of Inflammation Research 2022:15 1599–1615 1599
© 2022 Zhou et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Journal of Inflammation Research Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 23 December 2021
Accepted: 17 February 2022
Published: 3 March 2022

Jo
ur

na
l o

f I
nf

la
m

m
at

io
n 

R
es

ea
rc

h 
do

w
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0002-0802-9110
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
http://www.dovepress.com/permissions.php
https://www.dovepress.com


kidney, heart and gastrointestinal tract, which can cause liver cell necrosis, renal interstitial calcium deposition, myocardial
calcification, coronary arteriosclerosis, bladder cancer and testicular atrophy.7

In previous studies, the establishment of liver injury animal model mainly considered the effect of the drug dosage and
treated time, did not explore the damage of other organs, its stability is worth studying. Thus, the purpose of this study is to
establish a stable acute DILI mouse model with obvious damage to liver but no obvious damage to other organs.

At present, there is no specific diagnostic marker of DILI in clinic.8 The diagnosis of DILI is a subjective evaluation based
on clinical experience and existing data, which is to inquire about the history of disease, the time relationship between
medication and index abnormality, exclude other possible causes of liver damage.9 Generally, the time of drug use is related to
the time of biochemical index change. Most biochemical indexes can be recovered quickly and thoroughly after drug
withdrawal, which is the main index of DILI detection.10 Alanine transaminase (ALT) and artaspate transaminase (AST)
were released into the blood in different degrees. DILI with clinical significance was defined as ALT > 3 times of the upper
limit of normal (ULN). When serum level of ALT increased, it suggested that hepatocyte membrane was damaged. When
serum level of AST increased, it suggested that mitochondrial was damaged and hepatocyte serious was damaged, usually
positively related to the severity of the disease. If the total bilirubin (TBIL) > 2 times of the ULN, it is considered as severe
liver injury.11 Creatine kinase (CK) and creatine kinase-MB (CK-MB) are classic biomarkers of myocardial cell injury. The
increased serum level of CK andCK-MB can judge the severity ofmyocardial injury.12 Cardiac troponin T (cTnT) is a calcium
binding protein, which is unique to myocardium, with high sensitivity and specificity.13 The clinical diagnosis method for
nephrotoxicity is based on the diagnosis standard of acute renal injury, which means that serum creatinine (SCr) > 0.3 mg/dl or
1.5 times of the baseline within 48 hours, which can show azotemia and systemic symptoms.14 Therefore, ALT, AST, TBIL,
direct bilirubin (DBIL), CK, CK-MB, cTnT, SCr and blood urea nitrogen (BUN) levels were used as indicators of liver, heart
and kidney damage caused by short-term use of sodium cyclamate.

Materials and Methods
Mice
A total of 96 Kunming mice (48 male and 48 female; age, 4–6 weeks; weight, 18–25 g) were provided by the Changsha
tianqin Biotechnology Co., Ltd. [Changsha, China; certificate no. SCXK (Xiang) 2014-0011]. These research animals
were maintained in standard atmospheric pressure, a 12/12-h light/dark cycle, room temperature 22±2 °C, 50±10%
humidity, ammonia concentration ≤ 14 mg/m3, and noise ≤ 60 dB. These mice were randomly raised in cages with 6 mice
of the same sex in each cage. Animals had access to food and water ad libitum. Animals were fasted overnight with free
access to water prior to the commencing of experiments. All animal experimental procedures were performed in
accordance with the Guidelines for Animal Experiments of University of South China (Hunan, China) and were approved
by the Institutional Ethics Committee for University of South China (Hunan, China; ethical approval No. 2019-AR-06).

Drugs and Treatments
Sodium cyclamate was purchased from Fangda additive (Yangquan) Co., Ltd. Sodium cyclamate was dissolved in sterile
distilled water. 7 days following adaption, the mice were randomly divided into four groups: i) the control group, in
which mice were injected intraperitoneally with 0.9% normal saline (NS) for 7 days; ii) the low-dose sodium cyclamate-
treated group, in which mice were injected intraperitoneally with 3000 mg/kg/day sodium cyclamate for 7 days; iii) the
middle-dose sodium cyclamate-treated group, in which mice were injected intraperitoneally with 6000 mg/kg/day sodium
cyclamate for 7 days and iv) the high-dose sodium cyclamate-treated group, in which mice were injected intraperitone-
ally with 12,000 mg/kg/day sodium cyclamate for 7 days.

Specimen Collection
1.5mL volume of blood was collected from the medial canthus vein of the 6 anesthetized mice in each group by
intraperitoneal injection of 10% chloral hydrate (4400 mg/kg) at 24h, 72h, 120h and 168h respectively. Animals were
euthanized by sodium pentobarbital overdose (100 mg/kg, intravenous injection) after blood collected. The liver, heart
and kidney tissues were removed after euthanized. After washing these tissues surface with 0.9% NS, the same part of
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these tissues were put into 1.5 mL EP tubes, which were fixed using 4% paraformaldehyde for pathological examination.
Moreover, another part of the liver tissue was taken out and put into 1.5 mL EP tubes, which were fixed using 2.5%
glutaraldehyde for electron microscopy.

Laboratory Reagents and Instruments
CTnT (Roche), primary antibodies [tumor necrosis factor-α (TNF-α) antibody (PTG) and interleukin-1β (IL-1β) antibody
(Abcam)], DAB kit (ZSGB-BIO), automatic biochemical analyzer (7600; Hitachi), automatic electrochemiluminescence
immunoassay (cobas e601; Roche), optical microscope (BA210T; Motic), transmission electron microscopy (HT7700;
Hitachi) and Image-Pro image analysis system (Wellbio Laboratories).

Assay of Serum Indices
Serum ALT, AST, TBIL, DBIL, CK, CK-MB, SCr and BUN were analyzed using the automatic biochemical analyzer.
Serum cTnT was analyzed using the automatic electrochemiluminescence immunoassay. All the methods and procedures
were determined according to the manufacturer’s instructions.

Histological Examination
The liver, heart and kidney tissues were fixed in 4% paraformaldehyde at 4 °C for 7 days, then embedded in paraffin.
Tissue sections (5 µm) were stained with hematoxylin and eosin to examine the morphology of the liver, heart and
kidney.15

Transmission Electron Microscopy
The liver tissues were cut into 1 mm3 sections and fixed in 2.5% glutaraldehyde to observe alterations in the
ultrastructure of hepatocyte under electron microscopy.16

Immunohistochemistry
The paraffin-embedded tissues were made into sections (5 µm in thickness), placed in 42 °C warm water for spreading,
collected using slides, baked in 60 °C for 30–60 min, and prepared into paraffin tissue sections. Next, the paraffin tissue
sections were sequentially soaked in xylene solution and graded ethanols, conventionally deparaffinized and hydrated.
Thereafter, they were immersed in citric acid buffer (pH 6.0) and heated in a microwave for 23 min, then got them out,
and cooled them to room temperature for complete antigen retrieval. After rinsing, the specimens were dropwise added
with endogenous peroxidase blocker for reaction for 10 min, followed by rinsing. Subsequently, the specimens were
added with anti-TNF-α primary antibody (1:400) and anti-IL-1β primary antibody (1:400) and placed in a refrigerator at
4 °C overnight. The next day, the specimens were rinsed, dropwise added with secondary antibody solution in 37 °C for
30 min of incubation, thoroughly rinsed and followed by color development with diaminobenzidine (DAB) added in
drops. Lastly, the nuclei were counterstained with hematoxylin, mounted and observed.17

Statistical Analysis
The statistical analysis was performed using the SPSS 25.0 software. The data were displayed as the mean±standard
deviation (SD). One-way ANOVA was applied to assess the significant differences between the groups. P value lower
than 0.05 (P < 0.05) was considered for significant differences.

Results
Symptoms and Mortality
The control group mice had good mental state, sensitive activity, good appetite, gentle personality, and granular stool.
The sodium cyclamate-treated group mice activity was significantly reduced, poor appetite and irritable personality. With
the increase of sodium cyclamate dosage and treated time, the changes were more obvious, the stool became softer and
looser, and the high-dose (12,000 mg/kg/day, intraperitoneally) group even had watery stool.
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The total mortality of the mice in the low-dose (3000 mg/kg/day, intraperitoneally) and the middle-dose (6000 mg/kg/
day, intraperitoneally) groups were 4.17%, but in the high-dose (12,000 mg/kg/day, intraperitoneally) group reached
37.5%. All mice in the control group were viable. The mice in the high-dose (12,000 mg/kg/day, intraperitoneally) group
began to died at 24h of intraperitoneal injection, and the death time was earlier with the increase of sodium cyclamate
dosage (Table 1). These result showed that sodium cyclamate effected the normal appetite, spirit and activity of mice. It
is lethal when it reached a measure of sodium cyclamate dosage and treated time.

Effect on Body Weights
The weight changes were recorded from before adaptive feeding to sodium cyclamate-treated at 168h. With the increase
of sodium cyclamate dosage and treated time, the mice weight gradually decreased. Compared with the parallel control
group, the mice weight in the middle-dose (6000 mg/kg/day, intraperitoneally) and the high-dose (12,000 mg/kg/day,
intraperitoneally) groups at 24h decreased significantly (P < 0.01), also in the all sodium cyclamate-treated groups at 72h,
120h and 168h (P < 0.01). There was no significant difference in the weight of mice before adaptive feeding in each
group (P > 0.05). These results suggested that sodium cyclamate could induce weight loss in mice. It has low energy and
affects the normal appetite of mice (Table 2 and Figure 1).

Evaluation of Liver Injury by Serum Analysis
The differences in the serum levels of ALT, AST, TBIL and DBIL were determined among the 4 groups. The liver injury
of each sodium cyclamate-treated mice showed different degrees. Compared with the parallel control group, the serum
level of ALT of the low-dose (3000 mg/kg/day, intraperitoneally) group increased at 24h and 72h (P < 0.05), the middle-
dose (6000 mg/kg/day, intraperitoneally) and the high-dose (12,000 mg/kg/day, intraperitoneally) groups at 24h and 72h
were increased significantly (P < 0.01), also in all sodium cyclamate-treated group at 120h and 168h (P < 0.01). The
serum level of AST of the middle-dose (6000 mg/kg/day, intraperitoneally) and the high-dose (12,000 mg/kg/day,
intraperitoneally) groups at 24h were increased significantly (P < 0.01), also in all sodium cyclamate-treated group at
72h, 120h and 168h (P < 0.01). Compared with 24h in each group, the serum level of ALT of the low-dose (3000 mg/kg/
day, intraperitoneally) group at 120h and 168h, the middle-dose (6000 mg/kg/day, intraperitoneally) group at 72h, 120h
and 168h, the high-dose (12,000 mg/kg/day, intraperitoneally) group at 72h and 120h were increased significantly (P <
0.01). The serum level of AST of the low-dose (3000 mg/kg/day, intraperitoneally) and the middle-dose (6000 mg/kg/
day, intraperitoneally) groups at 72h, 120h, 168h were increased significantly (P < 0.01), also in the high-dose
(12,000 mg/kg/day, intraperitoneally) group at 72h and 120h (P < 0.01). There was no significant difference in the

Table 1 Death of Mice in Each Group (n)

Groups 24h 72h 120h 168h Total Mortality (%)

Control group 0 0 0 0 0

Low-dose group 0 0 1 0 4.17

Middle-dose group 0 1 0 0 4.17
High-dose group 3 5 1 — 37.50

Note: —, no mice survived in the high-dose group after 168 h.

Table 2 Weight of Mice in Each Group (g)

Groups Before Adaption 24h 72h 120h 168h

Control group 21.08±1.44 29.47±1.96 31.06±2.59 32.28±2.21 34.44±1.44

Low-dose group 20.90±0.84 29.31±2.77 28.46±0.89** 27.15±1.40** 25.24±0.58**

Middle-dose group 20.64±0.82 27.96±0.70** 27.02±1.97** 25.74±1.07** 24.80±1.06**
High-dose group 20.48±0.96 26.76±1.05** 25.15±0.81** 23.43±0.70** —

Notes: Data are presented as mean±standard deviation; **P < 0.01 vs parallel control group; —, no specimen collected.
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serum levels of ALT and AST between the control groups (P > 0.05; Tables 3 and 4, Figure 2A and B). But in the aspect
of cholestasis, there was no correlation between the serum levels of TBIL and DBIL with the sodium cyclamate dosage
and treated time in the experimental period. Compared with the parallel control group and 24h in each group, there were
no significant difference between the serum levels of TBIL and DBIL in each group (P > 0.05; Tables 5 and 6 and
Figure 2C and D).

Figure 1 Effect of sodium cyclamate on mice weight. The weight changes were recorded from before adaption to sodium cyclamate-treated at 168h. Values are the mean
±standard deviation. **P < 0.01 vs parallel control group.

Table 3 ALT Level in Each Group (u/l)

Groups 24h 72h 120h 168h

Control group 22.37±2.66 21.58±2.42 21.55±4.34 22.83±2.68

Low-dose group 24.32±4.48* 25.95±0.87* 45.02±2.71**# 65.38±3.19**#

Middle-dose group 41.75±1.79** 61.75±3.18**# 74.18±3.79**# 95.48±2.84**#

High-dose group 63.05±3.31** 73.58±0.66**# 85.87±3.18**# —

Notes: Data are presented as mean±standard deviation; *P < 0.05 vs parallel control group; **P < 0.01 vs parallel control group; #p < 0.01 vs 24h in this
group; —, no specimen collected.

Table 4 AST Level in Each Group (u/l)

Groups 24h 72h 120h 168h

Control group 102.80±5.13 91.33±6.88 95.12±7.40 101.98±4.34

Low-dose group 113.82±8.78 126.53±5.67**# 262.18±4.40**# 305.04±2.96**#

Middle-dose group 140.48±3.45** 169.42±9.08**# 274.67±7.93**# 348.16±6.45**#

High-dose group 158.08±12.52** 408.42±4.06**# 411.50±4.25**# —

Notes: Data are presented as mean±standard deviation; **P < 0.01 vs parallel control group; #p < 0.01 vs 24h in this group; —, no specimen collected.
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Evaluation of Heart Injury by Serum Analysis
The differences in the serum levels of CK, CK-MB and cTnT were determined among the 4 groups. Compared with the
parallel control group, the serum levels of CK and CK-MB in the high-dose (12,000 mg/kg/day, intraperitoneally) group
at 24h and the low-dose (3000 mg/kg/day, intraperitoneally) group at 168h were increased (P < 0.05). The serum levels
of CK and CK-MB in the high-dose (12,000 mg/kg/day, intraperitoneally) group at 72h and 120h were increased
significantly (P < 0.01), also in the middle-dose (6000 mg/kg/day, intraperitoneally) group at 168h (P < 0.01). The serum
level of cTnT in the high-dose (12,000 mg/kg/day, intraperitoneally) group at 24h was increased (P < 0.05). The serum
level of cTnT in the high-dose (12,000 mg/kg/day, intraperitoneally) group at 72h and 120h were increased significantly

Table 5 TBIL Level in Each Group (μmol/l)

Groups 24h 72h 120h 168h

Control group 2.23±0.36 1.83±0.41 2.18±0.75 2.15±0.53

Low-dose group 2.20±0.35 2.00±0.28 1.75±0.91 2.20±0.51

Middle-dose group 2.32±0.48 1.97±0.38 2.45±0.84 1.88±0.88
High-dose group 2.37±0.60 2.05±0.30 2.30±0.62 —

Notes: Data are presented as mean±standard deviation; —, no specimen collected.

Figure 2 Effect of sodium cyclamate on serum levels of liver enzymes and bilirubin of mice. The serum levels of ALT (A), AST (B), TBIL (C) and DBIL (D) were measured
sodium cyclamate-treated at 24h, 72h, 120h and 168h. Values are the mean±standard deviation. *P < 0.05 vs parallel control group; **P < 0.01 vs parallel control group; #p <
0.01 vs 24h in this group. ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBIL, total bilirubin; DBIL, direct bilirubin.
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(P < 0.01), also in the low-dose (3000 mg/kg/day, intraperitoneally) and the middle-dose (6000 mg/kg/day, intraper-
itoneally) groups at 168h (P < 0.01). Compared with 24h in each group, the serum levels of CK, CK-MB and cTnT in the
low-dose (3000 mg/kg/day, intraperitoneally) and the middle-dose (6000 mg/kg/day, intraperitoneally) groups at 168h
were increased significantly (P < 0.01), also in the high-dose (12,000 mg/kg/day, intraperitoneally) group at 72h and 120h
(P < 0.01). There were no significant difference in the serum levels of CK, CK-MB and cTnT among the control groups
(P > 0.05; Tables 7– Table 9 and Figure 3).

Table 6 DBIL Level in Each Group (μmol/l)

Groups 24h 72h 120h 168h

Control group 1.40±0.33 1.22±0.29 1.37±0.81 1.62±0.17
Low-dose group 1.27±0.38 0.92±0.37 1.08±0.81 1.84±0.21

Middle-dose group 1.42±0.42 1.03±0.31 1.38±0.60 1.52±0.43

High-dose group 1.75±0.80 1.12±0.38 1.57±0.32 —

Notes: Data are presented as mean±standard deviation; —, no specimen collected.

Table 7 CK Level in Each Group (u/l)

Groups 24h 72h 120h 168h

Control group 1271.50±18.19 1228.83±73.92 1220.33±92.55 1256.67±95.27

Low-dose group 1277.17±49.46 1232.50±59.06 1265.50±76.11 1386.80±28.21*#

Middle-dose group 1288.67±56.23 1240.17±87.52 1352.50±33.33 3130.60±75.63**#

High-dose group 1326.17±38.03* 2793.17±36.27**# 4062.00±49.79**# —

Notes: Data are presented as mean±standard deviation; *P < 0.05 vs parallel control group; **P < 0.01 vs parallel control group; #p < 0.01 vs 24h in this group; —, no
specimen collected.

Table 8 CK-MB Level in Each Group (u/l)

Groups 24h 72h 120h 168h

Control group 654.50±53.73 671.00±38.99 685.50±40.29 701.50±25.08

Low-dose group 663.67±36.78 677.00±39.98 698.83±53.31 769.40±49.81*#

Middle-dose group 680.83±46.90 684.67±58.31 735.67±49.31 855.20±38.22**#

High-dose group 725.00±40.37* 1094.83±60.36**# 1270.67±26.08**# —

Notes: Data are presented as mean±standard deviation; *P < 0.05 vs parallel control group; **P < 0.01 vs parallel control group; #p < 0.01 vs 24h in this group; —, no
specimen collected.

Table 9 cTnT Level in Each Group (μg/l)

Groups 24h 72h 120h 168h

Control group 29.40±4.48 29.91±3.98 29.26±5.69 30.58±5.00
Low-dose group 30.00±5.07 29.99±5.25 33.68±3.20 74.53±3.88**#

Middle-dose group 30.06±5.42 30.58±5.28 37.36±2.75 95.12±3.69**#

High-dose group 36.54±1.40* 62.29±2.56**# 84.86±2.14**# —

Notes: Data are presented as mean±standard deviation; *P < 0.05 vs parallel control group; **P < 0.01 vs parallel control group; #p < 0.01 vs 24h in this
group; —, no specimen collected.
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Evaluation of Kidney Injury by Serum Analysis
No correlation was found between the serum levels of SCr and BUN with the sodium cyclamate dosage and treated time
in this experimental period. Compared with the parallel control group and 24h in each group, there were no significant
difference between the serum levels of SCr and BUN in each group (P > 0.05; Tables 10 and 11 and Figure 4).

Pathological Changes in Liver
As shown in Figure 5, clear structures of hepatic lobules and hepatic cords were observed in the control group with large and
round nuclei in the center of the cells, which arranged orderly. However, in the low-dose (3000 mg/kg/day, intraperitoneally)
group, the arrangement of hepatocytes was slightly disordered, some hepatocytes edema and ballooning changes. In the
middle-dose (6000 mg/kg/day, intraperitoneally) group, the arrangement of liver cells was disordered, lots of hepatocytes
edema and ballooning changes, a small amount of inflammatory cells infiltrated, the chromatin in nucleus reduced obviously.
Until 120h, the cytoplasm was reduced, even loose into a reticular. In the high-dose (12,000 mg/kg/day, intraperitoneally)

Table 10 SCr Level in Each Group (μmol/l)

Groups 24h 72h 120h 168h

Control group 21.17±5.00 18.83±5.12 19.67±2.81 25.67±3.50

Low-dose group 20.50±3.62 19.67±2.58 18.83±4.96 23.20±2.59

Middle-dose group 22.33±3.56 22.00±2.37 23.83±4.54 26.20±6.26
High-dose group 21.50±3.02 21.33±3.20 22.67±2.52 —

Notes: Data are presented as mean±standard deviation; —, no specimen collected.

Figure 3 Effect of sodium cyclamate on serum levels of heart enzymes and cardiac troponin of mice. The serum levels of CK (A), CK-MB (B) and cTnT (C) were measured
sodium cyclamate-treated at 24h, 72h, 120h and 168h. Values are the mean±standard deviation. *P < 0.05 vs parallel control group; **P < 0.01 vs parallel control group; #p <
0.01 vs 24h in this group. CK, creatine kinase; CK-MB, creatine kinase-MB; cTnT, cardiac troponin T.

Table 11 BUN Level in Each Group (Mmol/l)

Groups 24h 72h 120h 168h

Control group 7.63±1.37 8.65±1.67 10.33±3.62 9.88±3.32

Low-dose group 7.72±1.98 8.25±1.92 7.95±2.70 8.34±2.69

Middle-dose group 7.62±0.75 9.43±1.22 8.18±0.86 10.82±2.36
High-dose group 7.43±0.94 8.30±1.01 8.73±1.55 —

Notes: Data are presented as mean±standard deviation; —, no specimen collected.
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group, the structure of hepatic lobules was destroyed, the arrangement of hepatic cords obviously disordered, a large number
of hepatocytes edema and ballooning changes, inflammatory cells infiltrated, the proliferation and hypertrophy of Kupffer
cells, scattered punctate necrosis and focal necrosis. These results demonstrated that sodium cyclamate caused liver damage,
and with the increase of sodium cyclamate dosage and treated time, liver damage aggravated gradually.

Pathological Changes in Heart
As shown in Figure 6, cardiomyocytes were stained evenly and arranged neatly with clear structures in the control group.
However, in the low-dose (3000mg/kg/day, intraperitoneally) and the middle-dose (6000mg/kg/day, intraperitoneally) groups at
24h, 72h, 120h, a small amount of granular degeneration and ballooning changes appeared in individual muscle fibers gradually.
In the high-dose (12,000mg/kg/day, intraperitoneally) group at 24h, 72h, 120h, the low-dose (3000mg/kg/day, intraperitoneally)
and the middle-dose (6000 mg/kg/day, intraperitoneally) groups at 168h, the whole myocardial bundle showed granular
degeneration and ballooning changes, and some mycoplasma had vacuoles of varying sizes. These results revealed that
myocardial injury began to appear after sodium cyclamate reached a measure of sodium cyclamate dosage and treated time.

Figure 4 Effect of sodium cyclamate on serum levels of creatinine and blood urea nitrogen of mice. The serum levels of SCr (A) and BUN (B) were measured sodium
cyclamate-treated at 24h, 72h, 120h and 168h. Values are the mean±standard deviation. SCr, serum creatinine; BUN, blood urea nitrogen.

Figure 5 Sodium cyclamate induced liver injury. The liver sections were stained with HE and examined (magnification ×400). HE, hematoxylin and eosin.
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Pathological Changes in Kidney
As shown in Figure 7, the structures of renal tubules and glomerulus were normal in the control group. In the low-dose
(3000 mg/kg/day, intraperitoneally) and the middle-dose (6000 mg/kg/day, intraperitoneally) groups at 120h, individual
renal tubules were dilated, also in the high-dose (12,000 mg/kg/day, intraperitoneally) group at 24h. However, with the
increase of sodium cyclamate dosage and treated time, the epithelial cells of the renal tubules showed different degrees of
brush edge falling off and necrosis. Some of the basement membranes of the renal tubules were exposed and
inflammatory cells infiltrated in the low-dose (3000 mg/kg/day, intraperitoneally) and the middle-dose (6000 mg/kg/
day, intraperitoneally) groups at 168h, the high-dose (12,000 mg/kg/day, intraperitoneally) group at 72h and 120h. These
results reported that kidney injury began to appear after sodium cyclamate reached a measure of sodium cyclamate

Figure 6 Sodium cyclamate induced heart injury. The heart sections were stained with HE and examined (magnification ×400). HE, hematoxylin and eosin.

Figure 7 Sodium cyclamate induced kidney injury. The kidney sections were stained with HE and examined (magnification ×400). HE, hematoxylin and eosin.
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dosage and treated time. Moreover, the kidney damage caused by sodium cyclamate is mainly in renal tubular structure,
not in glomerulus.

Transmission Electron Microscopy
According to the changes of serum marker levels in liver, heart, kidney and HE staining in these tissues, it was
preliminarily found that the liver damage was obvious in the middle-dose (6000 mg/kg/day, intraperitoneally) group at
120h, while no obvious in the heart and kidney. Therefore, the liver tissues in the middle-dose (6000 mg/kg/day,
intraperitoneally) group at 120h was compared with the control group by transmission electron microscopy.

The ultra structural examination of the liver sections of the control group exhibited a round nucleus with homogeneous
chromatin in hepatocytes, prominent nuclear membrane, abundant glycogen granules, round or oval mitochondria, and normal
rough endoplasmic reticulum (Figure 8A and B). The ultra structural examination of the liver sections of the middle-dose
(6000 mg/kg/day, intraperitoneally) group at 120h, irregular chromatin condensation presented in the nuclei. In hepatocytes, the
number of mitochondria decreased, the cristae structure became disordered, shortened or disappeared, the number of glycogen
decreased significantly and the rough endoplasmic reticulum broke (Figure 8C and D). These results indicated that the sodium
cyclamate-induced acute DILI mouse model could be established by intraperitoneal injection of 6000 mg/kg/day sodium
cyclamate for 5 days successfully.

Figure 8 Sodium cyclamate induced liver injury by intraperitoneal injection of 6000 mg/kg/day for 5 days successfully. It was evidenced by transmission electron microscopy
micrographs of the hepatocytes of the liver tissue in the control (A and B) and sodium cyclamate-treated at 120h (C and D) groups. (scale bars: (A) 10 μm; B, (C) 2 μm; (D)
1μm).
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Immunohistochemical Expression of TNF-α and IL-1β
The positive expression color was tan. In the control group, negative immunostaining reaction of TNF-α and IL-1β
protein were observed in most of liver, heart and kidney tissues. In the sodium cyclamate-treated groups, the range of
positive expression increased with the increase of sodium cyclamate dosage.

At 120h, the average optical density (IOD/Area) of TNF-α and IL-1β positive expression increased in the liver tissues
with the increase of the dosage. Compared with the control group, the IOD/Area of TNF-α and IL-1β positive expression
in the low-dose (3000 mg/kg/day, intraperitoneally) group were increased significantly (P < 0.05), also in the middle-dose
(6000 mg/kg/day, intraperitoneally) and the high-dose (12,000 mg/kg/day, intraperitoneally) groups (P < 0.01; Table 12,
Figures 9A and 10).

In the heart tissues, compared with the control group, the IOD/Area of TNF-α and IL-1β positive expression in the
low-dose (3000 mg/kg/day, intraperitoneally) and the middle-dose (6000 mg/kg/day, intraperitoneally) groups were not
significant difference (P > 0.05), while in the high-dose (12,000 mg/kg/day, intraperitoneally) group increased signifi-
cantly (P < 0.05; Table 13, Figures 9B and 11).

In the kidney tissues, compared with the control group, the IOD/Area of TNF-α positive expression in the low-dose
(3000 mg/kg/day, intraperitoneally) and the middle-dose (6000 mg/kg/day, intraperitoneally) groups were not significant
difference (P > 0.05), while in the high-dose (12,000 mg/kg/day, intraperitoneally) group increased significantly (P <
0.05); the IOD/Area of IL-1β positive expression in the low-dose (3000 mg/kg/day, intraperitoneally) group was not
significant difference (P > 0.05), while in the middle-dose (6000 mg/kg/day, intraperitoneally) group (P < 0.05) and the
high-dose (12,000 mg/kg/day, intraperitoneally) group increased significantly (P < 0.01; Table 14, Figures 9C and 12).

These results manifested that the pathogenesis of acute liver, heart and kidney injury induced by sodium cyclamate
closely related to the inflammatory response mediated by TNF-α and IL-1β.

Discussion
In the past research, the inducers commonly used to establish the acute DILI animal model include CCl4, dimethylni-
trosamine (DMN), D-galactosamine combined with lipopolysaccharide and acetaminophen (APAP).18 But most of them
had their shortcomings. CCl4 has strong toxicity,19 which caused damage to multiple organ functions. It is volatile, which
caused irritation symptoms to the operator’s eyes and upper respiratory tract. DMN also had highly toxic,20 easily
absorbed by the operator through the respiratory tract, digestive tract and skin, which may caused the operator headache,
abdominal pain, nausea and dizziness. In severe cases, it may caused death. The operator should be careful when
operating. Moreover, its excreta is still toxic within 24h, which polluted the surrounding environment and other people.
D-galactosamine combined with lipopolysaccharide only damaged to liver,21 but its price is expensive. The solubility of
APAP is poor, which limited the success rate of its modeling.22 Therefore, it is worth establishing a new drug or chemical
induced liver injury animal model, which is simple to operate, safety for operators, high specificity, inexpensive and
stable.

As a common food additive, sodium cyclamate is used in preserved fruits, jams, pastries, biscuits and bread.23,24 It
has clear regulations on the dosage and use scope in China. However, in recent years, some illegal businesses have
seriously exceeded the scope and limit in the use of sodium cyclamate in order to gain more benefits. Previous studies

Table 12 The Expression of TNF-α and IL-1β Protein in the Liver at 120h
(IOD/Area)

Groups TNF-α IL-1β

Control group 0.0151±0.0010 0.0184±0.0008
Low-dose group 0.0164±0.0011* 0.0198±0.0010*

Middle-dose group 0.0210±0.0008** 0.0275±0.0011**

High-dose group 0.0244±0.0009** 0.0333±0.0008**

Notes: Data are presented as mean±standard deviation; *P < 0.05 vs control group; **P < 0.01 vs
control group.
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have shown that sodium cyclamate can widely distributed in the liver, heart, kidney and gastrointestinal tract.7,25 After
being absorbed in the body, it may caused liver cell necrosis, myocardial calcification, nephrocalcinosis and diarrhea. It
can pass through the placental barrier, and even lead to the bladder cancer.26

Sodium cyclamate had great solubility, which is non hygroscopic in solid state and not support the growth of bacteria.
It is easy to preserve, readily available, inexpensive, no stimulation and toxicity to skin, respiratory tract and digestive
tract during operation. The animal commonly used in experiment included mouse, rat, pig, monkey, rabbit and dog.

Figure 10 Expression of TNF-α and IL-1β detected via immunohistochemistry in the liver sections at 120h (magnification ×400). The positive color was tan.

Figure 9 The IOD/Area value of TNF-α and IL-1β positive expression in the liver (A), heart (B) and kidney (C) tissues positive expression in each group. The IOD/Area
were measured at 120h. Values are the mean±standard deviation. *P < 0.05 vs control group; **P < 0.01 vs control group. IOD/Area, average optical density.

Table 13 The Expression of TNF-α and IL-1β Protein in the Heart at
120h (IOD/Area)

Groups TNF-α IL-1β

Control group 0.0122±0.0007 0.0120±0.0008

Low dose group 0.0123±0.0004 0.0121±0.0007

Middle dose group 0.0126±0.0003 0.0123±0.0005
High dose group 0.0136±0.0002* 0.0132±0.0006*

Notes: Data are presented as mean±standard deviation; *P < 0.05 vs control group.
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Mouse had lots of advantages, such as inexpensive, readily available and its metabolism is similar to human. Therefore,
mouse plays an important role in establish liver injury animal models. Considering the fact that it is easy to cause the
mice death due to mistakenly entering the trachea by gavage, the method of intraperitoneal injection was selected for
administration.

The research showed that with the increase of sodium cyclamate dosage and treated time, the liver damage
became more obvious. The serum levels of ALT and AST were increased gradually. In addition, the serum level of
AST was increased more obvious than ALT. But the serum level of ALT increased is prior to the AST. AST is mainly
distributed in mitochondria. However, ALT is mainly distributed in the cytoplasm of liver epithelial cells. When
mitochondria damaged, the serum level of AST will increased significantly. If the membrane of liver epithelial cells
damaged, ALT is released into the blood. Therefore, in the past studies, the serum level of ALT is considered to be
the most sensitive indicator of liver function. The present study also verified this point. The pathological results
demonstrated that hepatocytes showed obvious ballooning changes in the low-dose (3000 mg/kg/day, intraperitone-
ally) group at 168h and the high-dose (12,000 mg/kg/day, intraperitoneally) group at 24h, but in those dosage and
treated time the myocardial bundle granular degeneration, ballooning changes and the renal tubules lumen expansion,
basement membrane exposure, which could not used as the most appropriate dosage and treated time. In the middle-
dose (6000 mg/kg/day, intraperitoneally) group, some hepatocytes edema and ballooning changes from 24h to 72h,
but those were not obvious. Until 120h, the arrangement of liver cells was disordered, lots of hepatocytes edema and
ballooning changes, a small amount of inflammatory cells infiltrated, the chromatin in nucleus and the cytoplasm
reduced, which indicated that the typical acute liver injury began to appear after sodium cyclamate reached a measure
of dosage and treated time. Moreover, it is not obvious damage to the heart and kidney tissues at this time.

The study suggested that the toxicity of sodium cyclamate to liver showed a dose-response and time-response
relationship. The sodium cyclamate-induced acute DILI mouse model can be established by intraperitoneal injection
of 6000 mg/kg/day sodium cyclamate for 5 days successfully. In this dosage and treated time, there is no obvious toxicity

Figure 11 Expression of TNF-α and IL-1β detected via immunohistochemistry in the heart sections at 120h (magnification ×400). The positive color was tan.

Table 14 The Expression of TNF-α and IL-1β Protein in the Kidney at 120h
(IOD/Area)

Groups TNF-α IL-1β

Control group 0.0096±0.0009 0.0105±0.0010
Low-dose group 0.0104±0.0011 0.0107±0.0008

Middle-dose group 0.0107±0.0011 0.0119±0.0011*

High-dose group 0.0117±0.0014* 0.0226±0.0009**

Notes: Data are presented as mean±standard deviation; *P < 0.05 vs control group; **P < 0.01
vs control group.
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to heart and kidney. It has great specificity and low mortality, which proves that this acute DILI mouse model is stable.
Besides, this method has the advantages of sensitive, easy, fast, economical and practical.

Nuclear factor κ-B (NF-κB) is a classical inflammatory signaling pathway. Previous studies found that activated NF-κB is
stimulated to transfer from cytoplasm to nucleus and bind to transcription start site, which promotes the release of TNF-α and
IL-1β.27 However, the high expression of TNF-α and IL-1β could increase the expression of NF-κB, then down regulate the
metabolic activity and protein expression of CYP2E1, which involved in the process of liver injury.28 TNF-α also plays a key
role in myocardial injury. It can directly inhibit myocardial contractility. The mechanism may be related to TNF-α activation
of sphingomyelinase, proteolytic enzyme and inhibition of calcium influx.29 A large number of neutrophils gather in the
damaged myocardium, release TNF-α and IL-1β, while the increased TNF-α and IL-1β in the myocardium further activate
immune cells and endothelial cells to produce other pro-inflammatory factors.30 TNF-α from the intrinsic cells of the kidney
could inhibit the synthesis of nitric oxide in renal tubular epithelial cells, which induces renal inflammation and injury.31 The
release of IL-1β makes neutrophils gather in the renal interstitium.32 After the renal interstitium damaged, causes the dysuria
and impaired urine reabsorption. In present study showed that the expression of TNF-α and IL-1β increased gradually at 120h
with the increase of sodium cyclamate dosage, which indicated that the acute liver, heart and kidney injury induced by
sodium cyclamate were closely related to the inflammatory response mediated by TNF-α and IL-1β.

The main weakness of the study is the experimental research method is relatively basic. Future studies will conduct
integrated research on genome, proteome, metabonomics and transcriptome, which will explore the toxicity mechanism
of sodium cyclamate from the perspective of systemic toxicology and find new DILI biomarkers.
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