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Abstract

Background & Aims. Aspirin has potent anti-platelet activities and possibly helps regression of
fibrosis. We investigated antifibrotic mechanisms of aspirin in the murine CCl; model and in
patients with hepatic fibrosis. Methods: Multiomics analysis identified networks and molecular
targets regulated by aspirin which were validated in murine model and in patients with liver
fibrosis. Results. Biochemical/histopathological changes and hepatic fibrosis were greater in
CCly-treated mice compared to CClg-aspirin (CCI4;+ASA) or control mice (p<0.05). In
CCI4+ASA mice, integrated proteome-metabolome analysis showed an increase in autophagy,
drug metabolism, glutathione and energy metabolism (p<0.05) and decrease in inflammatory
pathways, arachidonic acid and butanoate metabolism (p<0.05). Global cross-correlation analysis
linked fibrosis markers with protein-metabolite pathways (r2>0.5, p<0.05). Liver proteome
enrichment for immune clusters using blood transcription module correlated with histidine and
tryptophan  metabolism (r2>0.5, p<0.05). Aspirin decreased Ryanodine-receptor-2
(RYR2;oxidative-stress), Arginase-1 (ARG-1;urea cycle), Arachidonate-5-lipoxygenase
(ALOXS5;leukotriene  metabolism), and Kynurenine-3-monooxygenase (KMO;tryptophan
metabolism; p<0.05) which correlated with reduction in a-SMA, PDGFR-B and degree of
hepatic fibrosis (r2>0.75; p<0.05) in animal and human studies, and, in-vitro analysis. Aspirin
modulated intracellular-calcium and oxidative-stress levels by reducing RYR2 expression in
activated LX-2 cells. It modulated the liver microbiome and its functions which also correlated
with ARG1, ALOX5, RYR2 expression (r2>0.5, p<0.05). Metaproteome analysis showed
significant microbiome similarity at phylum level in murine liver tissues and fecal samples.
Aspirin increased the abundance of Firmicutes (Ruminococcaceae, Lachnospiraceae, and
Clostridiaceae) and their functionality, as assessed by glycerol-3-phosphate dehydrogenase
(NAD(P)(+) and dTMP-kinase activity (p<0.05). Conclusions. Aspirin demonstrates broad
beneficial effects following oxidative injury, inflammation, and hepatic fibrosis. Aspirin induces
distinctive hepatic proteome/metabolome and intrahepatic microbiome changes which are

indicative of fibrosis regression and could be further explored as therapeutic targets.
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I ntroduction

Liver cirrhosis is a life threatening consequence of liver fibrosis (1). Fibrosis is characterized by
excessive deposition of extracellular matrix with decreased parenchymal cells and inflammation
(2). Development of liver fibrosis involves persistent hepatic inflammation mediated
differentiation of quiescent hepatic stellate cells (HSCs) into myofibroblast like cells. These
activated HSCs then express many extracellular matrix (ECM) proteins such as collagen type-I,
a-smooth muscle actin (a-SMA), transforming growth factor-p (TGF-1) which mediate fibrosis
progression (3). Further, a significant increase in liver fibrosis was seen in mice with higher
TGF-B1 levels in their platelets. In addition, platelet derived growth factors mediated activation

of hepatic stellate cells and fibrosis, could be amiloriated with aspirin (4).

Aspirin is known to prevent thrombosis and reduced risk and severity of liver disease (5).
Activated hepatic stellate cells over express proinflammatory COX-2 enzyme which is reduced
by aspirin. In animal model of chronic liver diseases (6) and in large-scale human cohort studies
befinit of aspirin as antifibrotic molecule is reported (7). Previous studies have linked effect of
aspirin on liver fibrosis to its anti-platelet activity and showed significane of aspirin over other
NSAIDs (8). Regular aspirin administration is associated with the improvement of NAFLD

features and reduced risk for liver fibrosis progression (9).

Aspirin is shown to enhance autophagy (10). As a calorie restriction mimetic, it is shown
to improve the life span by modulating the clock genes, protein acetylation and liver metabolism
(11). Regular aspirin use reduces platelet activation, thrombosis and liver fibrosis progression
(12). Previous literature shows that aspirin exerts its effects majorly through inhibition of
cyclooxygenases (COX), thereby blocking prostaglandin E2 (PGE2) synthesis. However, other
observational studies suggest that aspirin may also have effects on non-COX-mediated pathways,
such as TNF-a, NF-xB, and PI3K signaling, autophagy, energy metabolism, modulation of

antioxidant enzymes and others (13).

Overall understanding of the anti-fibrotic mechanisms of aspirin in the liver is far
from clear (14). In liver cirrhosis bacterial over growth and dysbiosis increases significantly.
Further gut microbiome also contributes for the synthesis of inflammatory mediators such as

prostaglandin (15). Aspirin inhibits PEG2 production and modulates gut microbiome and
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intestinal permeability (15). This suggests that use of aspirin is beneficial and studies associated

to delineate the anti-fibrotic mechanisms of aspirin within the liver are warranted.

To address these issues, the antifibrotic effect of aspirin was studied in a CCl, murine
model. This was complemented with global proteome/metaproteome/metabolome analysis of the
liver followed by an in-depth analysis of the regulatory networks. The integrated analysis
identified promising antifibrotic targets regulated by aspirin and its correlation with immune
clusters. Targets identified in our analysis were validated in murine model as well as in patients
with liver fibrosis. We also analysed the association of fecal/liver microbiome with hepatic
inflammation and fibrosis. Finally we state that using multi-omics approach we were able to
identify significant alterations linked to aspirin in mice model of CCl, induce liver fibrosis. This
analysis focused on the liver per se, which is a primary responsive organ and likely mediates
many of the beneficial effects of aspirin. Our analysis allowed us to dissect the unique
differences in response at the metabolite, protein and metaprotein levels between aspirin treated
animals and the liver fibrosis induced by repeated doses of CCl,-treated animals. Together, these
data highlight the significant regulation of the KMO; kynurenine-3-monooxygenase (tryptophan
metabolism), ARG-1; arginase-1 (glutathione/energy metabolism) and ALOX-5; arachidonate-5-
lipoxygenase, and RyR2; ryanodine-receptor-2 (inflammation) in response to the aspirin
intervention, suggesting modulation of these pathways could be useful in therapeutic

interventions for regression of liver fibrosis.
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Materialsand Methods:

Animals and Sample Collection

Male C57BL/6J mice of 6-8 weeks, weighting 20-25 g were divided into four groups: aspirin
(ASA), carbon tetrachloride (CCl,), CCl;+ASA and control group (n=8 animals/group). After
grouping, mice were subjected to twice a week intraperitoneal (i.p.) injections of 10% CCl,
(Sigma, 270652) (diluted in olive oil) at a dose of 0.5 pl/g body weight for 12 weeks to induce
liver fibrosis (16) or vehicle (olive oil). while the ASA group were treated with aspirin at the
same time concominant to CCl, treatment. Low dosage of aspirin treatment were used as
described in previous studies (17) whereas dose of CCl, were routinely adjusted based on weight
of the animal. Harvested tissues/serum was snap-frozen in liquid nitrogen (N,) and kept at —-80°C
until batch analysis. Animal grouping, model development and statement for ethics are detailed

in Supplementary-methods.

Liver multi-omics analysis:
Liver samples from different groups were subjected to proteomics, metabolomics and
metaproteomics analysis as detailed in Supplementary-methods.

Global cross-correlation, clustering and integration analysis

Differentially expressed proteins (DEPs) and metabolites (DEMs) were identified and cross
correlated to biochemical/fibrosis indicators and was clustered. Pathway analysis was performed
for proteins (enricher/KEGG) and metabolites (metaboanalyst) significantly correlating to
markers of fibrosis cluster or biochemical clusters. This was followed by developing a global
cross-correlation map between biochemical/fibrosis parameters and pathways linked to the
proteins and metabolites using Cytoscape (https://cytoscape.org/) (18). In addition, protein—
metabolite joint pathway analysis was performed for the DEPs and DEMs of CCIl4+ASA group
compared to the CCl, group using Metscape-3 (19) which was followed by pathway over

representation and visualization of the most altered pathways (20).

Histopathology and I mmunohistochemistry of Liver Sections

Liver tissues were fixed in 10% paraformaldehyde, embedded in paraffin and sectioned at 4 um
thickness which was then stained with haematoxylin-eosin (H&E), Masson’s trichrome (MT)
and sirius red staining (21). The extent of hepatic injury and fibrosis were measured through the
Ishak index score (22). In addition, expression for a-SMA (Cat.E-AB-34268), PDGFR-p (Cat.E-
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AB-32531), ARG1 (Cat. M01106-1), RYR2 (Cat. E-AB-64002) and ALOX-5 (Cat. E-AB-
10040) was estimated in the membrane and cytoplasmic space of the positively stained cells,
counted in consecutive 10 high power fields (40x) and relative quantitation as mean number of
cells/10 high power field (40x) was recorded.

Statistical Analyses

Results are shown as mean and standard deviation unless indicated otherwise. Using Graph Pad
Prism v6, statistical analyses were performed and P-values of < 0.05 were considered statistically
significant. To compare variables between the two groups, the unpaired (two-tail) Student’s t
test, Mann- Whitney U test were performed. For comparison among more than two groups, one-
way analysis of variance, Kruskal-Wallis test was performed. All correlations were performed
using Spearman correlation analysis (Detailed in Supplementary-methods).
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RESULTS

Aspirin treatment prevented hepatic injury and reduces fibrosis in CCl, murine model of
liver fibross

Schema for the development of the CCl, murine model of fibrosis and treatment with aspirin is
shown in Figure-1A (Supplementary-Figure-1). The murine model receiving CCl; showed
significant increase in liver weight: total body weight and hepatic collagen deposition as
compared to vehicle or aspirin (5mg/kg) treated mice (Figure-1B, 1C, p<0.01). At 12-week, ALT
and total bilirubin levels were significantly high whereas albumin levels were low in the CCl,
model compared to other groups (Figure-1D, p<0.05). Liver fibrosis and liver functions were
significantly improved in the aspirin treated group (Supplementary-Table-1). This was
complemented with a significantly decreased expression of collagen-lal, alpha smooth muscle
actin (a-SMA) and transforming growth factor -1 (TGF-B1) in the aspirin treated group (Figure-
1E, Supplementary-Table-2). These results suggest that aspirin treatment can reduce liver
fibrosis level in the murine model, probably by modulating oxidative stress and inflammation.

Aspirin administration decreaed inflammation and liver fibrosisassociated proteome

Global proteome analysis can provide an unbiased view of changes in protein/enzyme
abundance, which are the key mediators in metabolic /endocrine signaling that may be altered
during fibrosis regression. To understand the mechanism linked to aspirin mediated liver fibrosis
reduction, total liver tissue proteome was first analysed in murine model of fibrosis with and
without aspirin treatment (CCl4+ASA versus CCl,) (Figure-2A). We also performed unbiased
proteome analysis across the four animal groups detailed in Supplementary Figure-2. We
identified and quantitated >4,200 proteins across all treatment groups (Supplementary-Table-3).
Of the 471 proteins p < 0.05 (5% false discovery rate [FDR]) a total of 161 proteins were
upregulated and 310 proteins were downregulated in CCI4+ASA as compared to CCl4 (Figure
2B). Partial least square discriminant analysis (PLS-DA; Figure-2C) and unsupervised clustering
analysis showed clear distinction of CCI4+ASA from CCIl4 (Figure-2C and 2D). Pathway
analysis of the up-regulated proteins specific to the CCIl,+ASA group were linked to autophagy,
drug metabolism, fatty acid degradation, PPAR signalling, histidine metabolism, amino acid
metabolism and glutathione metabolism (Figure 2E, Supplementary-Figure-3A). Whereas,
pathways linked to downregulated proteins were associated to cholesterol metabolism, EGFR1

signalling, arachidonic acid, ferroptosis, phagosome, and inflammatory signaling pathway (TNF-
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alpha NFKB signaling pathway; Supplementary-Figure-3B). Finally, to identify fibrosis linked
proteins, the identified DEP’s were searched against the OMIM database for liver fibrosis. A
total of 33 proteins were identified; of them 21 were up-and 12 were downregulated in CCl,
induced liver fibrosis model. Aspirin treatment significantly reduced the expression of acyl-CoA
oxidase-2 (Acox2), collagen Type XXV Alpha-1-chain (Col25al), ryanodine receptor-2 (Ryr2),
G-protein subunit beta-1 (Gnb1l), protein phosphatase-2 (Ppa2) and others in CCl; model of liver
fibrosis (Figure-2F) Together these findings suggest that aspirin reduces fatty acid accumulation,
oxidative stress, and inflammation (Supplementary-Figure-4). Further proteins such as Acox2,
Col25al, Ryr2, Gnbl, Ppa2 and others are regulated by aspirin and could be validated for a
probable indicator of liver fibrosis (Supplementary-Table-4).

Aspirin treatment enhances metabolic function in murine model of liver fibrosis

Aspirin could modulate liver metabolome, recently, a distinctive plasma metabolomic profile
associated with liver fibrosis is also reported (23). Thus reduction of fibrosis post-aspirin
treatment could be attributed to a change in the fibrotic liver metabotype. Differentially
expressed metabolites (DEMSs) were first individually analysed across all the four mice groups
detailed in Supplemantary Figure-5 and Supplementary Table-5. We next evaluated the liver
metabolome in the CCl, model of fibrosis with and without aspirin treatment (Figure-3A). Of the
164 metabolite differentially expressed a total of 104 metabolite were upregulated and 60 were
down regulated in CCI4+ASA group compared to CCl4 (p<0.05; Figure 3B). Partial least square
discriminant analysis (PLS-DA) and unsupervised clustering analysis showed a clear distinction
between the groups (Figure-3C, 3D). Metabolites upregulated in CCI4+ASA were associated to
glutamate metabolism, TCA cycle and pentose phosphate pathway, arginine biosynthesis and
cysteine and methionine metabolism (Figure 3E). Metabolites down regulated were linked to
arachadonic acid metabolism, lysine degration, tryptophan metabolism and others (Figure 3F).
These findings suggest that aspirin induces energy metabolism, amino acid metabolism and
reduces inflammatory pahways such as arachadonic acid metabolism and tryptophan

metabolism.

Global correlation analysis of hepatic proteome, metabolome and biochemical/fibrosis
parameter sreveals anti-oxidative state post-aspirin treatment
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We hypothesized that the changes in the biochemical/fibrosis parameters should reflect an
analogous change in the proteome and metabolome. In particular, this should hold true for liver
proteome, metabolome, and liver function/fibrosis parameters. For example, a decrease in
fibrosis or biochemical parameters should recapitulate a decrease in proteins or metabolites
associated pathways and members of known pathways should cocluster. Integration of the
proteome and metabolome could help to impute the class membership of metabolites, proteins,
familial enzyme pathways or novel enzyme reaction models associated to change in biochemical
or fibrosis indicators. To explore this, global cross-correlation and hierarchal clustering analysis
were performed for differentially expressed proteins (798) and metabolites (138) in CCl,+ASA
(low fibrosis) group as compared to CCl, (high fibrosis) group along with biochemical
parameters like ALT, AST, total bilirubin, Albumin, TGF-B1, MT/sirius red score (Figure-4A).
Principle component analysis recapitulates the distinction between high (CCl,) and low fibrosis
(CCl4+ASA) groups. Correlation analysis followed by hierarchical clustering led to a global
correlation map (r>>0.5), where the biochemical parameters/fibrosis markers were clustered with
proteins and metabolites. This analysis identified 4 clusters (Figure-4B). Pathway analysis of the
proteins and metabolites associated with each cluster showed that alteration in ALT, total
bilirubin:cluster-1 was associated with alteration in fatty acid metabolism, tryptophan
metabolism, pentose gluconate inter-conversions, cholesterol metabolism and more (r*>0.5,
p<0.05). Change in fibrosis marker (Sirius red): cluster-2 correlated with mTOR signaling,
complement and coagulation, prostaglandin synthesis, cAMP signaling, TCA cycle, and others
(r*>0.5, p<0.05). Further change in TGF-B1: cluster-3 correlated with MAPK signaling,
glutathione metabolism, apoptosis, and others (r>>0.5, p<0.05). Similarly a change in albumin
and AST levels: cluster-4 was linked to change in TNF-NFkB signalling pathway, IL-1
signaling, p38 MAPK signaling, oxidative phosphorylation, arachidonic acid metabolism and
platelet activation (r*>0.5, p<0.05; Figure-4B). Over all, these results establish a linear and direct

relationship between biochemical/fibrosis markers, proteome, and metabolome of the liver.

Aspirin treatment reduced inflammation and enhancesliver function in murine model of
liver fibross

Interestingly, our results show that ALT is reduced by aspirin, indicating decrease in
hepatic injury. It can be argued that the resulting antifibrotic effects are indirect and not truly
anti-fibrotic. To understand this we investigated the role of immune cells, by studying
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differentially expressed proteins (DEPSs) in aspirin treated vs CCl, treated animals using blood
transcription module (BTM) (24). The upregulated proteins in CCl4 were enriched for platelet
activation-1 (>21%), monocytes (>4%), recruitment of neutrophils (>6%) and inflammation
modules (>10%). These were significantly downregulated on treatment with aspirin (Figure-5A,
Supplementary-Table-6). Under aspirin treatment, the metabolic function of the immune clusters
(immune activation - generic cluster, enriched in monocytes (1), enriched in monocytes (IV),
enriched in neutrophils, type I interferon response) were decreased and showed direct correlation
with the liver metabolome particularly metabolites linked to (histidine, tryptophan metabolism).
Correlation of immune clusters with metabolic pathways highlights the anti-inflamatory and anti-
oxidative state induced by aspirin treatment in CCl, mice.

Finally, to understand the antifibrotic effect of aspirin, The DEP’s and DEM’s in
CCI4+ASA as compared to CCls model was subjected to integrated pathway analysis using
Metscape from Cytoscape. We identified a total of 115 pathways significantly perturbed.
Proteins/metabolites significantly upregulated in CCl,+ASA highlighted increase in 24 (20.7%)
pathways such as endocytosis, thermogenesis, protein processing in ER, autophagy, drug
metabolism, Rapl signaling and others (p<0.05) whereas proteins/metabolite downregulated
highlighted significant decreases in 53 (45.7%) pathways such as phagosome, MAPK signalling,
TNF signaling pathway, fatty acid synthesis, platelet activation and others (p<0.05;
Supplementary-Figure-6A). Interestingly, most perturbed 39 pathways (33.6%; which involves
both up and down regulated proteins/metabolites) in CCIl,+ASA group were linked to liver
function (urea cycle, bile acid biosynthesis, xenobiotic metabolism), inflammation(arachidonic
acid, prostaglandin and leukotriene metabolism), energy metabolism (TCA cycle, pentose
phosphate) and amino acid metabolism (tryptophan, tyrosine metabolism)(Supplementary-
Figure-6B). Visualisation of key pathways showed that aspirin downregulates inflammation by
down regulating central metabolites and proteins of the arachidonic acid pathway such as
leukotriene A4, prostaglandin F2alpha, CYP2A6, ALOX5 and others (Figure-5B, left-side).
Aspirin regulated bile acid metabolism and urea cycle reflective of liver function by decreasing
bile metabolites (propanoyl-CoA, taurocholeate, and others) and urea cycle proteins and
metabolites like arginase-1, ornithine, N-acetyl ornithine and others (Figure-5B, right-side).
Aspirin treatment to CCl; model increased energy metabolism linked proteins/metabolites
(Supplementary-Figure-7A). Finally, aspirin regulates tryptophan metabolism by reduction of
kynurenine and kynurenine 3-monooxygenase (KMO) which is a rate limiting enzyme in the


https://doi.org/10.1101/2020.07.03.186015
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.03.186015; this version posted July 4, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

kynurenine pathway (Supplementary-Figure-7B).Together these results demonstrate that aspirin
reduces inflammation and improves liver function which may have a direct effect on fibrosis

regression in murine model.

Validated in patients RyR2 and other-target proteins expression is reduced in the murine

model under aspirin treatment

To identify putative candidates associated with fibrosis regression, AUROC analysis was
performed for the DEPs and DEMs in CCl;+ASA compared to the CCl, model. A partial list of
the top 20 proteins and metabolites along with biochemical parameters and fibrosis indicators is
provided as (Supplementary-Table-7). Based on the AUROC levels and p-value significance, we
identified RYR2 linked to oxidative stress (25), ALOX-5, KMO linked to inflammation (26),
ARG-1 linked to ammonia production (27) significantly associated with liver fibrosis. The
expression of these proteins was validated on the representative liver sections of mice, as well as
in patients with increasing grades of liver fibrosis. The liver section of the CCl, model showed a
significant increase in RYR2, ALOX-5, and ARG-1 expression in the sinusoidal spaces and near
portal areas which was decreased when CCl; murine was treated with aspirin (p7<710.05;
Figure- 6A). We also observed significant correlation of these proteins with degree of fibrosis, o-
SMA and PDGFR-B (r*>0.7, p<0.01, Figure-6B). In addition, the identified markers (RYR2,
ALOX5, ARG-1 and KMO) showed linear increase in expression (Figure-6C) and correlated
significantly with degree of liver fibrosis (FO-F4) in patients with liver fibrosis (pr1<710.05,
Figure-6D). Collectively, these results suggest that aspirin may reduce fibrosis by decreasing
oxidative stress (RYR2), inflammation (ALOX5, KMO), ammonia production
(ARG1),activation of the autophagy (Deptor, VMP1) and energy pathways (IDH3B, MDH1) in

liver.
Aspirin reduces RyR2 expression and inhibit oxidative stress: in-vitro analysis

To evaluate the inhibitory effects of aspirin on LX2-cells (human hepatic stellate cells;HSCs) in
terms of calcium release, RyR2 expression and oxidative stress in-vitro. LX2, were treated with
TGF-B1 in the presence or absence of aspirin.The results of cell immunofluorescence fluo-8
assay suggest increase in cytoplasmic calcium (Ca™) levels upon aspirin treatment with decrease
in RyR2 expression (Fig. 4E). Next, LX2 cells were loaded with DHR-123(dihydrorhodamine)
to detect the accumulation of intracellular ROS (reactive oxygen species). The addition of aspirin
significantly decreased the accumulation of ROS induced by TGF-B1 by over 30%. Consistant
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with RyR2 mRNA expression, intracellular Ca™ and ROS widely distributed in the cytoplasm of
TGF-p1-stimulated cells, while coincubation significantly decreased the expression of these
markers when compared with the TGF-B1 group (Figure-6E). This indicates that aspirin could

decrease the RyR2 expression and inhibit oxidative stress in activated LX2 cells.

Aspirin ameliorates hepatic fibrosis via modulation of intrahepatic microbiome in murine
model of liver fibross.

Translocation of the pathogenic microorganisms and derived factors from the gut to liver is one
of mechanisms linked to the pathogenesis of cirrhosis-associated liver diseases in animals and
humans (28). We tested whether livers of mice affected by fibrosis exhibit higher load of
pathogenic microorganisms. Our analysis showed higher load of bacterial DNA fragments in
CCly group (Supplementary-Figure-8A). This was complemented with the metaproteome
analysis which resulted in the identification of more than 7000 peptide sequences linked to
bacterial or host proteins. Based on the peptide sequences the lowest common ancestor (LCA)
was identified and visualised (29). An interesting observation was the similarity between the
fecal metaproteome and liver metaproteome at the phylum level (Figure-7A). Based on this data,
we undertook to study the metaproteome of the liver in CCl,; mouse model of cirrhosis in
presence or absence of aspirin. Principle component analysis along with unsupervised clustering
analysis showed clear segregation of groups based on their metaproteome profiles (Figure-7B).
Aspirin treatment in CCls; mice significantly increased bacteria linked to the order
Aquifexaeolicus, Chlorobilaes, Tissierellales, Neisserllas, Epsilonproteo bacteria and
Spirochaetales (p<0.05) whereas bacteria linked to the order Micrococalae, Prochloraceae and
Synechococcaceae were significantly reduced (p<0.05;Figure-7C,D). Bacterial species such as
Proteobacteria,Enterobacteriaceae, Fusobacteria and Leptotrichiaceae which are known to be
increased in cirrhosis were reduced with aspirin treatment. On the other hand, Firmicutes,
Lachnospiraceae and Ruminococcaceaewere enriched with aspirin treatment (Figure-7E). Linear
discriminant  analysis identified significant increases in  bacteria of phylum
Actinobacteria:Mycobacteriaceae,Corynebacteriales, Streptomyces;Proteobacteria:Hyphomonas,
Anaplasma, Agrobacterium tumefaciens;Firmicutes:Clostridia, Bacilli, Streptococcus; and
others:Tenericutes, Spirochaetes,Aquificae. Whereas several bacteria linked to phylum

Actinobacteria:Corynebacterium efficiens, Proteobacteria:Alphaproteobacteria, Teredinibacter
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turnerae; Firmicutes:Bacilli, Clostridium botulinum and others:Thermotogae, Deinococcus-
Thermuswere decreased (p<0.05; Figure-7F, Supplementary-Table-8).

Functionality of the hepatic microbiome could also be assessed through metaproteome
studies. Aspirin treatment resulted in increased 2-isopropylmalate synthase, Alanine--tRNA
ligase activity and reduced DNA-directed RNA polymeraseactivity in in Actinobacteria. Bacteria
of the phylum Firmicutes showed higher expression of H(+)-transporting two-sector ATPase and
lysidine synthetase and reduced histidine kinase (Figure-8A). This was supplemented with
association analysis of the identified metaproteome profile with ALOX5, ARG1 and RYR2
(identified /validated targets associated with hepatic fibrosis). Interestingly, we observed that
ARG1 and ALOX5 showed crosscorrelation with many bacterial species and their functional
enzymes involved with anti-fibrotic mechanisms (r*>>0.5, p<0.05, Supplementary-Figure-8B).
Together these results suggest that aspirin administration modulated the gut and hepatic

microbiome of cirrhotic animals to anti-fibrotic milieu.
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DISCUSSION:

In the present study, the antifibrotic effect of aspirin was studied in the liverofmurine
model of CCl,. This was complemented with global proteome, metaproteome and metabolome
analysis of the liver followed by an in-depth analysis of the regulatory networks. Integrated
analysis identified promising antifibrotic targets proteins/metabolites/metaproteins which are
under the regulation of aspirin. We validated the expression of RYR2; ryanodine receptor-2,
arachidonate-5-lipoxygenase; ALOX-5, arginase-1; ARG-1 in the murine model and
showedthattheirexpression correlated with markers of liver fibrosis (a-SMA, PDGR-p levels)
and with increase in liver fibrosis. These molecules could be used as a putative candidate for
fibrosis monitoring or modulation/therapeutic targets.

Aspirin treatment in murine model of CCl, showed decrease in the hepatic fibrosis. These
findings were supported by the liver to body weight ratio, biochemical parameters and by
expression of hepatic a-SMA and TGF-B1 expression. These results are consistent with previous
studies in rodent model (30).

Proteomics of aspirin treatment in mice with CCl, induced liver fibrosis, showed
significant upregulation of drug metabolism, fatty acid degradation, PPAR signalling, and
tryptophan metabolism and a significant decrease of cholesterol metabolism, EGFR1 signalling
and inflammatory signalling pathways suggesting that aspirin reduces fatty acid accumulation,
oxidative stress and inflammation by directly regulating these biological pathways in the liver
(31). In total, 33 proteins linked to liver fibrosis were identified and were under the regulation of
aspirin. Aspirin treatment significantly reduced the expression of Acox2, Col25al, Ryr2, Ppa2
and others. Of them ryanodine receptor-2 (RYR2), showed a significant difference.In
CClinducedoxidative injury,the role of RYR2 is well documented (25). Our data suggests that
RYR2 modulation could play a role in aspirin mediated fibrosis regression and could be
validated as a putative candidate for liver fibrosis.

Concordant to the proteomic analysis, results of the metabolome analysis showed that
aspirin induces galactose metabolism, TCA metabolism, mitochondria electron transport chain
and reduces butanoate and tryptophan metabolism, taurine/hypotaurine metabolism,
phosphatidylethanolamine biosynthesis, urea cycle, leukotriene A4, prostaglandin H2, 20-HETE
and others involved in Arachidonic acid metabolism. These results indicate that aspirin improves

liver functions and ameliorates liver fibrosis by reduction in inflammatory pathways.
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The change in the biochemical/fibrosis parameters reflects an analogous change in the
proteome/metabolome and this was documented by global cross-correlation analysis (32). Our
analysis showed that biochemical/ fibrosis parameters correlate with proteins/metabolites
associated with previously known pathways. For example, change in TGF-B1 correlates to

change in MAPK pathways (33), glutathione (34), apoptosis, ferroptosis, and others.

Similarly,sirius red score correlated with mTOR signaling (13), prostaglandin synthesis (35)
energy pathway and others. Previously our group and others showed that albumin levels or
modification is associated with inflammation linked pathways (36). Our results were concordant
and showed that change in aloumin or AST levels correlate with changes in TNF-alpha, Toll like
receptor, IL-1 signaling, and P38-MAP kinase pathways (36). In addition, total bilirubin and
ALT was correlated to cholesterol, fatty acid, and tryptophan metabolism linked
proteins/metabolites. Overall, these analyses served to validate the association and accuracy of

the proteomic/metabolomic measurements.

Analysis of our results highlights an interesting observation pertaining to the utility of
aspirin in decreasing the liver damage (ALT levels) which corroborates to the decrease in
fibrosis. This observation was validated by identification of immune clusters and its activity
followed by its correlation with liver metabolome to determine associated metabolic function.
Analysis of our results showed concordant increase in inflammatory clusters with CCl, which
got reduced under aspirin treatment, particularly the decrease in immune clusters (5) activity
involving “immune activation, enriched in monocytes (1), enriched in monocytes (IV), enriched
in neutrophils, type I interferon response” correlated significantly with decrease in histidine and
tryptophan metabolism suggesting that aspirin modulates liver micro enviroment by decreasing
activation of immune clusters (neutrophils, monocytes, dendritic cells and platelets) and

functionality. However. this observation warrants indepth validation.

Integration analysis further validated that aspirin downregulates leukotriene A4,
prostaglandin F2 alpha, prostaglandin H2 and arachidonate-5-lipoxygenase (ALOX5) associated
to arachidonic acid metabolism in CCl, model. Higher ALOX5 expression is known to be
associated with hepatic inflammation and tumurogensis (37). In our analysis aspirin showed
modulation of liver function by altering expression of key proteins/metabolites in bile acid
metabolism (SOAT2, CYP27A1, taurocholeate) and urea cycle (methylthioadenisine, ornithine,
ARG1). Higher expression of ARG-1 is associated with liver steatosis and inhibiting ARG-1
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improves hepatic function, reduces lipid accumulation (38). It was interesting to note that, aspirin
treatment in the CCl, model of liver fibrosis enhances metabolic energy consumption of the liver
by inducing key proteins (IDH3B, MDH) and metabolites (succinate, fumarate, citrate, gluconic

acid) in TCA cycle and pentose phosphate pathway.

Recently studies have shown that a significant increase in kynurenine and quinolinic
acids areassociated with the pathogenesis of the chronic liver disease (26). Our analysis also
showsasignificant reduction of kynurenine and KMO was seen in fibrotic livers post-aspirin
treatment. Further our study also showed increase in autophagy related proteins (Deptor, VMP1)

which were otherwise decreased in the liver disease (Supplementary-Figure-9) (36).

In our proteomics analysis putative candidate marker RyR2 (oxidative stress protein;(25)
was found to be significantly reduced with aspirin. To evaluate the role of RyR2 in liver fibrosis,
in-vitro model of liver fibrosis using TGF-p as a fibrotic agent in human stellate hepatic cells
(LX2) were used and cultured. The treatment with TGF-p leading to increase in intracellular
stress and ROS levels contributes to collagen release causing the onset and progression of
fibrosis (39). In the present study, we revealed that aspirin inhibited the oxidative stress by
reducing intracellular Ca™stress regulated by RyR2 expression in activated LX2 cells. These
results can be explained by the principle that treatment with TGF-p induces prolonged and
sustained ER stress in HSCs and the ER stress-related leak in Ca*™ resulted in disbalance and
oxidative stress (40). This finding was corroborated in our analysis with the cytosolic Ca™ levels
in activated LX-2 cells which were concordant with RyR2 expression (Figure 5E). In chronic
liver disease, perturbations in ER homeostasis leading to ER stress/dysfunction, which promotes
calcium release from the ER accompanied by some related apoptosis effectors released from
mitochondria (41). Although the exact functional role of Ca™ mobilization mediated by RyR2
over expression in liver fibrosis and its modulation by aspirin warrants further elucidation, the
possibility that the calcium released from the ER triggers mitochondrial Ca** uptake, promotes

ROS production and apoptosis seems reasonable.

Aspirin administration modulates intra-hepatic microbiome. We noted the higher
presence of E. coli in livers of CCl,4treated mice compared to aspirin treated group. Previously,
bacterial translocation and derived factors from gut to liver has been linked with the major
mechanism of pathogenesis of NAFLD (28) and cirrhosis-associated liver diseases in animals
and humans (36). In addition, change in the microbiome and aspirin bioavailability isalso
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interlinked. We reasoned that aspirin could modulate liver microbiome changing the
microenvironment and hence could inhibit fibrosis progression. Metaproteome analysis of the
stool and liver were similar at the phylum level. Further metaproteins analysis of the liver
showed thatFirmicutes; Streptococcaceae, Enterococcaceae, Staphylococcaceae and
Proteobacteria; Enterobacteriaceaeweresignificantly reduced with aspirin treatment which were
otherwise increased in cirrhotics (42). In addition, the levels of Lachnospiracea and
Ruminococcaceae (43); bacteria which are reduced in chronic liver diseases, were increased
post-aspirin treatment. Aspirin treatment modified the functional process of the bacteria as
evident by changes in several bacterial enzymes, like significant increase in function of glycerol-
3-phosphate dehydrogenase (NAD(P)(+) and dTMP kinase and decrease in the function
tRNA(lle)-lysidine synthetase, DNA-3-methyladenine glycosylase Il in Firmicutes. A dominant
change in enzyme activities of proteobacteria and actinobacteria was also observed. Cross
correlation analysis of the validated targets; ARG-1, ALOX5 and RYR2 with the intrahepatic
bacteria taxonomy highlighted significant and direct association of many bacterial species and
their enzyme activity. These results clearly show that aspirin administration modulates hepatic
microbiome and its functionsthus making the microenvironment favourable for fibrosis

regression.

Results of the validated targets RYR2; ryanodine-receptor-2 (25), ALOXS5; arachidonate-
5-lipoxygenase (37), ARG-l:arginase-1 (44) and KMO:;kynurenine-3-monooxygenase (45)
correlated significantly with the degree of liver fibrosis. These validated targets also documented
significant correlation with the liver microbiome. These results clearly indicate that aspirin
modulates liver microenvironment by i) altering the microbiome, ii) decreasing RYR2
expression (oxidative stress), iii) reducing ALOX5 and KMO expression (inflammation).
Moreover, aspirin significantly induced initiation of autophagy, energy metabolism (TCA and
pentose phosphate pathway) and improves liver functions by reducing bile acid metabolites and
ARG-1 expression in the murine model of liver fibrosis. Suggesting multi modular effect of

aspirin in fibrosis regression.

In conclusion, we present a hepatic multi-omics profiling study in the murine model of
liver fibrosis in presence or absence of aspirin treatment. We documented many beneficial effect
of aspirin administration which included reduction in oxidative stress, inflammation and hepatic
fibrosis. We were able to underline and validate previously known (ALOX5, ARGL1) and novel

targets of aspirin mediated reduction in hepatic fibrosis. In the study the reduction of RYR2 via
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aspirin in mice model of liver fibrosis highlights as a new and promising antifibrotic target in the
liver which could be further explored for theraputic intervention. Additionally we show that
aspirin modulates liver microbiome and improves liver functions and can be used as an attractive

therapeutic molecule for preventing hepatic disease progression and possibly fibrosis regression.
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Figure-legends:

Figure-1: Aspirin administration significantly attenuates hepatic damage and fibrosis in
CCl4induced chronic liver injury

A: Schematic flowchart: Mice were given repeated injections of CCl, for 12 weeks to develop
liver fibrosis in presence and absence of aspirin (ASA), administered in drinking water.

B: Representative histostaining images and quantification showing liver injury as assessed by
haematoxylin and eosin (H&E) and fibrosis by using Masson’s trichrome, Sirius red (collagen
staining dyes) in healthy control, ASA, CCl, and CCIl4;+ASA mice groups.

C: Effect of aspirin on the liver weights of C57BL/6 across mice models during the progression
stages and liver/body weight ratio at 12 weeks period.

D: Serum amino transferases, total bilirubin and albumin levels are plotted and their levels post
aspirin treatment in CCl, model.

E: Relative fold expression of a-SMA, COL1A1 and TGF-B1 (liver fibrosis markers) in murine
model and other groups. Abbreviations: Con; Control, ASA; Aspirin alone,CCl,; carbon tetra
chloride group,CCl4+ASA,; carbon tetra chloride plus aspirin, TB; total bilirubin, %; Percentage.

The values are expressed as means £ SEM. n=05 animals per group (*p < 0.05, **p <0.005).

Figure-2: Proteomics analysis of the murine model of liver fibross at 12 weeks and
comparison to aspirin treatment.

A: Workflow for mass spectrometry-based label free proteomic study performed across the mice
tissue samples.

B: Differentially expressed proteins were visualized by volcano plot and filtered so as to include
only statistically significantly changed proteins (P < 0.05, t-test) that were changed by more than
1.5-fold in mice livers.

C: PCA plot analysis between the mice groups.

D: Heatmap dataset analyzed by 2-way ANOVA, representing the hierarchical cluster of
differentially abundant proteins among liver samples from mice groups classified as Con, CCly,
CCI4,+ASA and ASA.

E: Bar chart diagram showing pathway associated with up regulated proteins in different mice
groups. Red colour = upregulated pathways and Green colour= downregulated pathways.

F: Relative fold expression of various proteins linked to liver fibrosis in hepatic tissue.

Expression changes are shown in control, CCl,, CCl;+ASA and ASA mice groups respectively.
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Interestingly proteins such as (DES, Myl1, Wdr19) were down regulated but were not considered
as they lacked to achieve significance. The proteomic analysis was performed using of n=5
animals per group. Abbreviations: Con; Control, ASA; Aspirin alone, CCl4; carbon tetra
chloride group, CCl;+ASA; carbon tetra chloride plus aspirin. The values are expressed as means
+ SEM. n=05 per group (*p < 0.05, **p < 0.005).

Figure-3: Effect of aspirin treatment on liver metabolome in murine model of liver fibross
A: Overview of metabolomic study performed across the mice groups.

B: Three dimensional PLS-DA score plots of the aspirin treatment CCIl,+ASA, and CCl,. Each
dot represents one liver sample, projected onto first (horizontal axis) and second (vertical axis)
PLS-DA variables. Mice groups are shown in different colours (left panel). Three dimensional
loading plots of ASA, CCl,, CCI4+ASA, and con combined analysis both in the negative ion
mode (ESI-) and positive mode (ESI+).

C: Differentially expressed metabolites were visualized by volcano plot and filtered so as to
include only statistically significantly changed proteins (P < 0.05, t-test) that were changed by
more than 1.5-fold in mice livers.

D: Heatmaps of the differential metabolites in aspirin treated CCl,+ASA compared to CCl; mice
in the positive ion mode (ESI+). Red and green colours indicate values above and below the
mean, respectively. Black indicates are values close to the mean.

E: The pathways associated with the upregulated metabolites are represented in bubble plot
(log2-fold change >1.5; p-<0.05).

F: The pathways associated with the significantly downregulated metabolites are represented in
bubble plot, (log2-fold change <1.5; p- <0.05). The analysis was performed using of n=5 animals
per group. Abbreviations: CCl4; carbon tetra chloride group, CCI4+ASA,; carbon tetra chloride

plus aspirin.

Figure-4: Global cross correlation and hierarchical cluster analysis of hepatic proteome,
metabolome with biochemical/fibrosis parameters

A: Schematic representation of the integration analysis performed in this study. Protein-
protein/metabolite interaction network was visualized by Cytoscape.

B: PCA showing clear distinction between two groups. Global correlation map of the hepatic

proteome, metabolome and clinical variables in mice groups. Four clusters were formed
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containing clinical factors. Correlation analysis with clinical factors and associated proteomic
and metabolomics pathways. Pink color indicates the pathway associated with proteins while
blue color indicates the pathway associated with metabolites. Yellow color is indicative of

clusters containing clinical parameters or liver fibrosis marker.

Figure-5: Aspirin decreasesinflammation and improves metabolic liver function

A: BTM enrichment analysis of hepatic proteins: Immune clusters are represented as bar diagram
showing the number of proteins present in each module, red and green colour bar chart showing
the %age of proteins present between the CCl, vs. CCl,+ASA mice groups. Also correlation map
of immune cluster-5 and its metabolic function is given.

B: Whole interactome of metabolites (hexagons), interactions (dashed lines) and
proteins/enzymes (circles) associated with aspirin regulated pathways and target molecules in
chronic liver disease. Most differentiating fibrosis targets with significant AUC>0.75 under the
regulation of aspirin werethen selected for validation.The analysis was performed using of n=5
animals per group. Abbreviations: %age; Percentage, Con; Control, ASA; Aspirin alone, CCly;

carbon tetra chloride group, CCl4;+ASA, carbon tetra chloride plus aspirin.

Figure-6: Aspirin decreases the elevated expression of ALOX-5, RYR2 and ARG-1in liver
fibrosisand inhibits oxidative stress

A: IHC staining of target proteins (ALOX-5, RYR2 and ARG-1) were compared and correlated
with liver fibrosis markers (a-SMA and PDGFR-B) in model and aspirin treated hepatic
tissue.Representativerelative quantification for all IHC analysis of positively stained cells are
expressed as percentage of positive cells/10 high power field (40x).The results are given as mean
+SEM; n=5 ** p<0.01 vs. control; ## p<0.01 vs. model.

B: IHC staining of target proteins (ALOX-5, RYR2 and ARG-1) were compared and correlated
with liver fibrosis markers (a-SMA and PDGFR-) in human liver (n=5). Degree of liver fibrosis
in humans. Results are given aspercentageof positive cells/10 high power field (40x)and are
expressed as mean £ SEM; n = 5/stage; *P < 0.05; **P < 0.01; ***P <0.005.

C: Expression levels of ALOX-5, RYR2 and ARG-1 in murine model of liver fibrosis showed
significant correlation with liver fibrosis markers (a-SMA and PDGFR-p).

D: Expression of ALOX-5, RYR2 and ARG-1 with disease stage of liver fibrosis in humans

showed significant correlation with liver fibrosis (a-SMA and PDGFR-B).The analysis was
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performed using n=5 animals per group. Abbreviations: ALOX-5;arachidonate-5-lipoxygenase,
RYR2; ryanodine-receptor-2, ARG-1;arginase, a-SMA; alpha-smooth muscle actin, PDGFR-p;
platelet derived growth factor receptor-beta.

E. Intracellular calcium and ROS generation in TGF-B1-induced LX2 cells was detected by
fluorescence microscope and flow cytometer in presence and absence of aspirin. The bar graph
represents increase in Ca™" levels, ROS and RyR2 expression in activated LX2 and significant

decreae in levels after aspirin treatment.

Figure-7: Aspirin adininistartion modulates interahepatic metapr oteome in murine model
A: Representative bar charts showing similarity of microbiome alteration derived from liver and
fecal samples of mice models.

B: Principal component analysis (PCA) of metaproteome data using the Bray-Curtis distance
metric

C: Sunburst plot representative of microbial population difference across the mice groups.

D-E: Metaproteome relative abundance heatmap. Samples are clustered by 1-Pearson correlation
and proteins are grouped using KMeans clustering. Relative abundances per protein are colored
on a spectrum with red as row maxima and green as row minima. Functional and taxonomic bias
within each KMeans cluster is displayed on the right for the significantly altered bacterial species
associated with chronic liver disease.

F: Linear discriminant analysis reveals taxonomic composition of significant proteins associated
with CCl, and CCl,+ASA mice group.

Figure-8: Functionality assesement of hepatic metapr oteome
A: Functional analysis of murine liver metaproteome: Taxonomic and functional characterization;
Enzyme commission associated with liver metaproteome in high-fibrosis and low-fibrosis

(aspirin treated mice group).

B: Schematic proposed anti-fibrotic action of aspirin; Chronic liver disease is associated with
altered microbiome and bacterial translocation. In this study aspirin treatment was able to reduce
bacterial species previously linked to liver disease progression. Aspirin reduces oxidativs stress
and improves liver functions by enhancing autophagy and energy metabolic pathways. In brief,

expression of key target proteins/metabolites were downregulated linked with oxidative stress
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proteins (RYR2) (25) which reduces Ca®* leak from ER resulted in decrease in ROS.
Simultaneously inflammation (ALOX-5 and KMO) (26, 37) and urea cycle/macrophages
polarization (ARG-1) (44) were reduced by aspirin treatment which are otherwise increased in
disease proression. Together our finding suggests that during chronic liver injury higher
expression of the validated RYR2, ALOX-5, ARG-1 and KMO proteins correlates to increase in
liver fibrosis progression and can be modulated by aspirin administration. These results confirm

the utility of aspirin as therapeutic in liver fibrosis.
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