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Liver disease, a major health concern worldwide, is a serious and progressive disorder. Herein, we not only established a mouse model of
DEN+CCly-induced primary liver disease but also collected clinical human samples to investigate longitudinal alterations in the gut my-
cobiome. As liver disease advanced, gut integrity was disrupted, and the mycobiota was disturbed in the mouse models. The metabolites
associated with hepatocellular carcinoma (HCC) differed from those associated with the cirrhotic phase as follows: levels of stercobilin and
aflatoxin B1 dialcohol were reduced, while levels of triterpenoids, bafilomycin A1, and DHEA were increased in the HCC group. The
abundance of the phylum Chytridiomycota increased as the chronic liver disease progressed and was then replaced by the phylum Asco-
mycota in HCC. Based on the results from clinical human samples, the genus Candida (Ascomycota) (in humans) and the genus Kazachstania
(Ascomycota) (in mice) occupied a dominant position in the HCC group, while other fungi were depleted. The increased abundance of C.
albicans and depletion of S. cerevisiae may be hallmarks of the progression of liver cirrhosis to early HCC. Moreover, the administration of C.
albicans and S. cerevisiae in the LC-HCC progression could accelerate or retard the progression of HCC. Therefore, gut fungi have the

potential to serve as a noninvasive clinical biomarker and even a treatment method.

gut mycobiome | liver disease | longitudinal studies | hepatocarcinogenesis | fungal biomarker

INTRODUCTION

Given its increasing incidence rates and association with long-
term treatment, liver disease has developed into a major health
burden worldwide (Wang et al., 2021). The common end stage of
chronic liver disease is liver cirrhosis (LC) (Tonon et al., 2021),
which may progress to hepatocellular carcinoma (HCC) (Qi et al.,
2021) or decompensation (Acharya and Bajaj, 2021). Primary
liver cancer (PLC) is the fourth leading cause of cancer-related
death worldwide (Villanueva, 2019). By 2025, the prevalence of
liver cancer has been estimated to be over one million globally,
among which HCC is expected to account for approximately 90%
of PLCs (Llovet et al., 2021). With hepatitis B vaccination and the
control of hepatitis B and C, the number of hepatitis virus-
induced liver cancers has decreased, which means that other
factor-induced liver cancers are vital. The relationship between
different states of liver disease and the gut microbiome together
with its metabolic production during the onset and development
of HCC has been confirmed by multiple studies. Yu and Schwabe,
(2017) summarized the relationship between HCC and intestinal
microecology, they proposed that the gut microflora and the gut-
microbe-liver axis can act forward or backward on hepatocarci-
nogenesis.

To date, several studies have confirmed that the microbiota
and its metabolites play significant roles in the progression of LC-
HCC. Through the detection of a total of 419 samples (healthy
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controls, cirrhosis patients and early-stage HCC patients) by
using MiSeq sequencing, our group found that the frequency of
Actinobacteria in the early stage of HCC is more than that in LC
(Ren et al., 2019). Thus, analysis of the bacterial genome in feces
can act as a tool for noninvasive biomarkers for detecting early-
stage HCC. Similarly, the bacterial flora and bacterial load of the
HCC tumor microenvironment are progressively being investi-
gated. Our team recently investigated the metabolites and genetic
alterations between HCC and intratumoral bacteria (Xue et al.,
2022). By longitudinal detection, hepatocytes from hepatic
inflammation that develop into HCC in a stepwise manner are
more likely to undergo damage and senescence (Rey et al.,
2017). However, the gut flora and metabolism at various stages
of liver disease have still not been described (Bi et al., 2021).
Moreover, the changes in the microecology of the gut during the
occurrence and development of different diseases are different
and significant.

However, the role of the gut mycobiome in the development of
liver diseases has not yet been investigated in depth. Most studies
in this context were almost all restricted to alcoholic liver disease
(Lang et al., 2020; Zeng et al., 2023a; Zeng et al., 2023b), and
few studies were conducted to determine the relationships
between the gut mycobiome and liver diseases. Since gut
microbial biomarkers of liver diseases were found, the variations
in gut fungi that occur during the progression of nonviral liver
diseases in humans and rodents have remained unclear, and the
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potential of fungal biomarkers and therapeutic targets remains to
be further explored. Scientists have also proposed the necessity of
investigating fungal compositional changes in liver diseases
(Szostak et al., 2023).

In this study, we investigated the dynamic evolution of the
intestinal microecology and the gut-liver axis through different
stages of liver disease: acute hepatitis (AH), chronic hepatitis
(CH), LC and HCC. We set up mouse models of diethylnitrosamine
(DEN)-induced and carbon tetrachloride (CCly)-promoted hepa-
tocarcinogenesis to map disease variability profiles, depending on
the strength of changes in the gut microbiome and metabolite
dynamics.

RESULTS

The morphological, histological, and biochemical changes
in the liver indicated the successful establishment of the
CON-AH-CH-LC-HCC continuous model

After a combination of DEN and CCly intraperitoneal injections,
the DEN- and CCly-induced hepatocarcinogenesis model was
successfully established (Figure 1A). Overall, 5 stages of chronic
liver disease development were recorded and studied. As expected
from their gross morphology (Figure 1B), the visceral and
diaphragmatic surfaces of healthy liver samples appeared
uniformly soft, with smooth contours and homogeneous
textures. In particular, we observed that numerous white spots
were homogeneously present in the gross liver surface of the AH
stage. As the disease progressed to CH, the liver showed mild
macroscopic swelling and a pale color. In the early to middle
stages of cirrhosis, the enlarged size of the liver, the thicker shape
of the lobes, the blunt edge of the liver, the brittle texture, and the
granular surface became apparent. The disease progressed
further until the sixth month, when significant solitary or
multiple hepatocarcinoma was observed and characterized by
several varying sizes of tumors on the liver surface.

Iconic histopathological alterations in hepatic tissue asso-
ciated with liver disease progression were further characterized
by hematoxylin and eosin (H&E) staining (Figure 1C). In
contrast to normal liver pathology, the bridging necrosis in
zone III, near the central vein, exhibited a banding distribution
with inflammatory cell infiltration during the AH phase. In
addition to bridging necrosis, hepatocyte ballooning, inflamma-
tory cell increase, and lobular structural disorder also occurred
during the CH phase. Furthermore, we observed a capsule of
fibrous tissue surrounding a tubercle forming pseudolobules. In
the HCC group, both HCC tissue and paracancerous tissue were
evident with hepatocellular ballooning, high edema, steatosis
and necrotizing foci. Numerous colonies were found in the portal
area. Ki-67 staining and Sirius red staining were used to assess
cell proliferation and hepatic fibrosis, respectively, suggesting a
more distinct disease stage. F4/80 immunohistochemical stain-
ing clearly showed a random distribution of macrophages within
the hepatic sinusoid.

However, liver disease progression can also be reflected by liver
function measurements. Liver enzyme (alanine aminotransferase
(ALT) and aspartate aminotransferase (AST)) levels in AH mice
were dramatically elevated (Figure 1D). Throughout the other
four groups, we found significant increases in serum ALT and
AST levels in the CH and HCC groups compared with the normal
group. Total bile acid (TBA) levels were significantly elevated in
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the AH and CH groups, indicating that liver cells were damaged.

Mycobiota distributions shifted significantly in the
hepatocarcinogenesis process

In the development of liver cancer, the composition and
proportion of the gut mycobiota changed significantly. The a-
diversity results according to Chaol, Shannon, and Simpson
index analysis are displayed in Figure 2A. We observed that the
mycobiota diversity of the HCC stage compared to the other
disease stages was significantly reduced. In addition to o-
diversity, which illustrates within-sample biodiversity, p-diversity
reflects intergroup diversity differences. PCoA plots based on
binary Jaccard distance (R=0.2731, P=0.001), Bray-Curtis
distance (R=0.5843, P=0.001) and Euclidean distances
(R=0.5563, P=0.001) all exhibited obvious between-group
differences (Figure 2B). The relative abundance of certain fungal
phyla, including Ascomycota, Chytridiomycota, and Basidiomy-
cota, varied greatly at the different stages of liver disease (Figure
2C). At the consecutive stages of healthy, AH, CH, LC and HCC,
the dominant phyla were variable. The results illustrated the
ratio of representative phyla with relatively high abundance in
certain groups. Eventually, Ascomycota became the only
predominant phylum. In addition, linear discriminant analysis
effect size linear discriminant analysis effect size (LefSe) analysis
was performed to indicate the differential fungal composition
enriched in the five phases (Figure 2D). The cladogram illustrates
the extremely important status of Saccharomyces in the later
stages of disease development. Additionally, we observed a rapid
increase in Kazachstania pintolopesii and a noticeable decrease in
Saccharomyces cerevisiae and Aspergillus heterocaryoticus in the
HCC stage (Figure 2E).

Before the onset of the disease, intact gut tissue structures
possessed regularly arranged microvilli and glands (Figure 3A).
When acute inflammation occurred, goblet cell numbers
significantly decreased, and inflammatory cells infiltrated the
lamina propria. In addition to the shriveled, smaller, and more
cluttered intestinal villi, the number and secretion of goblet cells
were significantly reduced. In the immunofluorescence labeling
of claudin-3 (Figure 3B), we found that intestinal integrity
worsened, which is consistent with hepatic disease. Along with
the changes at different stages of the disease, not only gut
integrity but also intestinal secretion function was altered (Figure
3C). In addition, the colonic transcriptome analysis of different
stages was performed for further gene expression profile
investigation. In the principal component analysis (PCA) (Figure
3D), a significant intergroup difference was found, indicating an
altered gene expression at different stages of liver diseases. And in
Figure 3E, we observed the changes in transcriptomic gene
expression. The top 50 genes with the smallest P-values were
studied, and we observed not only a similarity between group
CON and group AH, but also a difference between group CON and
group HCC.

Fecal metabolic profiling showed obvious alterations at
different stages of hepatocarcinogenesis

Obvious differences in metabolic substances were observed
between separate groups according to orthogonal partial least-
squares-discriminant analysis (OPLS-DA) data, which are
depicted in Figure 4A. In general, over 20 kinds of intragroup
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Figure 1. The establishment and characteristics of the CON-AH-CH-LC-HCC continuous mouse model at different stages. A, Establishment of the CON-AH-CH-LC-HCC
continuous model. B, Changes in the appearance of the liver at different stages. C, H&E staining, Ki-67 staining, Sirius red staining and F4/80 immunohistochemical staining of
the liver. scale bar, 100 um. D, Comparisons of ALT, AST, TBA at different stages by liver function measurements. Data are presented as the meantstandard error of the mean
(SEM). *, P<0.05; **, P<0.01; ***, P<0.001.

fecal differential metabolites were together displayed by heatmap  final stage of HCC, we found that the contents of lovastatin acid,
clustering (Figure 4B). The contents of different metabolites MG (18:2(9Z,127)/0:0/0:0)), 20-(3-hydroxypropyl)-1a, 25-dihy-
varied greatly during different periods of liver diseases. At the  droxy-19-norvitamin D3, allocholic acid, nutriacholic acid, and
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Figure 2. The composition of the gut mycobiota changed significantly during the development of liver diseases. A, o-diversity of Chaol, Shannon, and Simpson indexes at
different stages. B, B-diversity was evaluated by PCoA plots based on binary Jaccard distance, Bray-Curtis distance and Euclidean distances. C, The change in the proportion of
fungal phyla in each period. D, LefSe analysis. E, Relative abundance of Kazachstania pintolopesii, Saccharomyces cerevisiae and Aspergillus heterocaryoticus at five stages. Data are

presented as the meantSEM. *, P<0.05; **, P<0.01; ***, P<0.001.

4 SCIENCE CHINA Life Sciences

simpson
ek i
—
ok
kKoK
Heokok
1.0 Group
CON
@ AH
3 CH
g Lc
>
05 Hce
00 -
CON AH CH LC HcCC
PCoA Euclidean
R=0.5563
20,000 - P=0.001
N Group
Z 10,000
X [®]con
3 ol 0] AH
= 0 @cH
< Lc
o]
8 10,000 [®]Hce
o
—-20,000
-30,000
0 20,000 40,000
PCoA1 (63.81%)
I a: c_Dothideomycetes
I b: f_Aspergillaceae
Il c:f_Trichocomaceae
I d: o_Eurotiales
I e: c_Eurotiomycetes
mm f: f_Dermateaceae
s I g: 0_Helotiales
Il h: c_Leotiomycetes
I i f_Saccharomycetaceae
B j: f_Saccharomycetales fam Incertae sedi
I k: o_Saccharomycetales
I |: c_Saccharomycetes
mm m:f_Hyponectriaceae
BN n: o_Xylariales
Il o: f_Ustilaginaceae
i I p: o_Ustilaginales
. & W q: c_Ustilaginomtcetes
> ¥ mm ot unidentiied Group
0\6; B s: o_Rhizophydiales I CON
B t: c_Rhizophydiomycetes . AH
I u: f_Glomere eae N CH
BN v: 0_Glomerales | C
Il w: c_Glomeromycetes . HCC
Aspergillus heterocaryoticus
koK
—
— Group
koK
: ' E3 coN
B3 A
E3 CH
B Lc
E3 Hce
L==3
CON AH CH LC HCC

https://doi.org/10.1007/511427-023-2458-1


https://doi.org/10.1007/s11427-023-2458-1

H&E

AB-PAS

B
Merge
Claudin3
DAPI
C
20 -
e 154
>
S
L
T 104 0 A
8 54 AA v cf
oo
0 T T T T T
CON AH CH LC HCC
D 40
8 Group
= ® AH
i ® CH
g 2 o Hee
< e LC
N
0
S (")'
S [ 1Y
g 0 .
= °
8
[ ]
-20
-20 0 20 40

PC1:(40.44%) variance

pr— R —

Grou
Dhrs
Ces2f
Sipi
Steap4
S100a8
L§1
Adgrf1
Plet1
Tnfrsf8
Clca4b

Nos2
231 0é)34C09Rik

Nfil3
Amtl
Npas2
Chil1
Pla2g3

Nox1
Cd177
Apod
Gpnmb
Gp2
S1009
Meg3
Gm21885
0610005C13Rik
Nr1d1
Ciart
Per3

Dbp

Tef
Nr1d2
Hi

Figure 3. Colonic tissue damage occurred as the disease progressed. A, H&E staining and AB-PAS staining of the colon at different stages. scale bar, 100 um. B,
Immunofluorescence labeling of Claudin-3 (red) and DAPI (blue). scale bar, 50 um. C, The AB-PAS rating. D, PCA analysis of colonic tissues among 5 phases. E, Expression of top
50 genes of transcriptome sequencing in CON, AH, CH, LC, and HCC groups. Data are presented as the mean+SEM. *, P<0.05; **, P<0.01; ***, P<0.001.
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Figure 4. Fecal metabolic profiling changed in the process of CON-AH-CH-LC-HCC. A, OPLS-DA data showed differences in metabolic substances between separate groups. B,
Heatmap clustering of obvious differential metabolites. C, Comparison of the contents of stercobilinogen and aflatoxin B1 dialcohol between HCC and LC. D, Comparison of the
contents of Baf-A1, docosahexaenoyl ethanolamide, and triterpenoids between HCC and LC. Data are presented as the mean+SEM. *, P<0.05; **, P<0.01.
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heterobetulin in feces were elevated. Additionally, TG (8:0/8:0/
15:0), PC (P-16:0/TXB2), LysoPE (16:0/0:0), LysoPE (0:0/15:0),
and LysoPE (14:0/0:0) were reduced in end-stage liver disease.
As shown in Figure 4C, a marked decrease was observed in the
content of some metabolites, especially stercobilinogen (P<0.05)
and aflatoxin B1 dialcohol (P<0.05). In distinct contrast, the
contents of triterpenoids, bafilomycin Al (Baf-Al) (P<0.01),
docosahexaenoyl ethanolamide (P<0.05), protopanaxadiol
(P<0.01), etc., increased significantly (Figure 4D).

To further reveal a potential interaction between the fecal
mycobiome and metabolome, we conducted Spearman’s correla-
tion analysis on the top 10 differential fungal genera and top 20
differential metabolites (Figure 5A). At the genus level, Kazach-
stania, Botrytis, Inocybe, Trametes, Aspergillus, Xerochrysium,
Saccharomyces, Diutina, and Moesziomyces were highly related
to the majority of metabolite contents. Conversely, certain
metabolites, especially 1,3,12-trihydroxycholan-24-oic acid,
(22E)-3B-hydroxy-5a-chola-7,22-dien-24-oic acid, 38, 7a, 12a-
trihydroxy-5pB-cholanoic acid, heterobetulin, L-leucine, and some
lysophospholipids had significant correspondence with gut fungi.
Among them, 1,3,12-trihydroxycholan-24-oic acid and
3B,7a,120-trihydroxy-5p-cholanoic acid are cholic acid metabo-
lites related to the host and microbiota that could function in
antibacterial reactions and host immune modulation. In the
association network diagram (Figure 5B), association lines
showed that the genera Kazachstania and Aspergillus played
pivotal roles in metabolite regulation.

In the mouse models, the potential factors that influence the
changes in the gut microbiota during the carcinogenesis process
were assessed. Due to the relatively few interfering factors, the
relationship between the pathophysiological indicators of the
mouse models and the dominant fungal species was investigated.
Figure 5C displays the correlation between the top 8 most altered
fungal species and indicators representing inflammation, pro-
liferation, liver enzymes, and intestinal damage. The Spearman’s
rank correlation indicated that the AOD scores of Ki-67 and
Sirius red staining were the most correlated indicators, which
depicted the liver condition. Furthermore, strong correlations
with those phenotypes were observed in Aspergillus penicillioides,
Saccharomyces cerevisiae, and Kazachstania pintolopesii. However,
the cause-effect relationship might be an interaction. For
instance, during the progression of a disease, the phenotypes
worsen, and the gut mycobiome undergoes alterations. Subse-
quently, the gut mycobiome can exacerbate or ameliorate liver
disease conditions, including phenotypes.

Gut mycobiota shifted in human feces during AH-CH-LC-
HCC longitudinal disease progression and potential fungal
biomarkers

To further validate the gut fungal structural variation in mice, we
carried out clinical sample collection and mycobiome detection.
A total of 80 fecal samples from hospitalized patients were
collected, and after screening, 39 samples (HCC:LC:CH:
AH=6:14:8:11) were subjected to internal transcribed spacer
(ITS) sequencing (Figure 6A). The Shannon index, which was
used to evaluate species richness, exhibited distinct decreases in
HCC and AH patients (Figure 6B). It was clearly visible that every
group was distant from each other in the PCoA of Bray-Curtis
distances (PC1 10.3%, PC2 8.96%, P<0.05) (Figure 6C). The
relative abundances of fungal phyla during different stages of

https://doi.org/10.1007/511427-023-2458-1

liver diseases showed a disruption of Ascomycota in HCC (Figure
6D), which was similar to the results of the mouse models.
Furthermore, LefSe analysis was conducted, and then the
significantly different species were studied (Figure 6E). In the
CH stage, the abundance of dominant fungi displayed an obvious
distinction. Subsequently, the gut fungal feature of LC patients
was not evident. However, the HCC stage was dominated by
several representative fungi, such as the Candida genus, Phaeo-
sphaeria genus, and Saccharomycetales fam. Incertae sedis species.
In addition, the Candida genus had a higher relative abundance in
the HCC group than in the LC group (Figure 6F).

In addition, metabolomic analysis of human fecal samples was
performed. OPLS-DA revealed significant intergroup differences
among liver disease phases (Figure 7A). After the removal of the
interferences of food and drug, the residual top 50 differential
metabolites were listed in Figure 7B. However, because of the
complexity of dietary patterns and human diseases, there is no
consistency in the metabolic relationships between mice and
humans.

Furthermore, indicator analysis was conducted to screen
fungal biomarkers (Figure 7C). The Candida genus may become
one of the biomarkers of liver cancer, and the Herpotrichia genus
may be a warning sign of the progression of liver disease.
Random forest analysis (Figure 7D) found that the genus Candida
might play a major role in these diseases, far more so than the
genus Saccharomyces and other fungal genera.

Supplementation with C. albicans and S. cerevisiae can
either promote or retard the progression of cancer

To investigate the role of C. albicans and S. cerevisiae in LC-HCC
progression, LC-stage mice were orally administrated with C.
albicans and S. cerevisiae until HCC formation (Figure 8A). After
sacrifice, the tumorigenesis of livers was embodied in the overall
diameter of liver cancers. As is shown in Figure 8B, the tumor
formation rate in the CA group was lower than that in the HCC
group, contrary to the results in the SC group. Moreover, the
status of livers (Figure 8C) and colons (Figure 8D) were estimated
by pathology. By combining the results of Ki-67 (cell prolifera-
tion) and F4/80 staining (macrophage exhibition), we found that
S. cerevisiae-treated mice had less inflammation and lower tumor
incidence, while C. albicans-treated mice exhibited more severe
disease. The integrity of colonic villi and intestinal barrier
function were ameliorated in the SC group, while inflammation
and disruption were aggravated in the CA group. All these results
provided a foundation for our conclusions.

DISCUSSION

Liver disease is a serious and increasingly common health issue,
affecting millions of people worldwide. More than 800 million
people are afflicted with chronic liver disease, which can develop
into LC and HCC (Trebicka et al., 2021). The final stage of liver
damage, inflammation, and compensatory hepatocyte prolifera-
tion is cirrhosis, which has been associated with approximately
80% of HCC cases (Llovet et al., 2016). A frequently applied DEN-
and CCly-induced mouse model was established to deduce
fibrosis-associated liver cancer, which reflects the state of disease
progression in HCC patients (Chappell et al.,, 2014). During
continuous intraperitoneal carbon tetrachloride injection, our
findings demonstrated that hepatic inflammation, fibrosis,
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function, immune cell recruitment, and apoptosis were consis-
tent with the progression of liver diseases. Immediately after
exposure to DEN, hepatocyte apoptosis and macrophage recruit-
ment occurred (Liang et al., 2019), followed by cirrhosis of the
liver at 3 months and HCC at 6 months.

In the multistep process from normal liver, AH/CH, and
ultimately cirrhosis, or even HCC, the gut microbiota may play
significant roles (Ling et al., 2022; Roderburg and Luedde,
2014). Through the gut-liver axis, the gut microbiome and the
liver interact in numerous ways. For instance, metabolites from
the intestine into the liver (Liu et al., 2022b), Enterococcus faecalis
(lida et al., 2021), Stenotrophomonas maltophilia (Liu et al.,
2022a), Lactobacillus reuteri (Chen et al., 2022), etc., all
contribute to the formation of liver cancer. By 16S rRNA gene
sequencing, one research group found a significant reduction in
gut microbial diversity in the liver tissue of HCC, while the
abundance of Stenotrophomonas maltophilia increased inversely. S.
maltophilia activated the TLR-4-mediated NF-«B signaling path-
way, which facilitated cirrhosis and tumor formation (Liu et al.,
2022a). Overall, major research attention has been focused on
the highly abundant bacterial microbiome, and the potential role
of gut fungi has been neglected. In particular, intestinal fungal
detection and treatment have not been routinely applied in
clinical applications. Therefore, we further explored the varia-
bility and possible effects of the gut mycobiota on liver disease.
During the occurrence and development of many chronic
progressive diseases, the structure and composition of the gut
microbiota are shifted significantly. Investigators have found that
the gut microbiota profile has a unique representation for each
disease, forming its disease pattern. For PLC, the current focus is
almost exclusively on the gut bacteriome and seeks to represent
the entire gut microbiome. Researchers have established a gut
bacteriome-based diagnostic model for liver cancer (Deng et al.,
2022). Several researchers have proposed the necessity of
microbial biomarkers in HCC independent of clinical and
radiological assessments in the background of LC (Albhaisi et
al., 2021).

However, whether the intestinal mycobiota exhibits predict-
able changes remains to be determined. First, we performed a
comprehensive evaluation of the intestinal mycobiota, fecal
metabolome, intestinal integrity, etc., in mouse models of
initiation and development of DEN- and CCly-induced liver
cancer. First, anomalous goblet cell morphology and a reduction
in the number of goblet cells were observed in the exacerbation of
liver disease. Claudin-3, one of the known tight junction proteins,
represents the mucosal integrity and barrier function of the gut
(Garcia-Hernandez et al., 2017). With the exacerbation of the
liver profile, the expression of claudin-3 decreased gradually.
Translocation of intestinal microbes was found during the
disease, which is a sign of chronic liver disease and a cause of
liver fibrosis and inflammation (Dapito et al., 2012). To the best
of our knowledge, the gut-liver axis plays a critically important
role in association modification. We sought not only to determine
the key fungi and metabolites involved in the progression of liver
diseases over time but also to investigate longitudinal alterations
in the gut mycobiome. Observable changes in the fungal
spectrum were noted during liver disease, culminating in a
marked reduction in the diversity of mycoflora in HCC mice
compared with other disease stages. The phylum Chytridiomy-
cota was identified during the liver disease progression period but
disappeared abruptly in the HCC stage. Kazachstania pintolopesii
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increased considerably in HCC mice and was previously reported
to induce inflammatory reactions in mouse colon tissues through
IL-17A/IL-17RA signaling (Zhang et al., 2022b). In contrast, the
contents of Saccharomyces cerevisiae and Aspergillus heterocaryo-
ticus in HCC mice were extremely low. B-D-glucans, yeast cell
wall components from S. cerevisiae, have antitumor functions in
liver cancer by impairing autophagosome and lysosome function
(Wang et al., 2020a).

During liver disease, not only are the colonic mucus layer and
tight-junction proteins gradually destroyed, leading to transloca-
tion of the colony, but the composition of gut fungi and
metabolites varies considerably. Relatedly, metabolic products
of the gut in liver disease progression also have representative
substances in each period. In the present study, liver disease-
specific metabolomic profiling was carried out. Some fecal
metabolites are highly expressed in the common state but have
low expression with disease status. For example, TG (8:0/8:0/
15:0) and ricinoleic acid (antimicrobial properties (Park et al.,
2020)) exhibited low expression in AH and HCC, while LysoPE
(16:0/0:0), LysoPE (0:0/15:0), LysoPE (14:0/0:0), and PC (P-
16:0/TXB2) had low expression in CH, LC, and HCC. In turn,
some metabolites were rarely present in feces representing a
healthy state but were clustered in feces representing states of
liver disease. Lovastatin acid, which is produced by several
strains of fungi, such as Aspergillus terreus (Wu et al., 2023),
Fusarium nectrioides (Manogaran et al., 2023), and Hypsizygus
marmoreus (Kala et al., 2022 ), was more highly expressed in feces
during the LC and HCC phases. On the one hand, it has lipid-
lowering properties; on the other hand, it can induce tumor cells
to undergo apoptosis (Kah et al., 2012). We found that the
content of stercobilin and aflatoxin B1 dialcohol in feces dropped
sharply when LC evolved into HCC. Stercobilin is a kind of
microbial metabolite that can be reabsorbed into the blood
system and then induce inflammation (Sanada et al., 2020). In
addition, aflatoxin B1 dialcohol is well known for its carcinogenic
and toxic effects on the liver. Triterpenoids, bafilomycin A1, and
dehydroepiandrosterone (DHEA) are instead higher at the final
step. Associated with fungi, triterpenoids are not only liver-
protective but also anticancer and anti-inflammatory (Li et al.,
2023b). As an autophagy inhibitor, bafilomycin A1 may slow
the progression of liver diseases (Thoen et al., 2011). DHEA,
which naturally and endogenously exists in the body, inhibits the
progression of tumors (Augimeri et al., 2023) and inflammation
(de Bus et al., 2021). In human samples, the alteration of fecal
metabolites was not the same as above. The levels of bile acids
(3B,70-dihydroxychol-5-en-24-oic acid, coprocholic acid) and
ammonia-lowering metabolites (glycerol phenylbutyrate) were
significantly increased in HCC patients, illustrating unfavorable
states of end-stage liver disease (Jia et al., 2023).

Certainly, we admit that mouse models have potential and
inherent limitations. In addition to the mouse model, validation
was performed with human samples. There was also a variation
law for the human keystone gut fungus corresponding to the
mouse. Consistent with this, the genus Candida and the species
Saccharomycetales fam. Incertae sedis may be biomarkers of the
HCC phase by LefSe analysis. At the final stage of hepatocarci-
nogenesis, the species and contents of fungi changed dramati-
cally, which mainly manifested as a noticeable increase in
Candida. Of these, the genus Candida has been discovered to be
involved in the pathogenesis of numerous hepatobiliary disorders
(Hartmann and Schnabl, 2023). In addition, the gut mycobiomes
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of common populations, patients with LC, and patients with
different stages of liver cancer were identified by Wang’s and
Deng’s groups (Zhang et al.,, 2023), which can further
complement and strengthen the results related to the gut
mycobiome of liver diseases. An experiment was subsequently
performed to confirm the status of C. albicans. Colonization of the
intestinal tract of mice with C. albicans was confirmed to promote
the formation of HCC. The heterogeneity of liver diseases,
multiple comorbidities, dietary exposure, or even social activities
in human patients all lead to the instability of clinical findings.
Therefore, the alterations in the mycobiome of mice and humans
are complementary and congruent, and both results should be
considered.

Mycobiota keeps continually shifting and changing from cradle
to grave, which is crucial for human health. Fungal microbial
dysbiosis may play a role in the pathogenesis of intestinal and
other diseases (Zhang et al., 2022a). Commensal enteric fungi
may beneficially affect local tissues and boost antimicrobial
systemic immunity (Jiang et al.,, 2017). Bajaj et al. (2018)
collected fecal samples from cirrhosis patients and healthy
volunteers and then found intestinal fungal dysbiosis in patients,
which varied with the usage of antibiotics and proton pump
inhibitors. During the late stages of hepatocarcinogenesis,
eliminating the normal flora suppresses the progression of liver
cancer (Dapito et al., 2012). The elimination of fungi, e.g., using
terbinafine (Zhang et al., 2021), itraconazole (Wang et al.,
2020b), and ketoconazole (Chen et al., 2019), can suppress
tumor growth in HCC preclinical models. Apart from exploring
the critical fungi and their metabolites in longitudinal liver
diseases over time, we also focused on the LC-HCC process.
Combining the ITS results from the mouse model and the human
sample, Kazachstania pintolopesii and Candida albicans showed a
sharp increase throughout LC-HCC. In addition, K. pintolopesii is
a common intestinal colonizer in rodents, but C. albicans is
present in the human intestinal system (Naglik et al., 2008).
Thus, C. albicans is a major risk factor in LC-HCC progression. In
addition, this work not only identified disease indicators through
fungal distribution patterns but also provides the foundation for
balancing the intestinal mycoecology of liver diseases for further
fungal treatment. The HCC stage might be postponed by
increasing the content of S. cerevisiae and depleting the content
of C. albicans before irreparable disease outcomes.

Further studies were conducted to determine whether S.
cerevisiae and C. albicans play a critical role in hindering or
promoting the progression of LC-HCC. After administration of S.
cerevisiae and C. albicans, the overall tumor diameter, progression
of liver diseases, colonic barrier integrity and tight junction
proteins of mice were ameliorated or aggravated. All these results
support the alterations in fungal shifts in the progression of liver
diseases. Additionally, the effects of C. albicans in LC-HCC were
initially studied (Liu et al., 2022c¢), and the findings were under
our conclusion. Therefore, gut mycobiota can not only act as
biomarkers for the progression of liver diseases, but also
potentially serve as a prevention or treatment option.

This study had some potential limitations. First, the sample size
of clinical patient feces might be further increased, and the
collection cycle could be further expanded. Second, we acknowl-
edge the inevitable differences in the dominant colonies of the
mouse model and the human body as well as the myriad factors
affecting the human gut ecosystem, therefore both results should
be taken into account. Third, the enormous cost of metagenomic
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testing or ITS sequencing puts pressure on clinical practice, and
the detection of iconic fungi can be a tendency.

In conclusion, both DEN+CCly-treated carcinogenesis mouse
models and human samples of different stages of liver diseases
were applied to explore longitudinal gut mycobiome altera-
tions. The phylum Chytridiomycota increased in the pathogen-
esis of chronic liver diseases, while the genus Candida
(Ascomycota) (in humans) or the genus Kazachstania (Ascomy-
Ascomycota) (in mice) occupied a dominant position in the HCC
stage. Gut fungal surveillance has the potential to function as a
noninvasive biomarker. We propose that exacerbation of C.
albicans and depletion of S. cerevisiae are a hallmark of LC to
early HCC. The ratio of C. albicans:S. cerevisiae may be a clinical
indicator of HCC that needs to be identified and validated.
Finally, our study provides the basis for retardation of disease
progression in the chronic liver disease phase by changing the
gut fungal fraction.

MATERIALS AND METHODS

Clinical specimen assessment and collection

We collected fresh fecal samples from inpatients at the AH, CH,
LC and HCC disease stages, evaluated by clinical assessment or
physician evaluation from 2022 to 2023. The inclusion criteria
were (i) male or female patients, ranging from 18 to 80 years,
and (ii) patients diagnosed with HCC, LC, CH, and AH. The
exclusion criteria were (i) patients with serious infectious
diseases, such as HIV infection, viral hepatitis, and syphilis; (ii)
patients with other systemic diseases, such as intestinal
disorders and hematological disease; (iii) patients who under-
went radiotherapy, chemotherapy, and any other influential
treatment means; (iv) patients who took antibiotics or
hormones within the last 1 month or probiotics or aperients
within the last 2 weeks; and (v) patients who declined to
participate or were already enrolled in other clinical trials. All
participants signed an informed consent form. Feces were
collected and frozen at —80°C until analyses. This study was
reviewed and approved by the Clinical Research Ethics
Committee of the First Affiliated Hospital, Zhejiang University
School of Medicine.

Animal model construction and sample collection

Five-week-old male Balb/c mice were kept in the animal
experimental center of the First Affiliated Hospital of Zhejiang
University. Under the condition of constant temperature and a
12-h light-dark cycle, mice had ad libitum access to water and
food. After a week of adaptive feeding, mice were injected
intraperitoneally with DEN at a concentration of 100 mg kg—!
body weight. Then, 2 weeks later, carbon CCly intraperitoneal
injections (0.5 mLkg~1, 25% olive oil suspension) were applied
twice per week to build different stages of liver disease according
to previously reported protocol (Li et al., 2015). All the models
comprised the following five phases: normal (0O d, before DEN
injection), acute hepatitis (3 d, after DEN injection), chronic
hepatitis (1 month), liver cirrhosis (2 months), and hepatocel-
lular carcinoma (6 months). Then, the mice (n=10) were
anesthetized and sacrificed at the abovementioned time points.
Feces, blood, liver, colon, and ileum were collected for further
investigation.
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Liver function

Various indicators of liver function, including AST and ALT, and
TBA, were assayed by employing the Hitachi 7600-210
automatic analyzer (Hitachi, Japan).

Histopathology, IHC and immunofluorescence

After fixation with 10% neutral buffered formalin, liver and colon
samples were paraffin-embedded and 2-pm-sectioned. H&E
staining of liver fixation was used to assess the progression of
liver disease, while H&E staining of colon specimens was used to
evaluate gut structural integrity and changes. In addition,
hepatic fibrogenesis was evaluated by Sirius red staining (Ma et
al., 2023). Hepatic cell proliferation and Kupffer cells were
evaluated by immunohistochemical analysis with anti-Ki-67
antibody [SP6] (Abcam, USA) (Li et al., 2023a) and recombinant
anti-F4/80 antibody [EPR26545-166] (Abcam), respectively.
Furthermore, Alcian blue-periodic acid-Schiff (AB-PAS) staining
was performed to trace goblet cells according to previously
described protocols (Gao et al., 2022). Sections from the proximal
colon were used to explore tight-binding proteins by immuno-
fluorescence. After being dewaxed and rehydrated, sections were
incubated with claudin-3 antibodies purchased from Proteintech
(USA) at 4°C overnight. In addition, secondary antibodies were
combined with washed samples at room temperature for 1 h.
After rinsing, the sections were sealed and then captured by a
Nikon Eclipse Ci epifluorescence microscope (Nikon, Japan).

Fecal metabolomics analysis

Fifteen milligrams of feces, 400 pL of methanol-water mixture (v:
v=4:1, including 2-chloro-l-phenylalanine, 4 pg mL~1), and two
steel beads were transferred into tubes. After precooling in a
—40°C refrigerator and grinding at 60 Hz for 2 min, each sample
was extracted by ultrasonication for 10 min in an ice water bath.
All extracts after sonication were placed once again in a
refrigerator at —40°C for 2 h and then centrifuged at 4°C and
15,620xg for 10 min. Then, the supernatant was aspirated by
using a disposable syringe and filtered through 0.22 pm
microfilters. Then, 150 pL. supernatants were transferred into
LC brown vials for LC-MS analysis.

The final samples were run on an ACQUITY UPLC I-Class
system (Waters Corporation, USA) in high-performance liquid
chromatography with a QExactive Plus mass spectrometer. An
ACQUITY UPLC HSS T3 column (1.8 pm, 100 mmx2.1 mm)
was applied for detection. The running conditions were as
follows: column temperature, 45°C; flow rate, 0.35 mL min—1;
injection volume, 5 pL; mobile phase A, water with 0.1% formic
acid; and mobile phase B, acetonitrile. The elution gradient was
as follows: O min, 5% B; 2 min, 5% B; 4 min, 30% B; 8 min, 50%
B; 10 min, 80% B; 14 min, 100% B; 15 min, 100% B; 15.1 min,
5% B and 16 min, 5% B. Both positive and negative modes were
employed for signal acquisition.

In the next step, metabolites were further identified by
Progenesis QI Software (Waters Corporation) and databases
(http://www.hmdb.ca, http://www.lipidmaps.org, etc.). OPLS-
DA was conducted for the metabolic alterations in the
comparison between groups. According to the statistically
significant variable importance in the projection (VIP) values
(VIP values>1), differential metabolites were selected, and
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correlation analyses were performed. The R package was applied
for the comparison of representative metabolites.

ITS sequencing

DNA was extracted from human and mouse fecal samples of
different groups by a DNeasy PowerSoil Pro kit (QITAGEN, USA)
(Weinmaier et al., 2023), and the purity and concentration of
DNA were further determined by agarose gel electrophoresis and
NanoDrop (Thermo Fisher Scientific, USA). The ITS1 variable
regions were amplified by polymerase chain reaction (PCR) with
the forward primer ITS1F (5'-CTTGGTCATTTAGAGGAAGTAA-
3’) and reverse primer ITS2 (5-GCTGCGTTCTTCATCGATGC-3’).
Following PCR purification, amplification, and repurification, the
concentrations of the final amplicon were terminated with a
Qubit dsDNA Assay Kit (Thermo Fisher Scientific). The sequen-
cing products were then conducted via Illumina NovaSeq 6000
with 250 bp paired-end reads. Trimmed by Cutadapt software
and modified by DADA?2, sequencing reads were annotated and
aligned against the Unite database by the QIIME2 package. By
the R package and ANOVA/Kruskal-Wallis statistical test, o-
diversity (including Chaol index, Simpson index and Shannon
index) and B-diversity (including Bray-Ccurtis- and Binary-
jaccard-based PCoA) were further evaluated. The LefSe method
was applied to compare the taxonomy abundance spectrum.
Differential species between multiple groups were compared by
Kruskal-Wallis nonparametric analysis. Using the R package,
indicator species analysis was performed by calculating each ASV
across all samples, while the random forest models were built on
the importance of the top 30 genera.

Transcriptome sequencing

RNA extraction from the colon was performed using the RNeasy
Mini Kit (QIAGEN). Construction of the transcriptomic library
was conducted using the VAHTS Universal V5 RNA-seq Library
Prep Kit, following the manufacturer’s protocols. Paired-end
150 bp reads were produced by the Illumina Novaseq 6000
sequencing platform, and then clean reads were obtained by
Fastp software. HISAT2 software calculated the FPKM to map the
comparison of the reference genome. The threshold of differen-
tially expressed gene (DEG)screening was defined as Q
value<0.05 and |log,Foldchange | =0.0. Hierarchical clustering
analysis was applied by using the R package (3.2.0).

Fungal intervention and verification

Animal models were established as indicated above until the liver
pathological state reached LC status. At 4 months, LC mice were
administrated with 0.2 mL 1x10% CFUmlI~! C. albicans, S.
cerevisiae, and 0.2 mL NS twice a week, respectively. 2 months
later, liver cancers of mice were monitored and then the 6.5-
month-old mice were sacrificed for collecting samples for further
studies. Not only H&E staining, Ki-67 and F4/80 IHC staining of
livers, but also H&E staining, occluding and ZO-1 IF staining of
colons were performed for verification.

Statistical analysis
All data are expressed as the mean+SEM. GraphPad Prism 6

(GraphPad Software) was used to analyze the data, and
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P values<0.05 were regarded as statistically significant. Multiple
group comparisons were calculated by one-way ANOVA with the
LSD post hoc test (normally distributed) or chi-square test
(abnormally distributed). Relationships among the gut mycobio-
ta and metabolites were assayed using Spearman’s rank
correlation analysis.
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