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Summary
Linoleic acid (LA) not only functions as an essential nutrient, but
also profoundly modulates oxidative stress and inflammatory
response. However, the potential mechanisms have not been
adequately researched. Hence, this study examined the potential
pharmacological roles of LA and the underlying mechanisms in
mice with lipopolysaccharide (LPS)-associated acute liver injury
(ALI). The results indicated that treatment with LA alleviated the
histopathological abnormalities in the hepatic and plasma levels
of aspartate aminotransferase (AST), alanine aminotransferase
(ALT),
LPS exposure. In addition, LA inhibited the LPS-associated
generation of proinflammatory factors, such as tumor necrosis
factor-a (TNF-a) and interleukin-6 (IL-6), and downregulated the
addition, the
reduction

and glutathione-S-transferase (GST) in mice with

hepatic myeloperoxidase (MPO) level. In

administration of LA resulted in a
malondialdehyde (MDA)

superoxide dismutase (SOD),

in hepatic
levels and an elevation in liver
reduced glutathione (GSH),
catalase (CAT), and glutathione peroxidase (GSH-PX) levels.
Further investigations revealed that LA promoted the expression
of nuclear factor E2-related factor (Nrf2) and NAD(P)H: quinone
oxidoreductase 1 (NQO1). In addition, the beneficial outcomes of
LA on LPS-induced acute liver failure were revered when
Nrf2 was pharmacologically suppressed by ML385. These
experimental results demonstrated that LA supplementation
attenuated LPS-associated acute hepatic impairment in mice via

the activation of Nrf2.
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Introduction

The liver is involved in many physiological
processes, for instance, detoxification, and immunity.
Hence, the organ is prone to damage [1]. Acute liver
injury (ALI) is usually caused by toxins, infection,
hypoxia, drugs, or alcohol [2]. It is a complicated clinical
syndrome is usually closely correlated with increased
mortality [3]. Several studies have suggested that
uncontrolled inflammatory response and oxidative stress
might be the major reasons underlying the development
of ALI [4,5]. Lipopolysaccharide (LPS) produced by
gram-negative bacteria, is a representative pathological
factor that induces strong inflammatory response and
oxidative stress in both experimental studies and under
certain clinical situations [6-8]. LPS-associated hepatic
damage in mice has been widely used for the
investigation of hepatoprotective reagents [9,10].

Linoleic acid (LA), is the most widely consumed

polyunsaturated fatty acid in the diet of human beings,
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and is not synthesized by the body [11]. Previous studies
have indicated that LA effectively alleviates oxidation
reaction and inflammatory response in a mouse model of

spontaneous multiple sclerosis [12], serum-starved
hepatocytes [13], palmitic acid-induced microglia
inflammation [14], and ethidium bromide-induced

demyelination [15]. Moreover, several studies have
stablished that the deficiency of LA is linked with the
exposures of hepatic disorders, such as nonalcoholic fatty
liver disease [16] and liver fat deposition [17]. Thus,
LA might

pathological

a Dbioactive nutrient under
whether LA is
effective in LPS-induced ALI remains to be determined.
In this ALI was
intraperitoneal administration of lipopolysaccharide
(LPS) to C57BL/6 mice, and its possible effects on liver
damage, inflammatory response, and oxidative stress

function as
conditions. However,

study, induced via the

were evaluated. As previous studies have observed that
the antioxidant and anti-inflammatory effects of LA in
aluminum-induced Alzheimer’s disease model are
associated with nuclear factor E2-related factor (Nrf2)
activation [18], this research determined the potential
effects of LA on the Nrf2 pathway. ML385,
an Nrf2 inhibitor [19-21], was administered to clarify the

hepatic protection of LA in relation to the Nrf2 pathway.

Materials and Methods

Animals

Experimental animals used in this research were
C57BL/6 wild-type mice (age: 7-8 weeks
20-22 g), which were received from the Laboratory

weight:

Animal Center at Chongqing Medical University
(Chongqing, China). All experimental animals were
housed in a specific pathogen-free (SPF) animal care
room and provided with regulated environments at
2542 °C, and under a light/dark cycle of 12 h each. The
animals were fed with standard lab diets and liquids ad
all mice were

libitum. Before use, subjected to

a minimum of 1 week of acclimation.

Design of the experiments

A common model of ALI induced by LPS was
utilized [22-24]. The mice were categorized randomly
into four groups of 6 each, as follows: (a) control group
(solvent control without linoleic acid and saline),
(b) LA group (50 mg/kg of LA and saline), (¢) LPS group
(solvent control without linoleic acid and 20 mg/kg of
LPS), and (d) LA+LPS group (50 mg/kg of LA and

20 mg/kg of LPS). LPS (L2880, Sigma-Aldrich, USA)
was soluble in normal saline, while LA (L1376, Sigma-
Aldrich, USA) was dissolved in dimethyl sulfoxide
(A503039, Sangon Biotech, Shanghai) and further diluted
in olive oil. In this test, LA or solvent control without
linoleic acid was administered intraperitoneally to each
mouse 1 h before the LPS injection into the abdomen.
After 24 h, all mice were alive, they were anesthetized
and then sacrificed via cervical dislocation. The blood
further
investigations. To evidence that the Nrf2 signaling was

and hepatic tissues were collected for
involved in the protective effect of LA against LPS-
associated ALI, ML385 (SML1833, Sigma-Aldrich) was
used to inhibit Nrf2 activation. The inhibitor group
(ML385+LA+LPS, n=6 per group) was added, and this
group was treated with an intraperitoneal injection of
ML385 2 h earlier, with the other details being the same

as mentioned above.

Histopathology

The mice left lobe liver tissues were removed
and immediately placed in pre-prepared tissue fixative at
room temperature overnight. Subsequently, the tissues
were sequentially embedded, sectioned, and stained with
hematoxylin and eosin (H&E). Then, the morphologically
examination was analyzed by an imaging system (Leica,
Wetzlar, Germany). The histological changes were
observed under 10x eyepiece and objective lenses at
magnifications of 10x and 20x.

Determination of liver enzymes and oxidative stress-
related markers

In this research, we used commercially available
kits (Nanjing Jiancheng Bioengineering Institute, China)
to survey the plasma activity of aspartate
aminotransferase (AST), alanine aminotransferase (ALT),
and glutathione-S-transferase (GST) in the mice as per
the manufacturer’s instructions. The liver tissues were
blended with a normal saline for the further detection of
superoxide dismutase (SOD), reduced glutathione (GSH),
malondialdehyde (MDA), myeloperoxidase (MPO),
catalase (CAT), and glutathione peroxidase (GSH-PX).
All laboratory steps were conducted following the
instructions of the corresponding assay kits (Nanjing

Jiancheng Bioengineering Institute).

Enzyme-linked immunosorbent assay (ELISA)
The liver tissue samples were meticulously
collected and rinsed in ice-cold saline solution to remove
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any residual blood. After blotting dry with a filter paper,
the tissues were accurately weighed and transferred into
a tissue grinding tube. An appropriate volume of ice-cold
normal saline was added to the tube based on the weight
measurement, followed by thorough homogenization
using a tissue homogenizer to obtain a 10 % tissue
homogenate. Subsequently, the prepared homogenate was
centrifuged at 3000 rpm for 15 min in a cryogenic
centrifuge. The supernatant was collected, diluted to the
appropriate concentration, and then the levels of tumor
necrosis factor-a (TNF-a) and interleukin-6 (IL-6) in
each sample were analyzed according to the instruction of
the ELISA test box (Neobioscience, Shenzhen, China).

Table 1. Primer sequences used for real-time gPCR.

Real-time gPCR

The extraction of total RNA from the mouse
liver tissues was performed by the Trizol (Sangong
Biotech, China) method. Total RNA was
transcribed into cDNA by using the PrimeScript RT two-

reverse

step assay kit (Takara Biotech). The gene expression
levels of B-actin, TNF-a, IL-6, and NQOI
calculated via real-time fluorescence quantitative PCR
(qPCR) using TB GreenVR Premix Ex TaqTMII (Takara
Biotech, China). B-actin was employed for reference. The

were

relative transcripts standards of the target genes were
analyzed by using the 2™*“" method. The primers were
synthesized by Tsingke Biotechnology (Beijing, China);
the primer primers sequences are shown in Table 1.

Gene Forward primer (5°-3°) Reverse primer (5°-3’)

NQOI CTGAAAGGCTGGTTTGAGAGAGT TGGACACCCTGAAGAGAGTACAT
IL-6 AACCGCTATGAAGTTCCTCTCTG TGGTATCCTCTGTGAAGTCTCCT
TNF-a GTGATCGGTCCCCAAAGG GGTGGTTTGCTACGACGTG
p-Actin ACTGTCGAGTCGCGTCC GTGACCCATTCCCACCATCA

Western blotting

The liver tissues were removed from -80 °C
refrigerator and appropriate weights of liver tissues were
immediately weighed and their total protein contents
were extracted with RIPA buffer (Beyotime, Shanghai).
The amount of protein was calculated using the BCA
Protein Detection Reagent Kits (Beyotime, Shanghai).
Equal mass of protein was denatured by boiling for
10 min and separated by 7.5 % or 12.5 % sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
electrophoresis and then transferred onto polyvinylidene
difluoride (PVDF) membranes (HVLP02500, Millipore,
USA). The membranes were blocked with 5 % skim milk
powder diluted in TBS-T (Sangong Biotech, China) for
lh at After
membrane was treated by appropriate primary antibodies,
Nrf2 (1:500, Proteintech, China), NQO1(1:2000, Abcam,
England), GAPDH (1:20000, ABclonal, China) and
B-actin (1:6000, Bioss, China) at 4 °C for overnight. The
next day, the primary antibody was removed, and the

indoor temperature. obstructing, the

membrane was washed five times with TBS-T. The
PVDF membrane was then incubated for 1h at room
temperature with goat antirabbit secondary antibody
(1:6000, Bioss, China). Finally, the proteins were
detected using a chemiluminescence reagent (VIBER,

France). The binding was analyzed by the VIBER
software (VIBER, France).

Immunohistochemical analysis

The mice left lobe liver tissues were removed
and immediately placed in pre-prepared tissue fixative at
room temperature overnight. Subsequently, the tissues
were embedded in paraffin, sliced into 4-um sections, and
dried for 2 h at 65 °C. The sections were then immersed
in xylene, and deparaffinized and hydrated in a gradient
series of ethanol. Antigen repair was performed by
heating the samples in EDTA (PH 9.0, Solarbio, China)
for 15 min at 95 °C. Endogenous peroxidase was blocked
using an endogenous peroxidase blocker for 15 min at
room temperature and then incubated with anti-Nrf2
(1:100, Proteintech, China) primary antibody at 37 °C for
1 h. After washing thrice with PBS for 3 min each, the
reaction enhancement solution was incubated sequentially
for 15 min at room temperature and then washed. Biotin-
added,
incubated for 30 min at room temperature, and then
washed. The DAB (ZLI-9018, ZSGB-BIO, China)
staining solution was prepared, stained and observed

labeled goat anti-rabbit IgG polymer was

under the microscope, followed by counterstaining,
dehydrating, and sealing the slides, per the manufacturer's
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instructions (PV-9001, ZSGB-BIO, China). The number
of nuclei densely stained for Nrf2 was counted in
150 cells in five fields at x40 magnification, and the cells
from each group were compared [25]. All the images
were viewed by using imaging system (Leica, Wetzlar,
Germany).

Statement of ethics

All animals involved in this study were handled
following the guidelines outlined in the Guide for the
Care and Use of Laboratory Animals. The experiment
Ethics
University-town Hospital, Chongqing Medical University
(LL. 202239).

received approval from the Committee at

Analysis of statistical data

The data was expressed as the mean + standard
deviation (SD), as appropriate following Shapiro-Wilk
test for normality. To evaluate the differences between
the groups, a one-way analysis of variance (ANOVA)
was performed to evaluate the group differences,
subsequently, post hoc comparisons were made using
Tukey's test for multiple comparisons. All statistical
analyses and graphical representations were performed
using GraphPad Prism 8.0 software. In this study,
a threshold of P<0.05 was used to determine statistical
significance.

Results

LA alleviated LPS-induced hepatic damage

To evaluate the potential hepatoprotective
properties of LA against liver damage induced by LPS,
of ALI was

intraperitoneal administration of LPS. We examined the

amurine model created through
histological changes in the liver using H&E staining. As
shown in Figure 1, the control and single LA groups
revealed normal hepatic architecture, with a central vein
and radiating cords of hepatocytes. When compared with
the control group, single LPS treatment induced liver
injury, which was manifested as edema or congestion,
irregularly dilated central vein with inflammatory
reactions, and macrophage infiltration around the central
vein. On the contrary, LA treatment of LPS-induced
ALI mitigated the hepatic damage (Fig. 1A). Past studies
have shown that liver enzyme indexes (AST, ALT and
GST) in the plasma are significantly increased during
liver injury. Therefore, the trend of elevated liver enzyme

indicators is often employed to assess the liver injury and

abnormal liver functions in clinical practice [26].
Furthermore, the plasma ALT, AST, and GST levels were
calculated, indicating that the levels were higher in
comparison with the controls. However, treatment with
LA reduced the levels of these enzymes in mice with
LPS-induced ALI (Fig. 1B-D). These findings indicate
that LA has beneficial impact in safeguarding the liver
from damage induced by LPS.

LA dampened the inflammatory response caused by LPS
We used RT-gPCR and
examine the

enzyme-linked

immunosorbent assay to levels of
proinflammatory cytokines in the liver tissues so as to
clearly define the expressions of inflammatory factors in
mice. It has been showed that the gene levels of TNF-a
and IL-6 were greatly increased by stimulation with LPS,
but significantly decreased by the administration of LA
(Fig. 1F-G). Similarly, the hepatic IL-6, TNF-a, and
MPO linked
immunosorbent assay, as shown in the Figure 1H, [, E,
the expressions of TNF-q, IL-6, and MPO in the hepatic

tissues were increased in the LPS groups when compared

levels were tested wusing enzyme

with that in the control group. Treatment with LA partially
blocked LPS-induced IL-6 and TNF-a expression when
compared with the LPS group. In summary, LPS stimu-
lation induces inflammation reaction within mice liver,
which could be weakened through LA administration.

LA activated the Nrf2 signaling pathway and mitigated
LPS-induced oxidative stress

To detect the conservation mechanism of LA in
LPS-induced ALI, the Nrf2 and NAD(P)H: quinone
oxidoreductase 1 (NQOI) protein levels were detected.
When compared with the control group, the standards of
Nrf2 and NQO!l were reduced by LPS. However,
treatment with LA increased the expressions of Nrf2 and
NQOI1 (Fig. 2A-D). In order to further investigate the
nuclear translocation of Nrf2, immunohistochemical
results indicated that no obvious nuclear translocation in
the control group, LA group, and LPS group, while deep
nuclear staining was observed in the LA+LPS group
(Fig. 2E, F). In addition, the NQO1 gene expression was
markedly reduced in the LPS group but greatly elevated
in the LA+LPS group (Fig. 2G). As we all know, the
Nrf2 signals are closely connected with oxidative stress,
hence the levels of oxidative stress markers were assessed
to evaluate the influence of LA on oxidative stress in the
liver tissues. The liver tissues exhibited a notable increase
in MDA levels while

among the LPS groups,



2024

Linoleic Acid Ameliorated Liver Injury 385

LA intervention partially mitigated the enhancement of
oxidative stress (Fig.2H). On the contrary, the liver
tissues exhibited a significant decrease in the levels of
SOD, CAT, GSH and GSH-PX expression. However, this
reversed by LA
(Fig. 2I-L). This phenomenon demonstrated that, LA can

decline was effectively therapy
alleviate LPS-induced oxidative stress, which may be

related to Nrf2 pathway activation.

ML385 suppressed Nrf2 activity and attenuated the
protective effect of LA against LPS-induced oxidative
damage in ALI

To explore the potential molecular mechanism in
more depth, we administered ML385, an Nrf2 inhibitor, via
Nrf2
Subsequently, we monitored the expression of NQOI,

intraperitoneal injection to suppress activity.
an antioxidant downstream of Nrf2. As shown in
Figure 3A-C, the use of ML385 decreased the NQOI1 gene
expression and protein levels in the ML385+LA+LPS group
when compared that to those in the LA+LPS group.
Similarly, the immunohistochemistry findings
demonstrated that in the LA+LPS group, there was
a presence of nuclear NRF2 staining. However, when
ML385 intervention was applied, it effectively hindered
the translocation of NRF2 into the nucleus (Fig. 2D, E).
The presence of ML385 partially attenuated the
protective effect of L against oxidative stress induced
by LPS-associated hepatic injury. As depicted in
Figure 3F-J, the hepatic tissue of mice in the LA+LPS
group exhibited a significant reduction in MDA levels
compared to those in the LPS group. Conversely, there
was a noticeable increase observed in the levels of SOD,
CAT, GSH, and GSH-PX. Compared to the LA+LPS
group, there was a significant increase in MDA levels
observed in the liver tissues of mice in the
ML385+LA+LPS group. Conversely, a significant
decrease was noted in the activities of SOD, CAT, GSH,
and GSH-PX. This finding provides additional evidence
that the
hepatoprotective effect of LA in mitigating oxidative
stress induced by LPS.

Nrf2 pathway is responsible for the

ML385 suppressed the remission effects of LA on
LPS-induced liver injury and inflammatory

the LA treatment
reduced the hepatic damage and inflammation induced by

We confirmed whether

LPS. Moreover, the protective role of LA on the
LPS-associated liver damage and inflammatory were
partly abolished by ML385. As shown in Figure 4A,
pathological examinations revealed improved liver injury,

with the treatment of LA in LPS-associated hepatic
injury. However, the use of ML385 suppressed the
remission effects of LA on LPS-induced liver injury.
Comparatively, the hepatic injury biomarkers ALT, AST,
and GST in the plasma were also increased in the
ML385+LA+LPS group than in the LA+LPS group
(Fig. 4B-D). Meanwhile, we assessed the inflammatory
expressions in the liver. Our findings indicated that
LA intervention led to a decrease in the TNF-q, IL-6, and
MPO levels, which were subsequently enhanced after
with ML385 (Fig. 4E-G). These
indicated that LA failed to exert liver protection and

treatment results
attenuate inflammation in the presence of ML385. It was
further demonstrated that LA alleviated LPS-induced
liver injury and inflammatory response by activating the
Nrf2 pathway.

Discussion

Apart from being an important dietary and
cellular component, mounting evidence suggests that
LA functions as a bioactive regulator under various
pathological conditions. For instance, in a model of long-
chain fatty acid-induced mitochondrial dysfunction in
CD8+ Tcells (CTL), LA augmented mitochondrial
function and CTL antitumor immunity [27]. In
LPS-stimulated = HTR-8/SVneo  trophoblast
LA maintained cell viability and significantly increased

cells,

the total antioxidant capacity and the heme oxygenase-1
(HO1) level [28]. A recent study using the nematode
Caenorhabditis elegans as a model found that
supplementation with 1 puM LA enhanced
associated genes, such as sod-1, sod-3, mtl-1, and so on,

stress-

thereby reducing oxidative stress and extending the
lifespan of the worm [29]. ®-6 polyunsaturated fatty acids
(LA) can activate a synergistic feedback loop between
autophagy and antioxidant systems to exert antioxidant
effects [13]. studies
demonstrated that LA may have a protective effect on the

Moreover, previous have
liver. For example, linoleic acid supplementation can
significantly reduce the level of MDA in liver tissues
[30]; the higher the proportion of LA and unsaturated
fatty acids in fatty acids, the lower the risk of liver
fibrosis [31]. In the present study, treatment with
LA ameliorated LPS-induced hepatic

indicated by improvement in histopathological damages

damage, as

and decreased plasma AST and ALT levels. Therefore,
LA may have potential value in pharmacological

intervention of acute liver injury.
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Fig. 1. Linoleic acid alleviated LPS-induced hepatic damage and infllmmatory response. The experimental mice were sacrificed 24 h after LPS
intervention, and their liver tissues were collected, while the plasma was separated. (A) HE staining of the liver tissues (magnification, 100x or
200x); (B) The ALT levels in the plasma; (C) The AST levels in the plasma; (D) The GST levels in the plasma; (E) The relative MPO levels.
(F) The relative IL-6 mRNA levels; (G) The relative TNF-a mRNA levels; (H) ELISA showing IL-6 levels; (I) ELISA showing TNF-a levels;
* P<0.05, ** P<0.01. LPS, lipopolysaccharide, LA, linoleic acid, ALT, alanine transaminase, AST, aspartate transaminase, GST, glutathione-S-
transferase, IL-6, interleukin-6, TNF-a, tumor necrosis factors-a, MPO, myeloperoxidase, ELISA, enzyme-linked immunosorbent assay.
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Fig. 2. Linoleic acid activated the Nrf2 signaling pathway and mitigated LPS-induced oxidative stress. (A, B, C, D) Western blotting displaying
the protein levels of Nrf2 and NQO1; (E) Nrf2 protein was analyzed by immunohistochemical analysis (magnification, 400x); (F) Charts
illustrate the % Nrf2 nuclear immunopositive cells; (G)The relative NQO1 mRNA levels; (H) The relative lipid peroxidation protein (MDA) levels;
(I) The relative SOD levels. (3) The relative CAT levels; (K) The relative GSH levels; (L) The relative GSH-PX levels. * P<0.05, ** P<0.01.
LPS, lipopolysaccharide, LA, linoleic acid, Nrf2, nuclear factor E2-related factor 2, NQO1, NAD(P)H: quinone oxidoreductase 1,
MDA, malondialdehyde, SOD, superoxide dismutase, CAT, catalase, GSH, glutathione, GSH-PX, glutathione peroxidase.
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Liver damage 1is strongly associated with
an unregulated inflammatory reaction. An overactive
the

progression of liver injury, and numerous investigations

inflammatory response facilitates onset and
have verified that restraining excessive inflammation
plays a pivotal role in managing liver damage. For
instance, the inhibition of the inflammatory response
ameliorated liver injury in a carbon tetrachloride- induced
ALI mouse model [32], In LPS/D-galactosamine-induced
ALI, oxyberberine exerted hepatoprotective effects by
activating anti-inflammatory and antioxidant pathways
[33]. In present study, LA intervention alleviated the
inflammatory response in the liver, as indicated by
areduction in hepatic the TNF-0, and IL-6 levels. In
agreement with our study, another investigation reported
that treatment with LA improved hyperuricemia and renal
inflammation induced by high fructose in rats [34]. These
results suggested that LA alleviates liver injury by
inhibiting the inflammatory response.

Several research studies have indicated
a potential association between the antioxidant properties
of LA and its ability to reduce inflammation. In an in
vitro model of Parkinson's induced by 6-OHDA in
SH-SYSY cells, LA stimulated lipid droplet biogenesis,
improved autophagic/lipophilic  flux, and exerted
antioxidant effects, thereby alleviating an inflammatory
response [35]. In addition to direct oxidative damage,
oxidative stress is profoundly involved in the regulation
of inflammation by modulating the redox-sensitive

proinflammatory signaling pathways [36,37]. The present

study noted that LA alleviated oxidative stress in the
liver, as evidenced by a decrease in the MDA level and
an increase in the GSH and SOD levels. The attenuated
oxidative stress might have contributed to the suppressed
inflammatory response in this study.

Nrf2 is a classical antioxidant pathway that is
activated by oxidative stress. It is then transferred from
the
transcription of antioxidant enzymes, such as NQO1 and
HO1 [38]. This study identified that treatment with
LA upregulated the expressions of Nrf2 and NQOI,
which suggests that the Nrf2 pathway was activated.

the cytoplasm to the nucleus and promotes

Interestingly, coadministration of the Nrf2 inhibitor
ML385 abolished the antioxidant and anti-inflammatory
effects of LA. In line with our findings, dietary
supplementation of conjugated LA was reported to
alleviate depression markers in mice via the modulation
of the Nrf2 pathway [39]. Thus, treatment with LA might
protect the liver from LPS-induced oxidative and
inflammatory injury in an Nrf2-dependent manner.

In summary, as illustrated in Figure 5, our
findings signify that LA exhibits hepatoprotective roles
by inhibiting oxidative stress and inflammation on ALIL
The antioxidant and anti-inflammatory activities of
LA might result from the activation of the Nrf2 pathway.
Although the direct molecular mechanism by which
LA activates Nrf2 needs to be further examined, the
results from this study allude that LA has potential value
in the pharmacological control of ALI resulting from
oxidative stress and inflammatory response.

‘ / LA
LPS
/ : Aa kh
/ e
cytoplasm \
LA
‘
A
A
,._!’ Inflammation
P | e
h Oxidative stress
! v
Liver cells nucleus

Fig. 5. Graphical abstract of linoleic acid ameliorated LPS-induced liver injury. In mice, LA activates the Nrf2 signaling pathway and
promotes the transcription of NQO1 that contributes to the inhibition of inflammation and oxidative stress induced by LPS, as well as

the mitigation of LPS-induced acute liver injury.



2024 Linoleic Acid Ameliorated Liver Injury 389
Conclusions Acknowledgements
Thanks for the funding support from the Natural Science

These experimental results demonstrate that
LA supplementation attenuates LPS-associated acute liver
impairment in mice via the activation of the Nrf2 pathway.
Nonetheless, the specific action mechanism main to be
elucidated, warranting further studies.

Foundation of Chongqing (NO. cstc2020jcyj-
msxmX0254), the Chongqging Municipal Public Health
Bureau of Chongqing People's Municipal Government
(grant no. 2022MSXM006), and Graduate Innovative
Special Fund Projects of Chongqing (CYS22385).

Conflict of Interest
There is no conflict of interest.

References

10.

11.

12.

13.

14.

15.

Kubes P, Jenne C. Immune Responses in the Liver. Annu Rev Immunol
https://doi.org/10.1146/annurev-immunol-051116-052415

Woolbright BL, Jaeschke H. Role of the inflammasome in acetaminophen-induced liver injury and acute liver
failure. J Hepatol 2017;66:836-848. https://doi.org/10.1016/j.jhep.2016.11.017

Wu Z, Han M, Chen T, Yan W, Ning Q. Acute liver failure: mechanisms of immune-mediated liver injury. Liver
Int 2010;30:782-794. https://doi.org/10.1111/j.1478-3231.2010.02262.x

Wu Y, Zhao M, Lin Z. Pyrroloquinoline quinone (PQQ) alleviated sepsis-induced acute liver injury,

2018;36:247-2717.

inflammation, oxidative stress and cell apoptosis by downregulating CUL3 expression. Bioengineered
2021;12:2459-2468. https://doi.org/10.1080/21655979.2021.1935136

Li L, Wang H, Zhao S, Zhao Y, Chen Y, Zhang J, Wang C, Sun N, Fan H. Paeoniflorin ameliorates
lipopolysaccharide-induced acute liver injury by inhibiting oxidative stress and inflammation via
SIRT1/FOX0O1a/SOD?2 signaling in rats. Phytother Res 2022;36:2558-2571. https://doi.org/10.1002/ptr.7471

Di Lorenzo F, Duda KA, Lanzetta R, Silipo A, De Castro C, Molinaro A. A Journey from Structure to Function of
Bacterial Lipopolysaccharides. Chem Rev 2022;122:15767-15821. https://doi.org/10.1021/acs.chemrev.0c01321
Liu X, Liu R, Dai Z, Wu H, Lin M, Tian F, Gao Z, ET AL. Effect of Shenfu injection on lipopolysaccharide (LPS)-
induced septic shock in rabbits. J Ethnopharmacol 2019;234:36-43. https://doi.org/10.1016/j.jep.2019.01.008

Kim J, Lee HJ, Park JH, Cha BY, Hoe HS. Nilotinib modulates LPS-induced cognitive impairment and
neuroinflammatory responses by regulating P38/STAT3
https://doi.org/10.1186/s12974-022-02549-0

Li Q, Tan Y, Chen S, Xiao X, Zhang M, Wu Q, Dong M. Irisin alleviates LPS-induced liver injury and
inflammation through inhibition of NLRP3 inflammasome and NF-kappaB signaling. J Recept Signal Transduct
Res 2021;41:294-303. https://doi.org/10.1080/10799893.2020.1808675

Xiong X, Ren Y, Cui Y, Li R, Wang C, Zhang Y. Obeticholic acid protects mice against lipopolysaccharide-induced
liver injury and inflammation. Biomed Pharmacother 2017;96:1292-1298. https://doi.org/10.1016/j.biopha.2017.11.083
Whelan J, Fritsche K. Linoleic acid. Adv Nutr 2013;4:311-312. https://doi.org/10.3945/an.113.003772

Fleck AK, Hucke S, Teipel F, Eschborn M, Janoschka C, Liebmann M, Wami H, ET AL. Dietary conjugated linoleic
acid links reduced intestinal inflammation to amelioration of CNS autoimmunity. Brain 2021;144:1152-1166.
https://doi.org/10.1093/brain/awab040

Yang B, Zhou Y, Wu M, Li X, Mai K, Ai Q. omega-6 Polyunsaturated fatty acids (linoleic acid) activate both
autophagy and antioxidation in a synergistic feedback loop via TOR-dependent and TOR-independent signaling
pathways. Cell Death Dis 2020;11:607. https://doi.org/10.1038/s41419-020-02750-0

Tu TH, Kim H, Yang S, Kim JK, Kim JG. Linoleic acid rescues microglia inflammation triggered by saturated
fatty acid. Biochem Biophys Res Commun 2019;513:201-206. https://doi.org/10.1016/j.bbrc.2019.03.047
Barzegarzadeh B, Hatami H, Dehghan G, Khajehnasiri N, Khoobi M, Sadeghian R. Conjugated Linoleic Acid-
Curcumin Attenuates Cognitive Deficits and Oxidative Stress Parameters in the Ethidium Bromide-Induced
Model of Demyelination. Neurotox Res 2021;39:815-825. https://doi.org/10.1007/s12640-020-00310-0

signaling. J Neuroinflammation 2022;19:187.




390 Zhangetal Vol. 73

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Park H, Hasegawa G, Shima T, Fukui M, Nakamura N, Yamaguchi K, Mitsuyoshi H, ET AL. The fatty acid
composition of plasma cholesteryl esters and estimated desaturase activities in patients with nonalcoholic fatty
liver disease and the effect of long-term ezetimibe therapy on these levels. Clin Chim Acta 2010;411:1735-1740.
https://doi.org/10.1016/j.cca.2010.07.012

Rosqvist F, Bjermo H, Kullberg J, Johansson L, Michaelsson K, Ahlstrom H, Lind L, Riserus U. Fatty acid
composition in serum cholesterol esters and phospholipids is linked to visceral and subcutaneous adipose tissue

content in elderly individuals: a cross-sectional study. Lipids Health Dis 2017;16:68.
https://doi.org/10.1186/s12944-017-0445-2

Cuciniello R, Luongo D, Ferramosca A, Lunetti P, Rotondi-Aufiero V, Crispi S, Zara V, ET AL. Conjugated
linoleic acid downregulates Alzheimer's hallmarks in aluminum mouse model through an Nrf2-mediated adaptive

response and increases brain glucose transporter levels. Free Radic Biol Med 2022;191:48-58.
https://doi.org/10.1016/j.freeradbiomed.2022.08.027

Liu XS, Bai XL, Wang ZX, Xu SY, Ma Y, Wang ZN. Nrf2 mediates the neuroprotective effect of isoflurane
preconditioning in cortical neuron injury induced by oxygen-glucose deprivation. Hum Exp Toxicol
2021;40:1163-1172. https://doi.org/10.1177/0960327121989416

Zhang Y, Li M, Wang W, He S. Carvedilol activates nuclear factor E2-related factor 2/antioxidant response

element pathway to inhibit oxidative stress and apoptosis of retinal pigment epithelial cells induced by high
glucose. Bioengineered 2022;13:735-745. https://doi.org/10.1080/21655979.2021.2012627

Dong W, Liu G, Zhang K, Tan Y, Zou H, Yuan Y, Gu J, ET AL. Cadmium exposure induces rat proximal tubular
cells injury via p62-dependent Nrf2 nucleus translocation mediated activation of AMPK/AKT/mTOR pathway.
Ecotoxicol Environ Saf2021;214:112058. https://doi.org/10.1016/j.ecoenv.2021.112058

Chen SN, Tan Y, Xiao XC, Li Q, Wu Q, Peng YY, Ren J, Dong ML. Deletion of TLR4 attenuates
lipopolysaccharide-induced acute liver injury by inhibiting inflammation and apoptosis. Acta Pharmacol Sin
2021;42:1610-1619. https://doi.org/10.1038/s41401-020-00597-x

Jin SC, Kim MH, Jo SY, Yoon Choi L, Lee H, Yang WM. Soshiho-tang protects LPS-induced acute liver injury
by attenuating inflammatory response. J Nat Med 2020;74:788-795. https://doi.org/10.1007/s11418-020-01421-w
Liu J, Du S, Kong Q, Zhang X, Jiang S, Cao X, Li Y, ET AL. HSPA12A attenuates lipopolysaccharide-induced
liver injury through inhibiting caspase-11-mediated hepatocyte pyroptosis via PGC-1alpha-dependent acyloxyacyl
hydrolase expression. Cell Death Differ 2020;27:2651-2667. https://doi.org/10.1038/s41418-020-0536-x

To K, Okada K, Watahiki T, Suzuki H, Tsuchiya K, Tokushige K, Yamamoto M, Ariizumi Si, Shoda J.
Immunohistochemical expression of NRF2 is correlated with the magnitude of inflammation and fibrosis in
chronic liver disease. Cancer Med 2023;12:19423-19437. https://doi.org/10.1002/cam4.6538

Gong X, Yang Y, Huang L, Zhang Q, Wan RZ, Zhang P, Zhang B. Antioxidation, anti-inflammation and anti-

apoptosis by paeonol in LPS/d-GalN-induced acute liver failure in mice. Int Immunopharmacol 2017;46:124-132.
https://doi.org/10.1016/].intimp.2017.03.003

Nava Lauson CB, Tiberti S, Corsetto PA, Conte F, Tyagi P, Machwirth M, Ebert S, ET AL. Linoleic acid
potentiates CD8(+) T cell metabolic fitness and antitumor immunity. Cell Metab 2023;35:633-650e9.
https://doi.org/10.1016/j.cmet.2023.02.013

Manuel CR, Charron MJ, Ashby CR Jr, Reznik SE. Saturated and unsaturated fatty acids differentially regulate in vitro
and ex vivo placental antioxidant capacity. Am J Reprod Immunol 2018;80:¢12868. https://doi.org/10.1111/aji.12868
Chen TC, Hsu WL, Wu CY, Lai YR, Chao HR, Chen CH, Tsai MH. Effect of omega-6 linoleic acid on
neurobehavioral development in Caenorhabditis elegans. Prostaglandins Leukot Essent Fatty Acids
2023;191:102557. https://doi.org/10.1016/j.plefa.2023.102557

Haghighat N, Shimi G, Shiraseb F, Karbasi A, Nadery M, Ashtary-Larky D, Zamani M, Asbaghi O. The effects of
conjugated linoleic acid supplementation on liver function enzymes and malondialdehyde in adults: A GRADE-

assessed systematic review and dose-response meta-analysis. Pharmacol Res 2022;186:106518.
https://doi.org/10.1016/j.phrs.2022.106518

Zhu T, Lu X-T, Liu Z-Y, Zhu H-L. Dietary linoleic acid and the ratio of unsaturated to saturated fatty acids are
inversely associated with significant liver fibrosis risk: A nationwide survey. Front Nutr 2022;9:938645.
https://doi.org/10.3389/fnut.2022.938645




2024 Linoleic Acid Ameliorated Liver Injury 391

32. Dai C, Xiao X, Li D, Tun S, Wang Y, Velkov T, Tang S. Chloroquine ameliorates carbon tetrachloride-induced
acute liver injury in mice via the concomitant inhibition of inflammation and induction of apoptosis.
Cell Death Dis 2018;9:1164. https://doi.org/10.1038/s41419-018-1136-2

33. Ai G, WuX, DouY, Huang R, Zhong L, Liu Y, Xian Y, ET AL. Oxyberberine, a novel HO-1 agonist, effectively
ameliorates oxidative stress and inflammatory response in LPS/D-GalN induced acute liver injury mice via

coactivating erythrocyte metabolism and Nrf2 signaling pathway. Food Chem Toxicol 2022;166:113215.
https://doi.org/10.1016/].fct.2022.113215

34. TanJ, Wan L, Chen X, Li X, Hao X, Li X, Li J, Ding H. Conjugated Linoleic Acid Ameliorates High Fructose-
Induced Hyperuricemia and Renal Inflammation in Rats via NLRP3 Inflammasome and TLR4 Signaling Pathway.
Mol Nutr Food Res 2019;63:e1801402. https://doi.org/10.1002/mnfr.201801402

35. Alarcon-Gil J, Sierra-Magro A, Morales-Garcia JA, Sanz-SanCristobal M, Alonso-Gil S, Cortes-Canteli M,
Niso-Santano M, ET AL. Neuroprotective and Anti-Inflammatory Effects of Linoleic Acid in
Models of Parkinson's Disease: The Implication of Lipid Droplets and Lipophagy. Cells 2022;11:2297.
https://doi.org/10.3390/cells11152297

36. Biswas SK. Does the Interdependence between Oxidative Stress and Inflammation Explain the Antioxidant
Paradox? Oxid Med Cell Longev 2016;2016:5698931. https://doi.org/10.1155/2016/569893 1

37. Anderson MT, Staal FJ, Gitler C, Herzenberg LA, Herzenberg LA. Separation of oxidant-initiated and redox-
regulated steps in the NF-kappa B signal transduction pathway. Proc Natl Acad Sci U S A 1994;91:11527-11531.
https://doi.org/10.1073/pnas.91.24.11527

38. Tonelli C, Chio IIC, Tuveson DA. Transcriptional Regulation by Nrf2. Antioxid Redox Signal 2018;29:1727-1745.
https://doi.org/10.1089/ars.2017.7342

39. Cigliano L, Spagnuolo MS, Boscaino F, Ferrandino I, Monaco A, Capriello T, Cocca E, ET AL. Dietary

Supplementation with Fish Oil or Conjugated Linoleic Acid Relieves Depression Markers in Mice by Modulation
of the Nrf2 Pathway. Mol Nutr Food Res 2019;63:¢1900243. https://doi.org/10.1002/mnfr.201900243





<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Dot Gain 20%)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Error

  /CompatibilityLevel 1.4

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /CMYK

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues false

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments true

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 300

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /ColorImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 300

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /GrayImageDict <<

    /QFactor 0.15

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 30

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<



    /BGR <>

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>

    /GRE <>



    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)

    /HUN <>

    /ITA <>

    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>

    /RUM <>

    /RUS <>

    /SKY <>

    /SLV <>

    /SUO <>

    /SVE <>

    /TUR <>

    /UKR <>

    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

    /CZE <>

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /ConvertColors /ConvertToCMYK

      /DestinationProfileName ()

      /DestinationProfileSelector /DocumentCMYK

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements false

      /GenerateStructure false

      /IncludeBookmarks false

      /IncludeHyperlinks false

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles false

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /DocumentCMYK

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /UseDocumentProfile

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [2400 2400]

  /PageSize [595.276 841.890]

>> setpagedevice



