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In brief

Huang et al. demonstrate that 2MBC, a
host and gut microbial co-metabolite, is
positively associated with thrombotic risk
in humans. Their study elucidates that
2MBC potentiates platelet hyperreactivity
through integrin «2p1 and indicates that
2MBC is a metabolite that potentially links
gut microbiota dysbiosis to an increased
risk of thrombosis.
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2-methylbutyrylcarnitine exacerbates thrombosis
via binding to and activating integrin «231
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SUMMARY

Thrombosis represents the leading cause of death and disability upon major adverse cardiovascular events
(MACEs). Numerous pathological conditions such as COVID-19 and metabolic disorders can lead to a height-
ened thrombotic risk; however, the underlying mechanisms remain poorly understood. Our study illustrates
that 2-methylbutyrylcarnitine (2MBC), a branched-chain acylcarnitine, is accumulated in patients with
COVID-19 and in patients with MACEs. 2MBC enhances platelet hyperreactivity and thrombus formation in
mice. Mechanistically, 2MBC binds to integrin 231 in platelets, potentiating cytosolic phospholipase A2
(cPLA2) activation and platelet hyperresponsiveness. Genetic depletion or pharmacological inhibition of in-
tegrin a2B1 largely reverses the pro-thrombotic effects of 2MBC. Notably, 2MBC can be generated in a
gut-microbiota-dependent manner, whereas the accumulation of plasma 2MBC and its thrombosis-aggra-
vating effect are largely ameliorated following antibiotic-induced microbial depletion. Our study implicates
2MBC as a metabolite that links gut microbiota dysbiosis to elevated thrombotic risk, providing mechanistic
insight and a potential therapeutic strategy for thrombosis.
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INTRODUCTION

Thrombosis represents the leading cause of death and disability
upon major adverse cardiovascular events (MACEs), i.e.,
myocardial infarction, ischemic stroke, and pulmonary
embolism. Platelet hyperreactivity is one of the most crucial fac-
tors contributing to thrombus formation and disseminated
ischemia.”? Accumulating evidence has documented hyperre-
active functional response in platelets in the setting of numerous
conditions, such as diabetes, obesity, hyperlipidemia, hyperten-
sion, or virus infection.’*~° For instance, the outbreak of COVID-
19 has led to a sharp increase in thrombotic events.” Notably, the
hyperreactivity of platelet and its associated heightened throm-
botic burden were not only present during acute phase but
also remained in patients even after virus clearance,®'" high-
lighting that undisclosed nonclassical pathways, which are
distinct from viral attack or acute inflammatory reaction, might
be involved in the regulation of platelet activity. Hence, studies
in patients with COVID-19 would be helpful in pinpointing new
mechanisms contributing to thrombosis.

Extensive evidence has shown an association between gut
microbiota dysbiosis and heightened thrombosis potential.®'®
As previously reported, gut microbiota-derived metabolites,
i.e., trimethylamine-N-oxide (TMAO) and phenylacetyl glutamine
(PAGIn), can increase platelet activity and thrombus formation,
as well as the risk of cardiovascular diseases.'”'*"'" Despite
the fact that gut microbiota dysbiosis has been intensively
described in patients with COVID-19'%2° and metabolic
disorders®'~>* associated with heightened thrombotic risk, their
causal link and the mechanisms contributing to thrombotic
complications remain poorly understood.

Herein, we conducted multi-metabolomic analyses and iden-
tified 2-methylbutyrylcarnitine (2MBC), a short branched-chain
acylcarnitine, as a critical host and gut microbial co-metabolite
contributing to the heightened thrombotic risk. 2MBC was
shown to promote platelet hyperreactivity via directly binding
to integrin «2B31, whereas genetic depletion or pharmacological
inhibition of integrin «2p1 was sufficient to ameliorate the height-
ened thrombosis potential induced by 2MBC. Collectively, this
study provides mechanistic insight and a potential treatment
strategy for enhanced thrombotic risks.

RESULTS

Acylcarnitines (2MBC, IBC, and HXC) are associated
with a high thrombotic risk in patients with COVID-19
Given that the alteration of gut microbiota may contribute to the
acute and long-term complications of COVID-19,"%?* we hy-
pothesized that gut microbiota may impact thrombotic risk
upon severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) infection. To test this, humanized ACE2 (hACE2)-trans-
genic mice (with replacement of endogenous mouse ACE2)
were pre-treated with antibiotic cocktail in drinking water to
deplete the intestinal microbiota and then inoculated intranasally
with SARS-CoV-2. Intriguingly, viral infection robustly induced
vascular thrombosis in lung, heart, and liver of hACE2 mice,
whereas this tendency was largely ameliorated following anti-
biotic-induced microbial depletion (Figure S1A), indicating a po-
tential causal link between gut microbiota and the heightened
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thrombotic risk in COVID-19. As is well documented, gut micro-
biota influences host physiology mainly through the production
of various metabolites.”®> We therefore speculated that gut
microbiota-derived metabolites may play a role in mediating
the heightened thrombotic potential in patients with COVID-19.
To investigate the alteration of gut metabolites in patients
with COVID-19, fecal samples from two different cohorts were
collected for untargeted metabolomics analysis (Figure 1A).
Cohort 1 was designed to identify the altered metabolites during
the acute phase of SARS-CoV-2 infection. Individuals with
COVID-19 (n = 64, 30 non-severe and 34 severe cases), healthy
(n = 12), or non-COVID-19 hospitalized during the same period
(n = 12) were enrolled (see Tables S1 and S2 for clinical
data). Orthogonal partial least-squares discriminant analysis
(OPLSDA) showed robust alterations of fecal metabolite compo-
sition in patients with COVID-19 in comparison with healthy or
non-COVID-19 groups (Figure S1B). Among the 772 metabolites
identified, 79 metabolites were upregulated while 121 were
downregulated in COVID-19 in comparison with healthy individ-
uals, while a significant alteration was observed in COVID-19
in comparison with non-COVID-19 subjects as well (fold
change > 1.5 and VIP > 1; Figures S1C and S1D). Cohort 2
was designed to investigate the dynamic alterations of fecal me-
tabolites at different periods of COVID-19. Fecal samples from
patients with COVID-19 (n = 28, 12 non-severe and 16 severe
cases) during the acute phase, quarantine, and convalescence
were consecutively collected, whereas fecal samples from
healthy individuals were used as controls (n = 12). OPLSDA
showed that fecal metabolites were altered not only at acute
phase but also at quarantine and convalescence when the virus
was completely cleared (Figures S2E-S2G). The changes of
fecal metabolites at different stages were shown in volcano plots
(Figures S1H-S1J). Taken together, these data demonstrate a
persistent alteration of fecal metabolites in patients with
COVID-19.

We then speculated that the altered metabolites may be
involved in the regulation of COVID-19 complications. Unexpect-
edly, our observation (data not shown) along with a study of
serum metabolomic analysis®® indicated that the well-recog-
nized pro-thrombotic gut microbiota-dependent metabolites
(TMAO and PAGIn) were not altered in patients with COVID-19,
implying that there might be other unidentified metabolites
mediating this process. We then hypothesized the “culprit” me-
tabolites contributing to the long-term adverse effects in COVID-
19 should meet the following criteria: (1) significantly elevated in
both non-severe and severe groups in comparison with healthy
and non-COVID-19 groups (64 metabolites identified) and (2)
sustainably upregulated throughout the acute, quarantine, and
convalescent stages in the non-severe group (62 metabolites)
or in the severe group (41 metabolites) (Figures 1B-1D). Among
these, 9 metabolites met all the above-mentioned criteria (Fig-
ure 1E). Their relative abundances in each cohort are illustrated
in Figures 1F, 1G, and S2A-S2C (also see Table S3 for mass
spectrometry information). Logistic regression analysis was
applied to adjust the potential bias factors. After adjusting for
age, gender, BMI, hypertension, hyperlipidemia, and diabetes,
all the metabolites still showed significant differences in non-se-
vere and severe groups compared with the healthy control group
(p < 0.05), except for uridine 5-monophosphate (p = 0.1699) and
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Lysopc 16:1 (p = 0.0835), between the severe and healthy
groups (Figure S2D). Notably, among the 9 metabolites, 2MBC
(C5 acylcamnitine), isobutyrylcarnitine (IBC, C4 acylcarnitine),
and hexanoylcarnitine (HXC, C6 acylcarnitine) belong to the acyl-
carnitine family, a subset of esters that transport acyl groups into
the mitochondrial matrix for energy production. In particular,
2MBC was ranked as the most important classifier variable
among these 9 metabolites in separating patients with COVID-
19 from healthy or non-COVID-19 individuals as indicated by
random forest algorithm (Figure 1H). Importantly, 2MBC and
IBC were positively correlated with clinical parameters associ-
ated with thrombotic cardiovascular diseases (D-dimer, creatine
kinase-MB [CKMB], and cardiac troponin | [cTnl]) (p < 0.05),
whereas HXC showed a similar, yet non-significant, correlation
(p > 0.05) (Figure 1H). Taken together, our data suggest a strong
link between these three acylcarnitines and the increased throm-
botic risk in COVID-19.

Given that plasma 2MBC, IBC, and HXC are elevated in multi-
ple metabolic diseases, including obesity,?” diabetes,?”*® and
hypertension,?® we next measured their levels in patients with
COVID-19 at acute phase and conducted a correlation analysis
with corresponding clinical parameters. Despite positive correla-
tions between plasma levels of these three metabolites and
D-dimer, CKMB, and cTnl (Figure 1l), only plasma levels of
2MBC were significantly elevated (2.2-fold, p = 0.0120) in pa-
tients with COVID-19 compared with the healthy controls (Fig-
ure 1J). In addition, IBC (1.2-fold, p = 0.3420) and HXC (1.3-
fold, p = 0.2869) showed a similar trend toward elevation in
plasma (Figure 1J). Moreover, plasma 2MBC was elevated in
patients with non-COVID-19 severe pneumonia (Figure S2E),
indicating that the elevation of 2MBC is not specific to SARS-
CoV-2 infection. To further investigate whether the aberrant
accumulation of 2MBC, IBC, and HXC is associated with throm-
botic potential in patients without SARS-CoV-2 infection, an in-
dependent cohort of MACEs was enrolled. Plasma levels of
these three acylcarnitines were significantly elevated in patients
with acute coronary syndrome (ACS) and acute ischemic stroke
(AIS) (Figure 1K), suggesting that these species may play an
important role in triggering thrombotic events in patients with
cardiovascular diseases as well. Finally, we confirmed that intra-
peritoneal (i.p.) injection of 2MBC, IBC, or HXC accelerated
thrombus generation in FeClz-induced carotid artery thrombosis
in mice (Figure S2F). Taken together, our data illustrate that
short-branched or medium-chain acylcarnitines, especially
2MBC, might represent crucial metabolites leading to an
increased thrombotic risk.

Cell Metabolism

2MBC enhances thrombotic potential in vivo
To determine the impact of 2MBC on thrombus formation in vivo,
multiple mouse models of thrombosis were employed. First,
FeCls induced carotid artery occlusion by 13 min on average in
control animals. Pre-treatment of 2MBC either via i.p. injection
(Figure 2A) or oral gavage (Figure S3A), however, was capable
of shortening the occlusion time in a dose-dependent manner
following FeCls-induced injury. Notably, a high dose of 2MBC in-
jection (i.p., 100 pg/kg) reduced the time to cessation of flow
within the carotid artery by nearly 50% (Figure 2A). Scattered
plot of individual animals showed that the cessation times were
negatively correlated with 2MBC levels in plasma (p = 0.0049;
Figures S3B and S3C). Second, a photochemical carotid artery
injury model also confirmed that the occlusion time declined by
38.6% following 2MBC administration (Figure 2B). Considering
the high fatality of pulmonary embolism,*® we explored the effect
of 2MBC on thrombin-induced pulmonary artery thrombosis, es-
tablished in a murine model that mimicked the fatal outcome of
pulmonary embolism.®' Intravenous injection of a sublethal
dose of thrombin (200 U/kg) led to a mortality rate of 33.3% within
30 min, while pre-treatment of 2MBC significantly increased the
mortality rate to 83.3% (Figure 2C). Moreover, the infarct size of
lungs, indicated by staining of Evans blue dye, was significantly
increased in 2MBC-treated mice (Figure S3D). The amounts of
thrombi in lung tissues almost doubled in the 2MBC group in
comparison with the control group (Figure 2D). In a complemen-
tary set of studies in which mice were subjected to a lower non-
lethal dose of thrombin (40 U/kg), echocardiography showed
that 2MBC administration elevated the mean pulmonary artery
pressure and peak pulmonary velocity and shortened the peak
attainment time in pulmonary arteries (Figures S3E and S3F).
Plasma thromboxane B2 (TXB2), a thrombotic biomarker, was
also significantly increased in 2MBC-treated mice (Figure S3G).
These data imply that 2MBC exacerbates pulmonary artery
thrombosis. We next sought to investigate the influence of
2MBC on venous thrombosis. Using the St. Thomas stenosis
model,>* we observed that plasma D-dimer was significantly
elevated in the 2MBC group (Figure S3H), despite the lack of
changes in the incidence of inferior vena cava thrombosis and
the weight of thrombi (data not shown). Finally, tail bleeding assay
revealed a significant reduction of blood loss in 2MBC-treated
mice (Figure S3I). Taken together, our in vivo data from multiple
mouse models of thrombosis strongly indicate that 2MBC
robustly enhances the risk of thrombosis.

The activation of platelet and coagulation cascade is the
main cause of thrombosis. To further explore the underlying

Figure 1. Acylcarnitines (2MBC, IBC, and HXC) are associated with high thrombotic risk in patients with COVID-19

(A) Study design and workflow summary. Upper black triangles indicate sample collection time of each group.

(B-E) Metabolites screening from cohort 1 (B) and cohort 2 (C and D) related to healthy or non-COVID-19 group. Black line indicates mean standard intensity of the
metabolites of each cluster. Venn diagram indicates 9 shared metabolites overlapped in these 3 clusters (E).

(F and G) The relative abundances of the 9 metabolites (shown in alphabetical order) in different groups of cohort 1 (F) and cohort 2 (G). Logs fold change (FC) was

calculated against the healthy group.

(H) Random forest analysis of the 9 metabolites (left) and Spearman correlation analysis between metabolite abundances and plasma biochemistry parameters of

patients with COVID-19 in cohort 1 (right).

(I) Correlations between plasma levels of the 3 acylcarnitine species and plasma biochemistry parameters in patients with COVID-19 (n = 12).

(J) Plasma levels of 2MBC, IBC, and HXC between healthy individuals and patients with COVID-19 (n = 12).

(K) Plasma levels of 2MBC, IBC, and HXC among healthy individuals (n = 14), ACS (n = 16), and AIS patients (n = 10).

Data points represent the means + SEM. Statistics used unpaired Student’s t test (J) or one-way ANOVA with Fisher’s LSD post hoc test (K). n.s., not significant;

*p < 0.05; **p < 0.01; **p < 0.001.
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mechanisms of the pro-thrombotic effect of 2MBC, blood count
and coagulation indices were examined following i.p. injection of
2MBC. We found 2MBC administration significantly decreased
the platelet count and plateletcrit in peripheral blood (Figure 2E)
and modestly increased the platelet distribution width (Fig-
ure S3J), suggesting the hyperreactivity and subsequential
consumption of platelets. In contrast, the prothrombin time, acti-
vated partial thromboplastin time (Figure 2F), and thrombin ac-
tivity (Figure 2G) were not altered. These data suggest that
2MBC may exert pro-thrombotic effect via modulating platelet
function, rather than coagulation function, in mice. To test this,
platelet-rich plasma (PRP) isolated from mice pre-treated with
2MBC or vehicle was subjected to ex vivo platelet aggregometry
and clot retraction assay. In response to adenosine diphosphate
(ADP) stimulation, 2MBC increased platelet aggregation by
42% (Figure 2H) and significantly enhanced clot contraction
(Figure 2I). In addition, treatment with the anti-platelet reagent
aspirin prominently ameliorated the aggravating effect of
2MBC on thrombogenesis, as indicated by in vivo FeCls injury
thrombosis assay (Figure S3K) and pulmonary artery thrombosis
assay (Figures S3L and S3M), whereas the anti-coagulant hepa-
rin displayed a limited effect (Figures S3K-S3M). Furthermore,
6-week administration of 2MBC did not affect plasma inflamma-
tory cytokines such as ferritin and interleukin-6 in mice (Fig-
ure S3N), which were thought to be associated with throm-
bosis.>*** Collectively, our results suggest that 2MBC may
promote thrombotic potential via enhancing platelet reactivity.

2MBC promotes platelet hyperresponsiveness by
enhancing cPLA2 activation

To clarify whether exogenous 2MBC could directly modulate
platelet function, rat PRP was isolated for a series of in vitro as-
says. Platelet aggregometry showed that 2MBC potentiated
platelet aggregation in a dose-dependent manner in response
to a submaximal concentration of ADP (2 uM) stimulation (Fig-
ure 3A). Notably, the effect of 0.5 uM 2MBC on platelet aggrega-
tion was comparable to that of 100 uM TMAO, a potent metabo-
lite to promote platelet hyperreactivity (Figure S4A). Moreover,
following stimulation of various concentrations of ADP, 2MBC
remarkably enhanced platelet aggregation (Figure 3B), which
was further confirmed in human PRP (Figure 3C) or washed rat
platelets (Figure S4B). A similar potentiating effect of 2MBC on
platelet aggregation was also observed in washed platelets or
PRP exposed to diverse agonists (thrombin, or ADP plus
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collagen) at various doses (Figures 3D-3F, S4C, and S4D). We
then assessed platelet spreading on immobilized collagen. Pre-
incubation of 2MBC significantly increased the adhesive interac-
tion between platelet and collagen matrix by 94.5% (Figure 3G).
Furthermore, the clot size was reduced by 40% at 60 min in the
presence of 2MBC, indicating an enhancement of platelet clot
retraction (Figure 3H). Collectively, these data indicate that
2MBC promotes platelet hyperresponsiveness.

Thromboxane A2 (TXA2), an unstable arachidonic acid (AA)
metabolite, is well recognized for its ability to amplify initial platelet
activation process.>>*® As expected, pre-incubation of 2MBC
significantly increased the level of TXB2, a stable derivative of
TXA2, in response to ADP (Figure 3l). Importantly, the effect of
2MBC on platelet aggregation was largely inhibited by aspirin, a
cyclooxygenase 1 inhibitor that suppresses the generation of
TXA2%" (Figure 3J). These data indicate an essential role of TXA2
in mediating the effect of 2MBC on platelet hyperresponsiveness.
In platelet, cytosolic phospholipase A2 (cPLA2), which is regulated
by mitogen-activated protein kinase (MAPK) signaling (i.e., ERK or
p38),'%is mainly responsible for AA liberation and subsequent pro-
duction to TXA2%3° (Figure 3K). Our data showed that 2MBC
significantly potentiated ADP- and thrombin-induced phosphory-
lation of cPLA2 and p38 MAPK, whereas no alteration on p-ERK
was observed in a 2MBC-dependent manner (Figures 3L and
S4E). Importantly, the enhancing effect of 2MBC on platelet aggre-
gation was largely blocked by cPLA2 inhibitor methyl arachidonyl
fluorophosphonate (MAFP) (Figures 3M and S4F). In line with that,
the induction of AA liberation by 2MBC was completely reversed in
the presence of MAFP (Figure 3N). Taken together, our data sug-
gest that 2MBC promotes platelet hyperresponsiveness via
enhancing cPLA2 activation.

2MBC directly binds to and potentiates integrin «231
activation

We further investigated the mechanism by which 2MBC potenti-
ates cPLA2 activation and enhances platelet reactivity. Acylcar-
nitines are responsible for the transport of acyl groups from fatty
acids across the inner mitochondrial membrane for B-oxida-
tion,*® which may promote the activation of platelets.*’ There-
fore, we asked whether 2MBC supplementation influenced fatty
acid oxidation (FAO) in platelets. The FAO was not altered in the
presence of 2MBC at indicated concentrations in platelets, as
well as in the HEK-293T and Hela cells, whereas it was signifi-
cantly enhanced upon oleate treatment (Figures S5A-S5C).

Figure 2. 2MBC enhances thrombotic potential in vivo

(A and B) Representative images of carotid artery thrombus formation at the indicated time points and quantification of time to flow cessation following FeCl3-
induced carotid artery injury (A, n = 8) or photochemical injury (B, n = 5) in mice i.p. injected with saline or indicated doses of 2MBC. Scale bars, 500 pm.

(C) Kaplan-Meier curves represent the survival rates of mice i.p. injected with saline or 2MBC (100 pg/kg) within 30 min following thrombin (200 U/kg) admin-
istration (n = 6). Mice injected with equal volume of saline instead of thrombin were set as negative control (NC, n = 3).

(D) Representative images of the lung sections and quantifications. Scale bars, 100 pm.

(E and F) Calculations of platelet count (left) and PCT (right) from peripheral blood (E, n = 5) and detections of PT (left) and APTT (right) in plasma (F, n = 4) after i.p.

injection of saline or 100 ng/kg 2MBC.

(G) Detection of thrombin activity in plasma after i.p. injection of saline or 100 ng/kg 2MBC (n = 3 with 3 technical repeats); negative reagent was set as negative

control and thrombin as positive control (n = 3).

(Hand ) ADP (5 uM)-stimulated platelet aggregometry responses (H, n = 8) and clot retraction (I, n = 5) were monitored in mice PRP following i.p. pre-injected with

saline or 100 pg/kg 2MBC.

Data points represent the means + SEM. Statistics used Brown-Forsythe and Welch ANOVA followed by unpaired t test with Welch’s correction (A and G),
unpaired Student’s t test (B, E, and H), log-rank (Mantel-Cox) test (C), Welch’s t test (D and F), or two-way ANOVA with repeated measures (I). “p < 0.05; **p < 0.01;

****p < 0.0001.
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These results suggest that the effect of 2MBC on platelet
reactivity might be independent of FAO.

Given that protein phosphorylation plays an important role in
the regulation of platelet activity, we next analyzed the phospho-
proteomics in platelets treated with 2MBC to explore the
molecular mechanisms. Treatment of 2MBC triggered dramatic
alterations in total phosphoproteome in washed rat platelets un-
der agonist stimulation (Figure S5D). Thus, the phosphorylation
of 394 residues in 279 proteins was significantly upregulated,
while that of 183 residues in 155 proteins was significantly
downregulated in the 2MBC group (fold change > 1.5, VIP > 1;
Figure 4A). String database’ was applied to establish a pro-
tein-protein interaction network for the upregulated phosphory-
lated proteins (Figure S5E). The local network cluster results
suggested the interactive proteins were mainly involved in the
extracellular matrix (ECM)-receptor interaction and integrin-
mediated signal, etc. (Figure S5F). KEGG enrichment analysis
showed that differentially phosphorylated proteins were en-
riched in the platelet activation pathway (Figure S5G). Moreover,
the top enriched Reactome pathways included the downstream
signaling pathways mediated by platelet membrane receptors
(integrins, P2Y1, and GPIb-IX-V) (Figure 4B). The signaling path-
ways mediated by integrins are involved in regulation of platelet
activation, aggregation, and adhesion, among which collagen
receptor integrin «2p31 and fibrinogen receptor integrin «llbp3
play the most important role.**™*° In parallel, P2Y1 and GPlb-
IX-V, the corresponding receptors of ADP and von Willebrand
factor, also play important roles in promoting platelet activa-
tion.“®*” Downstream of these four critical receptors (Figure 4C),
the phosphorylation of many key kinases including PKCe, Src,
Pyk2, and PLCB, was significantly upregulated after 2MBC
treatment (Figure 4D). Consistent with our previous results
(Figures 3L and S4E), the phosphorylation of cPLA2 and its up-
stream p38 MAPK was also significantly upregulated in the
2MBC group (Figure 4D). These omics data, such as phosphor-
ylation of Src and PLCB, were further verified by immunoblotting
(Figure S5H).

Given the strong regulations of signaling cascades down-
stream of membrane receptors such as integrin «2f81, integrin
allbp3, P2Y1, or GPIb-IX-V, we postulated that 2MBC may
directly bind to and activate one or more of these receptors.
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To test this hypothesis, we first knocked down the genes encod-
ing the main ligand-binding subunits of integrin 281 (ITGA2),
integrin allbp3 (ITGA2B), GPIb-IX-V (GP1BA), or P2Y1 (P2RY1),
in HEK-293T cells (Figure S5I). We found that depletion of
ITGA2, but not the other three, was sufficient to abrogate
2MBC-induced cPLA2 phosphorylation (Figure S5J). When
administered pharmacological compounds to block these
receptors, only BTT 3033 (integrin «2B1 inhibitor), but not
tirofiban (integrin «21lbB3 inhibitor) or BPTU (P2Y1 inhibitor),
completely eliminated the effect of 2MBC on promoting platelet
aggregation (Figure 4E). GPIb-IX-V inhibitor was not used as it
was not commercially available. Additionally, BTT 3033 abol-
ished the accentuated effects of 2MBC on platelet adhesion (Fig-
ure 4F) and cPLA2 phosphorylation (Figure 4G). These results
suggest that integrin o231 is the likely target mediating the ef-
fects of 2MBC on cPLA2 hyper-phosphorylation and platelet
hyperresponsiveness.

To further clarify whether 2MBC directly binds to integrin «231,
we first performed virtual docking simulation using VSTH, a
structure-based virtual screening web server on Tianhe-2 super-
computer,*® and showed that 2MBC might directly interact with
integrin 2231 | domain (PDB: 1AOX), a ligand-binding domain
mediating integrin «2p1 activation. The in silico virtual docking
simulation of the structural binding between 2MBC and | domain
protein/amino acids is illustrated in Figure S5K. Surface plasmon
resonance (SPR) assay showed that 2MBC could directly bind to
purified recombinant integrin 2231 (Figure S5L) with a dissocia-
tion constant Kp value of 10.6 uM (Figures 4H and S5M), which
is similar to the known integrin «2p1 ligand BTT 3033 (Kp =
11.0 uM) (Figures 4l and S5N). The negative control AA, on the
other hand, failed to bind with integrin «2p31 (Figure 4J). The
2MBC-integrin «2B1 interaction appeared specific, as 2MBC
could not bind to the ligand-binding domain of integrin allbf3
(Figure 4K). Functionally, 2MBC significantly enhanced the
phosphorylation of the proximal signaling kinases downstream
of integrin @2p1,*° including Src (Figure S5H) and FAK (Fig-
ure S50), indicating the activation of integrin 2281 following
2MBC binding under the stimulation of agonist. Supporting
this, Src inhibitor A419259 largely blocked the enhancing effect
of 2MBC on platelet aggregation (Figure S5P). Collectively, our
data strongly suggest that 2MBC could directly bind to integrin

Figure 3. 2MBC promotes platelet hyperresponsiveness by enhancing cPLA2 activation

(A) ADP (2 uM)-stimulated platelet aggregometry responses in rat PRP pre-treated with saline or different doses of 2MBC (n = 5).

(B) ADP (up to 5 uM)-stimulated platelet aggregometry responses in rat PRP pre-treated with saline or 0.5 uM 2MBC (n = 5).

(C) ADP (2 uM)-stimulated platelet aggregometry responses in human PRP pre-treated with saline or 0.5 pM 2MBC (n = 3).

(D) Thrombin (1 U/mL)-stimulated platelet aggregometry responses in washed rat platelets pre-treated with saline or different doses of 2MBC (n = 5).

(E) Thrombin (up to 1 U/mL)-stimulated platelet aggregometry responses in washed rat platelets pre-treated with saline or 0.5 uM 2MBC (n = 5).

(F) Thrombin (1 U/mL)-stimulated platelet aggregometry responses in washed human platelets pre-treated with saline or 0.5 uM 2MBC (n = 4).

(G and H) Platelet spreading assay (G, n = 6) and clot retraction assay (H, n = 6) for rat PRP pre-incubated with saline or 0.5 uM 2MBC.

() ADP-induced changes of TXB2 in rat PRP with or without 2MBC (0.5 pM) pre-incubation (left to right: n = 4, 6, 6, and 6).

(J) ADP (2 uM)-stimulated platelet aggregometry responses in rat PRP pre-incubated with saline or 0.5 uM 2MBC in the presence or absence of aspirin (300 uM)

(n=6).

(K) Scheme illustrating cPLA2 pathway involved in the stimuli-induced platelet activation process.
(L) Changes of ADP (2 uM)-stimulated phosphorylation of cPLA2, p38, and ERK in rat PRP pre-treated with or without 0.5 uM 2MBC (n = 5).
(M) ADP (2 uM)-stimulated platelet aggregometry responses in rat PRP pre-incubated with saline or 0.5 pM 2MBC in the presence or absence of cPLA2 inhibitor

MAFP (5 uM) (left to right: n = 5, 5, 4, and 4).

(N) ADP-induced changes of AA in rat PRP with saline or 0.5 uM 2MBC in the presence or absence of MAFP (5 uM) (left to right: n = 5, 5, 5, 4, and 4).
Data points represent the means + SEM. Statistics used Brown-Forsythe and Welch ANOVA followed by unpaired t test with Welch’s correction (A, |, J, and L),
one-way ANOVA with Fisher’s LSD post hoc test (D, M, and N), two-way ANOVA with Fisher’s LSD post hoc test (B and E), or unpaired Student’s t test (C, F, and

G). n.s., not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.
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=2B1 and potentiate its downstream signal activation, thus regu-
lating platelet responsiveness.

Genetic depletion or pharmacological inhibition of
integrin 231 ameliorates the pro-thrombotic effect

of 2MBC

To further determine whether integrin «2p1 is essential for
the 2MBC-enhancing platelet reactivity, integrin a2 knockout
(22—/—) mice were established (Figure S6A). Importantly, we
found that the thrombosis-accelerating effect of 2MBC was
completely eliminated in 2—/— mice following FeCls injury (Fig-
ure 5A). In line with the prior report,®° loss of integrin a2 pro-
longed the cessation time of blood flow, albeit it was statistically
insignificant (p = 0.1089) (Figure 5A). In vitro platelet aggregation
(Figure 5B) and clot retraction assays (Figure 5C) revealed the
enhanced platelet responses induced by 2MBC were substan-
tially abrogated in the absence of integrin «2. Likewise, the
2MBC-mediated hyper-phosphorylated cPLA2 also vanished
in a2—/— platelets (Figure S6B). These data confirm the integrin
a2B1-dependent manner of 2MBC in provoking platelet
hyperreactivity.

We then investigated the therapeutic potential for pharmaco-
logical inhibition of integrin «2B1. Using carotid artery injury
thrombosis assay, we found that the thrombosis-accelerating ef-
fect of 2MBC was dose-dependently blocked by BTT 3033, a
conformation-selective integrin «2B1 inhibitor that could not
interact with other types of integrins®' (Figures 5D and S6C).
Consistently, immunohistochemical staining of thrombi within
the carotid artery showed that 2MBC significantly increased
the protein level of CD62P, a platelet activation marker, whereas
this effect was almost completely blocked by BTT 3033
(Figures 5E and S6D). Likewise, BTT 3033 completely abrogated
the 2MBC-induced phosphorylation of cPLA2 in the carotid
thrombi (Figure S6E), as well as 2MBC-enhanced platelet
aggregation responsiveness (Figure S6F). Furthermore, BTT
3033 remarkably increased the 30-min survival rate of mice
from 33.3% to 87.5% in a pulmonary artery thrombosis mouse
model pre-treated with 2MBC (Figure 5F), whereas the infarction
area (Figure S6G) and the number of thrombi in lung tissues (Fig-
ure 5G) were robustly decreased. Notably, no toxic effects were
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observed upon BTT 3033 administration for 3 days, as deter-
mined by the measurement of plasma alanine aminotransferase,
aspartate aminotransferase, and creatinine in mice (Figure S6H).
Together, these results demonstrate that pharmacological
inhibition of integrin «2B1 effectively ameliorates the throm-
bosis-enhancing effect of 2MBC in vivo.

We further explored the therapeutic potential of BTT 3033 in
COVID-19. hACE2 mice fed with high-fat diet for 18 weeks
were intranasally inoculated of SARS-CoV-2, followed by daily
i.p. injections of BTT 3033 (1 mg/kg), and the body weight of
mice after virus infection was illustrated in Figure S6l. Consistent
with our previous finding (Figure S1A), thrombi were widely
detectable in multiple organs including lung (Figures 5H and
S6J), heart (Figures 51 and S6K), and liver (Figures 5J and S6L)
after SARS-CoV-2 inoculation, as evidenced by H&E staining
and CD62P reactivity. Notably, SARS-CoV-2-induced throm-
bosis in lung (Figures 5H and S6J), heart (Figures 51 and S6K),
and liver (Figures 5J and S6L) was largely ameliorated by BTT
3033 treatment. Moreover, BTT 3033 partially protected lung
from damage induced by SARS-CoV-2 infection (Figure 5K),
but no alteration in viral load was observed (Figure SEM). The
elevated thrombotic indices (i.e., D-dimer, TXB2, and soluble
CD62P) and ischemic cardiac biomarker (cTnl) in plasma were
all dramatically declined in the presence of BTT 3033 (Figure 5L).
Together, these results consistently demonstrate that BTT 3033
ameliorates thrombosis induced by SARS-CoV-2 infection, indi-
cating a potential therapeutic strategy for COVID-19-associated
thrombotic events.

2MBC is an intermediate metabolite bridging gut
microbiota dysbiosis and thrombotic events

We next sought to explore the potential origin of the elevated
circulating 2MBC. 2MBC was previously characterized as an in-
termediate product of branched-chain amino acid (BCAA) catab-
olism in cells,*>* and catabolic defect of BCAA may lead to
abnormal accumulation of 2MBC.%>*° To determine whether
BCAA catabolism is affected in injured tissues upon SARS-
CoV-2 infection, RNA samples from heart, liver, and skeletal
muscle from mice inoculated with SARS-CoV-2 were subjected
to RT-gPCR analysis. Surprisingly, the expressions of key

Figure 4. 2MBC directly binds to and potentiates integrin «2B1 activation

(A) Phosphoproteomics analysis of washed rat platelets stimulated by thrombin (1 U/mL) after pre-incubated with saline or 0.5 uM 2MBC (n = 4). Volcano plots
showed the differential phosphorylated residues between vehicle and 2MBC group (FC > 1.5, VIP > 1).

(B) Reactome enrichment analysis of phosphorylated proteins upregulated in 2MBC group and the top 20 pathways ranking by enrichment factor were shown.
Red font in row title indicates the top 5 enrichment pathways.

(C) Scheme illustrating pathways mediated by membrane receptors integrin «2p1, integrin allbp3, P2Y1, and GPIb-IX-V that were involved in the platelet acti-
vation process. Yellow frame represents the downstream phosphorylated proteins that have been detected in the current phosphoproteomics; gray frame
represents the undetected downstream proteins. Solid arrow represents direct regulation of the proteins; dotted arrow represents indirect regulation of the
proteins.

(D) Relative abundances of the phosphorylated proteins involved in integrin «2p1-, integrin allbp3-, P2Y1-, and GPIb-IX-V-mediated pathway. Log, FC was
calculated against vehicle group.

(E) ADP (2 uM)-stimulated platelet aggregometry responses in rat PRP pre-incubated with saline or 0.5 uM 2MBC in the presence or absence of BTT 3033 (1 uM,
integrin «2B1 inhibitor), tirofiban (1 uM, integrin allbp3 inhibitor), and BPTU (0.3 uM, P2Y1 inhibitor) (n = 4).

(F and G) Platelet spreading assay (F, n = 6) and western blotting analysis of cPLA2 phosphorylation (G, n = 4) for rat PRP pre-treated with saline or 0.5 uM 2MBC in
the presence or absence of BTT 3033 (1 uM).

(H-K) Surface plasmon resonance (SPR) assay of purified integrin «2p1 protein with 2MBC (H), BTT 3033 (I, positive control), and arachidonic acid (J, negative
control), or purified «2llb ligand-binding domain protein with 2MBC (K).

Data points represent the means + SEM. Statistics used Brown-Forsythe and Welch ANOVA followed by unpaired t with Welch’s correction (E) or one-way
ANOVA with Fisher’s LSD post hoc test (F and G). n.s., not significant; “p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001. The schematic diagram in (C) was created
by BioRender.
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metabolic enzymes involved in BCAA catabolism, including
Bcat, Bckdh, Crat, Acad8, and Sbcad, were not altered upon vi-
rus infection (Figure S7A). On the other hand, the expression of
Pck1 and Ace2 was significantly altered after SARS-CoV-2 infec-
tion, consistent with our previous report®” (Figure S7A), suggest-
ing a potential exogenous pathway of 2MBC production under
SARS-CoV-2 infection. Alternatively, it was reported that BCAA
could be catabolized to 2-methylbutyric acid (2MBA) by bacte-
ria.°®°° Given the similar chemical structure of 2MBA to 2MBC
(Figure 6A), we hypothesized that 2MBA might be a precursor
of 2MBC. To investigate whether it may mimic the pro-throm-
botic effect of 2MBC in vivo, 2MBA was administrated via either
oral gavage or i.p. injection. Intriguingly, administration of 2MBA
orally, but not i.p., significantly accelerated thrombus formation
(Figure 6B). The plasma level of 2MBC was increased by 50% af-
ter 2MBA gavage but remained unchanged following i.p. injec-
tion of 2MBA (Figure 6C). Unlike 2MBC, 2MBA failed to directly
influence platelet function as indicated by ex vivo platelet ag-
gregometry assay (Figure 6D). These data suggest that the gut
microbiota may be responsible for the 2MBA to 2MBC conver-
sion, and 2MBC may promote thrombosis. Supporting this, re-
feeding of chow diet after an overnight fast increased the plasma
level of 2MBC by approximately 75%), whereas this effect was
largely reversed by pre-treatment of antibiotics (Figure 6E).

To further confirm this hypothesis, we performed in vitro fecal
fermentation and in vivo antibiotic intervention. First, we cultured
colonic feces collected from C57BL/6J mice and measured
2MBC in the culture medium after incubation with 2MBA. The
2MBC level was increased by nearly 1-fold following 1 h treat-
ment of 2MBA (Figure 6F) and elevated in a time-dependent
manner (Figure S7B). In mice, when an antibiotic cocktail was
added in drinking water, the presence of the fecal 16S rDNA
was almost completely depleted, indicating a nearly complete
depletion of the gut microbiota (Figure S7C). The conversion of
gavaged 2MBA to 2MBC was strongly inhibited after antibiotic
treatment, as indicated by a dramatic reduction of plasma
2MBC levels (Figure 6G). Likewise, pre-treatment of various
clinically relevant antibiotics in drinking water exhibited varying
suppressing effects on gut microbiota abundance (Figure S7D)
and 2MBC generation (Figure S7E). However, utilization of
intravenous antibiotics did not affect the plasma 2MBC levels
in patients with COVID-19 (Figure S7F), which may be due to
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their limited influence on the bacteria community in gut
(Figures S7G and S7H).5%¢"

To further determine the impact of gut microbiota on platelet
function and thrombosis potential via modulating 2MBC levels,
a fecal microbiota transplantation (FMT) experiment was con-
ducted. Mice were treated with or without antibiotics and fol-
lowed by microbial recolonization. Fecal 16S rDNA analysis
confirmed that the bacteria count was almost recovered to a
comparable level of conventional mice (Figure S7C). Then,
mice were gavaged with 2MBA and subsequently subjected to
in vivo FeCls-induced thrombosis assay or ex vivo platelet ag-
gregometry. The scheme of study design was illustrated in Fig-
ure 6H. Consistently, 2MBA gavage markedly increased plasma
2MBC (Figure S7I), leading to exacerbated thrombus formation
(Figures 61 and S7J) and platelet aggregation (Figures 6J and
S7K). In contrast, antibiotic treatment abrogated the pro-throm-
botic effect of 2MBA, which was almost completely recovered
after microbial recolonization (Figures 61, 6J, S7J, and S7K),
resembling the alteration pattern of plasma 2MBC (Figure S7I).
However, neither antibiotics nor FMT intervention itself exerted
effects on platelet aggregation and thrombosis in mice
(Figures 6l, 6J, S7J, and S7K). Taken together, our findings
clarify that 2MBA could be converted to 2MBC by gut micro-
biota, and the subsequent 2MBC induces platelet hyperrespon-
siveness and promotes thrombosis in vivo.

Finally, to clarify whether 2MBC is an intermediate metabolite
bridging gut microbiota dysbiosis and thrombosis potential in
COVID-19, hACE2 mice were pre-treated with antibiotics and
then inoculated intranasally with SARS-CoV-2. Notably, plasma
2MBC was increased by approximately 0.5-fold at the 7th day af-
ter virus infection, whereas it was almost reversed to a normal
level after antibiotic treatment (Figure 6K). Along with that, the
heightened platelet reactivity and thrombosis potency were
largely suppressed, as indicated by the reduction of CD62P
expression in multiple organs including lung, heart, and liver
(Figures 6L and S7L). In addition, antibiotic administration
showed a slight trend toward an improvement of lung damage
following SARS-CoV-2 infection (p = 0.0621) (Figure S7M), as
well as a reduction in plasma biomarkers related to thrombotic
events (D-dimer, TXB2, sCD62p, and cTnl) (Figure 6M). Notably,
the concentration of 2MBC was positively correlated with
D-dimer (r = 0.816, p = 0.002), TXB2 (r = 0.715, p = 0.011), and

Figure 5. Genetic depletion or pharmacological inhibition of integrin 2231 ameliorates the pro-thrombotic effect of 2MBC
(A) FeCls-induced carotid artery injury thrombosis assay for integrin a2 knockout (#2—/—) mice or their wild-type littermates (WT) i.p. injected with saline or 100 ng/

kg 2MBC (left to right, n = 4, 4, 3, and 4). Scale bars, 500 um.

(B and C) PRP from a2—/— or WT mice was isolated and incubated with saline or 0.5 uM 2MBC for in vitro ADP (5 uM)-stimulated platelet aggregometry (B) and

clot retraction assay (C) (n = 3 with 2 technical duplicates).

(D) FeClz-induced carotid artery injury thrombosis assay for mice i.p. injected with saline or 100 png/kg 2MBC with or without BTT 3033 (1 mg/kg) (n = 6). Scale

bars, 500 um.
(E) Quantification of CD62P IHC staining of carotid thrombus samples.

(F and G) Pulmonary arterial thrombosis assay for mice i.p. injected with saline or 100 pg/kg 2MBC and with or without BTT 3033 (1 mg/kg). Kaplan-Meier curves
(F, n =7 for vehicle, n = 6 for 2MBC, n = 8 for BTT 3033, and 2MBC + BTT 3033). Representative images of the lung sections and quantifications. Scale bars,
100 pum (G) (n = 4 mice, with two sections per mouse).

(H-L) hACE2 transgenic mice were intranasally inoculated of SARS-CoV-2 or its vehicle, followed by daily i.p. injection of BTT 3033 (1 mg/kg) (n = 4). Quanti-
fications of thrombi numbers and CD62P expression for the lung (H), heart (I), and liver (J) and quantification of lung injury score (K). n = 4 mice per group, two
sections per mouse. Related images are shown in Figures S6J-S6L. Plasma D-dimer, TXB2, sCD62P, and cTnl (L).

Data points represent the means + SEM. Statistics used one-way ANOVA with Fisher’'s LSD post hoc test (A, B, D, E, G-J, and L), two-way ANOVA with
repeated measures (C), log-rank (Mantel-Cox) test (F), or Brown-Forsythe and Welch ANOVA followed by unpaired t test with Welch’s correction (K). n.s., not
significant; *p < 0.05; ****p < 0.01; *****p < 0.001; ****p < 0.0001. For (C), the significance of WT + vehicle versus WT + 2MBC was shown as *, and WT + 2MBC
versus a2—/— + 2MBC as *.
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cTnl (r = 0.622, p = 0.035), whereas sCD62P represented a
similar trend without statistical significance (r = 0.531, p =
0.079) (Figure S7N). Collectively, our data suggest that modula-
tion of gut microbiota ecology may serve as a promising strategy
in ameliorating the risk of thrombosis.

DISCUSSION

Thrombosis represents a common pathology underlying
ischemic cardiovascular diseases. Our study clarified that
2MBC increases thrombotic risk due to platelet hyperreactivity;
mechanistically, 2MBC directly binds to integrin «231, which en-
hances cPLA2 activation and platelet reactivity in response to
extracellular stimuli; furthermore, we identified that 2MBC is a
host and gut microbial co-metabolite potentially linking gut mi-
crobiota dysbiosis and thrombosis (Figure 7).

Unlike most of the acylcarnitine species synthesized during
FAO, short branched-chain acylcarnitines are intermediate prod-
ucts of BCAA catabolism.>” Despite increasing evidence that
has implied the associations between short branched-chain
acylcarnitines and numerous metabolic disorders including
obesity,”’ diabetes,’’®” non-alcoholic steatohepatitis,®® and hy-
pertension,”® the causal role and mechanistic insight have not
yet been reported. This study uncovered a biological regulatory
effect of 2MBC on thrombotic tendency. 2MBC was abnormally
accumulated in both fecal samples and plasma of COVID-19
patients and was positively associated with an increased throm-
botic risk. In particular, we demonstrated a robust pro-throm-
botic effect of 2MBC by causing platelet hyperreactivity, as
indicated by various in vivo and in vitro thrombosis assays.
More importantly, the elevated level of 2MBC did not decline
even after a complete clearance of virus in patients with
COVID-19, which was in line with a previous metabolomics study
in plasma.®* Our findings unveil a potential mechanism contrib-
uting to the increased thrombotic incidence in COVID-19. Addi-
tionally, we observed an increased level of plasma 2MBC in
patients with ACS and AIS, suggesting a broader relationship
between the aberrant accumulation of 2MBC and major
adverse consequences of cardiovascular diseases. Notably, an
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increased plasma level of 2MBC was documented in patients
with obesity and diabetes,?”*® which are of remarkably higher
risk for thrombotic events.®>® Along with the traditional risk fac-
tors, our findings implicated a previously unknown driving factor
for increased thrombotic potential in metabolic disorders, such
as obesity and diabetes. Taken together, our data clarify
2MBC as a pivotal motivator that aggravated the adverse throm-
botic events.

Integrins are surface receptors that mediate cell-cell or cell-
matrix interaction. In platelets, integrins play a crucial role in
thrombus formation.®” SPR assay indicated direct binding of
2MBC to integrin «2B1 protein, suggesting a ligand-receptor
interaction. More importantly, 2MBC binding appeared to acti-
vate signaling cascades downstream of integrin, whereas ge-
netic depletion or pharmacological inhibition of integrin a231
largely blocked the pro-thrombotic effects triggered by 2MBC,
indicating that integrin «2p1 is an important functional target of
2MBC to regulate platelet reactivity. Thus, 2MBC enhanced
platelet responses via potentiating cPLA2 signal activation in
an integrin a2p1-dependent manner. We, therefore, revealed a
new biological function of 2MBC as a signaling molecule.
Indeed, increasing evidence has demonstrated that metabolites
not only serve as intermittent substrates in metabolic reactions
but also function as signaling molecules to reflect local or sys-
temic metabolism and mediate a wide range of biological pro-
cesses.'®?%% |n particular, since the traditional anti-platelet
agents, such as aspirin or clopidogrel, are hampered by the
side effect of potential bleeding, targeting integrin «231 may
serve as an alternative strategy due to its mild impact on hemo-
stasis.®®’® Therefore, our study suggests that integrin «2p1
might be a promising therapeutic target for the prevention of
thrombotic events.

While previously known as a product of intracellular BCAA
catabolism,**** our study identified 2MBC as a gut micro-
biota-derived metabolite by using multiple strategies including
in vitro fecal fermentation, in vivo antibiotic challenge, and FMT
study. 2MBA, a metabolite generated from BCAA catabolism
by bacteria, can be further converted to 2MBC in a gut micro-
biota-dependent manner. Our data suggested a potential

Figure 6. 2MBC is an intermediate metabolite bridging gut microbiota dysbiosis and thrombotic events

(A) Chemical structure of 2MBA (upper) and 2MBC (lower).

(B) Comparison of the effects of 50 ng/kg 2MBA administration via oral gavage (0.g.) or i.p. injection on thrombus formation following FeClz-induced carotid artery
injury in mice. Mice treated with i.p. injection of 100 ng/kg 2MBC were set as positive control. n = 5; scale bars, 500 pm.
(C) Plasma 2MBC in mice administrated with 50 pg/kg 2MBA via o0.g. or i.p. injection (n = 5 biological replicates for 0, 60, and 120 min, and n = 3 for 180 min in

each group).

(D) ADP (2 nM)-stimulated platelet aggregometry responses in rat PRP pre-incubated with saline or indicated concentrations of 2MBA (n = 3 with 2 technical

repeats) or 2MBC (positive control, n = 3).

(E) Plasma 2MBC following fasting/re-feeding in mice pre-treated with or without antibiotic cocktail. Mice that fasted in the same period without antibiotic

treatment or following re-feeding were set as control (n = 6).

(F) Schematic diagram (left) and changes of 2MBC levels in culture medium at 1 h after PBS or 200 uM 2MBA incubation (right) (n = 4).
(G) Changes in plasma 2MBC at the indicated time points following 2MBA o.g. in mice administrated with antibiotic cocktail (versus vehicle) (n = 6).

(H-J) Mice were administrated with antibiotic cocktail and with or without fecal microbial transplantation, then subsequently administrated with saline or 50 png/kg
2MBA via 0.g. Mice i.p. injection with 100 ng/kg 2MBC were set as positive control (n = 5). Schematic diagram of study design (H). Quantifications of occlusive
thrombosis time (I). ADP (5 uM)-stimulated platelet aggregometry responses in mice PRP (J).

(K-M) hACE2 transgenic mice treated with antibiotics cocktail were intranasally inoculated of SARS-CoV-2 or its vehicle (n = 4). 2MBC concentrations in plasma
(K). Quantifications of relative CD62P expression of IHC staining for the lung, heart, and liver. Two sections per mouse (L). Plasma D-dimer, TXB2, sCD62P, and
cTnl (M).

Data points represent the means + SEM. Statistics used one-way ANOVA with Fisher’s LSD post hoc test (B, E, and I-M), Brown-Forsythe and Welch ANOVA
followed by unpaired t test with Welch’s correction (D and N), unpaired Student’s t test (F), or two-way ANOVA with repeated measures (C and G). n.s., not
significant; *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001. For (l), (J), and (L), images are shown in Figures S7J-S7L.
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Gut microbiota dysbiosis leads to abnormal accumulation of circulating 2MBC. 2MBC directly binds to and potentiates integrin @21 activation in platelet under
the stimulation of agonists, which promotes cPLA2-mediated TXA2 generation and platelet hyperresponsiveness, thus increasing the thrombotic tendency in the

host. Figure was created with Biorender.com.

causality of 2MBC accumulation with the dysbiosis of gut micro-
biota. In consonance with our finding, western dietary pattern
with great impact on gut microbial composition’' was associ-
ated with a higher plasma concentration of 2MBC."? In fact,
gut microbiota-derived metabolites could serve as an intermedi-
ate that mediates the effect of gut microbiota dysbiosis on MA-
CEs."*"®73 Targeting gut microbial community to normalize the
elevated levels of pathogenic metabolites may represent a
promising therapeutic strategy.'>”* " Supporting this, we found
that increased plasma 2MBC levels, as well as the heightened
thrombosis tendency upon SARS-CoV-2 infection, were remark-
ably suppressed after elimination of gut microbiota by antibiotic
cocktail. Collectively, our findings suggest that modulation of
gut microbiota ecology may represent a promising strategy
in ameliorating the thrombosis potential secondary to 2MBC
accumulation.

In summary, our findings identified 2MBC as an intermediate
metabolite linking gut microbiota dysbiosis and an increased
risk for thrombosis, providing new mechanistic insight and a po-
tential therapeutic strategy for thrombotic events.

Limitations of the study

First, plasma endotoxin activity and lipopolysaccharide con-
centration were increased in patients with COVID-19,”5%"”
suggesting the potential enhanced intestinal permeability.
However, whether it may facilitate intestinal 2MBC transloca-
tion in circulation remains elusive. Second, although we docu-
mented integrin a2B1 as the cellular target for 2MBC, some
other targets may exist in cells and remain to be explored.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit polyclonal anti-cPLA2
Rabbit polyclonal anti-p-cPLA2
Rabbit monoclonal anti-p38
Rabbit monoclonal anti-p-p38
Rabbit monoclonal anti-Erk
Rabbit monoclonal anti-p-Erk
Rabbit monoclonal anti-p-FAK
Rabbit polyclonal anti-FAK

Rabbit polyclonal anti-PLCB3
Rabbit polyclonal anti-p-PLCB3
Rabbit polyclonal anti-c-Src
Rabbit polyclonal anti-p-c-Src
Rabbit monoclonal anti-integrin o2
Rabbit monoclonal anti-integrin allb
Rabbit monoclonal anti-GPlba
Rabbit polyclonal anti-P2Y1
Rabbit monoclonal anti-GAPDH
Rabbit monoclonal anti-P-selectin

Rabbilt monoclonal anti-SARS-CoV-2
Nucleocapsid Protein

Anti-rabbit I9G, HRP-linked Antibody

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Immunoway

Proteintech

Immunoway

Immunoway

Immunoway

Immunoway

Abcam

Abcam

Abcam

Immunoway

Cell Signaling Technology
Invitrogen

GeneTex

Cell Signaling Technology

Cat#2832; RRID: AB_2164442
Cat#2831; RRID: AB_2164445
Cat#8690; RRID: AB_10999090
Cat#4511; RRID: AB_2139682
Cat#4695; RRID: AB_390779
Cat#4370; RRID: AB_2315112
Cat#YP0515; RRID: AB_2936917
Cat#12636-1-AP; RRID: AB_2173668
Cat#YT3790; RRID: AB_2936918
Cat#YPO0707; RRID: AB_2936919
Cat#YT1136; RRID: AB_2927476
Cat#YPO0078; RRID: AB_2936920
Cat#ab133557; RRID: AB_2833020
Cat#ab134131; RRID: AB_2732852
Cat#ab134087; RRID: AB_2936922
Cat#YN2673; RRID: AB_2936921
Cat#5174; RRID: AB_10622025
Cat#MA1-81809; RRID: AB_2184952
Cat#GTX632269; RRID: AB_2888304

Cat#7074; RRID: AB_2099233

Bacterial and virus strains

Wild-type SARS-CoV-2 virus strain

Guangzhou Customs District Technology
Center

GenBank: MT123290

Biological samples

Human stool This paper N/A

Human peripheral plasma This paper N/A

Chemicals, peptides, and recombinant proteins

2-Methylbutyryl-L-carnitine (2MBC) Sigma Cat#50405
Isobutyryl-L-carnitine (IBC) Sigma Cat#51085
Hexanoyl-L-carnitine (HXC) Sigma Cat#91388
2-Methylbutyric acid (2MBA) Sigma Cat#193070
BTT 3033 TOCRIS Cat#4724
MAFP MedChemExpress Cat#HY-103334
Aspirin MedChemExpress Cat#HY-14654
Heparin sodium APEXBIO Cat#A5066
ADP MedChemExpress Cat#HY-W010918
Collagen Chrono-Log Cat#P/N385
Thrombin Solarbio Cat#T8021
Fibrinogen Solarbio Cat#F8051
Prostaglandin E1(PEG-1) Sigma Cat#P5515
Rhodamine 6G Sigma Cat#252433
Rose Bengal Solarbio Cat#G8540
FeCls Aladdin Cat#l141414
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Continued
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Evans Blue Solarbio Cat#E8010
Neomycin sulfate MedChemExpress Cat#HY-B0470
Streptomycin MedChemExpress Cat#HY-B1906
Bacitracin MedChemExpress Cat#HY-107193
Vancomycin MedChemExpress Cat#HY-B0671
Cefuroxime MedChemExpress Cat#HY-B1256
Piperacillin MedChemExpress Cat#HY-B1286
Levofloxacin MedChemExpress Cat#HY-B0330
Tyrode’s salts solution Coolaber Cat#SL6510

Human integrin alpha2betal heterodimer
protein

Recombinant integrin alpha2B

Acro Biosystems

Cloud-Clone Corp.

Cat#lT1-H52W6

Cat#RPB228Hu01

Critical commercial assays

Rat Arachidonic Acid (AA) ELISA Kit
Rat D-dimer ELISA Kit

Rat Thromboxane B2 ELISA Kit
Mouse P-Selectin ELISA Kit

Mouse D-dimer ELISA Kit

Mouse Interleukin 6 ELISA Kit
Mouse Ferritin ELISA Kit
Thromboxane B2 Assay

Cardiac troponin Assay Kit

Stool Genomic DNA Extraction Kit
Fatty Acid Oxidation Assay

Alanine aminotransferase Assay Kit
Aspartate aminotransferase Assay Kit
Creatinine Assay Kit

CUSABIO

CUSABIO

CUSABIO

CUSABIO

CUSABIO

CUSABIO

CUSABIO

R&D

Nanjing Jiancheng Bioengineering Institute
Solarbio

Abcam

Nanjing Jiancheng Bioengineering Institute
Nanjing Jiancheng Bioengineering Institute
Nanjing Jiancheng Bioengineering Institute

Cat#CSB-E13008r
Cat#CSB-E12984r
Cat#CSB-E08047r
Cat#CSB-E04709m
Cat#CSB-E13584m
Cat#CSB-E04639m
Cat#CSB-E08827m
Cat#KGEO011
Cat#H149-2
Cat#D2700
Cat#ab217602
Cat#C009-2-1
Cat#C010-2-1
Cat#C011-2-1

Thrombin colorimetry assay kit GENMED SCIENTIFIC Cat#GMS 50339.1.1
Deposited data
| domain from integrin a2p1 structure This paper PDB: 1AOX

Metabolomics data
Phosphoproteomics data

This paper; Dryad Digital Repository
This paper; Dryad Digital Repository

https://doi.org/10.5061/dryad.m905qfv63
https://doi.org/10.5061/dryad.k6djh9wbq

Experimental models: Cell lines

HEK-293T
Hela

ATCC
ATCC

Cat#CRL-3216; RRID: CVCL_0063
Cat#CRM-CCL-2; RRID: CVCL_0030

Experimental models: Organisms/strains

Mouse: C57BL/6JGpt

Mouse: B6/JGpt-Ace2em1Cin(hACE2)/Gpt
C57BL/6JGpt-ltga2em17Cd16925/Gpt
Rat: Sprague Dawley

Sun Yat-sen University
GemPharmatech
GemPharmatech
Zhuhai BesTest

N/A

Cat#T037659; RRID: IMSR_GPT:T037659
Cat# T028416

N/A

Oligonucleotides

GenOFF h-ITGA2
GenOFF h-ITGA2B
GenOFF h-GP1BA
GenOFF h-P2RY1

See Table S4 for the primers used in
this study

RIBOBIO
RIBOBIO
RIBOBIO
RIBOBIO
N/A

Cat#SIGS0001166-1
Cat#SIGS0001167-1
Cat#SIGS0006506-1
Cat#SIGS0000259-1
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Software and algorithms

Graphpad Prism 9 GraphPad Software Version 9.4.1
Image J NIH Version 1.51j8
Aggrolink8 Chrono-log N/A

Analyst 1.6.3 software Sciex N/A

Agilent MassHunter Quantitative Agilent Version 10
Agilent MassHunter Qualitative Agilent Version 10
Vevo3100 VisualSonics N/A

BIA evaluation Cytiva Version 4.1

R https://www.r-project.org/ Version 4.1.2
Biorender https://www.biorender.com/ N/A

VSTH https://matgen.nscc-gz.cn/ N/A

Maestro Schrédinger Version 11.5
Other

Chow diet Xietong Shengwu Cat#1010083
60% High fat diet TROPHIC Cat#TP23300

RESOURCE AVAILABILITY

Lead contact
Additional information and requests for resources and reagents should be addressed to the lead contact, Sifan Chen (chensf26@
mail.sysu.edu.cn).

Materials availability
This study did not generate new unique materials or reagents.

Data and code availability
o All of the data supporting this study are included in the article.
® The metabolomics, phosphoproteomics, and 16S rDNA sequencing data have been deposited in the Dryad Digital Repository
(https://doi.org/10.5061/dryad.m905qfv63; https://doi.org/10.5061/dryad.k6djh9wbq; https://doi.org/10.5061/dryad.x95x69prv).
o All raw data used to generate the figures throughout the manuscript can be found within the Data S1 document.
® This paper does not report original code.
o All additional datasets included in the manuscript will be provided upon request from the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

COVID-19 Subjects and Study Design

For cohort 1, to identify the altered metabolites upon SARS-CoV-2 infection, COVID-19 patients hospitalized in Guangzhou Eighth
People’s Hospital between January 22, 2020 and April 10, 2020 were enrolled. The diagnosis of COVID-19 was confirmed by two
consecutive positive reverse transcriptase-polymerase chain reaction (RT-PCR) tests for SARS-CoV-2 infection. The disease
severity was assessed according to the Chinese Government Diagnosis and Treatment Guideline for COVID-19 (Trial 7% version),”®
which classified the COVID-19 patients into four subgroups including mild, typical, severe and critical groups. In this study, mild and
typical patients were composed into the non-Severe group, while severe and critical patients were composed into the Severe group.
The exclusion criteria were: (1) probiotics, proton pump inhibitors or hormone drugs usage in the past one month; (2) with a history of
autoimmune disease or chronic inflammatory bowel disease. In total, 64 COVID-19 individuals including 30 in the non-Severe group
and 34 in the Severe group were recruited in this study. All of the non-Severe patients were without usage of antibiotics, whereas
majority of the Severe patients received intravenous antibiotics therapy based on the disease severity. The clinical characteristics
and laboratory parameters of these patients were described in Tables S1 and S2. We also procured 12 non-COVID-19 cases who
had been exposed to COVID-19 patients, and presented with fever or cough. These 12 cases were hospitalized at the same period
but determined as negative by two consecutive nucleic acid tests of SARS-CoV-2. For all patients, the inpatient diets were supplied
by the hospital during hospitalization. Most of the fecal samples from non-severe or non-COVID-19 patients were collected within
3 days after hospital admission, except for samples from the Severe group were performed at later stages. Moreover, fecal samples
from 12 healthy volunteers working at Guangzhou Eighth People’s Hospital were collected as control (Figure 1A). For cohort 2, to
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investigate the alterations of gut metabolites during different periods of SARS-CoV-2 infection, 28 patients (including 12 non-severe
and 16 severe ones) from cohort 1 were enrolled. All the patients received a 14-day medical quarantine in hospital after virus clear-
ance (defined as at least two consecutive negative nucleic acid tests), and thereafter, attended outpatient follow-up during the first
month after discharge. Fecal samples were collected in indicated time as shown in Figure 1A. All fecal samples were subjected to viral
inactivation under 56 °C for at least 30 min and stored at -80 °C for further metabolomics analysis. The retrospective cohort study was
approved by the Institutional Review Board of Guangzhou Eighth People’s Hospital, with written informed consent collected.

Blood Collection

To measure the circulating levels of 2-methylbutyrylcarnitine, isobutyrylcarnitine and hexanoylcarnitine, plasma samples from
COVID-19 subjects at acute-phase and healthy volunteers were obtained. The study was approved by the Institutional Review Board
of Guangzhou Eighth People’s Hospital. All patients provided written informed consent. Plasma samples were collected after fasting
overnight and centrifuged with 3,000 x g 10 min at 4 °C. Subsequently, viral inactivation was conducted under 56 °C for 30 min and
then the samples were store at -80 °C. In an additional study, plasma samples from subjects diagnosed with ACS, AIS, severe pneu-
monia, and healthy individuals were obtained from the First Affiliated Hospital of Sun Yat-sen University, with the approval by the
Institutional Review Board. All patients and heathy volunteers provided written informed consent. Plasma samples were obtained
from enrolled patients at admission and stored at -80 °C.

Animal Studies
Six-eight weeks old specific pathogen-free (SPF) C57BL/6J mice as well as Sprague-Dawley (SD) rats were purchased from Animal
Center of the First Affiliated Hospital of Sun Yat-sen University or Zhuhai BesTest (Zhuhai, China), respectively. For in vivo integrin .2
knockout experiments, ten-week-old male «2-/- mice on C57BL/6J background (edited by CRISPR/Cas9 technology) were pur-
chased from GemPharmatech (Jiangsu, China). All animals were housed under SPF conditions in a control environment (12-hour
day/night cycle) under 23 + 2 °C temperature and 50-60% humidity, with free access to food and water. All animals were fed a stan-
dard chow diet (Xietong Shengwu, China) unless otherwise indicated. For all studies, except for the pulmonary artery thrombosis
assay, male mice and rats were used. All animal experiments were performed in accordance with the Guidelines for the Care and
Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committees of the First Affiliated Hospital
of Sun Yat-sen University.

For SARS-CoV-2-infected study, five-week-old male human ACE2 homogeneous knock in mice (with replacement of endogenous
mouse ACE2) were purchased from GemPharmatech (Jiangsu, China), and the experiment was performed at the BSL-3 facilities with
the approval of the Institutional Animal Care and Use Committees of Guangzhou Customs District Technology Center.

Cell Culture

HEK-293T cells (female) were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Hyclone) supplemented with 10% FBS at
37 °C in a 5% CO, cell culture incubator. Lipofectamine RNAIMAX (Invitrogen, USA) was used for siRNA transfections according
to the manufacturers’ instructions. HEK-293T cells cultured in 12-well plate were transfected with siRNA in a final concentration
of 100 nM for 48 h for the siRNA knockdown experiments. Afterwards, HEK-293T cells were treated with indicated concentration
of vehicle or 2MBC, then harvesting for RNA or protein analysis.

Platelet Rich Plasma or Washed Platelet Isolation from Human Donors

Whole blood was collected from the authors (K.H., D.F., Z.Z., C.L) by peripheral venous punctured with 9:1 sodium citrate (0.38%).
Platelet rich plasma (PRP) was separated by centrifuging at 200 x g for 10 min at 22 °C. Platelet poor plasma (PPP) was prepared by
further centrifugation at 1,500 x g for 15 min. For the preparation of washed platelet, 100 nM prostaglandin E1 (PGE-1) was added to
PRP and then centrifuged at 500 x g for 20 min at 22 °C. The platelet pellet was gently washed with a Ca®* free modified Tyrode’s
buffer (Coolaber, China) with 100 nM PGE-1, and centrifuged again at 500 x g for 20 min. Platelet pellets were then re-suspended in
modified Tyrode’s buffer with 0.35% bovine serum albumin (BSA) and subjected to platelet aggregometry assay.

Platelet Rich Plasma or Washed Platelet Isolation from Rodent

For ex vivo platelet rich plasma preparation, 6-8 weeks old male C57BL/6J mice were anesthetized with 1% pentobarbital sodium
(80 mg/kg). Whole blood (600 puL) was collected directly by cardiac punctured into 100 pL sodium citrate (0.38%) and then diluted with
an additional 500 uL Ca®* free modified Tyrode’s buffer. Diluted platelet rich plasma was separated by centrifuging at 100 x g for
10 min at 22 °C. Diluted platelet poor plasma was prepared by further centrifugation at 1,500 x g for 15 min.

For in vitro studies, male SD rats (200-250 g) were anesthetized with 1% pentobarbital sodium (80 mg/kg). Whole blood was
collected by cardiac punctured with 6:1 sodium citrate (0.38%) and then diluted with Ca®* free modified Tyrode’s buffer. Diluted
platelet rich plasma was separated by centrifuging at 200 x g for 20 min at 22 °C. Diluted PPP was prepared by further centrifugation
at 1,500 x g for 15 min. In some experiments, for preparation of washed platelet, 100 nM PGE-1 was added to PRP and then centri-
fuged at 500 x g for 20 min at 22 °C. The platelet pellet was gently washed with a Ca®* free modified Tyrode’s buffer with 100 nM
PGE-1, and centrifuged again at 500 x g for 20 min. Platelet pellets were then re-suspended in modified Tyrode’s buffer with 0.35%
BSA and subjected to subsequent experiments.
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METHOD DETAILS

Untargeted Liquid Chromatography-Mass Spectrometry (LC-MS/MS) Analysis

Samples were thawed on ice. 50 mg of each sample was homogenized with 500 pL of ice-cold methanol/water (70%, v/v) with in-
ternal standard including L-2-chlorophenylalanine, L-carnitine-d3 HCI, 4-fluoro-L-a-phenylglycine, L-phenylalanine-2-13C,
hippuric acid-d5, kynurenic acid-d5 and phenoxy-d5-acetic acid. The mixture was then centrifuged with 14,000 x g at 4 °C for
10 min. Thereafter, the supernatant was extracted and taken for LC-MS analysis. LC-MS analysis was conducted using an LC-
ESI-MS/MS system (UPLC, ExionLC AD, https://sciex.com.cn/; MS, QTRAP System, https://sciex.com/). The analytical conditions
were as follows, UPLC: column, Waters ACQUITY UPLC HSS T3 (1.8 um, 2.1 mm X 100 mm); column temperature, 40 °C; flow rate,
0.4 ml/min; injection volume, 2 puL; solvent system, 0.1% formic acid in water: 0.1% formic acid in acetonitrile (ACN); gradient pro-
gram, 95:5 V/V at 0 min, 10:90 V/V at 10.0 min, 10:90 V/V at 11.0 min, 95:5 V/V at 11.1 min, 95:5 V/V at 14.0 min. LIT and triple quad-
rupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (QTRAP), QTRAP® LC-MS/MS System,
equipped with an ESI Turbo lon-Spray interface, operating in positive and negative ion mode and controlled by Analyst 1.6.3 software
(Sciex). The ESI source operation parameters were as follows: source temperature 500 °C; ion spray voltage (IS) 5500 V (positive),
-4500V (negative); ion source gas | (GSI), gas Il (GSII) and curtain gas (CUR) were set at 55, 60, and 25.0 psi, respectively; the collision
gas (CAD) was high. Instrument tuning and mass calibration were performed with 10 and 100 umol/L polypropylene glycol solutions in
QQQ and LIT modes, respectively. A specific set of multiple reaction-monitoring (MRM) transitions were monitored for each period
according to the metabolites eluted within this period.

Targeted LC-MS/MS Analysis

Samples were thawed on ice. 50 pL of each plasma sample was homogenized with 200 pL of ice-cold methanol containing internal
standard ((x)-2-Methylbutyryl-L-carnitine-d3 chloride, d3-2MBC), followed by vortexing and centrifuging with 14,000 x g at 4 °C for
10 min. Subsequently, the supernatant was extracted and lyophilized by using a freeze dryer, and then the lyophilized powder was
dissolved with 50 uL 50% acetonitrile. Then the clear supernatant was transferred to glass vials with microinserts and LC-MS/MS
analysis was performed on Agilent 129II Infinity UHPLC -6470B Triple quadrupole LC-MS system (GENTECH SCIENTIFIC, USA).
For chromatographic separation, a Thermo Hypersil Gold C18 column (2.1 x 100 mm, 1.9 um) was used. The mobile phase consisted
of solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in ACN) were run using the following gradient: 0-0.5 min, 5%
B, 0.5-3 min, 5% —95%B, 3-3.5 min, 95% — 5%B). Afterwards, 5%B was used to equilibrate the column for 5 min. The flow rate
was 0.3 mL/min with a 1 pL injection volume. MRM in positive electrospray ionization mode (Agilent Jet Stream) was used with
the following transitions: d3-2MBC at m/z 249.1 — 85.1 and m/z 249.1 — 187.0; 2MBC at m/z 246.1 — 85.1 and m/z 246.1 —
187.1. The following ion source parameters were as follows: gas temperature, 300 °C; gas flow, 5 L/min; nebulizer, 45 psi; sheath
gas flow, 11 L/min; capillary, 3500 V (positive); 3500 V (negative); nozzle voltage charging, 500 V (positive), 500V (negative).
2MBC was quantified according to the standard curve running at the same batch of samples.

16S rDNA Sequencing

Fecal samples were profiled for bacterial taxa using 16S rDNA gene sequencing as previously reported.”® Briefly, microbial DNA
was extracted from feces samples using the FastDNA SPIN Kit (MP Biomedicals, USA) according to the manufacture’s protocol.
Amplification and sequencing of the V4 hypervariable region of the 16S rRNA gene was performed using the validated, region-spe-
cific bacterial primers 515F and 806R. The PCR conditions consisted of an initial denaturation step of 95°C for 3 min; 30 cycles of
98°C for 1 min, 98°C for 10 s, 50°C for 30 s, 72°C for 30 s, followed by 72°C for 5 min. Replicate amplicons were pooled and purified
using with the AxyPrep DNA purification Kit (AXYGEN). Subsequently, paired-end sequencing was performed using the Miseq PE150
platform (lllumina, USA). Operational taxonomic units (OTUs) were picked at 97% sequence similarity using Greengene bacterial
database for taxonomy information. Microbial composition at each taxonomic level was defined using the summarize_taxa function
in Quantitative Insights Into Microbial Ecology (QIIME). The abundance of each taxon was calculated by dividing the sequences per-
taining to a specific taxon by the total number of bacterial sequences for that sample.

Carotid Artery FeCl; Injury Thrombosis Assay

Six-to-eight weeks old male C57BL/6J mice were administrated with indicated doses of 2MBC for 2 h, then were anesthetized with
1% pentobarbital sodium (80 mg/kg) and subjected to a common carotid artery injury as previously described.'® Briefly, Rhodamine
6G (100 pL; 0.5 pg/mL) was injected directly into the right jugular vein to label platelets. The left carotid artery was exposed and injured
by placing 2 x 1.5 mm? Whatman filter paper soaked in 7.5% FeCls solution to the surface of the vessel for 1 min. After removing the
paper, the surface of the vessel was rinsed with saline. Thrombus formation was observed in real time using fluorescence stereomi-
croscope (Leica, Germany). Time to cessation of blood flow through clot formation for all studies was determined by visual inspection
by two independent investigators. The end points were set as complete cessation of blood flow for more than 1 min or occlusion is not
observed in 30 min after injury.

Photochemical Injury Thrombosis Assay
Eight weeks old male C57BL/6J mice were administrated with indicated doses of 2MBC for 2 h, then were anesthetized
with 1% pentobarbital sodium (80 mg/kg). Rose Bengal (20 mg/mL in saline) was injected directly into tail vein to a dose of
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100 mg/kg. Rhodamine 6G (100 uL; 0.5 pg/mL) was injected directly into the right jugular vein to label platelets. The left carotid artery
was isolated and illuminated with green light laser source and real-time monitored by MICRON IV Retinal Imaging microscope
(Phoenix, Germany). The time to occlusion was determined after the vessel remained closed for 3 minutes.

Thrombin Induced Pulmonary Artery Thrombosis Assay

Thrombin induced pulmonary artery thrombosis assay was performed as described with slight modifications.®' Eight weeks old
female C57BL/6J mice were administrated with indicated doses of 2MBC for 2 h, then were anesthetized with 1% pentobarbital
sodium (80 mg/kg) and thrombin (200 U/kg) was slowly injected into the right jugular vein. Animals surviving from the challenge
for more than 30 min were considered survivors. Once the respiratory arrest onset or animals survive for more than 30 min,
0.5 mL Evans blue solution (1% in saline) was infused via the inferior vena cava while the heart still beating. Afterwards, lungs
were excised and were rinsed by distill water for 1 min to remove the Evans blue dye that retained in the interstitial space, then photo-
graphed. Lung infarction score was recorded according to the area of Evans blue staining. Zero indicates no leakage (entirely pink)
and four indicates complete leakage (entirely blue). In some experiments, a lower non-lethal dose of thrombin (40 U/kg) was injected
to maintain the animals survive. Echocardiography was performed 2 h later to investigate the pulmonary arterial pressure.

Echocardiography

Echocardiography was performed using Vevo3100 (VisualSonics, Canada) equipped with a 30 MHz linear transducer (Visual Sonics,
Canada) as previously described.?® Two-dimensional images of the pulmonary infundibulum were obtained from the parasternal
short axis view at the level of the aortic valve and pulsed-wave Doppler recording of the pulmonary blood flow was obtained. The
Pulsed-wave Doppler sample was positioned at the tip of the pulmonary valve leaflets and aligned to maximize laminar flow. Doppler
tracings were recorded at a sweep speed of 400 mm/sec. Measurements were performed offline (Vevo 770 workstation) by two in-
dependent investigators. The following variables were measured: mean pulmonary artery pressure (mPAP), peak velocity (Peak Vel)
and pulmonary acceleration time (PAT, defined as the time from the onset of flow to peak velocity by pulsed-wave Doppler recording).
All measurements were averaged on 3 cardiac cycles.

In Vivo 2MBA Challenge Study

Six weeks old male C57BL/6J mice were fasted for 4 h and then administered with 2MBA (50 ng/kg) via oral gavage or intraperitoneal
injection. Plasma was dynamically collected from the angular vein at 0, 30, 60 and 120 min for 2MBC quantification by targeted mass
spectrometry analysis. In some experiments, mice were pre-treated with vancomycin (0.5 mg/mL), cefuroxime (1 mg/mL), piperacillin
(1 mg/mL), levofloxacin (0.1 mg/mL) or combination of cefuroxime (1 mg/mL) and levofloxacin (0.1 mg/mL), respectively, in drinking
water for five consecutive days. Then, plasma samples were collected at the indicated time points following 2MBA (50 pg/kg) oral
gavage for 2MBC detection.

In Vivo Fasting/Re-feeding Study

Six weeks old male C57BL/6J mice were treated with an antibiotic cocktail in drinking water to eliminate gut microbiota as previously
described.®' Briefly, mice were given an antibiotic cocktail in the drinking water consisting of neomycin (1 mg/mL), streptomycin
(1 mg/mL) and bacitracin (1 mg/mL) for 5 days. Afterwards, all mice were food-deprived for 18 h. Fasted mice were then given access
to chow diet for 6 h at the beginning of the light cycle and plasma samples were collected immediately following this re-feeding period
for 2MBC quantification.

Murine Antibiotic Challenge and Fecal Microbial Transplantation Study

Eight-week-old male C57BL/6J mice were treated with an antibiotic cocktail as mentioned above. For microbial recolonization, after
treatment of antibiotic cocktail, mice were co-housing with conventionally reared littermates by 1:1 ratio in a single cage for another
7 days. Fecal samples were collected at the end of the experiments and bacterial DNA was extracted using Stool Genomic DNA
Extraction Kit (Solarbio Life Sciences, China) according to the manufacturer’s instruction. Thereafter, Realtime qPCR targeting
16S ribosomal DNA was conducted to determine the bacterial load of stool.

In Vivo SARS-CoV-2-infected Study

Five weeks old male human ACE2 transgenic mice were fed with 60% high fat diet (HFD; TP23300, TROPHIC, China) for 18 weeks
and were intranasally inoculated with 5,000 50% tissue culture infectious dose (TCIDso) per mouse of wild-type SARS-CoV-2 virus
strain (GenBank accession No. MT123290), then followed by daily intraperitoneal injection of BTT 3033. hACE2 mice that intranasally
inoculated with vehicle were set as the control. Body weight was recorded daily. For the antibiotics challenge group, mice were pre-
treated with antibiotic cocktail as mentioned above for 3 days before SARS-CoV-2 inoculation and maintained until the end of the
study. After 7 days of infection, all mice were fasted for 6 h and then euthanized for samples collection.

In Vitro Fecal Fermentation Assay

Fresh colonic fecal samples from C57BL/6J mice fed with chow diet were collected and proceeded within 30 min. The 20% (w/v)
fecal slurry was prepared by diluting the homogenized fecal sample in sterile phosphate buffered saline (PBS) medium. After a centri-
fugation of 500 x g at room temperature for 10 min, the supernatant was collected and cultured with thioglycolate medium in an
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anaerobic chamber at 37 °C overnight without stirring. Optical density at 600 nm (OD600) of the bacterial culture was determined and
adjusted to 2.0. Then, 1 mL of bacterial culture was centrifugated with 1500 x g at room temperature for 10 min and re-suspended by
equal volume of sterile PBS with 2MBA (200 uM) or its vehicle. Afterwards, it was further incubated in an anaerobic chamber at 37 °C
without stirring. Samples were dynamically collected at indicated time point for 2MBC quantification.

Histological and Immunohistochemical Studies

All tissues were fixed in 4% paraformaldehyde for 24 h, embedded in paraffin and sectioned (5 um). All tissue sections were stained
with Hematoxylin and Eosin (H&E) by standard staining procedure. Immunohistochemistry was conducted as previously described”®
using antibody against CD62P (Invitrogen, USA, 1:100 dilution), SARS-CoV Nucleoprotein (GeneTex, China, 1:100 dilution), then
stained sections were digitally captured. For the quantitative analysis of CD62P expression in thrombi within the carotid artery,
the percentage of the stained area (the stained area per total lumen area) was calculated and quantified by histomorphometry using
Imaged software (National Institutes of Health, USA). For the quantitative analysis of thrombi, CD62P expression or SARS-CoV Nucle-
oprotein (integrated optical density) and lung injury score (histological findings of neutrophils in the alveolar space, neutrophils in the
interstitial space, hyaline membranes, proteinaceous debris filling the airspaces and alveolar septal thickening),®? 5 random fields
were captured from different areas of a single section, and then analyzed by ImagedJ software.

Platelet Aggregometry Assay

Platelet aggregometry assays were performed as previously described.'® Typically, platelets were counted using an automated he-
mocytometer (Mindray, China) and concentrations adjusted to 2 x 10%/mL with platelet poor plasma or modified Tyrode’s buffer.
Platelets were then pre-incubated with 2MBC (0.5 uM or at indicated concentrations) for 30 min. Afterwards, indicated concentration
of CaCl, and/or MgCl, were added immediately before platelet aggregation studies. Platelet aggregation was assessed at 37 °Cina
dual channel Type 700 aggregometer (Chrono-log Corporation, US) with stirring at 1,000 rpm.

Platelet Spreading Assay

Glass coverslips were pre-coated with collagen (20 pg/mL) at 4 °C overnight. Rat platelets pre-incubated with or without 2MBC
(0.5 uM) were allowed to spread on the collagen-coated surfaces at 37 °C for 60 min followed by fixation, permeabilization and stain-
ing with Rhodamine 6G. Adherent platelets were detected under a fluorescence microscopy (DMI8, Leica, Germany). The surface
coverage was quantified using Image J software (National Institutes of Health, USA).

Clot Retraction Assay

Clot retraction was performed as described previously.®® Briefly, 2 mM Ca®* and 0.5 mg/ml fibrinogen were added to the PRP at a
platelet concentration of 2 x 108/mL. Clot retraction was initiated by the addition of 1 U/mL thrombin and allowed proceed at 37 °C.
Images were captured at 0, 15, 30 and 60 min, respectively.

Coagulant Assay

The activated partial thromboplastin time (APTT) was performed by mixing 50 pL thawed citrated plasma with 50 pul pre-warmed APTT
reagent (Helena Laboratories) in a glass tube and incubated for 5 min at 37 °C. The reaction was initiated by adding 50 pL 35.3 mM
CaCl,. The endpoint clotting time was determined visually by constantly tilting the cuvette in a 37 °C water bath. The prothrombin time
(PT) was performed similarly by the addition of 100 puL of pre-warmed PT reagent (Thromboplastin Reagent, Helena) to 50 uL thawed
citrated in a glass tube.

Thrombin Activity Assay

Six-week-old male C57BL/6J mice were i.p. injected with saline or 2MBC (100 pg/kg) for 2 h. Afterwards, plasma samples were
collected for ex vivo thrombin activity assay using a commercial assay kit (GENMED Scientifics, USA) according to the manufac-
turer’s protocol.

Tail Bleeding Assay

Tail bleeding assay was performed as described previously.®* Mice were anesthetized with 1% pentobarbital sodium (80 mg/kg). The
tip of the tail (2 mm) was cut and the injury tail was immediately placed into pre-warmed PBS at 37 °C for 10 min. The hemoglobin
content was determined by measuring the absorbance at 550 nm using a microplate reader (Tecan, Astria).

Biochemical Index Analysis

Six-week-old male C57BL/6J mice were i.p. injected with BTT 3033 (1 mg/kg) or its vehicle for 3 days, then subjected to FeCls-
induced carotid artery injury thrombosis assay. Afterwards, plasma samples were collected for the analysis of alanine aminotrans-
ferase, aspartate aminotransferase, and creatinine using commercial assay kits (Nanjing Jiancheng Bioengineering Institute, China)
according to the manufacturer’s protocol.
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Immunoblot Studies

For Western blotting, cells and tissues were lysed in RIPA buffer (Tris-HCI 25 mM, pH 7.6; NaCl 150 mM; NP-40 1%; sodium
deoxycholate 1%; SDS 0.1%) with protease inhibitors and phosphatase inhibitors. Protein concentration was measured using
bicinchoninic acid (BCA) (ComWin Biotech, China). Equal amounts of protein were separated by SDS-PAGE and transferred to a pol-
yvinylidene difluoride (PVDF) membrane which was incubated in 5% milk in Tris-buffered saline for 1 h at room temperature, followed
by incubation with primary antibodies against cPLA2 (Cell Signaling Technology, USA, 1:1,000 dilution), p-cPLA2 (Cell Signaling
Technology, USA, 1:1,000 dilution), p38 (Cell Signaling Technology, USA, 1:1,000 dilution), p-p38 (Cell Signaling Technology,
USA, 1:1,000 dilution), Erk (Cell Signaling Technology, USA, 1:1,000 dilution), p-Erk (Cell Signaling Technology, USA, 1:1,000
dilution), PLCB3 (Immunoway, USA, 1:1,000 dilution), p-PLCB3 (Immunoway, USA, 1:1,000 dilution), Src (Immunoway, USA,
1:1,000 dilution), p-Src (Immunoway, USA, 1:1,000 dilution), FAK (Proteintech, China, 1:1,000 dilution), p-FAK (Abcam, UK,
1:1,000 dilution), integrin o2 (Abcam, UK, 1:1,000 dilution), integrin «llb (Abcam, UK, 1:1,000 dilution), GPIb (Abcam, USA, 1:1,000
dilution), P2Y1 (Immunoway, USA, 1:1,000 dilution) and GAPDH (Cell Signaling Technology, USA, 1:1,000 dilution) overnight at
4 °C, and a secondary antibody (1:10,000 dilution) conjugated with horseradish peroxidase (Cell Signaling Technology, USA) for
1 hat room temperature. Membranes were developed with chemiluminescent ECL reagents (Millipore, USA). The relative expression
of target protein to the control GAPDH or phosphorylated protein to the total protein were determined by densitometric analysis using
Imaged software (National Institutes of Health, USA).

RT-qPCR

RT-qPCR was conducted as previously described.®® Briefly, total RNA was extracted by using AG RNAex Pro Reagent (Accurate
Biotechnology, China). With 1 nug of total RNA for reverse transcription, cDNA was synthesized using Evo M-MLVRT Kit (Accurate
Biotechnology, China). Real-time quantitative PCR was conducted with SYBR Green Permix Pro Taq HS gPCR Kit (Accurate Biotech-
nology, China) and LightCycle480 Il thermal cycler (Roche, Switzerland). Relative expression of each gene was normalized to GAPDH.
The value of the Ctrl group was set to 1. The sequences were listed in Table S4.

Enzyme-link Inmunosorbent Assay (ELISA)

For the quantitative determination of plasma D-dimer, interleukin-6, ferritin, sCD62P, TXB2 and cardiac troponin concentrations in
mice, plasma samples were diluted and added to ELISA assay plates pre-coated with specific antibodies. Samples were bound
by the immobilized antibodies, reacted with avidin-conjugated Horseradish Peroxidase (HRP), and developed with 3,3’,5,5’-tetrame-
thylbenzidine (TMB) substrate. Reactions were terminated, and the absorbance was measured at 450 nm using a microplate reader
(Tecan, Astria) within 5 min. In order to determine the changes of arachidonic acid (AA) and TXB2 under 2MBC treatment, rat PRP at a
concentration of 2 x 108/mL was pre-incubated with 2MBC (0.5 uM) and/or MAFP (5 uM) for 30 min. Afterwards, platelet aggregation
was initiated by ADP (5 puM) using a dual channel Type 700 aggregometer with constant stirring at 1,000 rpom. PRP samples were
immediately frozen by liquid nitrogen to stop the reaction. Thereafter, samples were centrifuged with 14,000 x g at 4 °C for
10 min and the supernatant of each sample was collected for the measurements of AA (CUSHIBIO Biotech, China) or TXB2 (R&D,
USA) respectively using an ELISA kit according to the manufacturer’s instructions.

Fatty Acid Oxidation Assay

Washed platelets were seeded in the 96 well plates (black wall with clear flat bottom, Labselect, China) at a concentration of 1 x 107
platelets/well in 200 pL base measurement media (Abcam, UK) and 2.5 mM glucose according to manufacturer’s instructions. For
HEK-293T cells (female) and Hela cells (female), the cells were seeded in the 96 well plates at a concentration of 1 x 10° cells/well in
200 pL culture media and allowed to adhere to the plate for 24 h, followed by treated with glucose deprivation media for another 14 h.
Subsequently, cells were incubated with indicated concentrations of 2MBC or oleate plus L-carnitine (positive control). The
oxygen consumption rate was measured using a Victor Nivo 5S multimode microplate reader (PerkinElmer, USA) with the mode
of time-resolved fluorescence (excitation filter 350/40 nm, emission filter 665/8 nm, delay time 30 ps, and emission time 100 ps)
as recommended by the manufacturer.

Label-free Phosphorproteomics Analysis

For phosphorproteomics study, 2 x 108/mL of washed rat platelets were pre-incubated with or without 2MBC (0.5 uM) for 30 min.
Afterwards, platelet aggregation was initiated by 1 U/mL thrombin using a dual channel Type 700 aggregometer with constant stirring
at 1,000 rpm for 3 min. Thereafter, platelets were frozen by liquid nitrogen immediately to terminate the reaction, and then stored at
-80 °C. Platelet samples were resuspended in an equal volume of lysis buffer (1.5% SDS/100 mM Tris-HCI, pH 8.5) and disrupted
with ultrasound. Afterwards, proteins were extracted by acetone precipitation and dissolved in buffered solution (8 M Urea/
100mM Tris-HCI, pH 8.5), then subjected to quantification by using bicinchoninic acid assay. Approximately 1 mg of protein per sam-
ple was alkylated with tris(2-carboxyethyl)phosphine and chloroacetamide at 37 °C for 1 h. 100 mM Tris-HCI was added to reduce the
urea concentration to less than 2 M, then trypsin was added at a 50:1 protein:trypsin ratio. The samples were incubated overnight at
37 °C before quenching with trifluoroacetic acid (TFA). Phosphopeptides were enriched by incubating with TiO2 beads at 25 °C for
20 min, then the samples were eluted from the beads with TFA/ACN. Peptide samples were injected onto an lonopticks Aurora Series
UHPLC C18 column (75 um x 250 mm, 1.6 um particle size, 100 A pore size). Solvent A (0.1% formic acid in water) and B (0.1% formic
acid in ACN) were run using the following gradient: 0 minin 2% B; 50 min of 5-23% B; 10 min of 23-30% B); 5 min of 35-90% B; 10 min

Cell Metabolism 36, 1-19.e1-€9, March 5, 2024 e8




Please cite this article in press as: Huang et al., Gut microbial co-metabolite 2-methylbutyrylcarnitine exacerbates thrombosis via binding to and acti-
vating integrin «2B1, Cell Metabolism (2024), https://doi.org/10.1016/j.cmet.2024.01.014

¢ CelPress Cell Metabolism

of 90% B; with a flow rate of 0.3 pl/min. The timsTOF Pro system (Bruker Daltonics, Germany) was operated in positive mode with
enabled trapped ion mobility spectrometry (TIMS) at 100% duty cycle (100 ms ramp time). Scan mode was set to parallel
accumulation—serial fragmentation (PASEF). RAW instrument files for the phosphopeptide enrichment experiments were processed
using MaxQuant software (version 3.03).%°

Surface Plasmon Resonance (SPR) Assay

The SPR assays were performed to analyze the interactions between the compounds and proteins by using a Biacore T100 machine
with Sensor Chip CM7 (GE Healthcare, USA) at 25 °C. Purified integrin a2B1 or integrin allb3 protein was immobilized onto CM7
chips, sensorgrams were recorded by injecting various concentrations of compounds. The binding kinetics (Kd) values of com-
pounds binding to proteins were calculated based on the fitted curves using BIA evaluation Version 4.1 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analyses were performed using Prism 9 (GraphPad Software, La Jolla, CA) unless otherwise indicated. Data were shown as the
means + SEM. All results shown were representative of at least three biological independent experiments. Normal distribution of
data was assessed with the Shapiro-Wilk test. Unpaired Student’s t-test or Welch’s t-test was used for comparing differences be-
tween groups, depending on the distribution of these data. In multiple-group analysis, one-way ANOVA with Fisher’s LSD post hoc
test or Brown-Forsythe and Welch ANOVA followed by unpaired t with Welch’s correction were used depending on the distribution of
these data. Two-way ANOVA with Bonferroni’s multiple comparisons test was used for comparing differences between groups with
two or more independent variables. Kaplan-Meier analysis was used for time-to-event analysis to determine the survival rate of pul-
monary artery thrombosis mice model, P values was calculated by Log-rank (Mantel-Cox) test. Correlation analysis was shown as
linear regression. Correlation coefficient r and significance of differences were calculated by using the nonparametric spearman’s
correlation test. All reported P values were two-sided. For all tests, p < 0.05 was considered significant. All data points in the manu-
script represented individual biological replicates unless otherwise indicated.
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