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Methods and Results: In our study, the combination of the commonly used solvent dimethyl sulfoxide to
the current-day model of lipopolysaccharide/p-galactosamine-caused fulminant hepatic failure was
found to cause significantly greater hepatic damage, as indicated by alanine aminotransferase level.
Animal models The effect was dose-dependent, with the maximum increase in alanine aminotransferase observed fol-
Translational study lowing 200 pl/kg dimethyl sulfoxide co-administration. Co-administration of 200 pl/kg dimethyl sulfox-
Caspase-3 ide also remarkably increased histopathological changes induced by lipopolysaccharide/p-galactosamine.
Necrosis Importantly, alanine aminotransferase levels and survival rate in the 200 pl/kg dimethyl sulfoxide co-
administration groups were both greater than those in the classical lipopolysaccharide/p-
galactosamine model. We found that dimethyl sulfoxide co-administration aggravated lipopolysaccha-
ride/p-galactosamine-caused liver damage by stimulating inflammatory signaling, as indicated by tumor
necrosis factor alpha (TNF-a), interferon gamma (IFN-vy), inducible nitric oxide synthase (iNOS), and
cyclooxygenase-2 (COX-2) levels. Further, nuclear factor kappa B (NF-kB) and transcription factor activa-
tor 1 (STAT1) were upregulated, as was neutrophil recruitment, indicated by myeloperoxidase activity.
Hepatocyte apoptosis was also increased, and greater nitro-oxidative stress was noted, as determined
based on nitric oxide, malondialdehyde, and glutathione levels.
Conclusion: Co-treatment with low doses of dimethyl sulfoxide enhanced the lipopolysaccharide/p-
galactosamine-caused hepatic failure in animals, with higher toxicity and greater survival rates. The cur-
rent findings also highlight the potential danger of using dimethyl sulfoxide as a solvent in experiments
involving the hepatic immune system, suggesting that the new lipopolysaccharide/p-galactosamine/
dimethyl sulfoxide model described herein could be used for pharmacological screening with the goal
to better understand hepatic failure and evaluate treatment approaches.
© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

"% Corresponding author. Fulminant hepatic failure (FHF) is a life-threatening disease rec-

E-mail address: attiasm@ksu.edu.sa (S.M. Attia). ognized by severe liver inflammation, including the increased
Peer review under responsibility of King Saud University. release of inflammatory cytokines, reduced protein synthesis, and
reduced detoxification, resulting in encephalopathy (Sass and
Shakil 2005). FHF can have various causes, such as autoimmune
hepatitis, Wilson’s disease, and Hepatitis B infection, with viral-
FLSEVIER Production and hosting by Elsevier or toxin-induced FHF being most common. No curative treatment
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for FHF exists, apart from liver replacement (Sass and Shakil 2005).
While systemic inflammation is known to underpin FHF initiation
and progression, the specific molecular mechanisms at play remain
unclear. Understanding these is essential for the development of
novel therapeutic medications.

Animal models enable the investigation of pathological mecha-
nisms involved in FHF, facilitating the subsequent clinical transla-
tion of findings. Approaches for the induction of pre-clinical FHF
models can be classified into immunogenic, surgical, or pharmaco-
logical. A number of pharmacological models have been investi-
gated. Among the widely used agents are p-galactosamine (p-
GalN), carbon tetrachloride, and acetaminophen (Hefler et al.,
2021). p-GalN is an amino sugar derived from galactose and
induces toxicity through depleting the uridine intracellular stores,
which is required for RNA synthesis, thus resulting in UDP-
galactosamine accumulation. This also deprives the cells of UDP-
galactose, uridine derivative, and UDP-glucose, which are neces-
sary for the synthesis of glycogen, in addition to altering intracel-
lular calcium homeostasis, with major implications for energy
metabolism, organelles, membranes, as well as nucleic acid and
protein synthesis.

Within the liver, the innate immune system is the initial line of
defenses against gut-derived lipopolysaccharide (LPS; bacterial
toxin) and plays a critical role in the regulation of liver homeostasis
(Robinson et al., 2016). The liver is specifically enriched in natural
killer cells (NK), Kupffer cells, and natural killer T cells (NKT). These
play a main role in killing off microorganisms. Pathogen-associated
molecular patterns such as LPS, can recognize and activate pattern
recognition receptors on specific antigen-presenting cells, such as
Kupffer cells. In severe cases, activated Kupffer cells release several
mediators, such as tumor necrosis factor alpha (TNF-a), which
leads to neutrophil infiltration that can initiate the inflammatory
response and subsequent liver injury (Triantafyllou et al., 2018).
Additionally, activated NKT cells exert their actions via the release
of the proinflammatory cytokines interferon gamma (IFN-y) and
TNF-o, whereas stimulated NK cells release IFN-y (Tacke et al,,
2009).

Mice are comparatively resistant to high LPS doses, which may
induce death because of hypotensive shock, but do not lead hepatic
injury. Nevertheless, p-GalN co-administration sensitized mice to
LPS, leading to FHF (Galanos et al., 1979). The LPS/p-GalN combina-
tion model can induce FHF within a few hours, having become one
of the most common experimental murine models of FHF for the
study of novel therapeutic tools (Farghali et al., 2016, Maes et al.,
2016). The sequential events that occur during FHF induction in
this model are as follows: First, LPS binds to toll-like receptor 4
(TLR4) expressed on Kupffer cells and rapidly stimulates the
expression cytokines, especially TNF-o, within a few hours
(Schlayer et al., 1988). Second, TNF-a is a powerful neutrophil acti-
vator, and cell death mainly depends on reactive oxygen species
formation by neutrophils, which induces intracellular oxidative
stress in target cells (Jaeschke and Smith 1997). Third, TNF-a
causes the expression of various adhesion molecules on sinusoidal
endothelial cells, some of which are important for the extravasa-
tion and cytotoxicity of neutrophils (Jaeschke and Hasegawa
2006). Fourth, in the LPS/p-GalN model, secreted TNF-o primarily
leads to hepatocyte apoptosis via TNF receptor 1 and caspase acti-
vations (Jaeschke et al., 1998). TNF-a produced by LPS-activated
Kupffer cells can result in the survival or death of hepatocytes,
depending on the signaling complex recruited to the receptor.
The binding of TNF-a to its receptor stimulates the nuclear factor
kappa B (NF-kB) pathway, causing the induction of antiapoptotic
and proinflammatory proteins that provide survival signals and
thus minimize hepatocyte death. Upon activation of the TNF recep-
tor, NF-kB is activated, driving the transcription of antiapoptotic
and proinflammatory genes (Liedtke and Trautwein 2012).
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Nevertheless, high-dose p-GalN administration depletes cellular
UTP pools and prevents RNA synthesis in liver cells for many hours.
Transcription halts antiapoptotic gene expression, thus allowing
signaling to proceed to caspase activation and subsequent DNA
fragmentation (Maes et al., 2016).

Dimethyl sulfoxide (DMSO) is an amphiphilic molecule, mean-
ing it has both lipophilic and hydrophilic characteristics, which
makes it a suitable solvent for drugs and chemicals with low water
solubility. DMSO is usually considered a relatively inert solvent,
and its underappreciated effect may lead to the misinterpretation
of experimental results. In many experimental studies, DMSO has
been observed to have a wide-range of pharmacological effects
that can be of relevance in the study of several pathological condi-
tions. Importantly, DMSO can induce adverse biological effects
(Jacob and Herschler 1986). An earlier report demonstrated the
toxic effect of DMSO on NKT and NK cells in vivo, as indicated by
the increased levels of proinflammatory cytokine IFN-y (Masson
et al., 2008). Therefore, we hypothesized that DMSO will exacer-
bate FHF induced by lower doses of the current LPS/p-GalN model
through the exaggerated effect of the proinflammatory cytokines
IFN-v and TNF-o on hepatocytes, which could provide a modified
and sensitive FHF model.

Numerous combinations of p-GalN and LPS have been applied
to establish FHF. The most widely used combination is 50 pg/kg
LPS and 800 mg/kg p-GalN. Although this 50 pg/800 mg combina-
tion can generate FHF within a few hours, it is accompanying with
a high mortality rate. In contrast, the combination of 10 pg/kg LPS
with 400 mg/kg p-GalN induces mild non-lethal hepatitis (Farghali
et al., 2009, Farghali et al., 2016). LPS/p-GalN-caused-FHF is pri-
marily mediated by Kupffer cells and NK cells, with IFN-y and
TNF-o as the decisive mediators that cause hepatic apoptosis.
DMSO has been observed to elevate IFN-y gene expressions in
NK cells in vivo (Masson et al., 2008).

In the present investigation, we used LPS/p-GalN (10 pg/k
/400 mg/kg) in combination with DMSO to evaluate whether
DMSO would aggravate FHF caused by lower doses of the
current-day LPS/p-GalN model through the upregulation of pro-
inflammatory cytokines TNF-a, and IFN-y which could result in a
modified and superior FHF model. We present an improved model
of LPS/p-GalN-induced FHF achieved through the use of a lower
dose of LPS/p-GalN (10 pg/kg/400 mg/kg) and the addition of a
minor dose of DMSO (200 pl/kg) to develop higher toxicity and
improve survival rate as compared to the classic LPS/p-GalN model
(50 pg/kg/800 mg/kg). We consider that this model would be of
use for understanding the molecular pathophysiology of FHF as
well as for the pharmacological screening of potential FHF
therapies.

2. Materials and methods
2.1. Mice

Male Swiss albino mice aged 9-12 weeks and weighing 19-26 g
were used. The mice were acquired from the Animal Center of King
Saud University, Pharmacy College, Riyadh, KSA. All mice were
allowed to acclimatize in clean plastic cages (6 mice/plastic cage)
inside a well-ventilated room before investigations. Animals were
maintained in a well-conditioned animal house, with standard
food and drinking water ad libitum, under a controlled atmosphere
of humidity (40-60 %) and temperature (18-23 °C), with an alter-
nating 12 light/12 h dark cycle. Once blood and liver samples were
collected, the carcass were placed in appropriate colored opaque
plastic bags which then were disposed according to protocol fol-
lowed by the committee for prevention of chemical and biological
pollution at King Saud University. All investigational processes
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were carried out after approval from The Animal Care and Research
Committee of the College of Pharmacy, King Saud University (KSU-
SE-21-27), and all mice received humane care, consistent with NIH
guidelines.

2.2. Experimental protocol

For the dose-response experiments, the mice were randomized
into eight groups of 10 mice each. Different doses of DMSO (100,
200, and 400 pl/kg) were administered intraperitoneally directly
after the LPS/p-GalN (10 pg/kg/ 400 mg/kg) injection. DMSO, LPS/
and p-GalN were obtained from Sigma-Aldrich (St. Louis, MO,
USA). A saline-treated control group was also included. The tested
doses of DMSO are non-toxic well tolerated by mice (LDsg = 6.2 mL/
kg, when applied intraperitoneally) (Bartsch et al., 1976). The doses
of LPS and p-GalN were based on earlier published investigations
(Farghali et al., 2016). Six hours after DMSO and/or LPS/p-GalN
injection, the animals were euthanized by cervical dislocation after
intraperitoneal administration of 50 mg/kg pentobarbital. Blood
samples were withdrawn from the heart, and sera were separated
for the assessment of liver injury based on the serum levels of ala-
nine aminotransferase (ALT) measured using a diagnostic kit (Teco
Diagnostics, Anaheim, CA). Administration of LPS/p-GalN resulted
in a statistically significant rise in ALT activity as compared to that
in untreated control mice. Co-administration of DMSO with LPS/p-
GalN caused in a significant elevation in LPS/p-GalN hepatic injury
in a dose-dependent manner, with the maximum increase in ALT
activity observed with 200 pl/kg DMSO co-administration
(Fig. 1). Based on these results, 200 pl/kg DMSO was chosen to
explore the mechanisms underlying this aggravating effect.

For the main investigation, animals were randomly separated
into four groups: the first group was administrated saline only,
the second group received DMSO (200 pl/kg), the third group
was administered LPS/p-GalN (10 pg/kg/ 400 mg/kg), and the
fourth group was administered a mixture of LPS/p-GalN (10 pg/
kg/ 400 mg/kg) and DMSO (200 pl/kg). Animals were sacrificed 2
or 6 h following LPS/p-GalN and DMSO injection, where after liver
and blood samples were collected. A group of mice injected with
classical doses of LPS/p-GalN (50 pg/ kg/ 800 mg/kg) was also
included to compare liver injury and mortality rates. For the sur-
vival test, mice in a separate experiment were treated as in the
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Fig. 1. DMSO aggravates LPS/p-GalN increased serum ALT activity. Data shown as
mean = SD (N = 6). Different doses of DMSO (100, 200, and 400 pl/kg) was
administered intraperitoneally following LPS/p-GalN (10 pg/kg/400 mg/kg) injec-
tion. Six hours following injection, blood samples were withdraw for evaluation of
serum levels of ALT activity. **P < 0.01 versus control animals and P < 0.05 versus
LPS/p-GalN (10/400) exposed animals (Kruskal-Wallis test followed by Dunn’s test
for multiple comparisons). SP < 0.01 versus LPS/p-GaIN exposed animals and
##p < 0.01 versus control animals (Mann-Whitney U test). LPS = lipopolysaccharide,
p-GalN = D galactosamine and DMSO = dimethyl sulfoxide.
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main study, then animals were monitored every 2 h for 4 days,
and dead mice were recorded.

2.3. Serum and liver sampling

Sera were extracted from withdrawn cardiac blood via centrifu-
gation and then used fresh or frozen at —80 °C until use. Excised
liver tissues were washed twice with ice-cold normal saline and
processed for histopathology or stored at —80 °C until use in other
assays. Livers were plotted dry on filter papers, weighed, homoge-
nized in phosphate-buffered saline or in an appropriate buffer
(100 mg/ml), and centrifuged at 4 °C. Supernatant protein concen-
trations were assessed using a BCA protein assay kit (Santa Cruz
Biotechnology, Inc., USA) with BSA as the standard, following man-
ufacturer instructions.

2.4. Biochemical analysis

Serum ALT, AST, bilirubin, albumin, urea, TNF-a and IFN-y con-
centrations were assessed using ELISA kits, following manufac-
turer’s instruction. Liver reduced glutathione (GSH) level was
assessed using 5,5’-dithiobis (2-nitrobenzoic acid) based on the
methods of Ellman (Ellman 1959), with GSH as the standard, as
previously described (Attia et al., 2009). Lipid peroxidation in the
hepatic homogenate was determined using a method described
earlier (Ohkawa et al., 1979), based on one of the end-product of
this process, thiobarbituric acid reactive substances (TBARS). Since
99 % of TBARS are malondialdehyde (MDA), lipid peroxide levels
were evaluated from a standard curve using 1,1,3,3-tetra-
methoxy-propane, as described earlier (Attia 2008). Nitrate/nitrite
(NOx) in hepatic samples was evaluated as nitrite based on the
technique illustrated by Miranda et al. (Miranda et al., 2001), as
previously described (Harisa et al., 2014). Hepatic caspase-3 activ-
ity was assessed by the Caspase-3/CPP32 colorimetric assay Kkits
(BioVision, Mountain View, CA, USA) according to the manufac-
turer’s protocol, as previously described (Bakheet et al.,, 2011,
Saquib et al., 2012). Myeloperoxidase (MPO) activity in liver homo-
genates was assessed using an adaptation of the protocol described
by Bradley et al. (Bradley et al., 1982).

2.5. Real-Time PCR

TRIzol reagent was applied to extract total RNA form excised
livers, according to the manufacturer’s instructions. The quantity
and quality of the eluted RNA were evaluated with a NanoDrop
8000 spectrophotometer by measuring the absorbance at 260 nm
and the 260:280 nm ratio, respectively. cDNA was produced via
reverse transcription using a High-Capacity cDNA Archive Kits
(Applied Biosystems, CA, USA) (Attia et al., 2013). Real-time poly-
merase chain reaction was carried out using commercially avail-
able primers for mouse cyclooxygenase-2 (COX-2), inducible
nitric oxide synthase (iNOS), and GAPDH on a 7500 Fast Real-
Time PCR System (Applied Biosciences), as previously described
(Ahmad et al., 2015, Al-Hamamah et al., 2019). The primers that
were used in this investigation are shown in Table 1 (Alanazi

Table 1
Mice primer sequences used for RT- PCR.

Gene Primer sequences
COX-2 F: 5'-CAT TCT TTG CCC AGC ACT TCA C-3'
R: 5’-GAC CAG GCA CCA GAC CAA AGA C-3/
iNOS F: 5'-CCT GGT ACG GGC ATT GCT-3'
R: 5-GCT CAT GCG GCC TCC TTT-3’
GAPDH F: 5'-TGA AGC AGG CAT CTG AGG G-3’

R: 5'-CGA AGG TGG AAG AGT GGG AG-3'
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et al., 2017). Relative gene expression was calculated as per the
2-AACT method (Livak and Schmittgen 2001). Data are shown as
the fold-changes in gene expressions normalized to the reference
GAPDH gene.

2.6. Western blot analysis

Liver tissues were homogenized in the RIPA lysis buffer
(150 mM NacCl, 0.1 % SDS, 1 % Nonidet P-40, 20 mM Tris, 0.5 %
sodium deoxycholate and 1 mM EDTA) containing the protease
inhibitors at 4 °C. The lysates were kept on ice for 1 h with sporadic
vortexing every 10 min and then centrifuged at 16000 rpm for
10 min at 4 °C. Total protein in the supernatant RIPA-soluble frac-
tion was determined using a BCA protein assay kits (Santa Cruz
Biotechnology, Inc., USA), following the manufacturer’s instruction.
Supernatant protein (25 pg) was boiled in equal amount of 2x
Laemmli sample buffer (65.8 mM Tris-HCl, pH 6.8, 26.3 % (w/v)
glycerol, 2.1 % SDS, 0.01 % bromophenol blue and 5 % B-
mercaptoethanol) for 5 min and then pipetted into 10 % SDS poly-
acrylamide gel. Following electrophoresis, protein samples were
transferred onto methanol pre-soaking PVDF membrane in a trans-
fer buffer (25 mM Tris-HCl, 25 % methanol, and 192 mM glycine)
and blotted with primary antibodies against NF-xB, Tyr701-
phosphorylated transcription factor activator 1 (pSTAT1), total
STAT1, and B-actin (Santa Cruz Biotechnology, US) diluted to
1:5000, overnight. The nitrocellulose membranes were washed
with wash buffer (0.1 % Tween-20 in TBS) and incubated with
the 1:1000 dilution of horseradish peroxidase-conjugated sec-
ondary antibodies for 60 min at 25 °C, as previously described
(Ahmad et al., 2017, Attia et al., 2017). Enhanced chemilumines-
cence (Amersham Pharmacia Biotech, NJ) was applied to picture
the protein bands. The intensity of distinct bands was evaluated
by densitometry (C-DiGit Blot Scanner, LI-COR Inc. USA) and nor-
malized to that of the housekeeping gene B-actin.

2.7. Histopathological examination

Hepatic tissues were fixed in 10 % formalin solution for a min-
imum 48 h and used for further processing. The liver specimens
were then sliced, and sections were used for histopathological
assessments. Following routine automated processing, the
histopathology slides containing the liver specimens were stained
with hematoxylin and eosin (H & E) (Zoheir et al., 2015). The
stained glass slides were investigated by an experienced
histopathologist in the absence and presence of liver injury.

2.8. Statistics

Results are shown as the mean + SD. The obtained data were
first analyzed for normality and homogeneity of the mean using
the Kolmogorov-Smirnov and Bartlett’s tests, respectively. Data
were analyzed using parametric, Student’s t-test, and one-way
ANOVA followed by Tukey-Kramer test for multiple comparisons
or non-parametric, Mann-Whitney U test, and Kruskal-Wallis test
followed by Dunn’s test for multiple comparison. All analyses were
performed using Graph Pad InStat software. Differences were con-
sidered significant if P < 0.05.

3. Results
3.1. DMSO exacerbates the LPS/p-GalN-induced increase in ALT
Fig. 1 shows the influence of different concentrations of DMSO

on the serum ALT activity at 6 h in LPS/p-GalN-treated and
untreated mice. Administration of a single dose of LPS/p-GalN
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(10 pg/kg/ 400 mg/kg) resulted in a significant rise in ALT activity
compared with control mice. We did not detect any significant dif-
ferences in serum ALT activity between animals receiving different
doses of DMSO. Administration of DMSO (100, 200 and 400 pl/kg)
together with LPS/p-GalN significantly increased LPS/p-GalN toxic-
ity at all tested doses. The highest ALT activity was observed with
200 pl/kg DMSO when compared to that in the LPS/p-GalN-injected
mice. We therefore decided to use 200 pl/kg DMSO in subsequent
experiments exploring the underlying mechanisms of this exacer-
bated hepatotoxic effect.

3.2. DMSO exacerbates LPS/p-GalN-induced liver injury and improves
survival rate

In the classical model of LPS/p-GalN (50 ng/kg/ 800 mg/kg), the
activity of mice was markedly decreased, and a great number of
short-term deaths were noted. Clinical assessment revealed that
death was preceded by progressive hepatic encephalopathy char-
acterized by an impaired response to painful stimuli, weakened
head support, deteriorated righting reflex, and lethargy. The mice
soon developed hepatic coma, which lasted for approximately
2 h before animal death. These data were in line with the clinico-
pathological characteristics of FHF, indicating that the FHF mouse
model was successfully constructed. As shown in Table 2 and
Fig. 2, LPS/p-GalN injection significantly elevated serum bilirubin,
urea, ALT and AST levels, while decreasing serum albumin levels.
Co-administration of 200 pl/kg DMSO and LPS/p-GalN (10 ng/kg/
400 mg/kg) markedly worsened these parameters. Meanwhile,
administration of DMSO alone (200 pl/kg) resulted in non-
significant alterations in the parameters compared to their values
in untreated control mice. At six hours following LPS/p-GalN treat-
ment, the mortality rate in the classical model of LPS/p-GalN
(50 pg/kg/ 800 mg/kg), was 37.5 %, and all animals died within
10 h, whereas in the animals receiving LPS/p-GaIN (10 pg/kg/
400 mg/kg) with or without 200 pl/kg DMSO, the mortality rate
was approximately 14 % (Fig. 2). After LPS/GalN (50 pg/kg/800 m
g/kg) injection, the animals began to die within 5 h, and the death
rate reached 100 % at 10 h. In contrast, animals treated with LPS/p-
GalN (10 pg/kg/ 400 mg/kg) with or without DMSO started to die at
6 h and co-administration of 200 pl/kg DMSO was remarkably able
to maintain the survival rate of animals treated with LPS/p-GalN
(10 png/kg/ 400 mg/kg). All mice treated with LPS/p-GalN (10 pg/
kg/ 400 mg/kg) with or without 200 pl/kg DMSO died within 3 days
(Fig. 3), following the development of hepatic encephalopathy and
a period of hepatic coma that lasted 2 h on average before death.
Blood drawn from animals was not included in the survival
statistics.

3.3. DMSO increases proinflammatory cytokine production in LPS/p-
GalN-injected mice

LPS-induced proinflammatory cytokine production increases
local inflammation and immune cell infiltration, with subsequent
liver damage. Figs. 4 and 5 show the effect of 200 pl/kg DMSO on
the serum levels of proinflammatory cytokines TNF-o and IFN-y
in LPS/p-GalN (10 pg/kg/ 400 mg/kg)-treated and control animals.
We did not observe significant changes in the levels of these
cytokines in DMSO-treated mice. TNF-o. and IFN-y were signifi-
cantly elevated in LPS/p-GalN animals 2 h after injection compared
to their levels in control animals. Co-treatment of DMSO with LPS/
p-GalN resulted in an obvious elevation in TNF-a and IFN-v levels
when compared with LPS/p-GalN alone.
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Table 2
Liver injury parameters in animals following LPS/p-GalN and DMSO injections.
Groups Bilirubin (mg/dl) Albumins (g/dl) Blood urea AST activity (U/L)
(mg/dI)
Control 091 £ 0.27 3.15 + 0.66 39.83 £ 7.57 139.12 £ 38.14
DMSO 0.90 + 0.23 3.10 £ 0.80 42.33 + 8.68 185.50 + 41.90
LPS/p-GaIN 2.66 +0.51" 1.90 + 0.39" 95.50 + 11.77" 371.00 * 89.0*

LPS/p-GalN/DMSO 416 + 052"

1.31+ 0417

140.0 £ 16.117° 2708.0 + 575"

Data shown as mean * SD (N = 6). DMSO (200 pl/kg) was administered intraperitoneally following LPS/p-GalN (10 pg/kg/400 mg/kg) injection. Six hours following injection,
blood were withdraw for measurements of serum levels of bilirubin, albumins, blood urea and AST activity. *P < 0.05 and **P < 0.01 versus control animals and °P < 0.01 versus
LPS/p-GalN (10/400) exposed animals (ANOVA test followed by Tukey-Kramer test for multiple comparisons). LPS = lipopolysaccharide, p-GalN = D galactosamine and

DMSO = dimethyl sulfoxide.
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Fig. 2. DMSO aggravates LPS/p-GalN caused-liver injury as determined by ALT
activity (blue bars) and reduces the mortality rate (dashed line). Data shown as
mean * SD (N = 6). DMSO (200 pl/kg) was administered intraperitoneally following
LPS/p-GalN (10 pg/kg/400 mg/kg) injection. Six hours following injection, blood
samples were withdraw for measurements of serum level of ALT activity. Mortality
rate was wlso recorded during 6 h following treatment. **P < 0.01 versus control
animals (Kruskal-Wallis test followed by Dunn’s test for multiple comparisons).
##p < 0.01 versus control animals and P < 0.01 versus LPS/p-GalN (10/400) exposed
animals (Mann-Whitney U test). LPS = lipopolysaccharide, p-GalN = D galactosamine
and DMSO = dimethyl sulfoxide.
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Fig. 3. DMSO co-administration improves the survival rate. DMSO (200 pl/kg)
was administered intraperitoneally following LPS/p-GalN (10 pg/kg/400 mg/kg)
injection. LPS = lipopolysaccharide, p-GalN = D galactosamine and DMSO = dimethyl
sulfoxide.

3.4. DMSO stimulates LPS/p-GalN-caused NF-kB and STAT1 activations

The results of western blotting are presented in Fig. 6. Repre-
sentative bands for each protein of interest and p-actin are shown
in Fig. 6A. Since NF-kB is a master regulator of inflammatory
responses to LPS, its expression was examined. As seen in Fig. 6B,
animals treated with 200 pl/kg DMSO did not show any difference
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(Kruskal-Wallis test followed by Dunn’s test for multiple comparisons). P < 0.01
versus LPS/p-GalN (10/400) exposed animals (Mann-Whitney U test).
LPS = lipopolysaccharide, p-GalN = D galactosamine and DMSO = dimethyl
sulfoxide.
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Fig. 5. DMSO increases pro-inflammatory cytokine TNF-o production in LPS/p-
GalN treated animals. Data shown as mean * SD (N = 6). DMSO (200 pl/kg) was
administered intraperitoneally following LPS/p-GalN (10 pg/kg/400 mg/kg) injec-
tion. Two hours following injection, blood samples were withdraw for measure-
ments of serum level of TNF-a.. **P < 0.01 versus control animals (Kruskal-Wallis
test followed by Dunn’s test for multiple comparisons). **P < 0.01 versus control
animals and P < 0.01 versus LPS/p-GalN (10/400) exposed animals (Mann-Whitney
U test). LPS = lipopolysaccharide, p-GalN = D galactosamine and DMSO = dimethyl
sulfoxide.

in NF-xB expression compared to untreated control animals. Cellu-
lar NF-kB levels were significantly upregulated in the hepatocytes
of mice treated with LPS/p-GalN (10 pg/kg/ 400 mg/kg) when com-
pared to untreated control mice hepatocytes. Co-treatment of
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Fig. 7. DMSO increases LPS/p-GalN-caused hepatic cell apoptosis as determined
by measuring caspase-3 activity. Data shown as mean * SD (N = 6). DMSO (200 pl/
kg) was administered intraperitoneally following LPS/p-GalN (10 pg/kg/400 mg/kg)
injection. Six hours after injection, livers were isolated for measurements of
caspase-3 activity. *P < 0.05 and **P < 0.01 versus control animals (ANOVA test
followed by Tukey-Kramer test for multiple comparisons). °P < 0.01 versus LPS/p-
GalN (10/400) exposed animals (Student t-test). LPS = lipopolysaccharide, b-
GalN = D galactosamine and DMSO = dimethyl sulfoxide.

DMSO with LPS/p-GalN significantly upregulated NF-«B levels 2.7-
fold compared to those in control mice and 2.28-fold compared to
those in mice receiving LPS/p-GalN alone. Thus, co-administration
of DMSO increased LPS/p-GalN-caused NF-kB levels in hepatocytes.
To understand the role of IFN-y in hepatic damage in LPS/p-
GalN/DMSO-caused FHF, the activation and expression of STAT1,
a key transcription factor upregulated in response to IFN-y, was
determined. As shown in Fig. 6C, animals treated with 200 pl/kg
DMSO did not show any difference in STAT1 tyrosine phosphoryla-
tion (p-STAT1) nor STAT1 protein expression, compared to
untreated control animals. Administration of LPS/p-GalN (10 pg/
kg/ 400 mg/kg) rapidly induced STAT1 tyrosine phosphorylation
within 2 h. In contrast, STAT1 protein expression was not signifi-
cantly elevated in the LPS/p-GalN treated mice. Co-treatment of
DMSO with LPS/p-GalN resulted in a significant rise in STAT1 tyro-
sine phosphorylation by 8.2-fold compared to that in control mice
and 5.02-fold compared to that in LPS/p-GalN-injected animals.
STAT1 expression was slightly elevated in the LPS/p-GalN-caused
FHF model, but this increase was not statistically significant. How-
ever, a clear upregulation of the STAT1 protein was found in the
LPS/p-GalN/DMSO-treated mice (Fig. 6D).

3.5. DMSO increases LPS/p-GalN-caused hepatic apoptosis

Hepatic apoptosis is the major driver of the liver injury
observed in FHF. LPS/p-GalN-caused liver apoptosis was assessed
by measuring caspase-3 activation in livers. As presented in
Fig. 7, animals treated with 200 pl/kg DMSO did not show any
change in caspase-3 activity as compared to untreated control ani-
mals. The hydrolytic activity of caspase-3 towards DEVD p-NA was
significantly increased 1.3-fold in the hepatocytes of mice admin-

<

Fig. 6. DMSO stimulates LPS/p-GalN-caused NF-kB, and STAT1 activation. Data
shown as mean + SD (N = 6). DMSO (200 pl/kg) was administered intraperitoneally
following LPS/p-GalN (10 pg/kg/400 mg/kg) injection. Six hours following injection,
liver tissues were isolated for measurements of NF-kB activation. A, Representative
image of the western blotting for each examined protein as well as the B-actin
housekeeping gene. Graph donating the difference in expressions of NF-«kB (B),
pSTAT1 (C) and STAT1 protein (D). *P < 0.05 and **P < 0.01 versus control animals
and °P < 0.05 and °P < 0.01 versus LPS/p-GalN (10/400) exposed animals (ANOVA
test followed by Tukey-Kramer test for multiple comparisons). P < 0.05 versus
exposed control animals (Student t-test). LPS = lipopolysaccharide, p-GalN = D galac-
tosamine and DMSO = dimethyl sulfoxide.
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istered LPS/p-GalN (10 pg/kg/ 400 mg/kg) when compared to that
in hepatocytes from control mice. Co-injection of DMSO with LPS/
p-GalN significantly increased caspase-3 activity 2.7-fold com-
pared to that in control mice and 2.3-fold compared to that in
LPS/p-GalN-administrated animals.

3.6. DMSO stimulates LPS/p-GalN-caused FHF by upregulating COX-2
expression

During inflammation, phosphorylated NF-«xB drives the expres-
sions of inflammatory enzymes, involving COX-2 and iNOS. As
shown in Fig. 8, animals treated with 200 pl/kg DMSO did not exhi-
bit any change in COX-2 expression compared to untreated control
mice. LPS/p-GalN (10 pg/kg/ 400 mg/kg) treatment significantly
increased COX-2 expression in the mouse liver 2 h after treatment,
with COX-2 expression being significantly upregulated following
DMSO co-administration as compared to that in control and LPS/
p-GalN-injected animals, indicative of greater hepatic
inflammation.

3.7. DMSO stimulates LPS/p-GalN-induced neutrophil infiltration

Neutrophil granules contain MPO, an enzyme that produces
hypohalous acids with antimicrobial activity. MPO is a marker of
neutrophil recruitment, with MPO activity providing a quantitative
index of tissue neutrophil content and reflecting the proportion of
neutrophils that migrate from blood into the liver during inflam-
mation. As shown in Fig. 9, animals treated with 200 pl/kg DMSO
did not show any change in MPO activity compared with untreated
control animals. LPS/p-GalN (10 pg/kg/ 400 mg/kg) administration
significantly increased MPO activity in mouse livers 6 h after treat-
ment, and MPO activity was further enhanced following co-
administration of DMSO with LPS/p-GalN when compared to activ-
ity levels in control and LPS/p-GalN-treated mice.

3.8. DMSO stimulates LPS/p-GalN-caused nitro-oxidative stress

The influence of DMSO (200 pl/kg) on LPS/p-GalN-caused nitro-
oxidative stress was assessed by measuring the level hepatic iNOS,
its product nitric oxide (NO), as well as GSH and MDA. As pre-
sented in Fig. 10, DMSO-treated mice did not display any changes
in iNOS mRNA levels at the tested dose. At 2 h after LPS/p-GalN

COX-2/GAPDH mRNA level
(fold of induction)

Control DMSO

LPS/D-GalN

LPS/D-GalN/DMSO
Groups

Fig. 8. DMSO stimulates LPS/p-GalN-caused FHF by increasing COX-2 expression.
Data shown as mean + SD (N 6). DMSO (200 pl/kg) was administered
intraperitoneally following LPS/p-GaIN (10 pg/kg/400 mg/kg) injection. Two hours
following injection, livers were isolated for measurements of COX-2 levels.
**P < 0.01 versus control animals (Kruskal-Wallis test followed by Dunn'’s test for
multiple comparisons). *#P < 0.01 versus control animals and °P < 0.01 versus LPS/p-
GalN (10/400) exposed animals (Mann-Whitney U test). LPS = lipopolysaccharide,
p-GalN = D galactosamine and DMSO = dimethyl sulfoxide.
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Fig. 9. DMSO stimulates LPS/p-GalN-caused neutrophil infiltration as deter-
mined by measuring Myeloperoxidase (MPO) activity. Data shown as mean + SD
(N =6). DMSO (200 pl/kg) was administered intraperitoneally following LPS/p-GalN
(10 pg/kg/400 mg/kg) injection. Six hours following injection, livers were isolated
for measurements of MPO activity. **P < 0.01 versus control animals and °P < 0.01
versus LPS/p-GalN (10/400) exposed animals (Kruskal-Wallis test followed by
Dunn’s test for multiple comparisons). *#P < 0.01 versus control animals (Mann-
Whitney U test). LPS lipopolysaccharide, p-GalN D galactosamine and
DMSO = dimethyl sulfoxide.
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Fig. 10. DMSO stimulates LPS/p-GalN-caused FHF by increasing iNOS expression.
Data shown as mean + SD (N 6). DMSO (200 pl/kg) was administered
intraperitoneally following LPS/p-GalN (10 pg/kg/400 mg/kg) injection. Two hours
following injection, livers were isolated for measurements of iNOS levels. **P < 0.01
versus control animals (Kruskal-Wallis test followed by Dunn’s test for multiple
comparisons). *#P < 0.01 versus control animals and PP < 0.01 versus LPS/p-GaIN
(10/400) exposed animals (Mann-Whitney U test). LPS = lipopolysaccharide, b-
GalN = D galactosamine and DMSO = dimethyl sulfoxide.

(10 pg/kg/400 mg/kg) treatment, the mRNA expressions of iNOS
in liver tissue was significantly upregulated, and this upregulation
was markedly enhanced 3.7-fold in LPS/p-GalN/DMSO-treated
mice when compared to untreated control animals and 1.6-fold
compared to that in mice receiving LPS/p-GalN treatment alone.
As presented in Fig. 11, NOx production was not altered in mice
treated with DMSO alone. Conversely, NOxX production was signif-
icantly induced by LPS/p-GalN (10 pg/kg/ 400 mg/kg) in the mouse
liver after 6 h of treatment. Co-administration of DMSO with LPS/p-
GalN resulted in a significant increase in NOx production compared
with the untreated control mice and the LPS/p-GalN group.
Similarly, hepatic MDA level was not altered in DMSO-treated
animals and were significantly increased in LPS/p-GaIN (10 pg/
kg/ 400 mg/kg)-treated mice. Co-treatment with DMSO signifi-
cantly increased MDA levels relative to those after injection of
LPS/p-GalN alone (Fig. 12). Additionally, liver GSH level was not
significantly different in DMSO-injected mice compared to those
receiving the vehicle control. In contrast, GSH levels in LPS/p-
GalN (10 pg/kg/400 mg/kg)-treated mice were significantly
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Fig. 11. DMSO stimulates LPS/p-GalN-caused nitrosative stress as determined by
NOx production. Data shown as mean + SD (N = 6). DMSO (200 pl/kg) was
administered intraperitoneally following LPS/p-GaIN (10 pg/kg/400 mg/kg) injec-
tion. Six hours following injection, livers were isolated for measurements of NOx
production. **P < 0.01 versus control animals and P < 0.01 versus LPS/p-GalIN (10/
400) exposed animals (ANOVA test followed by Tukey-Kramer test for multiple
comparisons). LPS = lipopolysaccharide, p-GalN = D galactosamine and
DMSO = dimethyl sulfoxide.

N w >
o ow s »
L L . 1 )

MDA (nmol/g liver)

o
[C I
L 1

|

DMSO

LPS/D-GalN
Groups

LPS/D-GalN/DMSO

Control

Fig. 12. DMSO stimulates LPS/p-GalN-caused oxidative stress as determined by
MDA levels. Data shown as mean + SD (N = 6). DMSO (200 pl/kg) was administered
intraperitoneally following LPS/p-GalN (10 pg/kg/400 mg/kg) injection. Six hours
following injection, livers were isolated for measurements of MDA levels. **P < 0.01
versus control animals (Kruskal-Wallis test followed by Dunn’s test for multiple
comparisons). *#P < 0.01 versus control animals and PP < 0.01 versus LPS/p-GalN
(10/400) exposed animals (Mann-Whitney U test). LPS = lipopolysaccharide, p-
GalN = D galactosamine and DMSO = dimethyl sulfoxide.

reduced compared to those in control mice (Fig. 13), and the LPS/p-
GalN-induced reduction of GSH was profoundly increased by
DMSO co-treatment and reduced to a level significantly different
from those in the untreated control and LPS/p-GalN groups.

3.9. DMSO exacerbates LPS/p-GalN caused-histopathological changes

We found histopathological alterations at 6 h following LPS/p-
GalN treatment, including hepatocyte necrosis around the central
hepatic vein, congestion of hepatic sinusoids, marked apoptosis,
and prominent cholestasis. Treatment with 200 pl/kg DMSO mark-
edly increased histopathological changes in animals treated with
LPS/p-GalN (10 pg/kg/ 400 mg/kg). DMSO plus LPS/p-GalN induced
marked hepatic necrosis with markedly congested liver sinusoids,
erythrocyte influx (hemorrhage), and apoptotic bodies accompa-
nied by several inflamed portal tracts surrounded by extensive
hepatocyte necrosis, when compared to control mice and those
treated with LPS/p-GalN alone (Fig. 14).
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Fig. 13. DMSO stimulates LPS/p-GalN-caused oxidative stress as determined by
GSH levels. Data shown as mean + SD (N = 6). DMSO (200 pl/kg) was administered
intraperitoneally following LPS/p-GalN (10 ng/kg/400 mg/kg) injection. Six hours
following injection, livers were isolated for measurements of GSH levels. **P < 0.01
versus control animals and P < 0.01 versus LPS/p-GalN (10/400) exposed animals
(ANOVA test followed by Tukey-Kramer test for multiple comparisons).
LPS = lipopolysaccharide, p-GalN = D galactosamine and DMSO = dimethyl
sulfoxide.

Fig. 14. Histopathological examination of liver section six hours following
DMSO (200 pl/kg) with and without LPS/p-GaIN (10 pg/kg/400 mg/kg) injection.
Liver sections were stained with eosin/hematoxylin stains (x400). In control
animals (A), the liver tissues appear normal with central vein (arrow). In DMSO
(200 pl/kg) treated animals (B), the liver tissues appear normal with the
manifestation of an aggregate of lymphohistiocytic cells (arrowhead). In LPS/p-
GalN injected animals (C), the section presenting hepatic necrosis around the
central hepatic vein with councilman body formations (arrowhead). Marked
congestion of hepatic sinusoids, apoptosis, and prominent cholestasis were also
found. In DMSO (200 pl/kg) co-injected animals (D), extensive hepatic necrosis
(arrowhead) with markedly congested liver sinusoids, apoptotic bodies, erythrocyte
influxes (hemorrhage) and large numbers of inflammatory cells infiltrated were
observed following DMSO co-treatment with LPS/p-GalN. LPS = lipopolysaccharide,
p-GalN = D galactosamine and DMSO = dimethyl sulfoxide.

4. Discussion

The development of effective treatment for hepatic disease
depends on the availability of representative model systems of
hepatic injury. Animal models have been successfully employed
for the study of pathophysiological mechanisms involved in hep-
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atic disease, given that they are reproducible and can recapitulate
hepatic failure events (Gama et al., 2022). In our preliminary
experiment, we used a combination of DMSO and LPS/p-GalN
(10 pg/kg/400 mg/kg) to test whether DMSO co-treatment can
aggravate FHF in animals receiving LPS/p-GalN (10 pg/kg/
400 mg/kg). High serum ALT levels in mice detected 6 h following
LPS/p-GalN exposure clearly indicated LPS/p-GalN-caused FHF. A
combination of LPS/p-GalN with different doses of DMSO was
observed to cause a significantly higher dose-dependent increase
in ALT than LPS/p-GalN administration alone, with the greatest
increase observed following 200 pl/kg DMSO co-administration.
In harmony with our data, administration of 250 pl/kg DMSO
had a significant impact on acetaminophen-induced hepatic injury
in mice (Masson et al., 2008). Importantly, the high dose of DMSO
(400 pl/kg) blunted the aggravation of liver injury observed with
the 200 pl dose. This may be due to the redox properties of DMSO,
as previously reported (Santos et al., 2003, Sanmartin-Suarez et al.,
2011).

The obtained animal data were consistent with the clinico-
pathological features of hepatic encephalopathy, indicating that
the FHF mouse model was successfully constructed. Importantly,
before animal death, hepatic coma developed and lasted for an
average of 2 h. Next, we explored the possible mechanisms
through which DMSO affected hepatocytes to exacerbate LPS/p-
GalN-induced FHF. Hepatic tissues were injured after treatment
with LPS/p-GalN alone or in combination with DMSO. Further,
DMSO co-administration aggravated FHF through increased hepa-
totoxicity, activation of inflammatory signaling, neutrophil infiltra-
tion, hepatocyte apoptosis/necrosis, and nitro-oxidative stress.

Serum levels of AST, ALT, bilirubin, albumin, and urea are the
most direct indicators of hepatotoxicity (Jeschke 2009). The
increased serum AST, ALT, bilirubin, urea, and low albumin levels
in animals 6 h after LPS/p-GalN injection (10 pg/kg/400 mg/kg)
clearly indicated LPS/p-GalN-caused hepatotoxicity, and these data
were in accordance with previously published data (Farghali et al.,
2009). DMSO co-administration was found to significantly aggra-
vate hepatotoxicity based on these parameters in LPS/p-GalN-
administrated mice. DMSO co-administration also markedly wors-
ened the histopathological changes induced by LPS/p-GalN (10 pg/
kg/ 400 mg/kg). Histopathological abnormalities were observed 6 h
post-injection, characterized by apoptotic/necrotic hepatocytes,
inflammatory infiltration, and congested liver sinusoids, all of
which were markedly aggravated following DMSO co-
administration. Importantly, the survival rate in the DMSO co-
administration mice was closely similar to that in the LPS/p-GalN
(10 pg/kg/ 400 mg/kg) group and both were clearly higher than
that in the classical LPS/p-GalN model (50 pg/kg/ 800 mg/kg).
These results indicate that DMSO can directly aggravate the hepa-
totoxic effect of lower dose of the LPS/p-GalN combination (10 pg/
kg/400 mg/kg), and the use of DMSO can thus be conducive for the
study of hepatotoxicity and hepatoprotective compounds using the
co-administration model. Therefore, considering that no study had
focused on the mechanism(s) through which DMSO exerts its exag-
gerated effect on LPS/p-GalN-caused FHF, we set out to determine
these.

4.1. DMSO stimulates LPS/p-GalN-caused FHF by increasing the
production of pro-inflammatory cytokine IFN-y and stimulating STAT1
activation

It is generally accepted that dysregulated inflammatory cytoki-
nes expression plays a crucial role in the progression of chronic
liver disorders (Szabo and Petrasek 2015). The proinflammatory
cytokine IFN-vy is particularly implicated in hepatic damage. IFN-
v is overexpressed in steatohepatitis without infection, driving
hepatic inflammation and disease progression (Luo et al., 2013).
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Stimulation of the IFN-y receptor upregulates IRF-1, which acts
downstream of the IFN-y/STAT1 pathway, leading to hepatotoxic-
ity (Kano et al., 1999). Binding of IFN-vy to its receptor causes the
phosphorylation of JAK1 and JAK2 (de Weerd and Nguyen 2012).
Consequently, STAT1 is recruited to the IFN-y receptor and is phos-
phorylated at a tyrosine residue (p-STAT1), resulting in its activa-
tion. p-STAT1 then forms a homodimer and is transferred into
the cell nucleus to activate a number of genes that promote hepa-
totoxicity, apoptosis, inflammation, and inhibit hepatic regenera-
tion (Krause et al., 2006, Gao et al., 2012).

To understand the role of IFN-y in the pathogenesis of hepatic
failure caused by LPS/p-GalN/DMSO treatment, serum level of
IFN-y was examined 2 h after treatment. Our results showed a
marked increase in serum IFN-vy levels in LPS/p-GalN-caused FHF,
in harmony with earlier observations (Takano et al., 2009). Co-
treatment of DMSO with LPS/p-GalN resulted in a marked rise in
IFN-v levels compared with LPS/p-GalN alone. Therefore, DMSO
increased liver injury by stimulating IFN-y production. This obser-
vation is consistent with the findings of a previous report by Mas-
son et al. who demonstrated the ability of DMSO to elevate the
number of liver NKT cell, activating both NK and NKT cells to
release IFN-y. The authors also found that the pathogenic role of
NK and NKT cells in acetaminophen-induced hepatic failure was
dependent on the presence of DMSO (Masson et al., 2008).

Since IFN-y-induced hepatocyte death requires STAT signaling,
the activation and expression of STAT1 proteins were assessed
2 h following LPS/p-GalN/DMSO treatment. Our results presented
that p-STAT1 was upregulated 1.6-fold in LPS/p-GalN-caused FHF
and co-injection of DMSO with LPS/p-GalN induced a highly signif-
icant 2.7-fold increase in p-STATT1 level compared to that in control
mice and a 2.28-fold increase compared to that in LPS/p-GalN-
injected animals. STAT1 protein expression was only significantly
upregulated in the LPS/p-GalN/DMSO-caused hepatic failure
model. In agreement with our results, Kim et al. found that LPS/
p-GalN injection resulted in a peak of p-STAT1 within 4 h, which
then reverted to the basal level by 24 h. Furthermore, STAT1 pro-
tein expression was significantly increased, starting at 24 h post-
injection and lasting for approximately 120 h (Kim et al., 2003).
These findings suggest that DMSO may sustain increased levels
of IFN-y and STAT1 by increasing the number of hepatic NKT cells
as well as by activating liver NK and NKT cells to secrete more
cytotoxic factors that promote liver injury.

4.2. DMSO stimulates LPS/p-GalN-caused FHF by increasing the
production of proinflammatory cytokine TNF-o. and stimulating NF-kB
activation

At the heart of the complex interplay between hepatocytes and
intrahepatic immune cells, are cytokines, particularly TNF-o,
which activate immune cells and regulate hepatocyte homeostasis
through various intracellular signaling pathways. Kupffer cells are
the main sources of TNF-o and IL-6, respectively. The liver tissues
are also enriched with NKT and NK cells, which play a role in
pathogen defense through IFN-y production, modulation of hepatic
injury, and T-cell mobilization (Wahid et al., 2018). TNF-a and
related cytokines can influence hepatic cell fate in contrasting
manners, acting as pro-apoptotic signals through caspases cas-
cades, but also as antiapoptotic or prosurvival pathway, NF-xB
pathway. The signals, where the inactivation of one pathway often
depends on the stimulation of another (Baeck and Tacke 2014). In
response to bacterial products, such as LPS, large quantities of TNF-
o are produced, which can initiate the inflammatory response to
liver injury. TNF-a. contributes to hepatic inflammation, and pro-
longed hepatic inflammation leads to hepatic fibrosis, cirrhosis,
and, finally, FHF. TNF-a does not cause hepatic damage in normal
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hepatic cells in vivo due to the strong stimulation of cytoprotective
pathways such as the NF-kB pathway. Nevertheless, TNF-o induces
hepatotoxicity when the expression of antiapoptotic proteins in
the liver is blocked by co-administration of p-GalN, which mimics
disease states (Schwabe and Brenner 2006). In the current study,
the observed increase in TNF-o level is in agreement with several
reports and confirms the central role TNF-a plays in LPS/p-GalN-
caused FHF (Yang et al., 2016, Jing et al., 2019). Co-treatment with
DMSO significantly increased TNF-o levels compared with LPS/p-
GalN administration alone, thus aggravating liver injury through
the stimulation of TNF-o production.

LPS-caused TNF-a secretion is regulated by NF-kB in Kupffer
cells. Several studies have revealed that NF-kB plays a vital role
in LPS/p-GalN-caused hepatic failure, and its inhibition guards
LPS/p-GalN-treated animals from liver damage (Hu et al., 2018).
NF-kB regulates important aspects of liver physiology and pathol-
ogy. Several toxic stimuli can initiate inflammatory responses by
activating NF-xB. PAMPs, in particular LPS, are potent activators
of NF-kB signaling, which stimulate TLRs, to then trigger TNF-o
secretion. Upon the translocations of NF-kB to the nucleus, various
genes containing kB binding sites within their promoters are tran-
scribed, mainly implicated in immune responses and survival (Pahl
1999). The tight regulation of NF-«kB at multiple levels is because of
the potential danger of uncontrolled inflammation to the host. In
unstimulated Kupffer cells, NF-xB families are usually sequestered
in the cell cytoplasm, bound to their inhibitors that be a member of
the IxB families. Upon cell stimulation in response to specific stim-
uli, IxkB protein is phosphorylated and decomposed by the protea-
somes. Consequently, NF-xkB enters the cell nucleus and binds
DNA, stimulating the transcription of genes encoding inflamma-
tory mediators, including TNF-o, iNOS, and COX-2. Thus, the NF-
KB pathways does not act as a survival pathway, but instead can
exacerbate liver cell death and hepatic injury (Tak and Firestein
2001, Ashour et al., 2014). To further explore the mechanism(s)
through which DMSO exacerbates hepatic injury caused by LPS/
p-GalN, NF-xB levels were quantified by western blot. NF-xB
translocations were stimulated by co-treatment with DMSO in
LPS/p-GalN-administrated mice. Therefore, the increase in TNF-o
secretion by Kupffer cells may be linked to NF-kB stimulation by
DMSO.

4.3. DMSO stimulates LPS/p-GalN-induced FHF by upregulating
apoptosis

Hepatocyte apoptosis drives liver injury in FHF. Programmed
cell death is the initial reaction of hepatocytes to a wide range of
toxicants (involving endotoxins such as LPS), and necrotic changes
in liver cells are often observed after apoptosis. As the central site
of detoxification, the liver is continuously exposed to stressors,
which disrupt the balance between inflammatory cytokines that
stimulate (IFN-y, TNF-a, IL-12) or inhibit (IL-10, IL-4, MCP-1) liver
damage (Nanji et al., 1999). Accordingly, hepatic cells become
more sensitive to the harmful effects of the pro-inflammatory
cytokines IFN-y and TNF-o. These bind to intracellular death recep-
tors and consequently stimulate caspase-8. Caspase-8 can initiate
programmed cell death via direct stimulation of effector
caspases-3, 6, and 7 (Wang 2014). Caspase-3 is reflected a key
apoptotic “executioner” enzyme in mammals due to its stimula-
tion activates cascades of enzymatic procedures that ends in cell
death (Thornberry 1998). Caspase-3 activity was significantly
greater in LPS/p-GalN-treated animals than in the control animals,
and DMSO co-administration increased caspase-3 activity relative
to that in the LPS/p-GalN and control groups. Therefore, we con-
cluded that apoptosis was activated by LPS/p-GalN/DMSO, and this
proapoptotic influence may be attributed to the increased produc-
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tion of proinflammatory cytokines. Consistent with our results,
treatment with LPS/p-GalN significantly elevated caspase-3 level
in mice, as reported in several studies (Wu et al., 2014, Li et al,,
2021).

4.4. DMSO stimulates LPS/p-GalN-caused FHF by increasing COX-2
expression

The expression of various inflammatory molecules, involving
COX-2, IL-1B, iNOS, TNF-a and IL-6, is regulated by NF-kB. It has
been shown that COX-2 and iNOS activation induce hepatic dam-
age following the nuclear translocation of NF-kB (Luedde and
Schwabe 2011). COX-2 produces prostaglandin E2 to mediate cel-
lular proliferation and induces inflammatory processes in various
models (Martin-Sanz et al., 2017). In this investigation, LPS/p-
GalN statistically enhanced COX-2 expression in liver tissues by
2.5-fold compared with that in control mice. DMSO co-treatment
significantly upregulated COX-2 by 4.4-fold compared to its levels
in control mice and 1.7-fold compared to levels in the LPS/p-GalN
treated mice, indicating exaggerated hepatic inflammation. Hence,
the DMSO-induced increase in hepatic COX-2 expression may con-
tribute to the exacerbation of hepatic inflammation and damage.

4.5. DMSO stimulates LPS/p-GalN-induced FHF by increasing
neutrophil recruitment

Neutrophil tissue recruitment is a characteristic feature of
inflammation. Infiltrating neutrophils induce oxidative damage to
liver cells via respiratory burst and degranulation, resulting in
massive liver necrosis. TNF-o, mediates neutrophil accumulation
in hepatic sinusoids, causing inflammation and hepatocyte death
(Maes et al., 2016). Neutrophils contain MPO, which produces
hypohalous acid with antimicrobial activity. However, MPO has
been shown to cause local tissue damage resulting in inflammation
(Aratani 2018). TNF-a causes neutrophil migration in LPS/p-GalN-
caused FHF and plays a crucial role in hepatocyte necrosis
(Mohler et al., 1994). Our data demonstrated that LPS/p-GalN sta-
tistically increased MPO activities in liver tissues, while DMSO
co-treatment significantly increased MPO activity compared to
LPS/p-GalN alone, indicative of increased hepatic neutrophil infil-
tration. These data suggest that the DMSO-induced increase in
TNF-o production may be linked to the stimulation of neutrophil
transmigration.

4.6. DMSO stimulates LPS/p-GalN-induced FHF by increasing nitro-
oxidative stress

Redox imbalances result in nitrosative/oxidative stress, usually
as the result of elevated reactive O, and N species. Nitrosative and
oxidative stress are closely linked to liver dysfunction
(Grattagliano et al., 2014). The reaction between NO and O3 causes
nitrosative stress. The peroxynitrite anion (ONOO~) formed during
this process can nitrate numerous biomolecules, such as lipids,
proteins, and DNA, to form 3-nitrotyrosine, resulting in lipid perox-
idation, cell membrane damage, DNA strand breaks, enzyme inhi-
bition, and the activation of cell death responses (Attia 2010,
Jaeschke and Ramachandran 2011). Oxidative/nitrosative stress
may underlie the pathophysiology of various hepatic diseases,
necessitating its assessment.

NO is a free radical that acts as a cellular signaling molecule in
several biochemical processes, synthesized by different NO syn-
thases, including iNOS. Blood vessel contractions are regulated by
NO, and high NO levels can limit hepatic cell function or even trig-
ger apoptosis via the caspase-independent pathway, mediated
through the generation of O3 and °OH intermediates (Langer
et al., 2008). Hepatocytes, Kupffer cells, and endothelial cells may
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participate in NO production in the liver after exposure to toxic
compounds such as LPS. iNOS is a key enzyme that generates NO
from the amino acid L-arginine, which plays an important role in
inflammation. iNOS is regulated via the NF-kB signalling pathways
during inflammatory progression, and improper upregulation or
activation of iNOS in response to LPS exposure has drawn consid-
erable attention (Hwang et al., 2017).

We evaluated the influence of DMSO on iNOS and its product,
NO (measured as nitrate and nitrite), in LPS/p-GalN-administered
animals. In the current study, there was an upregulation in liver
iNOS in LPS/p-GalN-administered animals, and DMSO co-
administration markedly upregulated iNOS, thereby exaggerating
hepatic inflammation and damage. Similarly, a significant eleva-
tion of hepatic nitrate plus nitrite was obtained after LPS/p-GalN
injection, and co-administration with DMSO induced significantly
more nitrate plus nitrite than LPS/p-GalN alone. These data
strongly propose the importance of iNOS and its product NO in
the pathogenesis of LPS/p-GalN-caused FHF, that is in agreement
with other results (Yan et al., 2016, Wang et al., 2018). Our data
showed that NO formation was enhanced as the result of upregu-
lated iNOS and NF-kB expression, playing an essential role in
LPS/p-GalN/DMSO-caused FHF.

Oxidative cellular stress is closely linked to nitrosative stress. It
arises when antioxidant defense systems are overwhelmed, result-
ing in damage to lipids, proteins, and DNA, in turn causing cell
death (Attia 2010, Jaeschke and Ramachandran 2011). Oxidative
cellular stress has been proposed to play an important role in the
hepatic failure caused by LPS/p-GalN (Wei et al., 2014). MDA, the
end product of lipid peroxidations, is often applied to measure
oxidative stress. Our data revealed that LPS/p-GalN injection signif-
icantly elevated MDA level, which is in harmony with earlier
results (Yan et al., 2016, Fu et al., 2018). Further, DMSO co-
treatment significantly increased LPS/p-GalN-caused lipid-
peroxidation compared with the LPS/p-GalN alone. Therefore, the
toxic impact of DMSO could be attributed to enhancing the oxida-
tive cellular stress caused by LPS/p-GalN treatment.

Cells counteract oxidative/nitrosative stress through antioxi-
dant defense systems. The antioxidant GSH protects cells against
free radicals via enzymatic and non-enzymatic reactions. In the
present work, a significant reduction in GSH levels was observed
following LPS/p-GalN treatment, which is in harmony with earlier
results (Yan et al.,, 2016, Fu et al., 2018). As expected, LPS/p-GalN
treatment caused notable depletion of liver GSH in animals, which
may be linked to LPS/p-GalN-caused oxidative stress. Co-treatment
with DMSO resulted in significantly higher GSH consumption than
in LPS/p-GalN-treated animals. These data propose that DMSO
stimulates LPS/p-GalN-induced hepatic failure by exacerbating
the oxidant/antioxidant imbalance.

5. Conclusion

Combinations of LPS/p-GalN with different doses of DMSO
caused significantly greater liver damage than LPS/p-GalN alone,
possibly by upregulating IFN-y and TNF-a production by hepato-
cytes to then induce hepatocyte apoptosis and necrosis, liver fail-
ure, and death. These findings demonstrate the potential hazard
of using DMSO as a solvent in experiments in animal studies. Addi-
tionally, the LPS/p-GalN/DMSO model can be used for the study of
hepatotoxicity and pharmacological screening of therapeutics.
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