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Abstract

Background and Aims: Metabolic dysfunction-associated
steatotic liver disease (MASLD) is an independent risk factor
for cardiovascular disease (CVD). While gut bacteria have
been linked to CVD, the role of intestinal fungi in subclini-
cal coronary atherosclerosis (SCA) remains unclear. In this
study, we aimed to investigate the association between the
gut mycobiome and SCA in MASLD. Methods: A cross-sec-
tional study was conducted among 103 MASLD patients with-
out established CVD. Fibrosis and steatosis were assessed
using magnetic resonance elastography (MRE) and proton
density fat fraction, respectively. SCA was defined by coro-
nary artery calcification (CAC). Fecal fungal composition was
analyzed via internal transcribed spacer sequencing. Re-
sults: Mean age was 60.8 £ 11.2 years; 51.5% were men;
20.4% had cirrhosis. CAC correlated with MRE (r = 0.489,
p < 0.001), interleukin-6 (r = 0.407, p < 0.001), and tu-
mor necrosis factor-a (r = 0.254, p = 0.018), but not proton
density fat fraction. Cirrhosis patients had higher CAC than
FO-F3 (456.9 vs. 205.9, p = 0.033). Candida albicans (C.
albicans) abundance was greater in cirrhosis and correlated
with CAC (r = 0.403, p < 0.001) and MRE (r = 0.212, p =
0.032). In multivariate analysis, older age, diabetes, obesity,
cirrhosis, and enriched C. albicans independently predicted
CAC = 100 AU in MASLD. Conclusions: In MASLD, cirrho-
sis and C. albicans enrichment are independently associated
with higher SCA burden, suggesting advanced liver disease
and a potential fungal contribution to CVD pathogenesis.
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Introduction

Metabolic dysfunction-associated steatotic liver disease (MA-
SLD) is the most prevalent chronic liver disease, affecting up
to one-third of the global population. MASLD diagnosis re-
quires evidence of excessive hepatic steatosis with metabolic
dysfunction.12 Based on the natural history of MASLD, it can
progress from simple steatosis to more serious conditions,
including fibrosis, cirrhosis, and hepatocellular carcinoma
(HCC).3 Moreover, MASLD is an independent risk factor for
cardiovascular disease (CVD), irrespective of traditional risk
factors, such as type 2 diabetes (T2DM), hypertension (HT),
and dyslipidemia (DLP), particularly among patients with ad-
vanced fibrosis.* A recent meta-analysis has shown that MA-
SLD patients with obesity exhibit more metabolic dysfunction
and complications, including CVD, than individuals without
obesity.> Notably, CVD consequences represent a significant
cause of morbidity and mortality among MASLD patients.®7
Subclinical coronary atherosclerosis (SCA), defined by artery
calcification in asymptomatic individuals, is significantly ob-
served in MASLD patients, with the severity of fibrosis am-
plifying this association.8 Therefore, MASLD is increasingly
recognized as a significant public health concern, driven by
both liver-related and extrahepatic manifestations. Despite
this, pharmacological options remain limited, and lifestyle
modifications remain the fundamental approach for MASLD.®

MASLD is a multifactorial condition driven by metabolic
dysregulation, low-grade systemic inflammation, unhealthy
lifestyle, and genetics.10 Systemic inflammation in MASLD is a
major driver of liver-related complications and metabolic dis-
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turbances, including CVD. Emerging evidence also implicates
gut dysbiosis in MASLD pathogenesis via the gut-liver axis.1!
Disruption of the intestinal barrier facilitates microbial trans-
location and metabolite release (e.g., toxins, lipopolysaccha-
rides) to the portal circulation, triggering hepatic inflammation
and fibrosis.12:13 Similarly, dysbiosis and increased intestinal
permeability have been linked to CVD pathogenesis.14

The gastrointestinal tract contains a diverse array of mi-
croorganisms, including bacteria, viruses, fungi, and archaea,
all of which are believed to play essential roles in human
health. Most studies have focused on gut bacteria, the pre-
dominant and abundant members of the human microbiota.
In contrast, the role of gut fungal communities, known as
the gut mycobiome, has been less studied and characterized
in human diseases.!> Recent reports suggest its relevance in
MASLD, with specific fungal signatures linked to advanced
fibrosis.16.17 For instance, a specific fecal mycobiome sig-
nature is associated with advanced fibrosis, particularly in
non-obese populations.'® A recent study also identifies that
the gut fungal signature can discriminate MASLD from alco-
hol-associated liver disease, with high diagnostic accuracy.”
Moreover, high abundance of fecal Candida albicans (C. albi-
cans) occurs in the early stage of atherosclerosis, and its me-
tabolites may exacerbate atherosclerosis by modulating host
signaling pathways.18 These data provide novel insights into
the mechanistic role of the gut mycobiome in the pathogen-
esis of MASLD and CVD. However, the potential link between
the gut mycobiome in patients with MASLD and SCA remains
largely unknown and thus requires further investigation.

This study aimed to investigate fecal mycobiome diver-
sity in MASLD patients across fibrosis stages, with hepatic
steatosis and fibrosis assessed by magnetic resonance imag-
ing (MRI)-proton density fat fraction (PDFF) and magnetic
resonance elastography (MRE).1° SCA was evaluated using
coronary artery calcification (CAC) scoring by computed to-
mography (CT).20 We also applied the weight-adjusted waist
circumference index (WWI) as an obesity metric linked to
cardiometabolic health.2!

Methods

Participants and study design

This cross-sectional study recruited 103 Thai MASLD pa-
tients from King Chulalongkorn Memorial Hospital, Bangkok,
Thailand. The study was conducted and reported in accord-
ance with the STROBE (Strengthening the Reporting of Ob-
servational Studies in Epidemiology) guidelines. MASLD was
diagnosed by liver steatosis with metabolic dysfunction.!
Inclusion criteria were age =18 years and MRI-PDFF grade
> 1 (=5.4%). Exclusion criteria included other chronic liver
diseases (e.g., viral hepatitis, autoimmune hepatitis, Wilson
disease, hemochromatosis), HIV infection, decompensated
cirrhosis or complications (ascites, variceal bleeding, HCC),
prior CVD (coronary artery disease, stroke), and excessive
alcohol intake (>10 g/day in women, >20 g/day in men). The
protocol was approved by the Chulalongkorn University IRB
(No. 981/64, 769/66), and all participants provided written
informed consent. The study complied with the Declaration
of Helsinki and good clinical practice. Participants abstained
from supplements, proton pump inhibitors, antibiotics, prebi-
otics, and probiotics for >4 weeks before enrollment. Clini-
cal and anthropometric data (BMI and waist circumference)
were collected at baseline.

Assessment of liver stiffness and steatosis
Liver stiffness (MRE) and steatosis (MRI-PDFF) were as-

sessed using the Philips Ingenia MR imaging system at 3.0 T
(Philips Healthcare, Best, the Netherlands). MRE cut-offs for
fibrosis stages >F1, >F2, >F3, and F4 were 2.6, 3.0, 3.6, and
4.7 kPa, respectively, according to a systematic review and
meta-analysis in MASLD.16 MRI-PDFF cut-offs for steatosis
grades =1, =22, and =3 were 5.4%, 15.4%, and 20.4%, re-
spectively. Imaging was interpreted by a radiologist blinded
to clinical and laboratory data.

Quantification of CAC using multisection CT scan

CAC was measured by a multisection CT scanner (Somatom
Sensation 64; Siemens Medical Systems), using the Ag-
atston scoring method. This method quantified coronary
calcium by multiplying the weighted density score by the
pixel area of the calcification speck.22 Following scout imag-
ing, the scan field covered the entire chest, including the
heart. Standard parameters were 3-mm section thickness,
1.2 x 24-mm collimation, 0.37-s rotation, spiral mode, 120
kVp, and 80 mAs, with reconstruction at 60% of the R-R in-
terval. Agatston scores were assessed by a blinded, experi-
enced observer. SCA was defined as CAC >0 AU, with scores
> 100 and =400 AU indicating intermediate and severe risk,
respectively.

Analysis of plasma biomarkers

Peripheral blood samples obtained from the participants were
handled within two hours to separate the plasma component
and were preserved at —80°C for further analysis. Plasma
intestinal fatty acid binding protein (I-FABP; 1:2 dilution)
and lipopolysaccharide-binding protein (LBP, a biomarker of
lipopolysaccharides;23 1:1,000 dilution) were measured us-
ing ELISA kits (Hycult Biotech, Uden, The Netherlands). In-
terleukin (IL)-6 and tumor necrosis factor-a (TNF-a) were
measured using ELISA kits (BioLegend, San Diego, CA, USA).

Host genetic variant assessment

DNA was extracted from PBMCs using the phenol-chloro-
form-isoamyl alcohol method, and its quantity and qual-
ity were assessed with a DeNovix UV-Vis spectrophotom-
eter. Samples were stored at —80°C until analysis. PNPLA3
rs738409 genotyping was performed by allelic discrimination
using TagMan Probe Real-Time PCR Assays (ThermoFisher
Scientific, Waltham, MA, USA), with FAM and VIC fluores-
cence detection.?* The allelic discrimination plot was as-
sessed using the QuantStudio™ 3 Real-Time PCR System
(Thermo Fisher Scientific, Waltham, MA, USA).

Fecal collection, DNA extraction, and ITS amplifica-
tion

Fecal samples were collected in DNA/RNA Shield™-Fecal Col-
lection tubes (Zymo Research, Irvine, CA, USA) and stored
at —80°C until analysis. DNA was extracted using the Zymo-
BIOMICS™ DNA Miniprep Kit according to the manufacturer’s
instructions. DNA purity and concentration were measured
with a DeNovix™ UV-Vis spectrophotometer and stored at
—80°C. The full-length fungal ITS region (~800 bp) was am-
plified using primers ITS1F (5’-TTTCTGTTGGTGCTGATATT-
GCTCCGTAGGTGAACCTGCGG-3’) and ITS4R (5’-ACTTGCCT-
GTCGCTCTATCTTCTCCTCCGCTTATTGATATGC-3).

Data processing and analysis of gut mycobiome

FAST5 raw data were basecalled using Guppy base-caller
version 6.5.7 (Oxford Nanopore Technologies) with the su-
per accurate (SUP) model at a minimum acceptable quality
score of >15 to generate pass reads in FASTQ format. Min-
IONQC was used to evaluate read quality. Adaptor trimming
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Table 1. Characteristics of patients with MASLD according to fibrosis stages

Characteristics 24':%5_.’;3')) (n = 82) ?Fﬁ"(?m = 21) p-value
Age (years) 59.5 + 11.0 65.8 £ 10.9 0.021%*
Gender 0.465
Male 38 (46.3) 12 (57.1)
Female 44 (53.7) 9 (42.9)

Weight-adjusted waist index 11.2 £ 0.7 11.6 £ 0.9 0.032%*
Presence of type 2 diabetes 21 (25.6) 14 (66.7) 0.001*
Presence of hypertension 49 (59.8) 7 (33.3) 0.048*
Presence of dyslipidemia 56 (68.3) 12 (57.1) 0.439
Smoking 9 (10.9) 2 (9.5) 0.874
Hemoglobin (g/dL) 13.8 £ 1.6 13.1 £ 1.8 0.148
Platelet count (103/pL) 243.8 + 74.0 194.7 + 76.0 0.005*
Serum creatinine (mg/dL) 0.8 £ 0.2 0.9 £ 0.5 0.089
Estimated glomerular filtration rate (eGFR)(mL/m/1.73m2)  89.5 + 21.0 81.3 £ 14.5 0.136
Total bilirubin (mg/dL) 0.7 £ 0.3 0.8 =+ 0.4 0.137
Serum albumin (g/dL) 44 +04 4.2+ 0.4 0.154
Aspartate aminotransferase (IU/L) 29.4 £ 11.3 44.7 £ 23.1 <0.001*
Alanine aminotransferase (IU/L) 36.7 £ 22.1 43.6 £ 29.9 0.246
Alkaline phosphatase (IU/L) 75.7 £ 36.9 79.1 £ 21.1 0.821
Plasma I-FABP (ng/mL) 966.3 + 1,092.1 1,155.7 + 666.8 0.451
Plasma LBP (ng/mL) 15,489.9 + 5,325.3 19,919.3 + 7,941.9 0.023*
Plasma IL-6 (pg/mL) 28.8 + 38.5 56.5 = 65.0 0.013*
Plasma TNF-a (pg/mL) 25.2 + 34.3 34.8 + 32.4 0.252
PNPLA3 rs738409 (CC+CG/GG) 48 (58.5)/34 (41.5) 7 (33.3)/14 (66.7) 0.051
Magnetic resonance elastography (kPa) 2.8 £ 0.7 5.6 £ 0.9 <0.001*
Proton density fat fraction (%) 122+ 7.6 8.0 £ 4.7 0.003*
Coronary artery calcification (AU) 205.9 £ 44.3 456.9 £ 45.7 0.033*

Data are expressed as mean = SD or n (%); *p-value < 0.05. g/dL, grams per deciliter; IU/L, International Units per liter; ng/mL, nanograms per milliliter; pg/mL,
picograms per milliliter; AU, Agatston Units; I-FABP, Intestinal Fatty Acid-Binding Protein; LBP, Lipopolysaccharide-Binding Protein; IL-6, Interleukin-6; TNF-a, Tumor

Necrosis Factor-alpha.

and demultiplexing were performed with Porechop version
0.2.4 (https://github.com/rrwick/Porechop). The filtered se-
quences were clustered, polished, and taxonomically clas-
sified using the NanoCLUST pipeline based on the SILVA
database, then converted into QIIME2 (v2021.2). Alpha di-
versity, beta diversity, and Linear Discriminant Analysis Ef-
fect Size were analyzed using MicrobiomeAnalyst. Principal
Coordinate Analysis using Bray-Curtis distances, along with
Permutational Analysis of Variance (hereinafter referred to as
PERMANOVA), was conducted to visualize and evaluate dif-
ferences in beta diversity. Fungal relative abundances were
reported at phylum, genus, and species levels, with the top
20 taxa displayed and others grouped as “others”.

Statistical analysis

Analyses were performed using SPSS (v22.0.0, SPSS Inc.,
Chicago, IL, USA) and GraphPad Prism (v9.5.0, Boston, MA,
USA). The Chi-square test and one-way ANOVA were used to
analyze categorical data. Mann-Whitney and Kruskal-Wallis
tests were used for two- and multi-group comparisons, re-

spectively. Spearman’s correlation was applied to investigate
correlations between various parameters. Univariate and
multivariable analyses were performed using binary logistic
regression to determine parameters associated with a high
CAC score. A p-value < 0.05 was considered statistically sig-
nificant.

Results

The characteristics of the study population

The cross-sectional study comprised 103 well-characterized
MASLD participants spanning the fibrosis spectrum [FO-F3
(non-advanced fibrosis), n = 82; F4 (cirrhosis), n = 21]. Ta-
ble 1 summarizes the detailed clinical characteristics, labora-
tory, and imaging data categorized by fibrosis severity. Com-
pared to patients in the FO-F3 group, patients with F4 fibrosis
displayed a significantly older age, higher WWI, and higher
prevalence of T2DM, but a lower frequency of HT. Howev-
er, there were no differences in gender distribution, DLP, or
smoking between the studied groups. Moreover, the F4 group
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Fig. 1. Alpha and beta diversities between the FO-F3 and F4 groups (A) Chao 1 index, (B) Shannon index, (C) Dissimilarity index.

had lower levels of platelet count and steatosis, as assessed
by MRI-PDFF, but higher serum aspartate aminotransferase
and mean MRE values than patients with FO-F3 fibrosis.

Additionally, patients with cirrhosis exhibited elevated
plasma LBP levels, indicating increased bacterial translo-
cation compared to those in the FO-F3 group. However,
plasma I-FABP, which represents gut epithelial permeabil-
ity, was not significantly different between groups. Regard-
ing plasma cytokine levels, only IL-6, but not TNF-a, was
significantly higher in the F4 group compared to the FO-F3
group. Notably, patients with cirrhosis also exhibited sig-
nificantly higher CAC scores compared to those with less
severe fibrosis.

The alpha and beta diversities of the gut mycobiome

To investigate the alpha diversity of intestinal fungi, Chaol
and Shannon indices were applied to compare patients with
FO-F3 and F4 fibrosis. The results showed no significant

differences in any of the indices between the two groups
(Mann-Whitney test, p = 0.443 and p = 0.688, respectively).
These results suggested that fungal richness and evenness
were not significantly different according to fibrosis stages
(Fig. 1A-B).

To assess the beta diversity, representing the composi-
tional differences of fungal communities between groups, the
dissimilarity index was applied. The result indicated no sig-
nificant dissimilarity in beta diversity between the FO-F3 and
F4 groups (PERMANOVA, p = 0.306) (Fig. 1C).

Alterations in the gut mycobiome composition

To determine whether the difference in gut fungal composi-
tion was related to fibrosis severity, we compared the taxa
with the highest relative abundance according to fibrosis
groups. Among the dominant phyla, the relative abundance
of Ascomycota and Basidiomycota was as follows in the
FO-F3 and F4 groups: 57.3% vs. 65.7%, and 28.29% vs.
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Fig. 2. Relative abundance of gut mycobiome in the FO-F3 and F4 groups (A) Phylum level, (B) Genus level.

30.20%, respectively (Fig. 2A). The relative abundance of
dominant genera detected in the FO-F3 and F4 groups was as
follows: Candida (34.1% vs. 54.7%), Trichosporon (5.8% vs.
0.4%), Wallemia (3.4% vs. 7.1%), Saccharomyces (3.4%
vs. 2.1%), Rhodotorula (1.2% vs. 1.3%), and Cladosporium
(1.8% vs. 0.4%) (Fig. 2B).

The top 20 relative abundances of fungi at the species lev-
el are shown in Figure 3A. The relative abundances of domi-
nant species in the FO-F3 and F4 groups were as follows:

C. albicans (20.8% vs. 39.8%), Candida tropicalis (3.1%
vs. 8.0%), Candida parapsilosis (3.5% vs. 6.2%), Candida
dubliniensis (1.1% vs. 0.1%), Trichosporon asahii (5.2% vs.
0.6%), Saccharomyces cerevisiae (3.3% vs. 3.5%), Wal-
lemia canadensis (2.6% vs. 5.3%), and Ustilaginaceae spp.
(2.4% vs. 1.8%)(Fig. 3B). Among them, only C. albicans was
significantly enriched in the F4 group compared to the FO-F3
group (Mann-Whitney test, p = 0.013) (Fig. 3C). The details
of relative abundance comparisons of the top 20 fungal spe-
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cies between the FO-F3 and F4 groups are shown in Supple-
mentary Figure 1.

Correlations between studied parameters

Figure 4 demonstrates the correlations between various
studied variables, including the abundance of C. albicans.
The selected results of important parameters verified signifi-
cant positive correlations between age and WWI (r = 0.375,
p < 0.001), age and MRE (r = 0.333, p = 0.001), age and
CAC (r = 0.317, p = 0.003), WWI and MRE (r = 0.293, p =
0.003), WWI and CAC (r = 0.305, p = 0.004), MRE and CAC

(r = 0.489, p < 0.001), MRE and C. albicans (r = 0.212, p
= 0.032), and CAC and C. albicans (r = 0.403, p < 0.001).
Conversely, significant negative correlations were observed
between PDFF and age (r = —0.213, p = 0.032) as well as
PDFF and MRE (r = —0.261, p = 0.008). Additionally, the cor-
relations between clinical parameters and several gut fungal
species with high relative abundance are shown in Supple-
mentary Figure 2.

Univariate and multivariate analyses
To identify independent factors associated with high CAC
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count; HbAlc, Glycated Hemoglobin; Chol, Total Cholesterol; HDL, High-Density Lipoprotein Cholesterol; TG, Triglycerides; LDL, Low-Density Lipoprotein Cholesterol;
eGFR, Estimated Glomerular Filtration Rate; AST, Aspartate Aminotransferase; ALT, Alanine Aminotransferase.

scores (=100 AU), univariate and multivariate analyses were
conducted. Variables included age, gender, WWI, T2DM,
HT, DLP, smoking, platelet count, eGFR, albumin, aspartate
aminotransferase, ALT, I-FABP, LBP, IL-6, TNF-a, PNPLA3
rs738409, liver steatosis, liver fibrosis, and abundance of C.
albicans. Multivariate analysis showed that five parameters,
including older age, high WWI, T2DM, cirrhosis, and enriched
fecal C. albicans, were independently associated with CAC
scores = 100 AU (Table 2).

Discussion

MASLD is one of the most common liver diseases worldwide
and is recognized as a systemic metabolic disorder involv-
ing several extrahepatic manifestations, particularly related
to CVD and SCA.6-8 Increasing evidence suggests that gut
dysbiosis plays a crucial role in MASLD and CVD progres-
sion. To our knowledge, this is the first study to compare
clinical characteristics and gut fungal communities in MASLD
patients with or without significant SCA. This study fills the
knowledge gap by demonstrating that an altered gut myco-
biome, particularly enriched C. albicans, is associated with
significant SCA in MASLD patients. Moreover, our multivari-
ate analysis revealed that older age, high WWI, T2DM, and
cirrhosis were independently associated with an intermedi-
ate SCA risk (CAC = 100 AU). These data suggest that the
gut mycobiome might contribute to SCA severity in MASLD
patients, in conjunction with other clinical parameters, espe-
cially cirrhosis and traditional CVD risk factors. Our results
provide integrative evidence that contributes to a better un-

derstanding of the pathogenesis of SCA in MASLD patients.

The CAC score is a reliable, non-invasive marker reflect-
ing cumulative exposure to CVD risk and guiding preven-
tive therapy in asymptomatic individuals.29 The Multi-Ethnic
Study of Atherosclerosis demonstrated that CAC outperforms
conventional markers in predicting major adverse cardiovas-
cular events,?5 and a large multiethnic cohort confirmed that
CAC 2100 AU independently predicts CVD events across sex
and race.2® Conversely, an absent or minimal CAC score is
a reliable indicator for identifying individuals at very low fu-
ture risk.2” Accordingly, we used the Agatston Unit-deter-
mined CAC score as a surrogate marker for SCA severity. Our
findings showed that fibrosis severity in MASLD significantly
contributed to SCA burden, consistent with meta-analytic
evidence.8 Another meta-analysis suggested that steatosis
severity enhances CVD risk stratification in asymptomatic
individuals with MASLD.28 However, we found no associa-
tion between MRI-PDFF-measured steatosis and SCA. It is
worth noting that steatosis and fibrosis are distinct aspects
of MASLD with independent severity. For instance, advanced
fibrosis or cirrhosis often exhibits reduced histopathological
steatosis due to extensive scarring and structural remodeling
in the liver.2°

Obesity is a critical public health concern, considered a
state of chronic low-grade inflammation and a well-estab-
lished risk factor for CVD and other complications.3? In this
study, we used the WWI as an anthropometric index of obe-
sity, rather than the conventional BMI. Although BMI is com-
monly used, it has limitations in differentiating body fat dis-
tribution from muscle mass. Thus, two individuals with the
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Table 2. Factors associated with high CAC scores (=100 AU)

Univariate analysis

Multivariate analysis

Factors Category

OR (95%CI) p-value OR (95%CI) p-value
Age (years) >60 vs. <60 4.50 (1.67-12.17) 0.003* 4.24 (1.04-17.20) 0.043*
Gender Male vs. Female 1.29 (0.54-1.88) 0.564
Weight-adjusted waist index >11.2 vs. <11.2 3.88 (1.54-9.76) 0.004* 5.83 (1.55-21.90) 0.009*
Diabetes Yes vs. No 4.87 (1.87-12.71) 0.001* 6.86 (1.51-31.09) 0.013*
Hypertension Yes vs. No 3.10 (1.27-7.59) 0.013%* 1.70 (0.45-6.41) 0.430
Dyslipidemia Yes vs. No 2.29 (0.84-7.20) 0.105
Smoking Yes vs. No 2.05 (0.70-5.74) 0.277
Platelet count (109/L) <150 vs. 2150 2.67(0.90-7.95) 0.077
eGFR (mL/m/1.73m?2) <90 vs. 290 1.34 (0.54-3.34) 0.524
Albumin (g/dL) <4.0 vs. 24.0 1.72 (0.35-8.44) 0.503
Aspartate aminotransferase (IU/L) =30 vs. <30 1.78 (0.74-4.27) 0.198

Alanine aminotransferase (IU/L) >40 vs. <40 2.33 (0.93-5.85) 0.071

Plasma I-FABP (ng/mL) High vs. Low 1.42 (0.57-3.53) 0.453

Plasma LBP (ng/mL) High vs. Low 1.14 (0.48-2.71) 0.764

Plasma IL-6 (pg/mL) High vs. Low 2.73(1.06-7.02) 0.037* 1.75 (0.48-6.43) 0.400
Plasma TNF-a (pg/mL) High vs. Low 2.17 (0.85-5.52) 0.105

PNPLA3 rs738409 GG vs. CC+CG 2.07 (0.86-4.95) 0.104

Liver steatosis grade S2-S3 vs. S1 1.01(0.38-2.71) 0.981

Liver fibrosis stage F4 vs. FO-F3 8.81 (2.60-29.89) <0.001* 5.60(1.17-26.79) 0.031*
Fecal Candida albicans High vs. Low 5.47 (2.09-14.31) 0.001%* 6.56 (1.75-24.63) 0.005*

Data are expressed as odds ratio (OR) and 95% confidence intervals (CI); *p-value < 0.05. g/dL, grams per deciliter; IU/L, International Units per liter; ng/mL, nano-
grams per milliliter; pg/mL, picograms per milliliter; AU, Agatston Units; I-FABP, Intestinal Fatty Acid-Binding Protein; LBP, Lipopolysaccharide-Binding Protein; IL-6,

Interleukin-6; TNF-a, Tumor Necrosis Factor-alpha.

same BMI may have different body composition.3! To address
these limitations, WWI, a new index calculated by dividing
waist circumference (centimeters) by the square root of body
weight (kilograms), has emerged as a novel obesity metric
superior to BMI for assessing visceral fat accumulation or
central obesity.2! Previous large-scale studies have indicated
a strong and linear association between WWI and CVD mor-
tality among individuals with metabolic syndrome and MA-
SLD, regardless of age.32:33 Collectively, these data underline
a reliable relationship between WWI and CVD risk, indicating
the role of this index in assessing cardiometabolic health.
Similarly, our results confirmed that WWI was an independ-
ent predictor of significant SCA in MASLD patients.
Circulating pro-inflammatory cytokines, representing
biomarkers of low-grade systemic inflammation, contribute
to the pathogenesis and progression of MASLD and CVD.
Among them, IL-6, a cytokine of innate immunity, plays a
key role in pathophysiological conditions associated with MA-
SLD and CVD, and has emerged as a potential therapeutic
target for adverse CVD outcomes.3* In a large multi-ethnic
MASLD cohort, only elevated circulating IL-6 was indepen-
dently associated with the prevalence and severity of CAC >
100 AU.3> The relationship between IL-6 and high CAC scores
persisted after adjusting for several traditional CVD risk fac-
tors.3> Regarding TNF-a, this cytokine acts as a potent pro-
inflammatory inducer, triggering the production of other cy-
tokines and orchestrating inflammatory processes in MASLD
pathogenesis.3¢ A meta-analysis demonstrated that elevated
circulating TNF-a levels are associated with the severity of

MASLD.37 Moreover, TNF-a is a key mediator of inflamma-
tion that contributes to atherosclerosis, and its inhibition has
been proposed as a potential therapeutic strategy for CVD.38
In our study, high circulating IL-6, but not TNF-a, was as-
sociated, albeit weakly, with the severity of fibrosis and SCA.

It has become increasingly recognized that the mycobiome
plays a crucial role in human health and several pathologi-
cal conditions.3® Several human studies have demonstrated
that the gut mycobiome contributes to the pathogenesis of
intestinal disorders, such as inflammatory bowel disease, ir-
ritable bowel syndrome, and colorectal cancer.3° Moreover,
distinct fungal compositions have been linked to advanced
steatotic liver disease.16:17:40 For example, MASLD patients
exhibit disrupted gut fungal homeostasis, with specific fungal
community profiles linked to disease progression, suggesting
a potential role for gut fungi in MASLD pathogenesis.4! Addi-
tionally, an animal model has shown that the gut mycobiome
plays a role in progressive MASLD, as antifungal therapy with
amphotericin could protect mice from developing steatohep-
atitis and fibrosis.16

In the present study, our data revealed an alteration of
gut mycobiome composition related to fibrosis stage, with
a significantly enriched abundance of C. albicans found in
patients with cirrhosis. These results aligned with previous
data demonstrating that specific taxa, including C. albicans
and Mucor sp., among others, were associated with ad-
vanced MASLD.!® In that report, an increased systemic im-
mune response to intestinal C. albicans was observed among
individuals with MASLD and advanced fibrosis. Likewise, el-
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evated C. albicans-specific T-cells in liver tissue specimens
were demonstrated in alcohol-associated liver disease.42 An
enriched abundance of intestinal C. albicans has also been
shown in various types of cancer, including gastrointestinal
malignancies and HCC.43 For instance, a recent report re-
vealed significant gut fungal dysbiosis, including C. albicans,
in advanced HCC patients, indicating the potential role of the
gut mycobiome in HCC development and progression.44 Al-
though the pathogenic mechanisms contributing to disease
severity are largely unexplored, their effects might be related
to generating toxic metabolites, such as candidalysin, and
other carcinogenic byproducts, leading to immune activation
and chronic inflammation.42

C. albicans, an opportunistic fungal pathogen, is one of the
most common fungal species inhabiting the human gastroin-
testinal tract. Interestingly, recent evidence has also indicat-
ed its role in accelerating the progression of atherosclerosis.18
In a mouse model, C. albicans and its metabolites acceler-
ated atherosclerosis through the intestinal hypoxia-inducible
factor-2a-ceramide pathway, a lipid-mediated mechanism
implicated in plaque development; selective antagonism of
this pathway attenuated disease progression.18 Clinically, in-
creased fecal abundance of C. albicans has been associated
with elevated plasma cholesterol and LDL levels, potentially
promoting atherosclerosis in patients with DLP.18 A recent
study also demonstrated that gut fungal communities in CVD
patients differed significantly from healthy controls, with an
increase in opportunistic pathogens, such as C. albicans and
Exophiala spinifera.*> Together, these findings highlight the
potential contribution of gut fungal dysbiosis, particularly C.
albicans, to CVD development and progression.

As mentioned, data on the mycobiome in MASLD patients
in association with SCA are limited and require further in-
vestigation. In this study, the enrichment of C. albicans was
significantly observed in patients with high CAC scores com-
pared to those with lower CAC burdens. Moreover, this cor-
relation persisted in multivariate analysis, indicating that the
fungus might be independently linked to the development
and progression of SCA in MASLD patients. Indeed, our data
showed a strong positive correlation between the abundance
of C. albicans and CAC scores, as well as a relatively weaker
correlation with MRE measurements. However, we did not
observe an association between enriched C. albicans and
plasma cholesterol or LDL levels, which is dissimilar to previ-
ous data.!® Moreover, no correlation was observed between
the relative abundance of C. albicans and obesity as defined
by WWI. Interestingly, some research demonstrated that C.
albicans, along with other fungi, was positively correlated
with obesity and weight gain.*® In contrast, other evidence
indicated a more complex and inverse relationship between
the fungus and overweight/obesity.4”

This study has some limitations that future research
should address. First, the relatively small sample size may
lead to selection bias. Second, because this is a single-center
cross-sectional study, causality between fungal communities
and clinical features cannot be concluded. Thus, prospec-
tive, longitudinal studies are needed to establish a definitive
causal relationship and monitor changes in the gut mycobi-
ome over time as the disease progresses. Third, liver biopsy,
regarded as the gold standard, was not performed to assess
the extent of steatosis or the severity of fibrosis. Fourth, the
composition of the gut mycobiome could vary among indi-
viduals due to several factors, including genetics, age, diet,
and lifestyle, making it challenging to identify universal mi-
crobial signatures across studies. Finally, we focused on the
gut mycobiome without assessing bacterial profiles, limiting
insights into the complexity of fungal-bacterial interactions.

Despite these limitations, our study had several strengths. It
included well-characterized individuals with MASLD at various
stages of fibrosis. Moreover, we applied multivariate analysis
to examine multiple factors and reduce confounding effects.
Additionally, the use of MRI-based techniques provided an
advantage in the continuous measurement of MR-PDFF and
MRE in association with other quantitative variables (e.g.,
positive or negative correlations with the abundance of the
fungal microbiome).

Conclusions

Our findings highlight the importance of evaluating SCA in
patients with MASLD and advanced liver disease, even with-
out overt clinical symptoms of CVD. Indeed, this is the first
report of gut fungal dysbiosis associated with the severity
of MASLD and SCA. Specifically, an increased abundance of
fecal C. albicans was observed in patients with cirrhosis and
high SCA burden. These data emphasize the essential role of
specific fungi in the pathogenesis of both MASLD and CVD,
which may offer promising avenues for developing novel,
non-invasive diagnostic and prognostic biomarkers. Moreo-
ver, further investigations are needed to determine whether
integrating gut mycobiome data into clinical practice could
facilitate personalized prevention and potential new thera-
peutic strategies for these critical cardiometabolic disorders.
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