Journal of Molecular Medicine (2020) 98:1203-1213
https://doi.org/10.1007/s00109-020-01950-7

JMolMed

®

REVIEW

Check for
updates

Metabolism of N-nitrosodimethylamine, methylation
of macromolecules, and development of hepatic fibrosis
in rodent models

Joseph George' ® - Mutsumi Tsuchishima’ - Mikihiro Tsutsumi’

Received: 4 March 2020 /Revised: 4 July 2020 / Accepted: 9 July 2020 / Published online: 14 July 2020
© Springer-Verlag GmbH Germany, part of Springer Nature 2020

Abstract

Hepatic fibrosis and cirrhosis are chronic diseases affecting liver and a major health problem throughout the world. The hallmark
of fibrosis and cirrhosis is inordinate synthesis and deposition of fibril forming collagens in the extracellular matrix of the liver
leading to nodule formation and loss of normal architecture. Hepatic stellate cells play a crucial role in the pathogenesis and
progression of liver fibrosis through secretion of several potent fibrogenic factors that trigger hepatocytes, portal fibrocytes, and
bone marrow—derived fibroblasts to synthesize and deposit several connective tissue proteins, especially collagens between
hepatocytes and space of Disse. Regulation of various events involved in the activation and transformation of hepatic stellate
cells seems to be an appropriate strategy for the arrest of hepatic fibrosis and liver cirrhosis. In order to unravel the molecular
mechanisms involved in the pathogenesis and progression of hepatic fibrosis, to determine proper and potent targets to arrest
fibrosis, and to discover powerful therapeutic agents, a quick and reproducible animal model of hepatic fibrosis and liver cirrhosis
that display all decompensating features of human condition is required. This review thoroughly evaluates the biochemical,
histological, and pathological features of N-nitrosodimethylamine-induced model of liver injury, hepatic fibrosis, and early

cirrhosis in rodents.
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Introduction

Hepatic fibrosis is the result of a pathological response of most
chronic liver injury and a serious health problem worldwide.
Hepatic fibrogenesis is a physiological process that converts
into a pathological situation due to contour stimulus from the
causative agent. Various types of chronic liver injury could lead
to fibrosis that gradually develops into liver cirrhosis and may
result in liver cancer [1, 2]. The hallmark of hepatic fibrosis is
an excessive synthesis and abnormal deposition of connective
tissue components, especially interstitial collagens in the extra-
cellular matrix of the liver [3—7]. It is the result of an abnormal
and repeated wound healing response generated as a result of
chronic liver injury from various factors, such as drugs, alcohol,
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non-alcoholic steatohepatitis (NASH), hepatitis B and C viral
(HBV & HCV) infections, autoimmune hepatitis, and chole-
static liver diseases [8, 9]. The pathogenesis of hepatic fibrosis
triggers from oxidative stress caused from elevated levels of
reactive oxygen species (ROS). This is followed with cellular
injury and production of a series of inflammatory cytokines
mainly transforming growth factor-31 (TGF-31), tumor necro-
sis factor-o« (TNF-«), and connective tissue growth factor
(CTGF) [10-14]. The elevated levels of various cytokines and
growth factors induce activation and transformation of resting
round hepatic stellate cells (HSCs) into star-shaped
myofibroblast-like cells with the expression of «-smooth mus-
cle actin (x-SMA) filaments as a characteristic marker [15-18].
The transformed stellate cells lose their retinoid deposits (vita-
min A), proliferate rapidly, and remarkably express a number of
connective tissue proteins, especially collagens, fibronectins,
laminin, and hyaluronic acid that accumulate in the extracellular
space of hepatic parenchyma [19-21]. Stellate cells also con-
tribute to liver regeneration and serve as a progenitor cell pop-
ulation with hepatobiliary characteristics [22, 23].
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The metabolism and detoxification of all drugs and mole-
cules are mostly happening in the liver through the cyto-
chrome P450 family of enzymes, which is one of the reasons
of chronic liver injury during the persistent detoxification pro-
cess [24-26]. The chronic liver injury and hepatic necrosis
activate several cytokines and growth factors that trigger re-
generative response and initiates wound healing [1, 27, 28].
The repeated wound healing process leads to scarring of he-
patic parenchyma along with blockage of hepatic sinusoids,
which results in portal hypertension [29-31]. Extensive scar-
ring of the hepatic mass causes nodular formation and distor-
tion of normal architecture that prevents liver’s ability to re-
generate by itself. Hepatic fibrosis or the process of
fibrogenesis is reversible up to a particular stage, which is hard
to define or explain precisely. Once the process of hepatic
fibrosis transforms into cirrhosis with extensive distortion of
lobular architecture and nodular formation, then it is unlikely
to reverse even if the injurious stimulus is removed perma-
nently. Therefore, it is important to stop or terminate the caus-
ative agent well in advance to prevent transformation of he-
patic fibrosis to advanced cirrhosis [32, 33]. Portal hyperten-
sion and extensive hepatocyte impairment lead to deregulation
of normal functioning of the liver resulting in liver failure [34,
35]. The repeated wound healing process involving cellular
regenerative events could cause genomic aberrations of nor-
mal mitotic process or mutations in tumor-suppressor genes
leading to the development of hepatocellular carcinoma
[36-41].

N-Nitrosodimethylamine
or dimethylnitrosamine

N-Nitrosodimethylamine, (NDMA) or dimethylnitrosamine
(DMN) [CH3),N,0, Mol. Wt. 74.08] is a yellow, semi-
volatile oily liquid with a characteristic odor. Table 1 depicts
most of the physical and chemical properties of NDMA. It
forms as a byproduct or waste product during several indus-
trial processes and present in trace amounts in tobacco smoke
condensate and cured or smoked meat products [42—45].
NDMA could be formed from dimethylamine during chlori-
nation of water [46] and can be degraded into dimethylamine
and nitrite by fermenting bacteria [47]. Chlorination or
chloramination of organic nitrogen-containing wastewater
treatment could produce NDMA at potentially harmful levels
[48]. The hepatotoxicity of NDMA was first reported by
Barnes and Magee in 1954 following two cases of liver cir-
rhosis in an industry in UK [49]. Later NDMA has been ex-
tensively studied and characterized as a potent hepatotoxin,
mutagen, and carcinogen [5, 50-53]. The highly reactive met-
abolic intermediates are responsible for the toxicities pro-
duced by NDMA and related nitrosamines and not by the
parent compound [52, 54]. The biologic half-life of NDMA
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is <10 min in rodents and about 20 min in non-human pri-
mates [55, 56]. As per US Environmental Protection Agency
(EPA), the maximal admissible concentration of NDMA in
drinking water is 7 ng/L [57].

Mechanism of DNA and protein methylation
by N-nitrosodimethylamine

Since NDMA is primarily metabolized and degrades in the
liver, its toxicity mainly affects the liver, especially in the
centrilobular area due to diffusion of the compound from the
hepatic central veins [58]. Metabolic degradation of NDMA in
the liver is largely through the microsomal membrane-bound
enzyme, cytochrome P-4502E1 [59—61]. The metabolic acti-
vation and degradation of NDMA by CYP2E] is depicted as
structural flowchart in Fig. 1. The activation of NDMA in-
volves a-C-hydroxylation by CYP2EI to form
hydroxymethylnitrosamine and subsequent dealkylation of re-
active intermediates to form methyldiazohydroxides and final-
ly alkylating agents [62]. The metabolism of NDMA in the
liver produces methylamine, formaldehyde, and methanol and
a highly reactive alkylating intermediate “methylcarbocation”
that reacts with nucleic acids and proteins to form methylated
macromolecules (Fig. 1). NDMA methylates proteins [63, 64]
and DNA [65] and forms specific DNA adducts [66, 67]. It
was demonstrated that in vitro preparations of human liver
slices can also metabolize NDMA and methylates its DNA
in the same order as rat liver slices [68]. While the basic
principles of the metabolism of NDMA and related nitrosa-
mine compounds are well established, only limited informa-
tion is available about the biochemical and molecular biolog-
ical mechanisms of organotropy in nitrosamine-related carci-
nogenesis [69—72].

N-Nitrosodimethylamine induced model
of hepatic fibrosis

Madden et al. [73] first developed the new canine model of
hepatic fibrosis employing NDMA. Later, Jenkins et al. [74]
had shown that serial administrations of NDMA in rats could
produce a reproducible model of hepatic fibrosis, cirrhosis,
and portal hypertension, as seen in human beings. Jezequel
and co-workers studied various aspects of the pathophysiolog-
ical and biochemical events associated with the development
of NDMA-induced hepatic fibrosis and demonstrated that it is
a good and reproducible animal model to investigate the early
events involved in the pathogenesis of human liver fibrosis
[75-82]. Recently, the model has been widely used to study
the molecular mechanisms involved in the pathogenesis of
hepatic fibrosis [83—86]. Furthermore, NDMA-induced model
of chronic liver injury has been employed to investigate the
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Table 1 Physical and chemical

properties of N- Property

Value/description

nitrosodimethylamine
Chemical formula

Molecular weight
Solubility in water

Specific gravity/density at 20 °C/4 °C

Melting point

Boiling point

Vapor pressure at 20 °C
Flash point

LDsyq (rat)

Physical description (physical state at RT)

Biohazards

C,HgN,O

74.083 g/mol

290 g/L at 20 °C
1.0048 g/mL

<25 °C (estimated)
153.1 °C (307.5 °F)
2.7 mmHg

61.0 °C (141.8 °F)
37.0 mg/kg (oral)
Yellow liquid with no distinct odor
Carcinogen, hepatotoxic

g/mol grams per mole, g/L grams per liter, °C degrees Celsius, g/mL grams per milliliter, °F" degrees Fahrenheit,
mm Hg millimeters of mercury, LDs, median lethal dose (lethal dose 50%), mg/kg milligram per kilogram, RT

room temperature

Source: Technical Fact Sheet—United States Environmental Protection Agency

arrest of activation of hepatic stellate cells and to study various
therapeutic approaches to prevent progression of fibrosis to
liver cirrhosis [8§7-92]. We have extensively studied various
pathological and biochemical events involved during the path-
ogenesis of NDMA-induced hepatic fibrosis in rodents. Our
studies covered glycoprotein metabolism [21], collagen bio-
synthesis and metabolism [5—7], LDH isoenzymes [93], bio-
chemical abnormalities [94], oxidative stress and osteopontin
[14, 95-99], hyaluronic acid and hyaluronidase [100, 101],
mineral and trace element metabolism [11, 102, 103], antiox-
idants [14, 104, 105] and gene therapy [17, 106], lysosomal
fragility [107, 108], role of metalloproteinases [18, 109, 110],
and various therapeutic approaches [111, 112]. Furthermore,
we recently reviewed the molecular mechanisms involved in
the pathogenesis of NDMA-induced hepatic fibrosis [1].
These studies clearly demonstrated that NDMA-induced ro-
dent model of hepatic fibrosis and early cirrhosis is a quick
and reproducible animal model to study various events in-
volved in the pathogenesis of human hepatic fibrosis and also
to screen antifibrotic agents that could reverse fibrosis and to
arrest the progression liver fibrosis to cirrhosis.

NDMA-induced hepatic fibrosis and early
cirrhosis in rats

NDMA-induced model of hepatic fibrosis and early cirrhosis
in albino rats is a well-established model and has been exten-
sively studied [5, 7, 11]. It is a quick and reproducible animal
model of hepatic fibrosis and early cirrhosis of human beings
depicting portal hypertension and other decompensating fea-
tures [74]. The best course of administration of NDMA
(Sigma-Aldrich #PHR2407, density 1.01 g/mL) to induce

hepatic fibrosis in rats is serial intraperitoneal injections in
doses of 1 mg/100 g body weight (10 ul diluted to 1 ml with
0.15 mol/L sterile NaCl) on three consecutive days of each
week over a period of 21 days [5]. The schematic presentation
of the timeline for NDMA-induced hepatic fibrosis is delin-
cated in Fig. 2 (Protocol A). Around 3-month-old albino rats
of the Wistar strain are ideal for induction of hepatic fibrosis
using NDMA. Young adult rats that are free from diseases
could produce uniform fibrosis in 3 weeks without much mor-
tality. The animals should be provided with commercial rat
feed pellets and water available ad libitum and maintained in a
12-h light/12-h dark cycle in an air-conditioned, humidity
controlled animal house. Treated animals could be sacrificed
either on days 7, 14, and 21 from the beginning of exposure or
at the end of the treatment period along with the vehicle-
treated control animals. Blood could be collected from the
right jugular vein after a deep cut with a scalpel blade.
Surgically remove the liver tissue rapidly, cut the median lobe
into pieces of 3-mm thick, and instantly fix in 10% phosphate-
buffered formalin for histopathological and immunohisto-
chemical studies. Sacrifice of the animals on 7th, 14th, and
21st days following NDMA treatment would be ideal for the
study of pathobiochemical alterations and mechanisms in-
volved in the pathogenesis of hepatic fibrosis. Sacrifice of
the animals at the endpoint would be suitable for the study
of early events involved in liver cirrhosis. Figure 3 depicts
Azan trichrome staining for collagen on 7th, 14th, and 21st
days following NDMA treatment. Staining for collagen was
absent in the livers of control animals except in central veins
(Fig. 3a). Fibrosis was initiated on day 7 accompanied with
the deposition of collagen fibers between central vein and
portal tracts (Fig. 3b). On day 14 following NDMA treatment,
there was intermittent deposition of thick collagen fibers in
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«Fig. 1 Schematic representation of metabolic degradation of N-
nitrosodimethylamine (NDMA) depicting formation of free radical and
methylation of macromolecules in liver. The metabolic activation and
degradation of NDMA by cytochrome P4502E1 produces formaldehyde
and methanol that would degrade further. The highly reactive methyl
cation covalently binds with nucleic acids and proteins to form methylat-
ed macromolecules that could lead to carcinogenicity

hepatic parenchyma (arrows). There was bridging necrosis
and fibrosis between portal tract and central veins (Fig. 3c).
All the liver sections from the 21st day animals demonstrated
extensive fibrosis and deposition of thick collagen fibers be-
tween central vein and portal tracts along with early cirrhosis
(Fig. 3d).

Another course of NDMA administration to induce
hepatic fibrosis and early cirrhosis in rats is serial intra-
peritoneal injections in doses of 1 mg (prepared in
0.15 M sterile NaCl)/100 g body weight for 7 consecu-
tive days [100]. The schematic representation of this
course is depicted in Fig. 2 (Protocol B). The animals
could be injected without anesthesia by holding them in
left hand and inject with right hand. Frequent anesthesia
could affect the health of the animals and may interfere
with uniform development of liver fibrosis. A set of an-
imals could be sacrificed on days 7, 14, and 21st follow-
ing NDMA administrations along with sham-treated con-
trol animals. Alternatively, the animals could be
sacrificed on day 21 or could keep up to day 28 or
beyond. Keeping the treated animals beyond the day 21
may result in regression of fibrosis in certain animals.

Fig. 2 Schematic presentation of
two different protocol timeline for
N-nitrosodimethylamine-induced
hepatic fibrosis in Wistar rats. a
Protocol for hepatic fibrosis. The
animals could be injected with

Wistar rats aged 3 months

N-Nitrosodimethylamine (NDMA)
Intraperitoneal injections, 1 mg/100 g body
weight (diluted 1:100 with 0.15 M NacCl)

Besides, a good percentage of animals could die.
However, a few animals could progress to cirrhosis and
may produce ascites with portal hypertension. Jenkins
et al. [74] maintained NDMA-treated rats up to 24—
48 weeks after the cessation of NDMA treatment. At
24 weeks after the treatment with NDMA, they reported
cirrhosis with diffuse nodularity and fibrosis, marked
portal hypertension, and accumulation of ascites as seen
in human beings. Figure 4 depicts Masson’s trichrome
staining for collagen and histochemical staining for
hyaluronic acid (HA) in paraffin liver sections of rats
injected with NDMA at a concentration of 1 mg/100 g
body weight for 7 consecutive days and sacrificed on
day 21 after the start of NDMA treatment. The sham-
treated control animal livers did not show staining for
collagen or hyaluronic acid. On day 21 following serial
administrations of NDMA, the animal livers depicted ex-
tensive deposition of mature collagen fibers (Fig. 4b, ar-
rows). There was marked bridging fibrosis with early
nodular cirrhosis. Staining for HA depicted marked ac-
cumulation of HA in the fibrotic areas indicating exten-
sive synthesis and deposition (Fig. 4d). The activated
stellate cells are mainly responsible for synthesis of HA
during pathogenesis of hepatic fibrosis [100]. In the
7 day course of serial administrations of NDMA, mas-
sive hepatic necrosis and collapse of liver parenchyma
may occur in certain cases [100]. NDMA-induced model
of liver fibrosis would not produce hepatic tumors or
carcinogenesis, which generally occurs after treatment
with N-nitrosodiethylamine (NDEA).

Wistar rats aged 3 months
N-Nitrosodimethylamine (NDMA)
Intraperitoneal injections, 1 mg/100 g body
weight (diluted 1:100 with 0.15 M NacCl)
Day 1

NDMA in doses of 1 mg/100 g
body weight (density 1.01 g/mL,
diluted 1:100 with 0.15 M sterile
NaCl) on three consecutive days
of a week over a period of

21 days. b Protocol for hepatic
fibrosis and early cirrhosis. The
animals could be injected with
1:100 diluted NDMA in doses of
1 mg/100 g body weight for 7
consecutive days. The injected
animals may be maintained up to
21 or 28 days for the development
of hepatic fibrosis or early
cirrhosis, respectively

ay
Inject 1:100 diluted NDMA l g’r!'edcé;s 110g g'l‘l’ltg% '\;L,),’(‘f';
ondays 1,2, and 3 14,9,4,9,0,

Day 7 (Sacrifice)

Day 7 (Sacrifice) (Collect blood and liver)

(Collect blood and liver)

Inject 1:100 diluted NDMA

ondays 8, 9, and 10 Day 14 (Sacrifice)

(Collect blood and liver)

Day 14 (Sacrifice)
(Collect blood and liver)
Day 21 (Sacrifice)
(Collect blood and liver)
Inject 1:100 diluted NDMA

ondays 15, 16, and 17

Day 21 (Sacrifice)
(Collect blood and liver)

Day 28 (Sacrifice)
(Collect blood and liver)

Protocol A Protocol B
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Fig. 3 Azan trichrome staining for collagen during the pathogenesis of
NDMA-induced hepatic fibrosis in rats. The animals were administered
with NDMA as serial intraperitoneal injections in doses of 1 mg/100 g
body weight on three consecutive days of each week over a period of
21 days. Treated animals were sacrificed on days 7, 14, and 21 from the
beginning of exposure. Paraffin-embedded liver sections were stained for
collagen along with untreated control samples (x 100). a Untreated con-
trol liver. Staining for collagen was absent in hepatic parenchyma. b Day

Fig. 4 Masson’s trichrome staining for collagen and histochemical
staining for hyaluronic acid (HA) in NDMA-induced hepatic fibrosis in
rats. The animals were treated with NDMA as intraperitoneal injections in
doses of 1 mg/100 g body weight for 7 consecutive days and sacrificed on
day 21 from the beginning of treatment. Paraffin-embedded liver sections
were stained for collagen and HA (x 100). a, ¢ Sham-treated control

@ Springer

7. Initiation of fibrosis and deposition of collagen fibers between central
vein and portal tracts (arrows). ¢ Day 14. Intermittent deposition of thick
collagen fibers in hepatic parenchyma (arrows). There was bridging ne-
crosis and fibrosis between portal tract and central veins. Focal fatty
changes were present. d Day 21. Extensive fibrosis and deposition of
thick collagen fibers between central vein and portal tracts (arrows).
Early nodular cirrhosis was present

v

animal livers did not show staining for collagen or HA, respectively. b
Day 21. NDMA-treated animal livers depicted extensive deposition of
mature collagen fibers (arrows). Bridging fibrosis and early nodular
cirrhosis were present. d Marked accumulation of HA in fibrotic areas
in conjunction with collagen indicating extensive synthesis of HA
(arrows)
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Murine model of NDMA-induced liver injury
and fibrosis

Our studies demonstrated that C57BL/6 mice could not with-
stand NDMA in doses of 1 mg/100 g body weight on three
consecutive days of each week over a period of 21 days (un-
published data). Almost all mice died within 7 days after the
first three injections due to unknown reasons. A lower dose of
0.8 mg/100 g body weight would keep the animals alive.
However, it was noticed that such a lower dose is not enough
to induce moderate amount of fibrosis in the liver. We ob-
served that 129/Sv mice could withstand NDMA doses much
better compared with C57BL/6 mice. However, still a good
percentage of mice may die during a 21-day course of NDMA
administration as in rats. Besides, the surviving mice would
not produce liver fibrosis as in the case of rats with a similar
course of NDMA treatment. Figure 5 depicts hematoxylin and
eosin (a, b) and Masson’s trichrome (c, d) staining in paraffin
liver sections of 129/Sv mice treated with NDMA in doses of
10 ng/g body weight (appropriately diluted with sterile saline)
on three consecutive days of each week over a period of
21 days. There was moderate to severe centrilobular hepato-
cyte necrosis and dilatation of central veins on day 7 after the
start of NDMA administration (Fig. 5a). On day 21 of NDMA
administration, massive and intense centrilobular hemorrhagic
necrosis was present (Fig. 5b). Masson’s trichrome staining
did not show collagen fibers in untreated control mice livers

(Fig. 5¢). However, on the 21st day of NDMA administration,
there was deposition of thin collagen fibers in the hepatic
parenchyma indicating centrilobular fibrosis (arrows) (Fig.
5d). Massive and intense centrilobular hemorrhagic necrosis
was present (Fig. 5d). The data demonstrated that NDMA-
induced liver injury in 129/Sv mice is not an appropriate mod-
el to investigate the biochemical and pathological changes
during hepatic fibrosis. In other studies, MMP13* mice on a
129/Sv genetic background that were generated on C57BL/6J
mice and MMP-1 transgenic mice generated on C57BL/6J X
CBA/J were treated with similar course of NDMA as above
and maintained them up to 28 days [18, 105, 109]. Those mice
produced better fibrosis with less necrosis. However, about
50% of the NDMA-treated animals died during the course of
the study. We have observed that intraperitoneal injections of
CCly at a dose of 5 ul/10 g body weight (diluted 1:19 with
mineral oil) weekly twice for a period of 1 month (9 injec-
tions) is the best course of treatment to induce hepatic fibrosis
in mice with zero death rate [96, 99]. This has been further
demonstrated by other investigators also [113, 114].

Summary
Compared with other models of hepatic fibrosis in rats, the

NDMA-induced model is a quick, easy, and reproducible animal
model for understanding the biochemical, pathophysiological,

Fig. 5 Hematoxylin and eosin (a, b) and Masson’s trichrome (¢, d)
staining in NDMA-treated mice liver. The animals were treated with
NDMA in doses of 10 pg/g body weight on three consecutive days of
each week over a period of 21 days. a NDMA 7 days. Moderate to severe
centrilobular hepatocyte necrosis and dilatation of central veins (x 40). b
NDMA 21 days (animal died before sacrifice). Massive and intense

centrilobular hemorrhagic necrosis (x 40). ¢ Untreated control mice
liver. Absence of staining for collagen (x 100). d NDMA day 21.
Deposition of thin collagen fibers in the hepatic parenchyma indicating
centrilobular fibrosis (arrows). There was massive and intense
hemorrhagic necrosis (x 100)
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and molecular events associated with the development of hepatic
fibrosis and liver cirrhosis. NDMA-induced liver injury in rats
reflects changes that occur in human hepatic fibrosis, and illus-
trates many of the features, such as portal hypertension and as-
cites, as well as a number of other histopathological changes and
biochemical abnormalities. One of the major differences noticed
compared with other models is the early onset of collagen depo-
sition, the major protein involved in hepatic fibrosis, and the key
event towards the progression to liver cirrhosis. Another advan-
tage of NDMA-induced model is that the liver damage is con-
sistent and irreversible with the dosing regimen described.
Overall, other animal models of fibrosis and cirrhosis of the liver
are rarely accompanied by the decompensating features of the
human condition, such as portal hypertension, ascites, hepatic
encephalopathy, and esophageal varices. Finally, NDMA-
induced model is an appropriate animal model to study the mo-
lecular mechanisms involved in the pathogenesis of hepatic fi-
brosis, and definitely a good model for rapid screening of
antifibrotic agents.

Author contributions J. George carried out the major experiments, col-
lected the data, analyzed and interpreted the data, and wrote the manu-
script. M. Tsuchishima was involved in the conception and design of the
study, provided materials, and evaluated the work. M. Tsutsumi obtained
funding and critically evaluated the contents of the manuscript.

Funding This work was partly supported from Japan Society for the
Promotion of Science (JSPS) by Grant # 10670515 to M. Tsutsumi.

Compliance with ethical standards

All the experimental works stated in the manuscript have been carried out
in compliance with ethical standards. All the animals received food and
water available ad libitum. All authors have read and approved the final
version of the manuscript and tacitly or explicitly share responsibility.

Ethical approval All the animal experiments stated in this manuscript
have been carried out with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health (NIH
Publication No. 86-23, revised 1996). The animals received humane care
as per the criteria outlined in the manual. The protocol was also approved
by the Animal Care and Research Committee of Kanazawa Medical
University on the Ethics of Animal Experiments.

Conflicts of interest The authors declare that they do not have no any
conflicts of interest. to declare in connection with this manuscript.

References

1. George J, Tsuchishima M, Tsutsumi M (2019) Molecular mecha-
nisms in the pathogenesis of N-nitrosodimethylamine induced he-
patic fibrosis. Cell Death Dis 10(1):18. https://doi.org/10.1038/
s41419-018-1272-8

2. Shay JES, Hamilton JP (2018) Hepatic fibrosis: avenues of inves-
tigation and clinical implications. Clin Liver Dis (Hoboken)11(5):
111-114. https://doi.org/10.1002/cld.702

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Parker R, Aithal GP, Becker U, Gleeson D, Masson S, Wyatt J1I,
Rowe IA (2019) Natural history of histologically proven alcohol-
related liver disease: a systematic review. J Hepatol 71(3): 586—
593. https://doi.org/10.1016/j.jhep.2019.05.020
Parola M, Pinzani M (2019) Liver fibrosis: pathophysiology, path-
ogenetic targets and clinical issues. Mol Aspects Med 65: 37-55.
https://doi.org/10.1016/j.mam.2018.09.002
George J, Rao KR, Stern R, Chandrakasan G (2001)
Dimethylnitrosamine-induced liver injury in rats: the early depo-
sition of collagen. Toxicology 156(2-3): 129-138. https://doi.
org/10.1016/s0300-483x(00)00352-8
George J, Chandrakasan G (1997) Collagen metabolism in di-
methylnitrosamine induced hepatic fibrosis in rats. FASEB J
11(9):A1094-A1094
George J, Chandrakasan G (1996) Molecular characteristics of
dimethylnitrosamine induced fibrotic liver collagen. Biochim
Biophys Acta 1292(2): 215-222. https://doi.org/10.1016/0167-
4838(95)00202-2
Mormone E, George J, Nieto N (2011) Molecular pathogenesis of
hepatic fibrosis and current therapeutic approaches. Chem Biol
Interact 193(3): 225-231. https://doi.org/10.1016/j.cbi.2011.07.
001
Lackner C, Tiniakos D (2019) Fibrosis and alcohol-related liver
disease. J Hepatol 70(2): 294-304. https://doi.org/10.1016/j.jhep.
2018.12.003
Muriel P (2019) Fighting liver fibrosis to reduce mortality associ-
ated with chronic liver diseases: the importance of new molecular
targets and biomarkers. EBioMedicine; 40: 35-36. https://doi.org/
10.1016/j.ebiom.2019.02.002
George J, Tsutsumi M, Tsuchishima M (2019) Alteration of trace
elements during pathogenesis of N-nitrosodimethylamine induced
hepatic fibrosis. Sci Rep 9(1): 708. https://doi.org/10.1038/
s41598-018-37516-4
Luangmonkong T, Suriguga S, Mutsaers HAM, Groothuis GMM,
Olinga P, Boersema M (2018) Targeting oxidative stress for the
treatment of liver fibrosis. Rev Physiol Biochem Pharmacol 175:
71-102. https://doi.org/10.1007/112_2018_10
Torok NJ (2016) Dysregulation of redox pathways in liver fibro-
sis. Am J Physiol Gastrointest Liver Physiol 311(4): G667-G674.
https://doi.org/10.1152/ajpgi.00050.2016
George J (2003) Ascorbic acid concentrations in
dimethylnitrosamine-induced hepatic fibrosis in rats. Clin Chim
Acta 335(1-2): 39-47. https://doi.org/10.1016/s0009-8981(03)
00285-7
Tsuchida T, Friedman SL (2017) Mechanisms of hepatic stellate
cell activation. Nat Rev Gastroenterol Hepatol; 14(7): 397-411.
https://doi.org/10.1038/nrgastro.2017.38
Ying HZ, Chen Q, Zhang WY, Zhang HH, Ma Y, Zhang SZ, Fang
J, Yu CH (2017) PDGF signaling pathway in hepatic fibrosis
pathogenesis and therapeutics. Mol Med Rep 16(6): 7879-7889.
https://doi.org/10.3892/mmr.2017.7641
George J, Tsutsumi M (2007) siRNA-mediated knockdown of
connective tissue growth factor prevents N-
nitrosodimethylamine-induced hepatic fibrosis in rats. Gene Ther
14(10): 790-803. https://doi.org/10.1038/sj.gt.3302929
George J, Tsutsumi M, Tsuchishima M (2017) MMP-13 deletion
decreases profibrogenic molecules and attenuates N-
nitrosodimethylamine-induced liver injury and fibrosis in mice. J
Cell Mol Med 21(12): 3821-3835. https://doi.org/10.1111/jcmm.
13304
Schuppan D, Ashfag-Khan M, Yang AT, Kim YO (2018) Liver
fibrosis: direct antifibrotic agents and targeted therapies. Matrix
Biol 68-69: 435-451. https://doi.org/10.1016/j.matbio.2018.04.
006


https://doi.org/10.1038/s41419-018-1272-8
https://doi.org/10.1038/s41419-018-1272-8
https://doi.org/10.1002/cld.702
https://doi.org/10.1016/j.jhep.2019.05.020
https://doi.org/10.1016/j.mam.2018.09.002
https://doi.org/10.1016/s0300-483x(00)00352-8
https://doi.org/10.1016/s0300-483x(00)00352-8
https://doi.org/10.1016/0167-4838(95)00202-2
https://doi.org/10.1016/0167-4838(95)00202-2
https://doi.org/10.1016/j.cbi.2011.07.001
https://doi.org/10.1016/j.cbi.2011.07.001
https://doi.org/10.1016/j.jhep.2018.12.003
https://doi.org/10.1016/j.jhep.2018.12.003
https://doi.org/10.1016/j.ebiom.2019.02.002
https://doi.org/10.1016/j.ebiom.2019.02.002
https://doi.org/10.1038/s41598-018-37516-4
https://doi.org/10.1038/s41598-018-37516-4
https://doi.org/10.1007/112_2018_10
https://doi.org/10.1152/ajpgi.00050.2016
https://doi.org/10.1016/s0009-8981(03)00285-7
https://doi.org/10.1016/s0009-8981(03)00285-7
https://doi.org/10.1038/nrgastro.2017.38
https://doi.org/10.3892/mmr.2017.7641
https://doi.org/10.1038/sj.gt.3302929
https://doi.org/10.1111/jcmm.13304
https://doi.org/10.1111/jcmm.13304
https://doi.org/10.1016/j.matbio.2018.04.006
https://doi.org/10.1016/j.matbio.2018.04.006

J Mol Med (2020) 98:1203-1213

1211

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

3s.

36.

37.

38.

39.

Elpek GO (2014) Cellular and molecular mechanisms in the path-
ogenesis of liver fibrosis: an update. World J Gastroenterol 20(23):
7260-7276. https://doi.org/10.3748/wjg.v20.i23.7260

George J, Chandrakasan G (1996) Glycoprotein metabolism in
dimethylnitrosamine induced hepatic fibrosis in rats. Int J
Biochem Cell Biol; 28(3): 353-361. https://doi.org/10.1016/
1357-2725(95)00140-9

Kordes C, Sawitza I, Goétze S, Herebian D, Haussinger D (2014)
Hepatic stellate cells contribute to progenitor cells and liver regen-
eration. J Clin Invest 124(12): 5503-5515. https://doi.org/10.
1172/JC174119

Friedman SL (2008) Hepatic stellate cells: protean, multifunction-
al, and enigmatic cells of the liver. Physiol Rev 88(1): 125-172.
https://doi.org/10.1152/physrev.00013.2007

Gu X, Manautou JE (2012) Molecular mechanisms underlying
chemical liver injury. Expert Rev Mol Med 14:e4

Sasaki E, Yokoi T (2018) Role of cytochrome P450-mediated
metabolism and involvement of reactive metabolite formations
on antiepileptic drug-induced liver injuries. J Toxicol Sci 43(2):
75-87. https://doi.org/10.2131/jts.43.75

George J (2020) Metabolism and interactions of antileprosy drugs.
Biochem Pharmacol 177: 113993. https://doi.org/10.1016/j.bcp.
2020.113993

Hoffmann K, Nagel AJ, Tanabe K, Fuchs J, Dehlke K,
Ghamarnejad O, Lemekhova A, Mehrabi A (2020) Markers of
liver regeneration-the role of growth factors and cytokines: a sys-
tematic review. BMC Surg 20(1): 31. https://doi.org/10.1186/
$12893-019-0664-8

Higashi T, Friedman SL, Hoshida Y (2017) Hepatic stellate cells
as key target in liver fibrosis. Adv Drug Deliv Rev 121:27-42
Gracia-Sancho J, Marrone G, Fernandez-Iglesias A (2019)
Hepatic microcirculation and mechanisms of portal hypertension.
Nat Rev Gastroenterol Hepatol 16(4): 221-234. https://doi.org/
10.1038/s41575-018-0097-3

Berzigotti A (2017) Advances and challenges in cirrhosis and
portal hypertension. BMC Med 15(1):200

Rockey DC (2006) Hepatic fibrosis, stellate cells, and portal hy-
pertension. Clin Liver Dis 10(3): 459—479. https://doi.org/10.
1016/5.c1d.2006.08.017

Seki E, Brenner DA (2015) Recent advancement of molecular
mechanisms of liver fibrosis. J Hepatobiliary Pancreat Sci 22(7):
512-518. https://doi.org/10.1002/jhbp.245

Aydin MM, Akgali KC (2018) Liver fibrosis. Turk J Gastroenterol
29(1): 14-21. https://doi.org/10.5152/tjg.2018.17330

Zhou WC, Zhang QB, Qiao L (2014) Pathogenesis of liver cirrho-
sis. World J Gastroenterol 20(23): 7312-7324. https://doi.org/10.
3748/wjg.v20.i23.7312

Hernaez R, Sola E, Moreau R, Ginés P (2017) Acute-on-chronic
liver failure: an update. Gut 66(3): 541-553. https://doi.org/10.
1136/gutjnl-2016-312670

Yang H, Lin P, Wu HY, Li HY, He Y, Dang YW, Chen G (2018)
Genomic analysis of small nucleolar RNAs identifies distinct mo-
lecular and prognostic signature in hepatocellular carcinoma.
Oncol Rep 40(6):3346-3358

Baglieri J, Brenner DA, Kisseleva T (2019) The role of fibrosis
and liver-associated fibroblasts in the pathogenesis of hepatocel-
lular carcinoma. Int J Mol Sci 20(7):1723

O'Rourke JM, Sagar VM, Shah T, Shetty S (2018) Carcinogenesis
on the background of liver fibrosis: implications for the manage-
ment of hepatocellular cancer. World J Gastroenterol 24(39):
4436-4447. https://doi.org/10.3748/wjg.v24.139.4436

Fujiwara N, Friedman SL, Goossens N, Hoshida Y (2018) Risk
factors and prevention of hepatocellular carcinoma in the era of
precision medicine. J Hepatol 68(3): 526-549. https://doi.org/10.
1016/j.jhep.2017.09.016

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

Matsue Y, Tsutsumi M, Hayashi N, Saito T, Tsuchishima M,
Toshikuni N, Arisawa T, George J (2015) Serum osteopontin
predicts degree of hepatic fibrosis and serves as a biomarker in
patients with hepatitis C virus infection. PLoS One 10(3):
e0118744. https://doi.org/10.1371/journal.pone.0118744
Tsuchishima M, George J, Shiroeda H, Arisawa T, Takegami T,
Tsutsumi M (2013) Chronic ingestion of ethanol induces hepato-
cellular carcinoma in mice without additional hepatic insult. Dig
Dis Sci 58(7): 1923-1933. https://doi.org/10.1007/s10620-013-
2574-4

Sgroi M, Vagliasindi FGA, Snyder SA, Roccaro P (2018) N-
Nitrosodimethylamine (NDMA) and its precursors in water and
wastewater: a review on formation and removal. Chemosphere
191: 685-703. https://doi.org/10.1016/j.chemosphere.2017.10.
089

Lv J, Wang L, Li Y (2017) Characterization of N-
nitrosodimethylamine formation from the ozonation of ranitidine.
J Environ Sci (China). 58: 116—126. https://doi.org/10.1016/j.jes.
2017.05.028

Hatzinger PB, Lewis C, Webster TS (2017) Biological treatment
of N-nitrosodimethylamine (NDMA) and N-nitrodimethylamine
(NTDMA) in a field-scale fluidized bed bioreactor. Water Res
https://doi.org/10.1016/j.watres.2017.09.040

Rhoades JW, Johnson DE (1972) N-dimethylnitrosamine in to-
bacco smoke condensate. Nature 236(5345): 307-308. https:/
doi.org/10.1038/236307b0

Mitch WA, Sedlak DL (2002) Formation of N-
nitrosodimethylamine (NDMA) from dimethylamine during
chlorination. Environ Sci Technol 36(4): 588-595. https://doi.
org/10.1021/es010684q

Liao E, Xu Y, Jiang Q, Xia W (2019) Effects of inoculating au-
tochthonous starter cultures on N-nitrosodimethylamine and its
precursors formation during fermentation of Chinese traditional
fermented fish. Food Chem 271: 174-181. https://doi.org/10.
1016/j.foodchem.2018.07.186

Park SH, Padhye LP, Wang P, Cho M, Kim JH, Huang CH (2015)
N-nitrosodimethylamine (NDMA) formation potential of amine-
based water treatment polymers: effects of in situ chloramination,
breakpoint chlorination, and pre-oxidation. J Hazard Mater 282:
133-40. https://doi.org/10.1016/j.jhazmat.2014.07.044

Barnes JM, Magee PN (1954) Some toxic properties of dimethyl-
nitrosamine. BrJ Ind Med 11(3): 167-74. https://doi.org/10.1136/
oem.11.3.167

Sheweita SA, El Banna YY, Balbaa M, Abdullah IA, Hassan HE
(2017) N-nitrosamines induced infertility and hepatotoxicity in
male rabbits. Environ Toxicol 32(9): 2212-2220. https://doi.org/
10.1002/tox.22436

Choi MJ, Zheng HM, Kim JM, Lee KW, Park YH, Lee DH (2016)
Protective effects of Centella asiatica leaf extract on
dimethylnitrosamine-induced liver injury in rats. Mol Med Rep
14(5): 4521-4528. https://doi.org/10.3892/mmr.2016.5809
Haggerty HG, Holsapple MP (1990) Role of metabolism in
dimethylnitrosamine-induced immunosuppression: a review.
Toxicology 63(1):1-23

Chen Z, Yang L, Huang Y, Spencer P, Zheng W, Zhou Y, Jiang S,
Ye W, Zheng Y, Qu W (2019) Carcinogenic risk of N-
nitrosamines in Shanghai drinking water: indications for the use
of ozone pretreatment. Environ Sci Technol 53(12):7007-7018
Wang X, Yang H, Zhou B, Wang X, Xie Y (2015) Effect of
oxidation on amine-based pharmaceutical degradation and N-
nitrosodimethylamine formation. Water Res 87: 403—411.
https://doi.org/10.1016/j.watres.2015.07.045

Anderson LM, Koseniauskas R, Burak ES, Moskal TJ, Gombar
CT, Phillips JM, Sansone EB, Keimig S, Magee PN, Rice JM
(1992) Reduced blood clearance and increased urinary excretion

@ Springer


https://doi.org/10.3748/wjg.v20.i23.7260
https://doi.org/10.1016/1357-2725(95)00140-9
https://doi.org/10.1016/1357-2725(95)00140-9
https://doi.org/10.1172/JCI74119
https://doi.org/10.1172/JCI74119
https://doi.org/10.1152/physrev.00013.2007
https://doi.org/10.2131/jts.43.75
https://doi.org/10.1016/j.bcp.2020.113993
https://doi.org/10.1016/j.bcp.2020.113993
https://doi.org/10.1186/s12893-019-0664-8
https://doi.org/10.1186/s12893-019-0664-8
https://doi.org/10.1038/s41575-018-0097-3
https://doi.org/10.1038/s41575-018-0097-3
https://doi.org/10.1016/j.cld.2006.08.017
https://doi.org/10.1016/j.cld.2006.08.017
https://doi.org/10.1002/jhbp.245
https://doi.org/10.5152/tjg.2018.17330
https://doi.org/10.3748/wjg.v20.i23.7312
https://doi.org/10.3748/wjg.v20.i23.7312
https://doi.org/10.1136/gutjnl-2016-312670
https://doi.org/10.1136/gutjnl-2016-312670
https://doi.org/10.3748/wjg.v24.i39.4436
https://doi.org/10.1016/j.jhep.2017.09.016
https://doi.org/10.1016/j.jhep.2017.09.016
https://doi.org/10.1371/journal.pone.0118744
https://doi.org/10.1007/s10620-013-2574-4
https://doi.org/10.1007/s10620-013-2574-4
https://doi.org/10.1016/j.chemosphere.2017.10.089
https://doi.org/10.1016/j.chemosphere.2017.10.089
https://doi.org/10.1016/j.jes.2017.05.028
https://doi.org/10.1016/j.jes.2017.05.028
https://doi.org/10.1016/j.watres.2017.09.040
https://doi.org/10.1038/236307b0
https://doi.org/10.1038/236307b0
https://doi.org/10.1021/es010684q
https://doi.org/10.1021/es010684q
https://doi.org/10.1016/j.foodchem.2018.07.186
https://doi.org/10.1016/j.foodchem.2018.07.186
https://doi.org/10.1016/j.jhazmat.2014.07.044
https://doi.org/10.1136/oem.11.3.167
https://doi.org/10.1136/oem.11.3.167
https://doi.org/10.1002/tox.22436
https://doi.org/10.1002/tox.22436
https://doi.org/10.3892/mmr.2016.5809
https://doi.org/10.1016/j.watres.2015.07.045

1212

J Mol Med (2020) 98:1203-1213

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

of N-nitrosodimethylamine in patas monkeys exposed to ethanol
or isopropyl alcohol. Cancer Res 52(6):1463—1468

Gombar CT, Harrington GW, Pylypiw HM Jr, Bevill RF,
Thurmon JC, Nelson DR, Magee PN (1988) Pharmacokinetics
of N-nitrosodimethylamine in swine. Carcinogenesis 9(8):
1351-1354. https://doi.org/10.1093/carcin/9.8.1351
Andrzejewski P, Kasprzyk-Hordern B, Nawrocki J (2005) The
hazard of N-nitrosodimethylamine (NDMA) formation during
water disinfection with strong oxidants. Desalination 176(1-3):
37-45

Hauber G, Frommberger R, Remmer H, Schwenk M (1984)
Metabolism of low concentrations of N-nitrosodimethylamine in
isolated liver cells of the Guinea pig. Cancer Res 44(4):1343—
1346

Gao J, Wang Z, Wang GJ, Zhang HX, Gao N, Wang J, Wang CE,
Chang Z, Fang Y, Zhang YF, Zhou J, Jin H, Qiao HL (2018)
Higher CYP2EI activity correlates with hepatocarcinogenesis in-
duced by diethylnitrosamine. J Pharmacol Exp Ther 365(2): 398—
407. https://doi.org/10.1124/jpet.117.245555

Chowdhury G, Calcutt MW, Nagy LD, Guengerich FP (2012)
Oxidation of methyl and ethyl nitrosamines by cytochrome P450
2E1 and 2B1. Biochemistry 51(50): 9995-10007. https://doi.org/
10.1021/bi301092¢

Yoo JS, Ishizaki H, Yang CS (1990) Roles of cytochrome
P450IIE1 in the dealkylation and denitrosation of N-
nitrosodimethylamine and N-nitrosodiethylamine in rat liver mi-
crosomes. Carcinogenesis. 11(12): 2239-2243. https://doi.org/10.
1093/carcin/11.12.2239

Preussmann R, Stewart BW (1984) N-nitroso carcinogens. In:
Chemical Carcinogens. 2nd edition (ACS Monograph Series
No.182) Searle CE (editor) pp. 643—828 American Chemical
Society, Washington DC

Croby NT (2018) Nitrosamines: a review of their chemistry, bio-
logical properties, and occurrence in the environment. /n:
Handbook of naturally occurring food toxicants, edited by
Rechcigl M pp. 131-160 CRC Press, Boca Raton, Florida
Magee PN, Hultin T (1962) Toxic liver injury and carcinogenesis.
Methylation of proteins of rat-liver slices by dimethylnitrosamine
in vitro. Biochem J 83(1): 106—114. https://doi.org/10.1042/
bj0830106

Lin H, Hollenberg PF (2001) N-nitrosodimethylamine-mediated
formation of oxidized and methylated dna bases in a cytochrome
P450 2E1 expressing cell line. Chem Res Toxicol 14(5): 562-566.
https://doi.org/10.1021/tx0001979

Carlson ES, Upadhyaya P, Hecht SS (2017) A general method for
detecting nitrosamide formation in the in vitro metabolism of ni-
trosamines by cytochrome P450s. J Vis Exp (127): 56312. https://
doi.org/10.3791/56312

Asamoto M, Mikheev AM, Jiang YZ, Wild CP, Hall J, Montesano
R (1991) Immunohistochemical detection of DNA alkylation ad-
ducts in rat and hamster liver after treatment with dimethylnitro-
samine. Exp Pathol 41(2): 71-78. https://doi.org/10.1016/s0232-
1513(11)80004-6

Jensen DE, Lotlikar PD, Magee PN (1981) The in vitro methyla-
tion of DNA by microsomally-activated dimethylnitrosamine and
its correlation with formaldehyde production. Carcinogenesis
2(4): 349-354. https://doi.org/10.1093/carcin/2.4.349

Kanda T, Goto T, Hirotsu Y, Moriyama M, Omata M (2019)
Molecular mechanisms driving progression of liver cirrhosis to-
wards hepatocellular carcinoma in chronic hepatitis B and C in-
fections: a review. Int J Mol Sci 20(6): 1358. https://doi.org/10.
3390/ijms20061358

Arrese M, Hernandez A, Astete L, Estrada L, Cabello-Verrugio C,
Cabrera D (2018) TGF-f3 and hepatocellular carcinoma: when a
friend becomes an enemy. Curr Protein Pept Sci 19(12): 1172—
1179. https://doi.org/10.2174/1389203718666171117112619

@ Springer

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Tolba R, Kraus T, Liedtke C, Schwarz M, Weiskirchen R (2015)
Diethylnitrosamine (DEN)-induced carcinogenic liver injury in
mice. Lab Anim 49(1 Suppl): 59-69. https://doi.org/10.1177/
0023677215570086

Hebels DG, Jennen DG, Kleinjans JC, de Kok TM (2009)
Molecular signatures of N-nitroso compounds in Caco-2 cells:
implications for colon carcinogenesis. Toxicol Sci 108(2): 290—
300. https://doi.org/10.1093/toxsci/kfp035

Madden JW, Gertman PM, Peacock EE Jr (1970)
Dimethylnitrosamine-induced hepatic cirrhosis: a new canine
model of an ancient human disease. Surgery 68(1):260-267
Jenkins SA, Grandison A, Baxter JN, Day DW, Taylor I, Shields
R (1985) A dimethylnitrosamine-induced model of cirrhosis and
portal hypertension in the rat. J Hepatol 1(5): 489—499. https://doi.
org/10.1016/s0168-8278(85)80747-9

Jézéquel AM, Mancini R, Rinaldesi ML, Macarri G, Venturini C,
Orlandi F (1987) A morphological study of the early stages of
hepatic fibrosis induced by low doses of dimethylnitrosamine in
the rat. J Hepatol 5(2): 174-181. https://doi.org/10.1016/s0168-
8278(87)80570-6

Jézéquel AM, Mancini R, Rinaldesi ML, Ballardini G, Fallani M,
Bianchi F, Orlandi F (1989) DimethyInitrosamine-induced cirrho-
sis. Evidence for an immunological mechanism. J Hepatol 8(1):
42-52. https://doi.org/10.1016/0168-8278(89)90160-8

Jezequel AM, Ballardini G, Mancini R, Paolucci F, Bianchi FB,
Orlandi F (1990) Modulation of extracellular matrix components
during dimethylnitrosamine-induced cirrhosis. J Hepatol 11(2):
206-214. https://doi.org/10.1016/0168-8278(90)90115-8
Paolucci F, Mancini R, Marucci L, Benedetti A, Jezequel AM,
Orlandi F (1990) Immunohistochemical identification of prolifer-
ating cells following dimethylnitrosamine-induced liver injury.
Liver 10(5): 278-281. https://doi.org/10.1111/j.1600-0676.1990.
tb00470.x

Mancini R, Paolucci F, Svegliati Baroni G, Jezequel AM, Orlandi
F (1991) Phenotypic analysis of inflammatory infiltrate in rats
with dimethylnitrosamine-induced cirrhosis. Int J Exp Pathol
72(2):119-128

Mancini R, Jezequel AM, Benedetti A, Paolucci F, Trozzi L,
Orlandi F (1992) Quantitative analysis of proliferating sinusoidal
cells in dimethylnitrosamine-induced cirrhosis. An immunohisto-
chemical study. J Hepatol 15(3): 361-366. https://doi.org/10.
1016/0168-8278(92)90069-2

Mancini R, Benedetti A, Jezequel AM (1994) An interleukin-1
receptor antagonist decreases fibrosis induced by dimethyInitrosa-
mine in rat liver. Virchows Arch 424(1): 25-31. https://doi.org/10.
1007/BF00197389

Baroni GS, D'Ambrosio L, Curto P, Casini A, Mancini R,
Jezequel AM, Benedetti A (1996) Interferon gamma decreases
hepatic stellate cell activation and extracellular matrix deposition
in rat liver fibrosis. Hepatology 23(5): 1189-1199. https://doi.org/
10.1002/hep.510230538

Salem NA, Hamza A, Alnahdi H, Ayaz N (2018) Biochemical and
molecular mechanisms of platelet-rich plasma in ameliorating liv-
er fibrosis induced by diimethylnitrosurea. Cell Physiol Biochem
47(6): 2331-2339. https://doi.org/10.1159/000491544

Liu X, Dai R, Ke M, Suheryani I, Meng W, Deng Y (2017)
Differential proteomic analysis of dimethylnitrosamine (DMN)-
induced liver fibrosis. Proteomics 17(22). https://doi.org/10.
1002/pmic.201700267

Kawano T, Murata M, Hyodo F, Eto H, Kosem N, Nakata R,
Hamano N, Piao JS, Narahara S, Akahoshi T, Hashizume M
(2016) Noninvasive mapping of the redox status of
dimethyInitrosamine-induced hepatic fibrosis using in vivo dy-
namic nuclear polarization-magnetic resonance imaging. Sci Rep
6:32604. https://doi.org/10.1038/srep32604


https://doi.org/10.1093/carcin/9.8.1351
https://doi.org/10.1124/jpet.117.245555
https://doi.org/10.1021/bi301092c
https://doi.org/10.1021/bi301092c
https://doi.org/10.1093/carcin/11.12.2239
https://doi.org/10.1093/carcin/11.12.2239
https://doi.org/10.1042/bj0830106
https://doi.org/10.1042/bj0830106
https://doi.org/10.1021/tx0001979
https://doi.org/10.3791/56312
https://doi.org/10.3791/56312
https://doi.org/10.1016/s0232-1513(11)80004-6
https://doi.org/10.1016/s0232-1513(11)80004-6
https://doi.org/10.1093/carcin/2.4.349
https://doi.org/10.3390/ijms20061358
https://doi.org/10.3390/ijms20061358
https://doi.org/10.2174/1389203718666171117112619
https://doi.org/10.1177/0023677215570086
https://doi.org/10.1177/0023677215570086
https://doi.org/10.1093/toxsci/kfp035
https://doi.org/10.1016/s0168-8278(85)80747-9
https://doi.org/10.1016/s0168-8278(85)80747-9
https://doi.org/10.1016/s0168-8278(87)80570-6
https://doi.org/10.1016/s0168-8278(87)80570-6
https://doi.org/10.1016/0168-8278(89)90160-8
https://doi.org/10.1016/0168-8278(90)90115-8
https://doi.org/10.1111/j.1600-0676.1990.tb00470.x
https://doi.org/10.1111/j.1600-0676.1990.tb00470.x
https://doi.org/10.1016/0168-8278(92)90069-2
https://doi.org/10.1016/0168-8278(92)90069-2
https://doi.org/10.1007/BF00197389
https://doi.org/10.1007/BF00197389
https://doi.org/10.1002/hep.510230538
https://doi.org/10.1002/hep.510230538
https://doi.org/10.1159/000491544
https://doi.org/10.1002/pmic.201700267
https://doi.org/10.1002/pmic.201700267
https://doi.org/10.1038/srep32604

J Mol Med (2020) 98:1203-1213

1213

86.

87.

88.

89.

90.

91.

92.

93.

94.

9s.

96.

97.

98.

99.

100.

Chooi KF, Kuppan Rajendran DB, Phang SS, Toh HH (2016) The
dimethylnitrosamine induced liver fibrosis model in the rat. J Vis
Exp (112):54208. https://doi.org/10.3791/54208

Kiziltas H, Ekin S, Bayramoglu M, Akbas E, Oto G, Yildirim S,
Ozgokce F (2017) Antioxidant properties of Ferulago angulata
and its hepatoprotective effect against N-nitrosodimethylamine-
induced oxidative stress in rats. Pharm Biol 55(1): 888-897.
https://doi.org/10.1080/13880209.2016.1270974

Zheng XY, Zhao X, Yang YF, Jiang HJ, Li W, Sun Y, Pu XP
(2017) Antioxidant, antiapoptotic and amino acid balance regulat-
ing activities of 1,7-dihydroxy-3.4,8-trimethoxyxanthone against
dimethylnitrosamine-induced liver fibrosis. PLoS One 12(12):
¢0189344. https://doi.org/10.1371/journal.pone.0189344

Sferra R, Vetuschi A, Pompili S, Gaudio E, Speca S, Latella G
2017 Expression of pro-fibrotic and anti-fibrotic molecules in
dimethylnitrosamine-induced hepatic fibrosis. Pathol Res Pract
213(1): 58-65. https://doi.org/10.1016/j.prp.2016.11.004

Zhang X, Zhang J, Jia L, Xiao S (2016) Dicliptera chinensis poly-
saccharides target TGF-3/Smad pathway and inhibit stellate cells
activation in rats with dimethylnitrosamine-induced hepatic fibro-
sis. Cell Mol Biol 62(1):99-103

Zhang K, Gao Y, Zhong M, Xu Y, Li J, Chen Y, Duan X, Zhu H
(2016) Hepatoprotective effects of Dicliptera chinensis polysac-
charides on dimethylnitrosamine-induced hepatic fibrosis rats and
its underlying mechanism. J Ethnopharmacol 179: 38—44. https://
doi.org/10.1016/j.jep.2015.12.053

XuY, Peng Z, Ji W, Li X, Lin X, Qian L, Li X, Chai X, Wu Q,
Gao Q, Su C (2015) A novel matrine derivative WM 130 inhibits
activation of hepatic stellate cells and attenuates
dimethyInitrosamine-induced liver fibrosis in rats. Biomed Res
Int 2015: 203978. https://doi.org/10.1155/2015/203978

George J, Chandrakasan G (1997) Lactate dehydrogenase isoen-
zymes in dimethylnitrosamine induced hepatic fibrosis. J Clin
Biochem Nutr 22(1):51-62

George J, Chandrakasan G (2000) Biochemical abnormalities dur-
ing the progression of hepatic fibrosis induced by dimethylnitro-
samine. Clin Biochem 33(7): 563-570. https://doi.org/10.1016/
$0009-9120(00)00170-3

George J, Saito T, Hayashi N, Ozaki K, Tsutsumi M, Tsuchishima
M (2019) SPP1 gene knockout in human hepatic stellate cells
decreased profibrogenic cytokines and collagen gene expression.
J Hepatol 70(Suppl 1):e193. https://doi.org/10.1016/S0618-
8278(19)30357-3

Urtasun R, Lopategi A, George J, Leung TM, Lu Y, Wang X, Ge
X, Fiel MI, Nieto N (2012) Osteopontin, an oxidant stress sensi-
tive cytokine, up-regulates collagen-1 via integrin «x(V){3(3) en-
gagement and PI3K/pAkt/NFkB signaling. Hepatology 55(2):
594-608. https://doi.org/10.1002/hep.24701

Lopategi A, George J, Nieto N (2010) Hepatic stellate cells se-
cretes osteopontin under oxidative stress and contributes to
fibrogenic response mediated through integrin «, (33 and PI3K/
pAkt pathway. Hepatology 52 (Suppl S1): 1260A-1261A https:/
doi.org/10.1002/hep.23997

Tsutsumi M, George J, Nomura T, Hayashi N, Arisawa T (2012)
Serum osteopontin levels as a diagnostic marker for hepatic fibro-
sis. Alcoholism: Clin Exp Re 36 (Suppl S2), 59A-59A

George J, Isabel Fiel M, Nieto N (2010) Carbon tetrachloride-
induced liver injury and fibrosis correlates with osteopontin ex-
pression in mice. Hepatology 52 (Suppl S1): 453A—453A. https://
doi.org/10.1002/hep.23979

George J, Tsutsumi M, Takase S (2004) Expression of hyaluronic
acid in N-nitrosodimethylamine induced hepatic fibrosis in rats.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Int J Biochem Cell Biol 36(2): 307-319. https://doi.org/10.1016/
s1357-2725(03)00253-x

George J, Stern R (2004) Serum hyaluronan and hyaluronidase:
very early markers of toxic liver injury. Clin Chim Acta 348(1-2):
189-197. https://doi.org/10.1016/j.cccn.2004.05.018

George J (2018) Determination of selenium during pathogenesis
of hepatic fibrosis employing hydride generation and inductively
coupled plasma mass spectrometry. Biol Chem 399(5): 499-509.
https://doi.org/10.1515/hsz-2017-0260

George J (2006) Mineral metabolism in dimethylnitrosamine-
induced hepatic fibrosis. Clin Biochem 39(10): 984-991. https://
doi.org/10.1016/j.clinbiochem.2006.07.002

George J, Tsutsumi M (2014) Epigallocatechin gallate treatment
decreases osteopontin expression and attenuates N-
nitrosodimethylamine induced hepatic fibrosis in rats.
Hepatology 60 (Suppl S1): 583A—583A. https://doi.org/10.1002/
hep.27513

George J, Suguna L, Jayalakshmi R, Chandrakasan G (2006)
Efficacy of silymarin and curcumin on dimethylnitrosamine in-
duced liver fibrosis in rats. Biomedicine 26(3-4):18-26

George J, Tsutsumi M, D’Armiento J (2010) MMP-13 deletion
attenuates N-nitrosodimethylamine induced hepatic fibrosis in
mice. Hepatology 52 (Suppl S1): 1284A—1284A. https:/doi.org/
10.1002/hep.23997

George J (2008) Elevated serum beta-glucuronidase reflects he-
patic lysosomal fragility following toxic liver injury in rats.
Biochem Cell Biol 86(3): 235-243. https://doi.org/10.1139/008-
038

George J, Tsutsumi M (2008) Elevated serum beta-glucuronidase
reflects hepatic lysosomal fragility following toxic liver injury in
rats. Hepatology 48 (Suppl S1): 929A-930A https://doi.org/10.
1002/hep.22646

George J, D’Armiento J, Tsutsumi M (2011) Human MMP-1
transgene protects experimentally induced hepatic fibrosis in
mice. Hepatology 54 (Suppl S1): 1223A—1223A. https://doi.org/
10.1002/hep.24666

George J, Tsutusmi M, Takase S (2000) Expression of TIMP-1
and TIMP-2 in N-nitrosodimethylamine induced hepatic fibrosis
in rats. Hepatology 32(4 Pt. 2): 505A-505A

George J, Minato T, Matsue Y, Hirakawa Y, Tsutsumi M,
Tsuchishima M (2019) Combination treatment with epigallocate-
chin gallate and silibinin restored antioxidant defense mechanisms
and prevented N-nitrosodimethylamine induced hepatic fibrosis
in rats. Hepatol International 13(Suppl 1):S128-S129

George J, Tsutusmi M (2008) Interfering of connective tissue
growth factor mRNA protects N-nitrosodimethylamine induced
toxic liver injury in rats. Hepatology 48 (Suppl S1): 912A—
913A. https://doi.org/10.1002/hep.22646

Magdaleno F, Arriazu E, Ruiz de Galarreta M, Chen Y, Ge X,
Conde de la Rosa L, Nieto N (2016) Cartilage oligomeric matrix
protein participates in the pathogenesis of liver fibrosis. J Hepatol
65:963-971

Gao J, Wei B, de Assuncao TM, Liu Z, Hu X, Ibrahim S, Cooper
SA, Cao S, Shah VH, Kostallari E (2020) Hepatic stellate cell
autophagy inhibits extracellular vesicle release toattenuate liver
fibrosis. J Hepatol 73. https://doi.org/10.1016/j.jhep.2020.04.044

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3791/54208
https://doi.org/10.1080/13880209.2016.1270974
https://doi.org/10.1371/journal.pone.0189344
https://doi.org/10.1016/j.prp.2016.11.004
https://doi.org/10.1016/j.jep.2015.12.053
https://doi.org/10.1016/j.jep.2015.12.053
https://doi.org/10.1155/2015/203978
https://doi.org/10.1016/s0009-9120(00)00170-3
https://doi.org/10.1016/s0009-9120(00)00170-3
https://doi.org/10.1016/S0618-8278(19)30357-3
https://doi.org/10.1016/S0618-8278(19)30357-3
https://doi.org/10.1002/hep.24701
https://doi.org/10.1002/hep.23997
https://doi.org/10.1002/hep.23997
https://doi.org/10.1002/hep.23979
https://doi.org/10.1002/hep.23979
https://doi.org/10.1016/s1357-2725(03)00253-x
https://doi.org/10.1016/s1357-2725(03)00253-x
https://doi.org/10.1016/j.cccn.2004.05.018
https://doi.org/10.1515/hsz-2017-0260
https://doi.org/10.1016/j.clinbiochem.2006.07.002
https://doi.org/10.1016/j.clinbiochem.2006.07.002
https://doi.org/10.1002/hep.27513
https://doi.org/10.1002/hep.27513
https://doi.org/10.1002/hep.23997
https://doi.org/10.1002/hep.23997
https://doi.org/10.1139/o08-038
https://doi.org/10.1139/o08-038
https://doi.org/10.1002/hep.22646
https://doi.org/10.1002/hep.22646
https://doi.org/10.1002/hep.24666
https://doi.org/10.1002/hep.24666
https://doi.org/10.1002/hep.22646
https://doi.org/10.1016/j.jhep.2020.04.044

	Metabolism of N-nitrosodimethylamine, methylation of macromolecules, and development of hepatic fibrosis in rodent models
	Abstract
	Introduction
	N-Nitrosodimethylamine or dimethylnitrosamine
	Mechanism of DNA and protein methylation by N-nitrosodimethylamine
	N-Nitrosodimethylamine induced model of hepatic fibrosis
	NDMA-induced hepatic fibrosis and early cirrhosis in rats
	Murine model of NDMA-induced liver injury and fibrosis
	Summary
	References


