#

Submit a Manuscript: https:/ /www.f6publishing.com

DOI: 10.4254/wijh.v13.i112.2052

World Journal of
Hepatology

World | Hepatol 2021 December 27; 13(12): 2052-2070

ISSN 1948-5182 (online)

Basic Study

ORIGINAL ARTICLE

Gut dysbiosis and systemic inflammation promote cardiomyocyte
abnormalities in an experimental model of steatohepatitis

Larisse Longo, Pabulo Henrique Rampelotto, Eduardo Filippi-Chiela, Valessa Emanoele Gabriel de Souza,
Fernando Salvati, Carlos Thadeu Cerski, Themis Reverbel da Silveira, Claudia P Oliveira, Carolina Uribe-Cruz,

Mério Reis Alvares-da-Silva

ORCID number: Larisse Longo 0000-
0002-4453-7227; Pabulo Henrique
Rampelotto 0000-0002-8992-9697;
Eduardo Filippi-Chiela 0000-0001-
8192-3779; Valessa Emanoele Gabriel
de Souza 0000-0002-7672-6460;
Fernando Salvati 0000-0001-9331-
3812; Carlos Thadeu Cerski 0000-
0003-0673-5916; Themis Reverbel da
Silveira 0000-0001-9867-8650;
Claudia P Oliveira 0000-0002-2848-
417X, Carolina Uribe-Cruz 0000-
0002-0526-3067; Mario Reis Alvares-
da-Silva 0000-0002-5001-246X.

Author contributions: Longo L,
Rampelotto PH, Filippi-Chiela E
and Alvares-da-Silva MR
performed the conceptualization,
methodology, formal analysis,
investigation, data curation,
writing of the original draft,
writing-review, and editing; de
Souza VEG, Salvati F, and Cerski
CT performed the
conceptualization, methodology,
and formal analysis; da Silveira TR,
Oliveira CP and Uribe-Cruz C
contributed to the
conceptualization, data curation
writing the original draft, writing-
review and editing.

Institutional review board
statement: IRB approval was
obtained for this study from the
Grupo de Pesquisa em Pés-

Jaishideng®

WJH | https://www.wjgnet.com

Larisse Longo, Pabulo Henrique Rampelotto, Valessa Emanoele Gabriel de Souza, Themis
Reverbel da Silveira, Carolina Uribe-Cruz, Mério Reis Alvares-da-Silva, Experimental Laboratory
of Hepatology and Gastroenterology, Hospital de Clinicas de Porto Alegre, Porto Alegre
90035-903, Rio Grande do Sul, Brazil

Larisse Longo, Eduardo Filippi-Chiela, Carlos Thadeu Cerski, Carolina Uribe-Cruz, Mario Reis
Alvares-da-Silva, Graduate Program in Gastroenterology and Hepatology, Universidade Federal
do Rio Grande do Sul, Porto Alegre 90035-003, Rio Grande do Sul, Brazil

Pabulo Henrique Rampelotto, Graduate Program in Genetics and Molecular Biology,
Universidade Federal do Rio Grande do Sul, Porto Alegre 90035-903, Rio Grande do Sul,
Brazil

Eduardo Filippi-Chiela, Center of Biotechnology, Universidade Federal do Rio Grande do Sul,
Porto Alegre 91501-970, Rio Grande do Sul, Brazil

Eduardo Filippi-Chiela, Department of Morphological Sciences, Universidade Federal do Rio
Grande do SulPorto Alegre 90050-170, Rio Grande do Sul, Brazil

Eduardo Filippi-Chiela, Experimental Research Center, Hospital de Clinicas de Porto Alegre,
Porto Alegre 90035-903, Rio Grande do Sul, Brazil

Fernando Salvati, School of Medicine, Instituto Meridional de Educagdo-IMED, Passo Fundo
99070-220, Rio Grande do Sul, Brazil

Carlos Thadeu Cerski, Unit of Surgical Pathology, Hospital de Clinicas de Porto Alegre, Porto
Alegre 90035-903, Rio Grande do Sul, Brazil

Claudia P Oliveira, Department of Gastroenterology (LIMO07), Faculdade de Medicina da
Universidade de Sdo Paulo, Sao Paulo 01246903, Brazil

Mario Reis Alvares-da-Silva, Division of Gastroenterology, Hospital de Clinicas de Porto Alegre,
Porto Alegre 90035-903, Rio Grande do Sul, Brazil

Corresponding author: Larisse Longo, PhD, Postdoc, Experimental Laboratory of Hepatology
and Gastroenterology, Hospital de Clinicas de Porto Alegre, Rua Ramiro Barcelos, 2350/Sala
12214, 2° Andar, Porto Alegre 90035-903, Rio Grande do Sul, Brazil.

2052 December 27,2021 | Volume13 | Issue12 |


https://www.f6publishing.com
https://dx.doi.org/10.4254/wjh.v13.i12.2052
http://orcid.org/0000-0002-4453-7227
http://orcid.org/0000-0002-4453-7227
http://orcid.org/0000-0002-4453-7227
http://orcid.org/0000-0002-8992-9697
http://orcid.org/0000-0002-8992-9697
http://orcid.org/0000-0001-8192-3779
http://orcid.org/0000-0001-8192-3779
http://orcid.org/0000-0001-8192-3779
http://orcid.org/0000-0002-7672-6460
http://orcid.org/0000-0002-7672-6460
http://orcid.org/0000-0001-9331-3812
http://orcid.org/0000-0001-9331-3812
http://orcid.org/0000-0003-0673-5916
http://orcid.org/0000-0003-0673-5916
http://orcid.org/0000-0003-0673-5916
http://orcid.org/0000-0001-9867-8650
http://orcid.org/0000-0001-9867-8650
http://orcid.org/0000-0002-2848-417X
http://orcid.org/0000-0002-2848-417X
http://orcid.org/0000-0002-0526-3067
http://orcid.org/0000-0002-0526-3067
http://orcid.org/0000-0002-0526-3067
http://orcid.org/0000-0002-5001-246X
http://orcid.org/0000-0002-5001-246X

Graduacio - Comissao de Etica em
Uso Animal do Hospital de Cli
nicas de Porto Alegre.

Institutional animal care and use
committee statement: All
experimental procedures were
approved by the Ethics Committee
for the Use of Animals (No. 17-
0021 and No. 17-0531) in
accordance with international
guidelines for animal welfare and
measures were taken to minimize

animal pain and discomfort.

Conflict-of-interest statement: The
authors declare that they have no
competing interests.

Data sharing statement: If
requested and after approval, the
authors authorize data sharing.

ARRIVE guidelines statement: The
authors have read the ARRIVE
guidelines, and the manuscript
was prepared and revised
according to the ARRIVE
guidelines.

Country/Territory of origin: Brazil

Specialty type: Gastroenterology
and hepatology

Provenance and peer review:
Invited article; Externally peer
reviewed.

Peer-review model: Single blind

Peer-review report’s scientific
quality classification

Grade A (Excellent): A

Grade B (Very good): 0
Grade C (Good): 0

Grade D (Fair): 0

Grade E (Poor): 0

Open-Access: This article is an
open-access article that was
selected by an in-house editor and
fully peer-reviewed by external
reviewers. It is distributed in
accordance with the Creative
Commons Attribution
NonCommercial (CC BY-NC 4.0)
license, which permits others to
distribute, remix, adapt, build
upon this work non-commercially,
and license their derivative works
on different terms, provided the
original work is properly cited and

Jaishideng®

WJH | https://www.wjgnet.com

Longo L et al. Cardiomyocyte abnormalities in model of steatohepatitis

larisselongo@hotmail.com

Abstract

BACKGROUND
Cardiovascular disease is the main cause of death in metabolic-associated fatty
liver disease, and gut microbiota dysbiosis is associated with both of them.

AIM
To assess the relationship between gut dysbiosis and cardiovascular risk (CVR) in
an experimental model of steatohepatitis.

METHODS

Adult male Sprague-Dawley rats were randomized to a control group (n = 10) fed
a standard diet and an intervention group (n = 10) fed a high-fat choline-deficient
diet for 16 wk. Biochemical, molecular, hepatic, and cardiac histopathology. Gut
microbiota variables were evaluated.

RESULTS

The intervention group had a significantly higher atherogenic coefficient,
Castelli’s risk index (CRI)-I and CRI-II, interleukin-1f, tissue inhibitor of metallo-
proteinase-1 (all P < 0.001), monocyte chemoattractant protein-1 (P = 0.005), and
plasminogen activator inhibitor-1 (P = 0.037) than the control group. Gene
expression of miR-33a increased (P = 0.001) and miR-126 (P < 0.001) decreased in
the intervention group. Steatohepatitis with fibrosis was seen in the intervention
group, and heart computerized histological imaging analysis showed a significant
decrease in the percentage of cardiomyocytes with a normal morphometric
appearance (P = 0.007), reduction in the mean area of cardiomyocytes (P = 0.037),
and an increase of atrophic cardiomyocytes (P = 0.007). There were significant
correlations between the cardiomyocyte morphometry markers and those of
progression and severity of liver disease and CVR. The intervention group had a
lower Shannon diversity index and fewer changes in the structural pattern of gut
microbiota (both P < 0.001) than controls. Nine microbial families that are
involved in lipid metabolism were differentially abundant in intervention group
and were significantly correlated with markers of liver injury and CVR.

CONCLUSION
The study found a link between gut dysbiosis and significant cardiomyocyte
abnormalities in animals with steatohepatitis.

Key Words: Animal model; Cardiovascular diseases; Gut microbiota; Metabolic-associated
fatty liver disease; Predicted lipid metabolism; Risk cardiovascular; Steatohepatitis

©The Author(s) 2021. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Cardiovascular disease is the main cause of death in metabolic-associated
fatty liver disease (MAFLD) and gut microbiota dysbiosis is associated with both.
Among the risk factors, we report significant correlations between the presence of
atherogenic dyslipidemia, systemic inflammation, endothelial dysfunction, liver
fibrogenesis, and gut dysbiosis, all of which contributed to the progression of MAFLD
and increased cardiovascular risk.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most common form of liver disease
and a leading cause of morbidity and mortality in both developed and developing
countries[1]. The natural course the disease encompasses a pathological spectrum of
liver injury ranging from simple steatosis to steatohepatitis and progressive liver
fibrosis that can result in cirrhosis and other complications, including liver
decompensation and hepatocellular carcinoma (HCC)[1,2]. Recently, a new
nomenclature, metabolic-associated fatty liver disease (MAFLD) was suggested
because the disease is not only confined to the liver only, but rather represents a major
part of a multisystemic disease that includes cardiovascular manifestations[3-6].
Indeed, cardiovascular disease (CVD) is the leading cause of death in patients with
MAFLD, accounting approximately 40%-45% of the total deaths[4,7,8].

The association of steatohepatitis with CVD is related to the metabolic risk factors
that they have in common, such as obesity, diabetes mellitus, hypertension, and
dyslipidemia. However, multiple studies have shown that steatohepatitis is also
independently associated with several markers of subclinical atherosclerosis[4,7,8].
Although the putative pathophysiological mechanisms that link steatohepatitis and
CVD are still not completely explained, many nontraditional and emerging risk
factors, including proinflammatory cytokines and procoagulant factors (e.g.,
fibrinogen, plasminogen, and vascular adhesion molecules) are associated with the
process[7,9]. Recently, the intestinal microbiome and its highly complex and interde-
pendent interaction with host metabolism, immunity, and disease have opened a new
horizon of investigation into the link between these clinical conditions[4,9,10]. Gut
microbiota, or the bacterial components and metabolites carried to the liver through
the portal vein, overstimulate immune cells and may result in more severe liver
damage, inflammation, and fibrosis, thus accelerating the development of steatohep-
atitis and inducing the systemic inflammation and endothelial dysfunction that
promotes increased cardiovascular risk (CVR)[4,10]. Despite considerable progress,
understanding of the molecular mechanisms governing microbiota-host interactions is
far from complete. Experimental studies are needed to further explore the mechanisms
whereby gut microbiota contribute to steatohepatitis-associated CVR.

The goal of this study was to assess the relationships of the gut microbiota, steato-
hepatitis, and CVR, by describing the crosstalk among gut dysbiosis, associated
metabolic predictions, systemic inflammation, endothelial dysfunction, paracrine cell
signaling, and cardiomyocyte morphology in an experimental nutritional steatohep-
atitis model that mimics the metabolic changes found in humans.

MATERIALS AND METHODS

Animals and experimental model

Twenty 60-day-old adult male Sprague-Dawley rats weighing 280-350 g were used.
The animals were kept in groups inside two polypropylene boxes in a controlled-
temperature environment (22 * 2 °C) and a 12-h light/dark cycle. All experimental
procedures were approved by the Ethics Committee for the Use of Animals (No. 17-
0021 and No. 17-0531) and were conducted following the international guidelines for
animal welfare. Measures were taken to minimize animal pain and discomfort.

After acclimatization to the environment, the animals were randomized to two
experimental groups according to their weight, as previously described[11]. The
control group (n = 10) received a standard diet (Nuvilab CR-1, Quimtia S.A., Brazil).
The intervention group (n = 10) received a high-fat, choline-deficient diet consisting of
31.5% total fat and enriched with 54.0% trans fatty acids (Rhoster Ltda., Brazil) to
induce steatohepatitis. Both groups received water and food ad libitum during the
study. After 16 wk of treatment, the animals were fasted for 8 h, anesthetized with
isoflurane, and euthanized by cardiac exsanguination. Blood samples were collected
and centrifuged to obtain the serum, which was kept at =80 °C until the analyses were
performed. Pieces of hepatic and cardiac tissue were fixed in 10% formaldehyde for
histopathological evaluation. Feces present in the intestine were collected aseptically
and kept at —80 °C for analysis of the gut microbiota.

Atherogenic ratios

Serum total cholesterol (TC), low density lipoprotein-cholesterol (LDLC), high-density
lipoprotein cholesterol (HDLC) and triglycerides (TG) were assayed with a Labmax
560[11]. Atherogenic ratios were calculated from the lipid profile and used as a tool for
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the prediction of CVR. The ratios included Castelli’s risk index (CRI)-I = TC/HDLC,

CRI-II = LDLC/HDLC and the atherogenic coefficient (AC) = (TCH — DLC)/HDLC
[12].

Systemic inflammation and endothelial dysfunction

The serum markers of inflammation and endothelial dysfunction markers included in
the analysis were monocyte chemoattractant protein (MCP)-1, tissue inhibitor of
metalloproteinase (TIMP)-1 and plasminogen activator inhibitor (PAI)-1, and were
determined by multiplex assay with the Luminex platform (Millipore, Germany). The
results were expressed as ng/mL. Serum interleukin (IL)-1B was measured with an
enzyme-linked immunosorbent assay kit (Thermo Scientific, United States).
Absorbance was measured spectrophotometrically at a wavelength of 450 nm with a
Zenyth 200rt microplate reader (Biochrom). The results were expressed in pg/mL. All
procedures were performed in duplicate following the manufacturer's instructions.

Analysis of circulating microRNAs

Total RNA was extracted from serum using miRNeasy serum/plasma kits (Qiagen,
United States). A cel-miR-39 (1.6 x 10° copies) spike-in control (Qiagen, United States)
was added to provide an internal reference. cDNA conversion was performed with 10
ng of total RNA using TagMan microRNA reverse transcription kits (Applied
Biosystems, United States). Amplification of miR-33a, miR-126, miR-499, miR-186 and
miR-146a, was performed by quantitative real-time PCR using the TagMan assay
(Applied Biosystems, United States) and expression as normalized against cell-miR-39.
The sequences and codes of the assessed miRNAs are listed in Supplementary Table 1
(Private sharing link for Figshare data https:/ /figshare.com/s/2d858620da6bl13fe2fec
). Values were calculated by the 242 method.

Hepatic histopathological analysis

Formalin-fixed liver tissue samples were embedded in paraffin, sectioned, and stained
with hematoxylin and eosin (H&E) and picrosirius red. Histopathological lesions of
the different evolutionary stages of liver disease were scored as previously described
by Liang et al[13]. The score is highly reproduceable and applicable to experimental
models in rodents. The analysis was performed by an experienced pathologist who
was blinded to the experimental groups. Fibrosis was quantified by morphometric
analysis after picrosirius red staining. Ten randomly selected fields were observed per
animal to measure staining intensity using an Olympus BX51 microscope, and
QCapture 64-bit (Qlmaging) at x 200 magnification. The evaluation was performed
using Image] (version 1.51p, https://imagej.nih.gov/ij/).

Cardiomyocytes morphometric analysis

Cardiomyocyte morphometric analysis (CMA) was performed based on adaptations of
the nuclear morphometric analysis developed by Filippi-Chiela et al[l4].
Cardiomyocyte size and shape were measured using Image Pro Plus 6.0 (IPP6, Media
Cybernetics). H&E images from hearts of animals were acquired. Five different fields
were photographed in tissue from each animal using QCapture 64-bit software and an
Olympus BX51 microscope. At least 50 cross-sectioned cardiomyocytes of each animal
were analyzed. The outlines of single cells were marked using the magic wand tool of
IPP6, followed by acquisition the cell area, aspect, area/box, radius ratio, and
roundness. The last four measurements were used to define the cardiomyocyte irregu-
larity index (CII) of each cell (CII = area + aspect - area/box + roundness). These
variables were used to report the size and shape of single cardiomyocytes. In addition
to the average size and regularity, the plot of area vs CMA also defined the percentage
of normal, hypertrophic, and atrophic cells.

DNA extraction, 16S rRNA sequencing and bioinformatics analysis

A detailed description of the methods used for 16S ribosomal RNA gene sequencing
and analyses is provided in the Supplementary Information (Private sharing link for
Figshare data https:/ /figshare.com/s/2d858620da6b13fe2fec). Briefly, after DNA
extraction, the V4 hypervariable region of the 165 rRNA gene was amplified using
515F-806R primer pair and sequencing was performed with Ion Torrent (Thermo
Fisher Scientific, United States). A custom pipeline in Mothur was used for 165 rRNA
reads processing. Subsequent analysis of the sequence dataset and data visualization
were performed in R using the vegan, phyloseq, ggplot2, and MicrobiomeAnalystR
packages or QIIME.
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Correlations between analyzed markers

For this analysis, we selected the histopathological NAFLD score, quantification of
liver collagen, TIMP-1, MCP-1, and IL-1p as markers of severity and progression of
steatohepatitis. For the correlation of CVD risk factors and lipid metabolism, we
selected miR-33a, miR-126, PAI-1, CRI-I, CRI-II and AC. We selected the percentage of
normal cardiomyocytes, percentage average area of cardiomyocytes, and percentages
of atrophic cardiomyocyte morphological characteristics. The overall microbiota
composition was correlated with the variables.

Statistical analysis

Data symmetry was tested using the Shapiro-Wilk test. Student-f and Mann-Whitney
U tests were performed. Spearman's correlation coefficient was performed, with
moderate (0.3 < r < 0.6), strong (0.6 < r < 0.9), or very strong (0.9 < r < 1.0) correlations.
Quantitative variables were expressed as means + standard deviation or medians with
minimum and maximum values. P < 0.05 was considered statistically significant. Data
were analyzed with SPSS 18.0 (IBM Corp., United States).

RESULTS

Atherogenic ratios, inflammation, and endothelial dysfunction to assess CVR

The results obtained for these parameters are shown in Table 1. There were significant
increases in AC), CRI-I, and CRI-II (all P < 0.001) in the intervention group, indicating
that the animals had an increased CVR. There were significant increases in the serum
concentrations of IL-1p (P = 0.001), MCP-1 (P = 0.005), TIMP-1 (P < 0.001), and PAI-1 (P
= (0.037) in the intervention group compared with the control group. Together, the
results suggest the study intervention had increased systemic inflammation and
endothelial dysfunction.

Level of circulating microRNAs related to CVR

The levels of circulating microRNAs related to CVR are shown in Figure 1. There was
a significant increase in the gene expression of miR-33a (P = 0.001) in the intervention
group compared with the control group, the opposite was reported for miR-126 (P <
0.001). There were no between-group differences in the expression of miR-499 (P =
0.171), miR-186 (P = 0.151), and miR-146a (P = 0.151).

Liver histopathological analysis

No abnormalities were seen in the livers of the control group animals, whereas
animals in the intervention group had predominantly microvesicular steatosis along
with macrovesicular steatosis of moderate intensity, inflammatory activity, and a mild
degree of fibrosis. In the histopathological staging of lesions, seven animals in the
intervention group had steatohepatitis and three had simple steatosis. Picrosirius red
staining of collagen was more intense (P < 0.001) in animals in the intervention group
than in the control group (4.10, range: 3.02-6.04 vs 1.35, range: 1.21-1.55) relative
luminescence units, indicating a significant increase in the deposition of connective
tissue fibers in the liver.

Morphometric and histopathological evaluation of cardiomyocytes

Myocardial steatosis was not observed in either the control of intervention group. The
evaluation of cardiomyocyte morphometry (i.e. size and shape) demonstrated the
percentages of normal size, large, or small cells and their shape regularity (Figure 2A).
There was a significant decrease in the percentage of cardiomyocytes with a normal
morphometric appearance (P = 0.007) in the intervention group compared with the
control group (Figure 2B). Among the most clinically relevant morphometric changes,
there was a significant reduction in the mean area of cardiomyocytes (P = 0.037,
Figure 2C) and a significant increase in the percentage of atrophic cardiomyocytes in
the intervention group (P = 0.007, Figure 2D) in relation to the control group. Finally,
we separated the animals in the intervention group into two subgroups by the median
percentages of normal cardiomyocytes (Figure 2E) and atrophic cardiomyocytes
(Figure 2F) and the average area (Figure 2G) and then compared the data. Animals
with a percentage of normal cardiomyocytes higher than the median had higher liver
tissue levels of TIMP-1, IL-1B, IL-6 and myeloid differentiation primary response
(Myd)-88, and lower levels of IL-18/IL-10 (Figure 2E). Animals with a percentage of
atrophic cardiomyocytes above the median had lower liver tissue levels of IL-1p
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Table 1 Atherogenic ratios, inflammation and endothelial dysfunction markers in a nutritional model of steatohepatitis

Variable Control (n=10) Intervention (n = 10) Pvalue
AC 0.6 (0.2-0.9) 25 (1.5-3.4) <0.001°
CRI-I 1.6 (£0.4) 35(x1.1) <0.001°
CRI-II 0.3 (0.1) 0.8 (£02) <0.001°
IL-1B (pg/mL) 367.7 (£ 31.2) 465.9 (£ 52.7) 0.001°
MCP-1 (ng/mL) 2.7 (£0.6) 3.8(£09) 0.005°
TIMP-1 (ng/mL) 7.1 (2 1.4) 124 (£2.3) <0.001°
PAI-1 (ng/mL) 0.11 ( 0.05) 0.17 ( 0.06) 0.037°

Data are means + standard deviation or medians (25%-75'" percentiles).

P < 0.05 was considered statistically significant.

AC: Atherogenic coefficient; CRI: Castelli’s risk index; IL: Interleukin; MCP: Monocyte chemoattractant protein; PAI: Plasminogen activator inhibitor;

TIMP: Tissue inhibitor of metalloproteinase.

Jaishideng®

(Figure 2F). Animals with an average cardiomyocytes area greater than the median
had lower liver tissue levels of tumor necrosis factor-a/IL-10 (Figure 2G).

Gut microbiota diversity and composition

The Shannon diversity index was significantly lower (P < 0.001) in intervention than in
the control group (Figure 3A). In addition, analysis of similarities (ANOSIM) revealed
that the structural pattern of the gut microbiota in intervention group was clearly
distinct from that of the control group (P < 0.001) by principal coordinates analysis
(PCoA) using the Bray-Curtis distance metric (Figure 3B). In terms of composition (i.e.
taxonomic identification), 1266 bacterial taxa (operational taxonomic units) that
belonged to 112 genera, 41 families, and eight phyla were identified. Firmicutes (53.1%)
and Bacteroidetes (43.1%) were the most abundant phyla in all samples. The most
abundant families were Muribaculaceae (21.7%), Lachnospiraceae (20.8%), Ruminococ-
caceae (18.5%), and Bacteroidaceae (15.4%, Figure 3C). The four families represented
76.4% of all observed taxa. Differential abundance analysis identified nine families that
were associated with the intervention group and one family associated with control
group (Linear discriminant analysis score > 2.0; Figure 3D).Bacteroidaceae, Ruminococ-
caceae, Peptostreptococcaceae, Peptococcaceae, Erysipelotricaceae, Clostridiaceae, B- urkhold-
eriaceae, Streptococcaeae, and Tannerellaceae were differentially abundant in the
intervention group. Lachnospiraceae was differentially abundant in control group. The
distribution of the 41 families and their features are shown in Figure 3E. Most of the
taxa prevalent in control group were less prevalent or absent in intervention group.
The reverse was also observed.

Lipid metabolism prediction

PCoA using the Bray-Curtis distance metric indicated that the clustering of the
predicted lipid metabolic pathways in the study groups was clearly distinct (ANOSIM,
P <0.001) As shown in Figure 4A, two samples, R01 and R11, were considered outliers
and were not included in further statistical analysis (e.g., LefSe analysis). The distri-
bution of the predicted lipid metabolic pathways is shown in Figure 4B. In total, 12
metabolic pathways were identified in which the between-group difference in the
relative frequency was significant (P < 0.001, linear discriminant analysis score > 2.0;
Figure 4C). The results showed that metabolic pathways involved in sphingolipid
metabolism, fatty acid biosynthesis, fatty acid metabolism, steroid hormone biosyn-
thesis, and arachidonic acid metabolism were significantly increased in intervention
group, and glycerophospholipid metabolism, glycerolipid metabolism, synthesis and
degradation of ketone bodies, biosynthesis of unsaturated fatty acids, alpha-linolenic
acid metabolism, linoleic acid metabolism, and ether lipid metabolism were
significantly increased in control group.

Correlations between steatohepatitis, CVR, and gut microbiota

The correlations between markers of liver disease progression and severity, CVR
factors, cardiomyocyte morphometry and microbiota composition are shown in
Table 2. Additional correlations can be found in Supplementary Table 2 (Private
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Table 2 Correlation of steatohepatitis, cardiovascular risk, and microbiota composition

. . L . " Cardiomyocyte Microbiota
Severity and progression of liver injury CVR factors and metabolism of lipids yocyt o
morphometry composition
Variable' % Average %
Quantification of collagen . . .
et g TIMP-1 MCP-1 IL-1B miR-33a miR-126  PAI-1 CRI-l CRI-I AC Normal areaof Atrophic
2 CAR CAR CAR
Severityand ~ NAFLD score  0.879° 0.791% 0.673” 0.347 0.639” -0.777 0.444° 0.809” 0.820° 0.809 0519° -0.630°  0.721° 0.694”
progression of
liver injury Quantification 0.611° 0.456° 0.752° 0.571° -0.683” 0.415 0.819” 0.821° 0.819” 0205  -0312 0.238 0.378”
of collagen
(picrosirius)
TIMP-1 0.803” 0.726° 0.728” -0.812° 0.535° 0.691° 0.747° 0.691° -0.694°  -0.405 0.607” 0.539°
MCP-1 0.567° 0.492° -0.623” 0.336 0.549° 0.561° 0.549° -0.490°  -0.390 0.498° 0.232°
IL-1 0.809” -0.688° 0.544° 0.645° 0.688° 0.645° -0437°  -0.393 0.382 0.293°
CVR factors miR-33a -0.655” 0.363 0.529° 0.603° 0.529° -0.704  0.038 0.232 0.160°
and
metabolism of miR-126 -0.634” -0.712” -0.730° -0.712° 0459° 0320 -0.364 0.368”
lipids
PAI-1 0.487° 0.671° 0.487° -0.317  0.389 -0.289 0.103
CRI-I 0.863” 1.000” -0.234  -0459° 0386 0.469°
CRI-II 0.863” 0399  -0492°  0551° 0.584”
AC -0.236  -0457°  0.389 0.477
Cardiomyocyte % Normal 0.105 -0.058
morphometry  cardiomyocytes
% Average area -0.818”

of
cardiomyocytes

% Atrophic
cardiomyocytes

Wariables were evaluated by Spearman's r correlation coefficient: moderate (0.3 < r < 0.6), strong (0.6 < r < 0.9) or very strong (0.9 < r < 1.0).

“Correlation significant at the 0.01 level.
3Correlation significant at the 0.05 level.

AC: Atherogenic coefficient; CAR: Cardiomyocytes; CRI: Castelli’s risk index; CVR: Cardiovascular risk; IL: Interleukin; MCP: Monocyte chemoattractant protein; NAFLD: Nonalcoholic fatty liver disease; PAI: Plasminogen activator

inhibitor; TIMP: Tissue inhibitor of metalloproteinase.
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Figure 1 Gene expression of circulating microRNAs. A: miR-33a (P = 0.001); B: miR-126 (P < 0.001); C: miR-499 (P = 0.171); D: miR-186 (P = 0.151); E:
miR-146a (P = 0.151). 2P < 0.05, Significant effect of the high-fat and choline-deficient diet. Data are medians (25"-75" percentile), Mann-Whitney U test.
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sharing link for Figshare data https:/ /figshare.com/s/2d858620da6b13fe2fec). There
was a positive correlation between the markers of steatohepatitis severity and
progression with CVR factors, such as miR-33a, PAI-1, and atherogenic ratios.
Negative correlations were observed for miR-126. Regarding cardiomyocyte
morphometry, there were negative correlations between the average area and the
percentage of normal cardiomyocytes with the NAFLD score. There was a positive
correlation of histopathological NAFLD score with the percentage of atrophic
cardiomyocytes, a negative correlation between the percentage of normal
cardiomyocytes with MCP-1 and TIMP-1 and a positive correlation of those markers
with the percentage of atrophic cardiomyocytes. Furthermore, the average area of
cardiomyocytes correlated negatively with atherogenic ratios, CRI-I, CRI-II and AC.
miR-33a correlated negatively and miR-126 and positively with the percentage of
normal cardiomyocytes.

The composition of the microbiota was positively correlated with markers of liver
injury and CVR. The correlation of each family of microorganisms with markers of
liver disease progression and severity and CVR factors are shown in Table 3.
Significant moderate and strong correlations were observed between nearly all
families of bacteria and the hepatic histopathology score, collagen fiber deposition in
hepatic tissue, TIMP-1, microRNAs, and atherogenic ratios. Families of interest in the
underlying disease including Bacteroidaceae, Clostridiaceae, Firmicutes and Lactobacil-
laceae were correlated with the evaluated markers. No correlation was observed
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Table 3 Correlation of gut microbiota at family level, steatohepatitis, and cardiovascular risk factors

Severity and progression of liver injury CVR factors and metabolism of lipids
Variable' (Family)

NAFLD score Quantification of collagen (picrosirius) TIMP-1 MCP-1 miR-33a miR-126 PAI-1 CRI-I CRI-I AC
Actinomycetaceae 0.584”
Aerococcaceae
Anaeroplasmataceae -0.553” -0.614” -0.614
Atopobiaceae 0.627* 0.610° 0.592 0.663 0.592
Bacillales_unclassified 0.549° -0.548” -0.533 -0.548”
Bacteroidaceae 0.836” 0.746 0.784” 0.689” -0.754” 0.662” 0.732° 0.662”
Bacteroidales_unclassified -0.560” -0.589 -0.492°
Burkholderiaceae 0.564”
Clostridiaceae 0.807* 0.723” 0.645 0.593 -0.669” 0.676 0.638” 0.676
Clostridiales_unclassified -0.628” -0.529 -0.535 -0.576” -0.586” -0.525
Clostridiales_vadinBB60 -0.602° -0.671” -0.527 -0.558” 0.524” -0.626” -0.502” -0.626
Corynebacteriaceae -0.669> -0.545 -0.680” -0.782* 0.611° -0.571% -0.622 -0.571°
Desulfovibrionaceae -0.806 -0.603” -0.872 -0.776" -0.631% 0.755” -0.729° -0.746” -0.729°
Eggerthellaceae 0.490°
Firmicutes_unclassified -0.797> -0.637 -0.687 -0.655” 0.594” -0.629° -0.699° 0.629°
Gastranaerophilales -0.822 -0.656 -0.644” -0.643” 0.657° -0.698° -0.586” -0.698”
Lachnospiraceae -0.850 -0.653 -0.789 -0.788% -0.613” 0.766” -0.643° -0.629° 0.643°
Lactobacillaceae -0.616° -0.633 0.795 -0.529°
Lactobacillales_unclassified
Micrococcaceae 0.669” 0.534” -0.528” 0.493°
Mollicutes_RF39_fa -0.650° 0.618” -0.590” -0.609° 0.713 -0.857° -0.768° -0.857°
Moraxellaceae -0.669 -0.536” -0.557 -0.543% -0.599* -0.473% -0.599°
Muribaculaceae -0.816 0.794” 0576 0.693 0.684” -0.827° -0.846° -0.827°
Pasteurellaceae
Prevotellaceae -0.705” 0.603” -0.522° -0.486”
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Rikenellaceae

Saccharimonadaceae -0.737°
Staphylococcaceae -0.734°
Streptococcaceae 0.790”

-0.559”
-0.647°

0.726”

Longo L et al. Cardiomyocyte abnormalities in model of steatohepatitis

-0.679”
-0.619° -0.674° 0.656" -0.776
-0.808” -0.838” 0.716° -0.616°
0.637 0.595 -0.622°

-0.759%
-0.679”

0.724°

-0.776”
-0.616”

0.515”

Variables were evaluated by Spearman's r correlation coefficient, moderate (0.3 < r < 0.6) or strong (0.6 < r < 0.9).

%Correlation significant at the 0.05 level.

AC: Atherogenic coefficient; CRI: Castelli’s risk index; CVR: Cardiovascular risk; MCP: Monocyte chemoattractant protein; NAFLD: Nonalcoholic fatty liver disease; PAIL: Plasminogen activator inhibitor; TIMP:

metalloproteinase.
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between families of gut microbiota and measurements of cardiomyocyte
morphometry.

DISCUSSION

Steatohepatitis and CVD are both associated with metabolic risk factors, including
glucose abnormalities, dyslipidemia, chronic inflammation, endothelial dysfunction,
and gut dysbiosis. The relationship is recognized in the clinical setting, but the links
among steatohepatitis, CVD, and gut dysbiosis needs to be better understood. This
study provided evidence of the role of MAFLD as an adjuvant risk factor for the
development of CVD. We found that dysbiotic bacteria and their metabolites were
translocated to the liver through the ruptured intestinal barrier, causing impaired
hepatic triglyceride metabolism, inflammatory responses, and fibrogenesis, which are
necessary for the development and progression of MAFLD[11]. We also found
significant correlations between the activation of pathophysiological pathways that
link MAFLD and increased risk of developing cardiovascular events, such as
atherogenic dyslipidemia, systemic inflammation, endothelial dysfunction, gut
dysbiosis, and changes in cardiomyocyte morphometry. In this study, the significant
associations between steatohepatitis and CVR, justify the screening of MAFLD and its
associated risk factors in high-risk patients, in order to intervene effectively, with a
focus on new approaches aimed at directing the composition of the intestinal
microbiota as a potential therapeutic target.

In a recent publication, we reported that the experimental nutritional model
developed in this study is capable of causing marked deposition of body and liver fat,
changes in biochemical parameters, activation of microRNAs, receptors, mediators,
and inflammatory cytokines, an increase in intestinal permeability, and hepatic
histopathological changes, similar to steatohepatitis in humans[11]. This robust experi-
mental model of steatohepatitis of metabolic origin allows evaluating
pathophysiological mechanisms related to the development of CVD in MAFLD. We
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d. IL: Interleukin; TNF: Tumor necrosis factor.

demonstrated that abnormalities of lipid metabolism and atherogenic ratios were
related to greater propensity to develop CVD associated with steatohepatitis. The
results are consistent with other experimental and clinical studies[7,15-18]. In addition,
we report a significant increase of systemic markers of inflammation and endothelial
dysfunction in animals with steatohepatitis. The worsening of the inflammatory state
in MAFLD is associated with worse cardiometabolic outcomes. PAI-1 is a marker of
endothelial dysfunction, being released in response to low-grade inflammation, free
fatty acids, and atherogenic lipoproteins[19,20]. A previous study reporting that an
increase in PAI-1 was correlated with the histological severity of MAFLD and
alterations in the lipid profile, promoting a more atherogenic phenotype[21]. PAI-1
also plays a vital role in liver fibrosis, promoting increased deposition of extracellular
matrix in liver tissue, in which TIMP-1 performs a similar function[22]. In that sense,
liver fibrosis can lead to severe hepatic dysfunction and even life-threatening
conditions such as liver cirrhosis and HCC. The mechanism of liver fibrosis is
multifaceted and, in this study, animals with steatohepatitis had an increase in TIMP-1
concentration and deposition of collagen fibers in liver tissue, markers that
significantly correlated with increased CVR.

Assessment of microRNAs has been used for the early detection and monitoring of
the progression of MAFLD, and to assess clinical and subclinical CVD. miR-33a
inhibits genes involved in high-density lipoprotein synthesis and the reverse transport
of cholesterol[23,24]. In this study, animals with steatohepatitis had a significant
increase in miR-33a expression that was positively correlated with atherogenic ratios
and markers of severity and progression of liver injury. miR-126 expression, which is
high in endothelial cells and regulates the migration of inflammatory cells, formation
of capillary networks, and cell survival[25], was decreased in animals with steatohep-
atitis. In fact, there was an inverse correlation between miR-126 expression and
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atherogenic ratios, endothelial dysfunction, inflammation, fibrogenesis, and severity of
liver injury. As established in the literature, microRNAs act in the epigenetic
regulation of intricate processes[24,25]. In this study, we clearly demonstrated that the

Gishidengs WIH | https://www.wjgnet.com 2065 December 27,2021 | Volume13 | Issue12 |



Longo L et al. Cardiomyocyte abnormalities in model of steatohepatitis

Jaishideng®

expression of miR-33a and miR-126 was involved in the regulation of cholesterol, lipid
metabolism, and endothelial dysfunction, and contributed to the development of
metabolic disorders and CVD related to steatohepatitis.

The morphometric evaluation of cardiomyocytes was an interesting and innovative
analysis in this study, and it found that animals with steatohepatitis had a significant
decreases in the percentage of cardiomyocytes with a normal appearance and the
mean area of cardiomyocytes relative to the control group. In addition, animals with
steatohepatitis had a significant increase in the percentage of atrophic cardiomyocytes.
To the best of our knowledge, morphometric analysis of cardiomyocytes in MAFLD
has not been previously reported, which makes it difficult to discuss the data obtained.
Several cellular processes can be inferred through morphometric analysis, and the
method can be used in the diagnosis and prognosis of some clinical conditions[14,26,
27]. In this study, we reported that the percentage of normal cardiomyocytes was
negatively correlated with the histological severity of liver damage, fibrogenesis, and
inflammation. Furthermore, the percentage of atrophic cardiomyocytes correlated
positively with the liver injury markers. Clinical manifestations of MAFLD, such as
steatosis and inflammation, are additional risk factors for the development of CVD[3,
9]. However, the exact mechanisms for this complex relationship are unclear[3,9]. It is
likely that several highly interrelated factors contribute to the increase of CVR in
steatohepatitis and changes in the morphometry of cardiomyocytes. However, more
studies are needed to evaluate the morphometry of cardiomyocytes in more advanced
stages of MAFLD.

The “multiple parallel hits” hypothesis highlights the importance of the gut
microbiota and seems to provide a more accurate explanation of the pathogenesis of
steatohepatitis and its contribution to the increase in CVR[3,10]. The liver is closely
related to the intestine both anatomically and functionally, and recent evidence
demonstrates that the type and quantity of intestinal microorganisms determine
important characteristics related to the pathogenesis and progression of these clinical
conditions[28-30]. Our data corroborate with experimental and clinical studies
reporting that the development and progression of MAFLD is associated with a
significant decrease in the diversity and structure of the bacterial communities of the
gut microbiota[29,31,32]. In this study, we report an increase in the abundance of
family Bacteroidaceae and a decrease in the abundance of Prevotellaceae in animals with
steatohepatitis. It is known that the diet directly influences the composition of the gut
microbiota. Western diets abundant in fat, animal protein, and sugar have been
associated with steatohepatitis and increased risk of CVD. That diet favors the
abundance of family Bacteroidaceae; while diets high in fiber, starch, and plant polysac-
charides promote the abundance of family Prevotellaceae[30,33,34]. In this study, we
report an increase in the abundance of family Bacteroidaceae and a decrease in the
abundance of Prevotellaceae in animals with steatohepatitis, which is consistent with
another study[30]. Regarding the increase in the relative abundance of family Rumino-
coccacea observed in the animals of the intervention group, a previous report that
demonstrated the Ruminococcus increased in more severe disease, especially if advanced
hepatic fibrosis was diagnosed. The decrease in its abundance has also been reported
in lean steatohepatitis patients[30,35]. There are reports that associate the abundance
of Ruminococcaceae with the development of CVDI[36,37]. However, we found no
correlations between the presence of Ruminococcaceae and the CVR markers that were
assessed in this study. Genus Ruminococcus is quite heterogeneous, including both
beneficial and deleterious bacteria, making data discussion difficult. Family Rumino-
coccaceae is associated with aerobic fermentation that leads to the production of short
chain fatty acids and alcohol, and this can have detrimental effects on intestinal
permeability and hepatic inflammation[30,35].

Some of the metabolites produced by gut flora are already biologically active,
whereas others are further metabolized by the host, generating secondary mediators
that influence the microbiota-host interaction. In this study, we predicted the lipid
metabolic pathways that were expressed as a result of the gut dysbiosis observed in
steatohepatitis. Animals with steatohepatitis had a significant increase in sphingolipid
metabolism. The sphingolipids are membrane lipids that participate in cell division,
differentiation, gene expression, and apoptosis. The study data corroborate emerging
evidence that support the role of sphingolipids in hepatocellular death, which
contributes to the progression of MAFLD[38]. Additionally, there are reports that
dysregulation of circulating sphingolipids was independently associated with CVD
and subclinical atherosclerosis[39,40]. In this study, arachidonic acid metabolism was
significantly increased in animals with steatohepatitis. In addition, a significant
decrease in linoleic acid metabolism was reported in this experimental group.
Arachidonic acid is synthesized from polyunsaturated fatty acids, and can be derived
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from linoleic acid, which is an essential fatty acid[41]. The products resulting from
arachidonic acid metabolism are linked to the inflammation and vasodilation of
MAFLD and CVD, mainly by the action of the enzyme cyclooxygenase[41,42].
Therefore, as reported in this study, an increase in arachidonic acid metabolism in
steatohepatitis and CVD is expected. We report an increase in glycerophospholipid
metabolism in animals in the control group. As described by Schnabl and Brenner[43],
a high-fat diet causes the gut microbiota to convert choline in the diet to methyl-
amines, consequently reducing the plasma levels of phosphatidylcholine, which is a
glycerophospholipid. Phosphatidylcholine is an important constituent of the cell
membrane of very low density lipoproteins. Without its presence triglycerides cannot
attach to the lipoprotein and start to accumulate in the liver tissue, causing MAFLD
[43]. In parallel, there were increases in plasma trimethylamine, and its hepatic
metabolism to trimethylamine-N-oxide has been associated with the appearance of
CVD. This compound is considered harmful, as it changes the way cholesterol and
steroids are metabolized and inhibits the reverse transport of cholesterol, causing the
accumulation of fat on the internal walls of arteries[44,45]. Therefore, in this study, the
predicted lipid metabolism in animals with steatohepatitis did not include expression
of glycerophospholipid metabolism, probably because of the action of the gut
microbiota in the metabolic pathway.

CONCLUSION

In summary, it is known that steatohepatitis and CVD have many risk factors in
common. Among those, we report significant correlations between the presence of
atherogenic dyslipidemia, systemic inflammation, endothelial dysfunction, liver
fibrogenesis, and gut dysbiosis, all of which contribute to the progression of MAFLD
and increased CVR. In addition, we infer, through the composition of the gut
microbiota, which lipid metabolism pathways are activated in animals with steatohep-
atitis and their relationship with CVR. Subsequent metabolomic studies may aid in
elucidating the influence of gut microbial function with the development of
cardiometabolic disorders related to steatohepatitis. The gut microbiota may be a
potential therapeutic target for both clinical conditions.

ARTICLE HIGHLIGHTS

Research background
Metabolic-associated fatty liver disease (MAFLD), in addition to being a progressive
liver disease, is an independent and significant risk factor for the development of

cardiovascular disease, and dysbiosis of the intestinal microbiota is associated with
both.

Research motivation
The motivation was to explore the mechanisms whereby gut microbiota contribute to
steatohepatitis-associated increased cardiovascular risk.

Research objectives
The objective was to assess the relationship between gut dysbiosis and cardiovascular
risk in an experimental model of steatohepatitis.

Research methods

Adult male Sprague-Dawley rats were randomized to a control group given a
standard diet or an intervention of a high-fat and choline-deficient diet for 16 wk of
ten animals each. Biochemical, molecular, hepatic, and cardiac histopathology and gut
microbiota variables were evaluated.

Research results

We reported significant correlations between the presence of atherogenic dyslip-
idemia, systemic inflammation, endothelial dysfunction, liver fibrogenesis and gut
dysbiosis, all of which contributed to the progression of MAFLD and increased CVR.
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Research conclusions
This study shows that there is a link between gut dysbiosis and significant
cardiomyocyte abnormalities in animals with steatohepatitis.

Research perspectives

Metabolomic studies may aid in elucidating the association of gut microbial function
with the development of cardiometabolic disorders related to steatohepatitis. The gut
microbiota may be a potential therapeutic target for both clinical conditions.
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