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Previous studies have shown that trans fatty acids (TFA) are associated with several chronic diseases, the
gut microbiota is directly influenced by dietary components and linked to chronic diseases. Our research
investigated the effects of elaidic acid (EA), a typical TFA, on the gut microbiota to understand the
underlying mechanisms of TFA-related chronic diseases. 16S rDNA gene sequencing on faecal samples from
Sprague-Dawley rats were performed to explore the composition change of the gut microbiota by EA gavage
for 4 weeks. The results showed that the intake of EA increased the abundance of well-documented harmful
bacteria, such as Proteobacteria, Anaerotruncus, Oscillibacter and Desulfovibrionaceae. Plus, EA induced
translocation of lipopolysaccharides (LPS) and the above pathogenic bacteria, disrupted the intestinal barrier,
led to gut-liver axis derangement and TLR4 pathway activation in the liver. Overall, EA induced intestinal
barrier damage and regulated TLR4-MyD88-NF-kB/MAPK pathways in the liver of SD rats, leading to the
activation of NLRP3 inflammasome and inflammatory liver damage.
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This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Trans fatty acids (TFAs) are unsaturated fatty acids that contain
at least one non-conjugated double bond in the trans configuration'.
Widely used in baked goods, French fries, chocolate, ice cream
and other processed foods, industrial TFAs can improve the texture
and the flavour, and extend the shelf life"”!. However, TFAs have
adverse effects on human health, likely leading to cardiovascular
disease, inflammation, neurodegenerative diseases, diabetes and
obesity™!. Trans-octadecenoic acid isomers account for 80%—90%
of the total TFA content, with elaidic acid (EA, C,g, trans-9) up to
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50% of the total®”. EA can cause elevated total serum cholesterol
and low density lipoprotein, which might lead to the development of
thrombosis, heart disease and cardiovascular disease™”".

TFA intake was reported to increase the abundance of intestinal
Proteobacteria compared to saturated fatty acid diets, exacerbating
metabolic diseases such as diabetes and fatty liver'"”. TFA intake also
increased the abundance of “harmful” bacteria, such as Proteobacteria
and Desulfovibrionaceae, whereas it decreased relative abundance
of “beneficial” bacteria, such as Bacteroidetes, Lachnospiraceae and
Bacteroidales'""". The liver and the intestine are connected through a
bidirectional interconnection of the gut-liver axis"”. The liver is an
endocrine gland that secretes bile acids into the intestine to maintain
the stability of the gut microbiota. Excessive bile acid accumulation in
the liver and serum can lead to liver damage or even necrosis and thus

13]

increase inflammatory damage to the liver'”. Reduced bile acids in

the intestine can lead to intestinal dysbiosis, which impairs intestinal
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barrier function, and it has been found that intestinal mucosal
barrier dysfunction can lead to translocation of intestinal bacteria,
mainly gram-negative bacteria and their product lipopolysaccharides
(LPS)". Toll-like receptors (TLR) could explain how the microbiota
affects gut motility and the gut-liver axis, as TLR activation mediates
intestinal and liver disease in the presence of a compromised intestinal
barrier. Endotoxin activates the TLR4/MyD88 pathway by binding to
TLR receptors, activating hepatic innate immunity and the expression
of various pro-inflammatory cytokines in the liver, leading to chronic
liver injury">"".

The NLRP3 inflammasome as an intracellular pattern recognition
receptor has been shown to be associated with intestinal barrier
integrity, microbial composition and liver injury'*'’. NLRP3
inflammasome are large multiprotein complexes that recognize
a variety of microbial, stress and danger-related signals and
subsequently trigger the maturation of pro-inflammatory cytokines
(IL-1p and IL-18) that promote innate immunity"”. While IL-18 has
been shown to be associated with regulation of the gut microbiota™®.
In summary, NLRP3 inflammasome is associated with the gut-liver
axis and modulates liver inflammation by affecting the intestinal
mucosal barrier and microbial composition. However, most previous
studies have focused on the role of NLRP3 inflammasome in the gut
or liver, neglecting its complex role in the intestinal-liver axis.

Gut microbiota plays an important role in the gut-liver axis”'.
Experimental models suggested that intestinal dysbiosis led to
intestinal inflammation and mucosal leakage, which caused the
translocation of several inflammatory bacterial products™. Food
compositions have a big impact on the gut microbiota, but the
effects of TFAs intake on intestinal microbes are rarely reported.
Investigating the effects of EA on the gut-liver axis can help to study
the effects of TFAs on the liver and the intestinal innate immune
system, and provide insight into the mechanisms of EA-induced

inflammatory responses in the body.

2. Materials and methods
2.1 Materials

EA (C18:1T, CAS 112-79-8, purity > 99%) was purchased
from ANPEL Laboratory Technologies Co., Ltd. (Shanghai, China).
Thirty-six male Specific pathogen-free (SPF) Sprague-Dawley (SD)
rats (8 weeks old and weighing 200 g) were purchased from Liaoning
Changsheng Biotechnology Co., Ltd. ELISA kits for IL-6, IL-18,
IL-1p, tumor necrosis factor-a (TNF-a), and LPS were purchased
from USCN KIT Inc. (Wuhan, China). The enzymatic assay Kkits
for lactate dehydrogenase (LDH), alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). IgG secondary
antibodies were bought from Bioss Antibodies (Beijing, China). The

specific antibodies were displayed in Table 1.
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Table 1
Specific antibodies used for Western blotting.

Antibody name Dilution ratio Antibody name Dilution ratio
Claudin-1 1:1 000 INK 1:1 000
Occludin 1:1 000 p-JNK 1:1 000

Z0-1 1:1 000 p38 1:1 000
MyD88 1:1 000 p-p38 1:1 000
TLR4 1:1 000 ERK 1:1 000
IxBa 1:1 000 p-ERK 1:1 000
p-IkBa 1:1 000 NLRP3 1:1 000
IKK 1:1 000 ASC 1:500
p-IKK 1:1 000 Caspase-1 1:1 000
p65 1:1 000 IL-1B 1:1 000
p-p63 1:1 000 GAPDH 1:10 000

Note: Claudin-1, Occludin, ZO-1, MyD88 and TLR4 were purchased from Affinity
Biosciences (OH, USA); p-IxBa, p-IKK and p-p65 were bought from Cell Signaling
Technology (Boston, USA); IkBa and p65 were purchased from Proteintech Group
(Chicago, USA); IKK, JNK, p-JNK, p38, p-p38, ERK, p-ERK, NLRP3, ASC, caspase-1,
IL-1P and GAPDH were bought from Abcam (Cambridgeshire, UK).

2.2 Animals and experimental design

The experiments were implemented in conformity to the
Guideline for Animal Experimentation of Jilin University (Changchun,
China). The experimental procedures were approved by the Ethical
Welfare Committee of Jilin University (No. SY202105011). After
adaptive feeding for 1 week, 36 male rats were randomly divided
into 4 groups: (i) a negative control group which was given gavage
corn oil with 1.0 mL/100 g BW daily, named the CON group.
(i1) EA-exposed groups which received gavage EA in corn oil with 50,
100 and 150 mg/kg BW, named the EA 50 group, the EA 100 group
and the EA 150 group, respectively. The dosage was determined
as previously described and in literature"**”. The experiment was
conducted within 4 weeks. All rats were housed 3 per cage in
constant environmental conditions (12 h light/dark cycle, 20—25 °C,
(55 + 5)% humidity) and had free access to standard feed and drinking
water. The body weight was recorded once a week. The SD rats were
anesthetized with sodium pentobarbital and blood was taken from the
heart. SD rats were quickly dissected and the organs were taken out
and frozen at =80 °C.

2.3 Histopathological observation

Liver and colon tissue were immediately placed in 10% formalin
solution for 24 h. Dehydration operations were then carried out with
gradient ethanol, clear treatment with xylene, wax immersion in
wax cylinders at 63 °C, dewaxing and hydration after embedding
the sections (3 um), which were subsequently stained with
hematoxylin and eosin (H&E). The sections were placed under a
light microscope (CX22, Olympus, Japan) to monitor the changes in
histomorphological structure.

2.4 Transmission electron microscopic observation

Colon tissue was immediately fixed in 2.5% glutaraldehyde
overnight at 4 °C and then infiltrated with PBS solution overnight.
The sections were fixed in 1% osmium solution for 2 h at 4 °C,
dehydrated with graded ethanol and acetone and then embedded in
a medium consisting of embedding agent and acetone. Staining of
ultrathin sections was done with dioxygen acetate and lead citrate, and
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finally the ultrastructure of tissue was observed under a JEM 1400
(JEOL Ltd., Japan) transmission electron microscope at 80 kV.

2.5 Measurements of biochemical parameters

The release of IL-1f, IL-18, IL-6, TNF-a and LPS in liver or
colon of SD rats were detected using rat ELISA kits according to the
protocol. Liver or colon of SD rats was ground and centrifuged to
collect the supernatant (4 °C, 10 000 x g for 5 min). The activity of
LDH, ALT and AST were assayed using commercial kits according
to the manufacturer’s instructions. Rat blood was allowed to stand for
4 h at room temperature and then centrifuged to collect the supernatant
(4 °C, 630 x g for 10 min). Liver or colon was homogenized with
saline buffer at a ratio of 1:9, and then centrifuged to obtain tissue
homogenate (4 °C, 630 x g for 10 min).

2.6 Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from liver tissue homogenate using
Simply P Total RNA Extraction kit (BioFlux, Beijing, China). The
concentrations of RNA were determined by UV spectrophotometer.
RNA (1 pg) was reverse-transcribed to complementary DNA (cDNA)
via PrimeScript RT reagent kit (Monad Biotechnology Co., Ltd.,
Suzhou, China). The sequences of specific primers employed and the

. . 24
subsequent steps were based on our previous experiments”",

2.7 Western blotting analysis

Rat tissue was mixed with RIPA lysis buffer (containing 1%
protease and 1% phosphatase inhibitor) at a ratio of 1:10 and
homogenised thoroughly, then centrifuged at 10 010 x g for 10 min
at 4 °C. The supernatant was taken as protein preparation solution.
Protein content determination and Western blotting were conducted as

. . . 24
mentioned in our previous study™".

2.8 Gut microbiota analysis

Five samples of each group were randomly selected and thawed.
DNA was extracted from the samples using the E.Z.N.A.® Stool
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DNA Kit (D4015, Omega, Inc., USA) following the manufacturer’s
instructions. The resulting PCR products were purified by AMPure
XT beads (Beckman Coulter Genomics, Danvers, MA, USA)
and Qubit (Invitrogen, USA) was used for quantification, and the
document was obtained after evaluating on 2100 Bioanalyzer (Agilent,
USA) and Illumina (Kapa Biosciences, Woburn, MA, USA) library
quantification kits. The gut microbiota profile was determined using
a MiSeq high-throughput sequencing platform (NovaSeqPE250)
according to the manufacturer’s recommendations, provided by
LC-Bio Technology Co., Ltd. (Hangzhou, Zhejiang Province, China).
Quality filtering of raw reads under specific filtering conditions to
obtain high quality CLEAN tags according to fqtrim (v0.94). Filtering
of the chimeric sequences was performed using Vsearch software (v2.3.4).
Demodulation was performed using DADA?2 to obtain feature tables
and feature sequences. Diversity was calculated by normalizing to the
same random sequence. Feature abundance was then normalized using
the relative abundance of each sample according to the SILVA (release
132) classifier. Alpha and Beta diversity were calculated by QIIME2 and
plotted by the R package. Sequence comparison was performed using
Blast, and each representative sequence was annotated with the SILVA
database for the feature sequences. Other plots were implemented using
the R package (v3.5.2).

2.9 Statistical analysis

Experimental data were expressed as the mean + SD of three
independent replicate experiments, and analyzed by ANOVA and
Newman-Keuls multiple comparison tests. GraphPad Prism 7
(GraphPad Software, Inc., La Jolla, USA) was used for statistical
analysis and plotting. Difference between the mean values was
considered significant at P < 0.05. Quantitative analysis of the
Western blot bands was performed using Image J software.

3. Results
3.1 EA induced intestinal damage in SD rats colon

The results of H&E staining in the colon of SD rats were shown
in Fig. 1A. The CON group featured neatly arranged intestinal
epithelial cells, normal crypt structure, and clear intermediate glands,
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Fig.1 EA induced intestinal damage in SD rats colon. (A) The histopathological changes of colon (100x). Yellow arrow shows abnormal crypt structure, red arrow
represents red blood cells, black arrow represents inflammatory cells. (B) EA induced the release of TNF-a in colon. (C) EA induced the increase of LDH level in colon.
(D) EA induced the increase of LPS level in colon. Significant differences with the CON group were designated as *P < 0.05 or **P < 0.01. The same below.
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without inflammatory cell infiltration, congestion or edema observed,
and the muscle layer and mucosal structure were intact. In contrast,
the EA 50 group showed histological disorganization with localized
inflammatory cells. Irregularity of the crypt surface, deformation of
the intestinal villi and inflammatory cell infiltration were observed in
the EA 100 group, while the EA 150 group featured atrophy of the
crypt structure, increased inflammatory cells and destruction of the
muscular layer with epithelial cell loss.

As the histopathological findings showed significant lesions in
the intestinal tissues, the release level of TNF-a was measured in the
colon. The result suggested that EA significantly up-regulated the
level of TNF-a release in the rat colon compared to the CON group
(Fig. 1B, P <0.01). LDH was present in all cells or tissues of the body
and its level can reflect the metabolic status of the body. Compared
with the CON group, LDH levels in colon of rats showed significant
increase in the EA groups (Fig. 1C, P < 0.01), demonstrating that EA
induced significant lesions in the gut. The result further indicated that
EA induced inflammatory damage in rat intestine. Meanwhile, LPS

A 8 000x

25 000x
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levels in colon of the EA groups were significantly higher compared
to the CON group (Fig. 1D, P < 0.01), indicating that EA induced a
large amount of endotoxin production in rat intestine.

3.2 EA induced intestinal barrier damage in SD rats

Transmission electron microscope (Fig. 2A) showed that the
intestinal villi in the CON group were relatively dense and well
arranged, with tight junctions intact, dense and continuous, and
a high density of bridging grains. In contrast, the EA 50 group
had loose tight junctions, significantly widened gaps, decreased
density of bridging grains, reduced number of microvilli and more
disorganized arrangement. In the EA 100 group, the intestinal villi
were disorganized and sparse, with unclear intercellular connections,
vacuole formation, partial breakage of tight junctions, open and loose
connections. The intestinal villi in the EA 150 group were detached
and sparse, with vacuole formation, incomplete tight junctions,
decreased density of bridging grains and widened cell gaps. This
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Fig. 2 EA induced intestinal barrier damage in SD rats. (A) Effect of EA on ultrastructure in colon, blue arrow represents tight junction. (B) Western blot image;
Gray analysis of (C) ZO-1; (D) Claudin-1; (E) Occludin.
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indicated that the intestinal junctions in the rats were disrupted and
the intestinal mucosal barrier was damaged by EA.

EA induced a significant increase in the levels of intestinal
LPS and the inflammatory factor TNF-a, which would damage the
intestinal epithelial barrier and alter the integrity of the intestinal
barrier. Pathological histology of the colon also showed disruption
of the tight junctions of the intestine. Therefore, the effect of EA
on the integrity of the intestinal barrier in rats was investigated by
measuring the expression of intestinal tight junction proteins. The
results showed that the expressions of ZO-1, Occludin and Claudin-1
were all significantly down-regulated in rat colon compared to the
CON group (Figs. 2B-E, P < 0.01), indicating that EA induced the
increase in intestinal epithelial barrier permeability, with bacteria
and their endotoxins entering the circulation, further exacerbating the
inflammatory response.

3.3 EA induced liver injury in SD rats

H&E staining results (Fig. 3A) showed that in the CON group,
the liver tissue cells were tightly arranged, with good lobular structure
and without obvious abnormalities. The nucleus was located in the
middle of the cells; the hepatic cords were roughly arranged in a
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radial pattern; the morphology of hepatocytes did not change; there
was no vacuolation or inflammatory changes observed. In the EA 50
group, the structure of the liver cords was slightly disordered, there
were local inflammatory cell infiltration and a small amount of fat
vesicles. In the EA 100 group, disorganized cord structure, vacuole-
like changes, abnormal aggregation of red blood cells in the hepatic
sinusoids, inflammatory cell infiltration, as well as swollen and deeply
stained nuclei were observed in the hepatocytes. In the EA 150 group,
the cells had poorly defined hepatic lobules, obstructed red blood
cell sludge, massive inflammatory cell infiltration and vacuole-like
degeneration, deviated nuclei position, blurred cell boundaries, and
obvious inflammatory damage. Overall, histological examination
revealed significant pathological damage to the liver.

Compared with the CON group, LDH levels of serum and
liver increased significantly in EA groups (Figs. 3B-C, P < 0.05,
P <0.01), demonstrating that EA induced significant lesions in the rat
organism. In addition, LPS levels were significantly higher than that
in the CON group (Figs. 3D-E, P < 0.05, P < 0.01), indicating EA
induced translocation of endotoxin produced in the rat intestine to the
liver and circulatory system. ALT and AST tests are normally used
to assess liver function or the extent of liver injury, and patients with
chronic hepatitis exhibit elevated serum transaminases. The results
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Fig.3 EA induced liver injury in SD rats. (A) The histopathological changes of liver (100x). Yellow arrow shows cavitation, red arrow represents red blood cells,
black arrow represents inflammatory cells, blue arrow represents the nucleus. (B, C) EA induced the increase of LDH level in serum and liver. (D, E) EA induced
the increase of LPS level in serum and liver. (F, G) EA induced the increase of ALT level in serum and liver. (H, I) EA induced the increase of AST level in serum and liver.
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showed that EA induced a dose-dependent increase in ALT and AST
levels in both liver and serum compared to the CON group (Figs. 3F-1,
P <0.05, P <0.01), thus indicating that EA induced liver injury and
inflammatory response in SD rats.

3.4 Effect of EA on gut microbiota of SD rats
3.4.1 Alpha and beta diversity analysis

Chaol and Observed otus index mainly reflect species richness
information of samples. Chaol (Fig. 4A) and Observed otus index
(Fig. 4B) indicated that there was a significant difference in species
richness between EA 50 and EA 150 groups, EA 100 and EA 150
groups. The Simpson and Shannon indices were used to represent
species richness and evenness. The Shannon index (Fig. 4C) showed
significant differences between the EA 150 group and the other
three groups, while the Simpson index (Fig. 4D) showed significant
differences between CON and EA 100 groups, CON and EA 150
groups, EA 50 and EA 150 groups.

Beta diversity refers to the variability of species between different
environmental communities. In this study, principal coordinate
analysis (PCoA) was used to compare differences in microbial
composition between samples (Fig. 4E). Significant differences were
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found between the EA 150 group and the other three groups in terms
of gut microbiota. As shown from the diversity results, the species
composition of these 4 groups varied considerably.

3.4.2 Microbial community structures at the phylum and
genus levels

Superimposed histograms demonstrating the structure of the
gut microbiota illustrated the distribution and relative abundance
of microbial species at each level. At the phylum level (Fig. 5A),
Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria were
dominant in each group. Different doses of EA had different effects
on the gut microbiota of rats. Compared to the CON group, a decrease
in Patescibacteria was observed in the EA 50 group while a decrease
in Epsilonbacteraeota and Proteobacteria was seen in the EA 100
group. The abundance of Patescibacteria, Epsilonbacteraeota and
Firmicutes decreased significantly in the EA 150 group, while the
abundance of Verrucomicrobia, Proteobacteria and Actinobacteria
were higher than that in the CON group. The abundance of
Proteobacteria and Actinobacteria were significantly higher in the EA
150 group compared to the EA 50 and EA 100 groups.

At the genus level (Fig. 5B), the distribution of the gut microbiota
was significantly altered among the 4 groups. The EA 50 group
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showed a significant decrease in the abundance of Candidatus
Saccharimonas, Pygmaiobacter, Intestinimonas, Ruminiclostridium 9
and Peptococcus, and the abundance of Anaerotruncus was higher
than that in CON. Helicobacter, Ruminiclostridium_9, Oscillibacter,
Intestinimonas and Peptococcus were significantly down-regulated
in the EA 100 group administration, and the relative abundance of
Erysipelotrichaceae unclassified increased significantly compared to the
CON group. At the same time, the abundance of Helicobacter, Acetatifactor,
Candidatus_Saccharimonas, Ruminiclostridium, Ruminococcaceae UCG-014,
Intestinimonas, and Peptococcus in EA 150 were lower than that in
CON, while Dubosiella, Parabacteroides, Parasutterella, Lactobacillus,
Anaerotruncus, Olsenella, Peptococcus, Burkholderia-Caballeronia-
Paraburkholderia increased significantly in abundance.

3.4.3 LEfSe analysis

In the LEfSe analysis (Fig. 6), the effects of biomarkers in
different species were evaluated by linear discriminant analysis
(LDA). The dominant bacteria in the control group were Helicobacter
of Epsilonbacteracota, Intestinimonas, Ruminiclostridium 9,
Candidatus _Saccharimonas of Patescibacteria. Prevotellaceae
UCG_001, Ruminococcus were identified as the major flora in the
EA 50 group. Christensenellaceae, Ruminococcaceae, Clostridia and
Firmicutes were found to be the dominant bacteria in the EA 100
group. While in the EA 150 group, Actinobacteria, Proteobacteria,
Olsenella, Lactobacillus, Anaerotruncus, Oscillibacter, Dubosiella,
Desulfovibrio and Burkholderiaceae were dominant microbiota.

3.5 Effects of EA on TLR4/MyDS&8 signalling pathway in the
liver of SD rats

The above results suggested that EA-induced endotoxin
translocation in rats triggered disruption of gut microbiota and damage
to the intestinal epithelial barrier, which could lead to translocation
of LPS into the hepatic circulation and further exacerbate the liver

u CON
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inflammatory response. TLR4 is an important ligand for LPS that
could specifically recognize endotoxins. Therefore, to explore whether
EA-induced liver inflammation in relation to the TLR4 pathway,
the expression levels of TLR4/MyD88 signalling pathways-related
proteins in liver were further examined. As shown in Fig. 7, the
expression levels of TLR4 and MyD88 were significantly increased
(P <0.05, P <0.01). The phosphorylation levels of the NF-xB
signalling pathway-related proteins IkB, IKK and p65 were all
increased with statistical differences (P < 0.05, P < 0.01). Meanwhile,
the expression levels of the MAPK signalling pathway-related
proteins p-JNK, p-ERK and p-p38 were significantly up-regulated
(P <0.05, P <0.01) in a dose-dependent manner in EA groups
compared with CON. The above results demonstrated that EA induced
the activation of TLR4-MyD88-NF-kB/MAPK signaling pathways in
rat liver via LPS and pathogenic bacteria, thereby triggering the liver
inflammatory response.

3.6 Effect of EA on NLRP3 inflammasome activation in the
liver of SD rats

NLRP3 inflammasome activation is closely associated with
the inflammatory response. To investigate the effect of EA on the
activation of NLRP3 inflammasome in the liver of SD rats, mRNA
expression levels of NLRP3, caspase-1, ASC and IL-1p in the rats
liver were firstly examined using RT-qPCR. The results in Fig. 8
showed that mRNA expression levels of NLRP3, caspase-1, ASC and
IL-1p in liver of EA groups were significantly increased compared to
the CON group (P < 0.05, P < 0.01), indicating that EA intervention
likely induced NLRP3 inflammasome activation in rat liver. The
speculation was confirmed at the protein level, where the protein
expression levels of NLRP3, ASC, IL-1p and Cleaved Caspase-1
were significantly increased in a dose-dependent manner in EA
groups compared to CON group (Fig. 9, P < 0.05, P < 0.01). The
results indicated that EA induced NLRP3 inflammasome activation in
the liver of SD rats.
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Fig. 6 Evolutionary branch maps of LEfSe analysis.
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Fig. 7 Effects of EA on expression levels of TLR4 /MyD88 pathway in SD rats liver. (A) Western blot image; Gray analysis of (B) TLR4, (C) MyDS88,
(D) p-IkB/IkB, (E) p-IKK/IKK, (F) p-p65/p65, (G) p-ERK/ERK, (H) p-JINK/JNK, (I) p-p38/p38.
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Fig. 8 Effects of EA on mRNA expression levels of the NLRP3 inflammasome-related proteins in SD rat livers. (A) NLRP3; (B) ASC; (C) caspase-1; (D) IL-15.
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Fig. 9 Effects of EA on expression levels of NLRP3 inflammasome-related proteins in SD rats liver. (A) Western blot image; Gray analysis of (B) NLRP3,
(C) Caspase-1, (D) ASC, (E) IL-1pB.
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Fig. 10 Effects of EA on the release of inflammatory factors from SD rats liver. (A) Liver IL-18; (B) Liver IL-1p; (C) Liver IL-6; (D) Liver TNF-a.

Levels of inflammatory cytokines in liver respond to the level of
systemic inflammation and the state of immune activation in rats. When
the NLRP3 inflammasome was activated in rat liver, the organism
underwent the inflammatory response and induced the release of
inflammatory factors. The expressions of inflammatory factors in rat liver
were shown in Fig. 10, compared with the CON group, the expression
levels of IL-18, IL-1p, IL-6 and TNF-a were significantly increased in a
dose-dependent manner in EA-induced group (P < 0.05, P < 0.01). To
sum up, EA induced NLRP3 inflammasome activation in the liver of SD
rats and released large amounts of inflammatory factors.

4. Discussion

To varying degrees, dietary lipids and fatty acids affect intestinal
microbiota. However, little is known about the effects of TFAs on
the intestinal tract. As EA is the main isomer of TFAs, the aim of

this study was to investigate the effect of EA on the intestine of SD
rats. The largest EA dose (150 mg/kg) used in rats was converted to
a human equivalent dose of 24.32 mg/kg, which is comparable to
1 824 mg EA in a 75 kg human. This concentration may be provided
through a daily diet supplement. The World Health Organization
(WHO) recommends that TFAs intake be limited to less than 1% of
total energy intake (approximately 2 200 mg of TFAs). At the same
time, we also analyzed and discussed other related studies. In the
studies of de Brito Medeiros et al.”*! and Okamura et al."”, the intake
of EA was above the restricted consumption level. We hypothesize
that the use of higher experimental doses may be an attempt to more
accurately determine the mechanism and extent of damage caused
by TFAs to the organism. We would like to emphasize that an
appropriately calculated dose based on research in rat is achievable in
humans. However, we advocate that TFAs should be avoided in the
diet as much as possible.
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The results of H&E staining and transmission electron microscopy
showed that EA caused significant pathological damage to the rat
colon compared with CON group, and the most severe damage was
caused by high dose of EA. LDH levels, an important marker for
disease assessment, are significantly increased in diseases such as

] When tissues and organs are damaged,

pneumonia and tumours
LDH levels in serum and related tissues increased significantly. The
results demonstrated that EA induced a significant increase in LDH
levels in liver, colon and serum, indicating damage occurred to both
liver and intestine. At the same time the ELISA results indicated that
EA induced a significant release of TNF-a in the rat colon. TNF-a
is an inflammatory mediator essential to the process of systemic
inflammatory response, which can modulate the immune system,
as well as the synthesis and release of other cytokines. The above
results demonstrated that EA induced inflammatory damage in the
intestine. Okamura et al."” found significant inflammatory damages
in the pathological tissue of the small intestine in mice fed TFAs, with
significantly increased expression levels of inflammatory factors such
as TNF-a, IL-6 and IL-1p in the liver and small intestinal mucosa,
promoting the accumulation of liver fat and development liver fibrosis.

The liver and the intestine are connected through a bidirectional
interconnection of the gut-liver axis!"”. Dysregulation of intestinal
microecology, which impairs intestinal barrier function, induces
massive translocation of enteric pathogens and endotoxins into
the portal system, creating an extremely complex response that
exacerbates intestinal damage and further causes inflammatory
damage to other organs such as the liver'”'". 16S rDNA analysis
showed a significant decrease in the EA-induced group compare to
CON group in the abundance of Intestinimonas, which was important
butyrate producers in the human microbiota”. An increased
abundance of Prevotellaceae UCG_001 was found in the EA 50
group, and the abundance of this genus may lead to depression””.

The intestinal microorganisms that were significantly different
from the other groups in the EA150 group were Actinobacteria,
Proteobacteria, Bifidobacterium, Olsenella, Lactobacillus,
Anaerotruncus, Oscillibacter, Dubosiella, Desulfovibrio and
Burkholderiaceae. This suggested that EA intake notably increased the
amount of harmful bacteria groups. The abundance of Actinobacteria
was significantly increased in patients with nonalcoholic fatty
liver disease (NAFLD), and the degree of fatty liver and abnormal
liver function were positively correlated with the abundance of the

28-29 .
128291 Pproteobacteria are a

30-31]
b

Actinobacteria and the Proteobacteria
major source of the intestinal translocation antigen LPS! and
pro-inflammatory bacteria, considered to be a microbial signature of
dysbiosis in the gut flora™. Gao et al.”” found that Anaeroruncus was
associated with intestinal permeability index, LPS and tight junction
protein in high-fat diet-fed rats, suggesting its involvement in the loss
of barrier function and LPS production. In addition, Oscillibacter
was enriched in mice with colorectal cancer. Oscillibacter was
also increased in mice fed a high saturated fat diet, contributing to
increased intestinal permeability and negatively correlating with #rans-
epithelial resistance in the proximal colon”". Curiously, Oscillibacter
was the dominant microbiota in the EA 150 group but not in the
EA 100 group. This somehow confirmed that the effect of different
concentrations of EA on intestinal flora varies greatly, the same
conclusion has been obtained in other studies. Ge et al.!"" suggested
that there were differences in cecal microbiota composition among
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the mouse with low partially hydrogenated oil (LH) and high partially
hydrogenated oil (HH) diet. According to relative abundance at the
family level, Lachnospiraceae from the was the most abundant family
in the cecum bacterial communities of LH mice, and the second-most
abundant family was Desulfovibrionaceae, which was the same in the
control group. However, in HH mice, the ratio of Desulfovibrionaceae
was markedly increased and was dominant in cecum bacterial
communities. Even more impressively, compared with the control
group, higher levels of Lactobacillaceae were found in the LH group
than in the HH group. Hua et al.”>"
in the relative abundance of rat gut microbiota at the phylum level,

observed no significant differences

but at the genus level, Bacteroides and Muribaculaceae showed
different abundances among the TFAs diet groups (1% TFA and 8%
TFA). The proportion of genus Bacteroides was increased in the 1%
TFA groups compared with the CON group, however, the abundance
of Bacteroides in 8% TFA groups was significantly lower than that
in 1% TFA groups. In addition, the proportions of Muribaculaceae in
the 1% TFA and 8% TFA groups were lower than that in the CON
group, but the abundance of Muribaculaceae in 8% TFA groups was
significantly higher than that in 1% TFA groups.

Diets of EA resulted in increased abundance of the
Desulfovibrionaceae and Desulfovibrio. As gram-negative bacteria,
most members of the Desulfovibrio are LPS producers that disrupt

B The increased relative abundance of

the intestinal barrier
Desulfovibrionaceae and the resulting excess hydrogen sulphide
production may contribute to the development of inflammatory bowel
disease (IBD) and inflammation-related intestinal diseases, such as
colorectal cancer”™. Studies have also been reported that increased
abundance of Desulfovibrionaceae was associated with obesity”".
Increase in the abundance of Proteobacteria and Desulfovibrionaceae

was also found in TFAs diets!""*"

, and these gram-negative bacteria
were found to be abundant in obese and metabolically impaired
mice*". Furthermore, intake of industrial TFAs resulted in increased
release of inflammatory factors and decreased production of butyric
and valeric acids. Li et al.*”! found that intake of TFAs altered
the fatty acid profile of the small intestinal mucosa, in particular
inducing excessive accumulation of EA. The relative abundance of
Proteobacteria, Lactobacillus, Desulfovibrio, Peptostreptococcus
and Turicibacter was significantly different in the TFAs diet group
compared to the control group.

Surprisingly, EA 150 stimulated the increase in two recognized
probiotics, Lactobacillus and Bifidobacterium. Ge’s"'" study echoed
our findings and explained the occurrence of this phenomenon, as
EA stimulated the growth and multiplication of Lactobacillus in the
in vitro fermentation experiments, while in vivo analysis experiments
in mice confirmed that EA induced an increase in intestinal
Lactobacillus. Although Lactobacillus has traditionally been considered
to be beneficial to health, recent evidence suggested that increased
abundance of Lactobacillus might be associated with obesity and
inflammatory conditions™. The count of intestinal Bifidobacterium
was also found to increase significantly in response to TNF-a
stimulation”. This may explain the increase in beneficial bacteria
Lactobacillus and Bifidobacterium in the EA group. Hua et al.®%
found that low and high doses of TFAs did not have the same effect
on the gut microbiota of rats induced by a high-fat diet. Similar to the
findings of the above research, different doses of EA had different
effects on the gut microbiota of rats, but the significantly different
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abundance of bacteria in each group was all strongly associated with
the development of an inflammatory response and disruption of the
intestinal barrier.

The close link between the gut and the liver determines the
critical regulation of liver health by the intestinal microbiota. The
regulatory mechanisms of the gut-liver axis are controlled by the
intestinal barrier, the composition of the gut microbiota and normal
liver function. When the intestinal mucosal barrier is disrupted
by external stimuli, intestinal bacteria and their products migrate
through the damaged intestinal barrier to the liver, causing a series
of inflammatory responses. The EA-induced harmful bacteria were
involved in the loss of barrier function and the production of LPS.
LPS is one of the intestinal metabolites and an endotoxin-specific
antigen. TLR4 recognizes LPS to induce the release of a variety of
inflammatory cytokines, which leads to the inflammatory response.
ELISA results showed significant increase in serum, liver and
intestinal LPS levels, together with the colonic ultrastructural results,
demonstrating that EA induced damage to the intestinal mucosal
barrier in rats. In general, liver inflammation is the pathophysiological
basis for gut microbiota-associated liver injury™’!. Increased
intestinal LPS triggers endotoxaemia, which can lead to increased
intestinal permeability and consequently liver inflammation™”. The
gut microbiota can cause liver injury by increasing LPS, which
induces liver inflammation and lipid accumulation by activating the
NF-kB signalling pathway through TLR4 receptor recruitment of
MyDS88. TLR4 is a major component of the LPS recognition receptor
complex and activation of the TLR4/MyD88 pathway induces the
production of pro-inflammatory cytokines such as TNF-a, IL-6
and IL-1B, which play a major role in the inflammatory response to
adrenoleukodystrophy (ALD)""". Gram-negative bacteria, such as
Prevotella and Veillonella, are significantly increased in the gut in
patients with cirrhosis and may be associated with activation of the
LPS-TLR4 axis™. The above studies suggested that Proteobacteria,
Anaerotruncus, Oscillibacter and Desulfovibrio may be responsible
for the destruction of intestinal barrier. In addition, increased
intestinal permeability and intestinal barrier dysfunction may also
play a key role in the development and progression of liver disease'™".
Epithelial cells maintain the stability of the intestinal barrier through
tight junction structures, and the expression of tight junction proteins
is a major marker of epithelial cell structure and function®”. The
results of this study showed that the expression levels of ZO-1,
Occludin and Claudin-1 were significantly down-regulated in the
colon in EA-induced groups, indicating that EA induced an increase
in intestinal epithelial barrier permeability in rats, resulting in LPS
entering the circulation via the broken intestinal lumen and inducing
liver inflammation.

Clearly, the expression levels of TLR4 and MyD8S in the liver
were significantly increased with EA treatment, demonstrating
that EA-induced leakage of intestinal LPS and harmful intestinal
bacteria could activate the liver TLR4-MyD88 pathway. NF-kB is
a key nuclear transcription factor that regulates innate and adaptive
immunity by promoting the expression of pro-inflammatory cytokines,
chemokines, enzymes and adhesion molecules”'’. In a model of LPS-
induced liver injury, activation of the NF-«kB signalling pathway
induced NLRP3 inflammasome activation and production of IL-1,
IL-18 and TNF-a"*”. MAPK is closely associated with inflammation
and tumourigenesis. Multiple stimuli, including LPS, activate the
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MAPK signalling pathway, leading to the expression of inflammatory
mediators and pro-inflammatory cytokines such as TNF-o and IL-6.
The MAPK signalling pathway regulates inflammatory genes through
phosphorylation of ERK, JNK and p38. The results showed that EA
induced a significant increase in the levels of MAPK and NF-kB
pathway-related proteins in the liver of SD rats, demonstrating that
EA activated TLR4 in liver by inducing the release of LPS and
pathogenic bacteria, leading to the activation of the MAPK and NF-«xB
signaling pathway and triggering the inflammatory response.

Inflammasome is associated with intestinal barrier integrity,
microbial composition and liver injury!"®. Inflammasome activation
is activated by endogenous or exogenous danger signals via TLRF,
Palmitic acid induced massive release of LPS and stimulated
NLRP3 inflammasome activation through the TLR4-NF-«xB signal
pathway in hepatic stellate cells”". The inflammatory response is
an inducer of multiple types of diseases triggered by TFAs, but the
exact mechanism is not clear. As inflammasome is involved in the
body’s defence response to various pathogenic stimuli, abnormalities
in the NLRP3 inflammasome is responsible for the pathogenesis of
several inflammatory diseases. Therefore, the effect of EA on NLRP3
inflammasome activation was investigated in rat liver. The results of
H&E staining and ALT and AST assays in rats demonstrated that EA
induced the development of inflammatory responses in the rat liver. The
mRNA levels of NLRP3, ASC, caspase-1 and IL-1f were significantly
increased in the liver of EA-induced groups compared to the CON
group, and their protein expression levels were also increased in a dose-
dependent manner. ELISA results showed that EA induced a significant
release of liver IL-1p, IL-18, IL-6 and TNF-a inflammatory factors. The
present study showed that EA activated the NLRP3 inflammasome
in the liver of SD rats, accompanied by the release of inflammatory
factors. Further investigation of the molecular mechanisms underlying
the NLRP3 inflammasome associated with the gut-liver axis may provide
important insights into the identification of potential therapeutic targets
for the treatment of liver and intestinal diseases™.

Overall, EA caused chronic liver injury by inducing LPS release
and translocation of pathogenic bacteria in the rat intestine. The
intestinal barrier was disrupted, which led to the disruption of the
gut-liver axis. This caused the translocation LPS into the circulatory
system, which activated liver intrinsic immunity in combination
with TLR4. Subsequently, the NF-kB and the MAPK signalling
pathway were regulated in the liver through activation of the
TLR4-MyD88 pathway, and NLRP3 inflammasome activation was
ultimately induced.
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