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Lifelong dietary omega-3 fatty acid
suppresses thrombotic potential through gut
microbiota alteration in aged mice

Seyed Soheil Saeedi Saravi,1,2 Nicole R. Bonetti,1,2 Benoit Pugin,3 Florentin Constancias,3 Lisa Pasterk,1

Sara Gobbato,2 Alexander Akhmedov,4 Luca Liberale,4,5 Thomas F. Lüscher,4,6 Giovanni G. Camici,4,7,8

and Jürg H. Beer1,2,9,*

SUMMARY

Aging is a major risk factor for cardiovascular diseases, including thrombotic
events. The gutmicrobiota has been implicated in the development of thrombotic
risk. Plant-derived omega-3 fatty acid ɑ-linolenic acid (ALA) confers beneficial
anti-platelet and anti-inflammatory effects. Hence, antithrombotic activity eli-
cited by ALA may be partly dependent on its interaction with gut microbiota
during aging. Here, we demonstrate that lifelong dietary ALA decreases platelet
hyperresponsiveness and thrombus formation in aged mice. These phenotypic
changes can be partly attributed to alteration of microbial composition and
reduction of its metabolite trimethylamine N-oxide and inflammatory mediators
including TNF-a, as well as the upregulated production of short-chain fatty acid
acetate. ALA-rich diet also dampens secretion of increased procoagulant factors,
tissue factor and plasminogen activator inhibitor-1, in agedmice. Our results sug-
gest long-term ALA supplementation as an attractive, accessible, and well-toler-
ated nutritional strategy against age-associated platelet hyperreactivity and
thrombotic potential.

INTRODUCTION

Aging is accompanied by multiple biological alterations (Niccoli and Partridge, 2012; Engbers et al., 2010)

that induce functional changes in diverse cells resulting in an increased incidence of thrombotic complica-

tions in the elderly. Arterial thrombotic events, such as heart attack and stroke, remain the leading cause of

morbidity and mortality worldwide. Platelet hyperreactivity and subsequent arterial thrombus formation

are essential for end-organ injuries in atherothrombotic disease (Zhu et al., 2012; Chen et al., 2008). Platelet

hyperreactivity and thrombosis risk are known to increase with aging which is associated with atherothrom-

bosis (Le Blanc and Lordkipanidzé, 2019). On the other hand, accumulating evidence suggest that alter-

ations in the gut microbiome could play a crucial role in the pathogenesis of cardiovascular disease

including arterial and venous thrombosis. These studies propose a gut-cardiovascular system axis to

demonstrate a clinical utility for diet-gut microbiota-cardiovascular disease interplay (Trøseid et al.,

2020). The gut microbiota has been shown to undergo extensive alteration across the lifespan, and aging

process may influence the gut microbiota and its metabolites. Importantly, an altered gut microbiota has

been seen in aged patients with major adverse cardiovascular events and may explain some age-associ-

ated cardiovascular complications such as thrombosis (Kiouptsi et al., 2018). Given that currently available

information indicate that the gut microbiota changes with age (DeJong et al., 2020), it remains unclear how

or to what degree these changes may link to platelet hyperactivity and thrombotic potential. Altered

composition of microbial communities, as characterized by increased production of metaorganismal

metabolite trimethylamine N-oxide (TMAO), plays a critical causal link to stimulation of the process of

platelet hyperreactivity and thrombosis (Reiner et al, 2017, 2019; Zhu et al., 2016; Tang et al., 2013). There-

fore, alterations in the abundance of specific microbial communities may uncover themechanisms by which

aging modulates thrombosis.

During the past decade, diverse microbiome-targeted therapeutic strategies in cardiometabolic diseases

from pre-/pro-biotic therapy to fecal microbiome transplantation have been explored, among them, a diet-
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based nutritional supplementation plays a critical role to improve gut microbial dysbiosis and restore a

healthy microbiome configuration (Trøseid et al., 2020; Tang et al., 2019). Short-chain, plant-derived

omega-3 poly-unsaturated fatty acid (PUFA), alpha-linolenic acid (ALA, 18:3 n-3) have been claimed for

health benefits — to prevent cardiometabolic diseases and thrombotic events — which are supported

by evidence from experimental and clinical trials (Bonetti et al., 2021; Reiner et al., 2017; Stivala et al.,

2013). Our recent findings have demonstrated the beneficial anti-platelet effects of a diet supplemented

with ALA on in vivo mouse models of arterial thrombosis and atherosclerosis (Stivala et al., 2020; Winnik

et al., 2011; Holy et al., 2011). PUFA-rich diet counteracts inflammation and protects healthymetabolic state

(Caesar et al., 2015; Oh et al., 2010; Calder, 2006), whereas saturated fatty acids promote inflammatory re-

sponses in diverse organs, leading to metabolic diseases (Kennedy et al., 2009). Moreover, supplementa-

tion with omega-3 PUFA has been shown to differentially modulate microbiome composition (Djuric et al.,

2019; Calder, 2019), for instance, through a relative increase in abundance of genera Bifidobacterium and

Lactobacillus, as well as a reduction in Enterobacteriaceae abundance (Watson et al., 2018; Younge et al.,

2017). Conversely, n-3 PUFA deficiency drives impairment of short-chain fatty acid (SCFA) generation fol-

lowed by gut dysbiosis (Robertson et al., 2017).

Therefore, based on prior findings, we hypothesized that lifelong dietary omega-3 ALA intake attenu-

ates age-associated platelet hyperresponsiveness and heightened thrombus formation via alteration

of gut microbial composition and derived metabolites, alongside the suppression of procoagulant

responses.

RESULTS

Aging enhances platelet responsiveness to multiple agonists and thrombotic potential

We first investigated whether aging impacts platelet responsiveness to multiple agonists, the activation or

expression of procoagulant surface receptors, as well as, thrombotic potential. We analyzed whole blood

from healthy young (8–12 weeks) or old (>18 months) C57BL/6J mice and demonstrated remarkably higher

values of platelet count and mean platelet volume (MPV), but not red or white blood cells, compared to

young mice (p < 0.05 and p < 0.01, respectively; Table S1). Platelet-rich plasma (PRP) was then isolated

from young or old mice, and effects of aging on platelet activation by multiple agonists ADP, collagen,

and TRAP-6, as monitored by platelet aggregometry, was examined. An enhanced aggregometry

response to increasing levels of ADP, collagen, or TRAP-6 in PRPs obtained from old compared with young

mice was observed (Figures 1A–1F). PRP from old mice showed a maximum ADP-induced aggregation of

55% vs. 31% (1.25 mM, p < 0.05), 72% vs. 52% (2.5 mM, p < 0.05), and 77% vs. 61% (5 mM) compared with PRPs

from young mice (n = 8–9, Figures 1A and 1B). In response to collagen, old PRP demonstrated increasing

maximal aggregation of 62.59% vs. 41% (2.5 mg/mL), 81.87% vs. 49% (5 mg/mL, p < 0.05), and 79.99% vs. 58%

(10 mg/mL) of aggregation compared with young PRP (n = 8–9, Figures 1C and 1D). Similarly, a significant

enhancement of maximal aggregation was shown in response to stimulation with increasing doses of

TRAP-6 (1.5, 3, and 5 mM) in old versus young PRPs (n = 8–9; Figures 1E and 1F). Moreover, the PRP

preparations from old mice showed significant increases in the rate of platelet aggregation (inclination)

in the presence of distinct agonists collagen of 10 mg/mL (p < 0.05), ADP of 1.25 mM (p < 0.05), and

TRAP-6 of 1.3–5 mM (p < 0.01 and p < 0.05), when compared with PRP from young mice.

Flow cytometric analyses for PAC-1 binding showed significant increase in response to stimulation with

low (0.1 U/ml) or high (0.5 U/ml) levels of thrombin in old versus young mice (n = 9–11, p < 0.05; Fig-

ure 1G). Similarly, the expression of GPIb, von Willebrand factor (vWF) receptor, and P-selectin, adhesion

molecule, significantly enhanced with elderly (n = 9–11, p < 0.05; Figures 1H and 1I), likely contributing to

the heightened platelet hyperresponsiveness to multiple agonists seen in old mice. To dissect the asso-

ciation between aging and procoagulant state, we performed proteome profiler array and exhibited an

age-dependent increase in tissue factor (TF) and activated plasminogen activator inhibitor-1 (PAI-1),

which converts normal anticoagulant endothelium into a procoagulant surface (Dielis et al., 2005), in

old compared with young mice (Figure 1J). Consistently, these results were confirmed upon proof of

the association between aging and thrombotic potential: platelet adhesion to vWF-coated surfaces

within whole blood obtained from young or old mice was analyzed under high-shear flow (100 dyn/

cm2) and showed significant elevations in platelet-covered area at t = 5 min (37.04%) in old compared

with young mice (n = 8–9, p < 0.01; Figures 1K and 1L). Collectively, aging illustrated a direct association

with increased platelet activation and aggregability, as well as thrombosis risk in an ex vivo shear-

induced thrombosis model.
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Aging induces shifts in the gut microbial composition and modulates TMAO and SCFAs

production and inflammatory responses

Here, we sought to assess whether aging induces shifts in the gut microbial composition that could affect

thrombotic potential, at least in part, through alteration of gut microbiota-derived TMAOand SCFAs. Anal-

ysis of the gut microbial composition within young and old mice using 16S rRNA gene metabarcoding fol-

lowed by principal coordinate analysis (PCoA) revealed that age induces a dramatic rearrangement in the

fecal microbial community structure based on Aitchison community dissimilarity (Figure 2A). PERMANOVA

exhibited that age explained 30.5% of total variability in microbiota community structure, defined as

beta-diversity (R2 = 0.30, p = 0.002; Figure 2A), whereas no significant differences in microbial community
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Figure 1. Aging promotes platelet hyperreactivity and thrombotic potential

(A–I) Representative curves of platelet aggregation in healthy young (8–12 weeks, n = 9; lower panels) and old (>18 months, n = 8; upper panels) mice in

response to stimulation with specific doses of (A) ADP (1.25, 2.5, and 5 mM), (C) collagen (2.5, 5, and 10 mg/mL), and (E) TRAP-6 (1.5, 3, and 5 mM) for 4min (B, D,

F). These bar plots represent % maximal aggregation, % inclination (slope), and lag time. Platelet activation analysis by flow cytometry of washed platelets

from young or old mice (n = 9) stimulated with low (0.1 IU/mL) or high (0.5 IU/mL) doses of thrombin as determined by activation of procoagulant surface

receptors (G) GPIIb/IIIa and (H) GPIb, or (I) expression of P-selectin. These experiments were independently repeated three times with similar results.

(J) Heatmap depicting plasma procoagulants TF and PAI-1 fold changes measured by multiplex proteome array in young versus old mice (n = 8–9)

developed by chemiluminescence.

(K) Representative images of platelet adhesion and thrombus formation over a von Willebrand factor (vWF)-coated microfluidic chamber under high-shear

conditions (100 dyn/cm2) for 5 min in whole blood obtained from either young or old mice (n = 9); Scale bar: 100 mm.

(L) Shown are the pooled data analyzing adherent platelet area per square micrometer of chamber surface at t = 5 min. All values are presented as mean G

S.D. *p < 0.05, **p < 0.01, ***p < 0.001. Red arrows indicate the times of drug addition.

ll
OPEN ACCESS

iScience 24, 102897, August 20, 2021 3

iScience
Article



alpha-diversity was observed between young versus old mice (Figure S1). Aging conferred no significant

alteration in phylum-level relative abundance in the feces from old or young mice (data not shown), yet

a higher Firmicutes/Bacteroidota ratio was seen in young compared with old mice (p = 0.042; Figure S1).

At family-level, aging was seen to associate with remarkable decreases in the proportion of Streptococca-

ceae, Peptococcaceae, Ruminococcaceae,Oscillospiraceae, Rikenellaceae, and increases in Staphylococ-

caceae, Clostridiaceae, Anaerovoracaceae, Bacteroidaceae, and Muribaculaceae (Figure S1). Specifically,

a total of 162 amplicon sequence variant (ASV) were differentially abundant among young and old mice

(Figure 2B, Data S1, FDR adjusted p values <0.05 based on DESeq2 negative binomial tests), thereby

highlighting the important rearrangement of the gut microbial community with aging. Old mice

showed a significant reduction in the genera Faecalibaculum, which counteracts inflammatory state and

negatively associates with major proinflammatory cytokines TNF-a, IL-1b, and IL-6 (Zhu et al., 2020a,

2020b), Rikenellaceae_RC9_gut_group, a taxonomic group which is associated with a healthy metabolic

state (Zheng et al., 2018; Ijaz et al., 2018; Lippert et al., 2017), and in the butyrate-producing and anti-inflam-

matory Oscillospiraceae (Intestinimonas) (Li et al., 2020; Bui et al., 2015). Importantly, lactic acid bacteria

Lactococcus, known as a probiotic to correlate with anti-inflammatory and health benefits, decreased in

old compared with young mice (Cook et al., 2018; Luerce et al., 2014). In similar analyses, the genus
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Figure 2. Aging alters microbial community composition and metabolites TMAO and SCFAs, and aggravates inflammatory responses

(A) Principal coordinate analysis plot comparing beta-diversity of gut microbiota structure in young or old mice (n = 5–7).

(B) Heatmap depicting all ASV differentially abundant (row Z score; p < 0.05) in the feces of young versus old mice (n = 5–7); See also Data S1.

(C–E) Quantification of plasma TMAO levels and SCFAs acetate and propionate per gram feces within healthy young versus old mice (n = 11).

(F and G) (F) Quantification of plasma TNF-a levels (n = 10) and (G) multiplex plasma inflammatory cytokines and chemokines array developed by

chemiluminescence, in young versus old mice (n = 8–9). **p < 0.01, ****p < 0.0001.
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Peptococcaceae, identified to both negatively contribute to TMAO levels and in vivo clot formation, was

remarkably decreased in old mice versus young mice (Zhu et al., 2016). As shown in Figure 2B, aging

was associated with a significant increase in the proportions of Desulfovibrio, known for producing trime-

thylamine (TMA), a precursor of TMAO (Zeisel and Warrier, 2017), and for modulating the production of

proinflammatory cytokines (Zhang-Sun et al., 2015), and of genera Ileibacterium, in particular I. valens, a

genus which is highly abundant in the intestinal microbiota of mice with heart failure (Khannous-Lleiffe

et al., 2020). In line, these taxonomic shifts were accompanied by age-dependent alteration in micro-

biota-derived metabolites levels, so that age is known to be both significantly positively associated with

plasma TMAO levels (p < 0.0001, Figure 2C) and negatively associated with fecal levels of SCFAs, acetate,

and propionate, seen in old versus young mice (for both p < 0.0001, Figures 2D and 2E).

Moreover, we executed plasma inflammatory profiling in old versus young mice and revealed that aging

exacerbates plasma TNF-a levels in old mice (p < 0.05, Figure 2F). Consistently, we found a remarkable

elevation in other major proinflammatory cytokines, including interleukin-1b (IL-1b) and IL-6, as well as,

secretion of chemokines monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory pro-

tein-3a (MIP-3a), and CXCL1 (Figure 2G). Taken together, these results show an association between the

gut microbiota compositional shifts during aging and inflammatory imbalance signals and thrombotic

phenotype.

The gut microbial metabolite TMAO dose-dependently exacerbates platelet

hyperresponsiveness

To confirm the impact of microbiota-derived TMAO on thrombotic potential, we assessed platelet

hyperresponsiveness to multiple agonists ADP, collagen, and TRAP-6 in presence of increasing levels

of exogenous TMAO (10, 30, and 100 mM). Platelet aggregation was exacerbated by treatment with

exogenous TMAO in a dose-dependent manner (Figure 3), and a significant increase in maximal aggre-

gation in response to TMAO at 10 mM (p < 0.05) and 30 mM (p < 0.01) by stimulation with submaximal

levels of ADP (2.5 mM), collagen (5 mg/mL), and TRAP-6 (3 mM) was observed. Moreover, a remarkably

increased rate of platelet aggregation, determined as higher percent inclination and shorter lag time,

was observed in TMAO-incubated PRPs stimulated by submaximal dose of TRAP-6 (p < 0.05 for % of

inclination in response to 30 and 100 mM of TMAO; p < 0.01 for lag time in response to 10 and

30 mM of TMAO).

ALA suppresses age-promoted ex vivo thrombus generation

We further exploited a nutritional strategy with ALA supplementation to attenuate age-dependent

enhanced thrombus formation. In the present study, C57BL/6J mice were maintained on a chemically

defined either low (0.03% w/w, n = 9) or high (7.3% w/w) ALA-supplemented diet for >16 months. Dietary

high ALA intake significantly increased platelet count (p < 0.05) and MPV (p < 0.001) in old mice (Table S1).

The high ALA diet elicited no differences in multiple indices of platelet activation, including procoagulant

surface receptors GPIIb/IIIa, GPIb, and P-selectin in low or high levels of thrombin-stimulated washed

platelets obtained from old mice (Figures 4C–4E). Moreover, to test whether high ALA diet affects procoa-

gulant state, we performed proteome profiler array, and showed a remarkable decrease in plasma levels of

procoagulant factors TF and activated PAI-1 in old mice fed a high versus low ALA diet (Figure 4F). We next

examined the effect of lifelong ALA-rich diet on platelet adhesion to vWF, a pivotal player in platelet adhe-

sion and aggregation at high-shear conditions (Spiel et al., 2008). Figure 4A shows representative images of

vWF-coated microfluidic chamber under shear flow with whole blood from old mice fed a low or high ALA

diet at initial (t = 0) and subsequent 5 min interval period. Platelet adherence and thrombus rate of forma-

tion were quantified, as shown in Figures 4A and 4B. High ALA diet significantly (p < 0.05) decreased the

heightened platelet thrombus formation on the vWF-coated surface within whole blood obtained from old

mice, whereas no antithrombotic role was seen for low ALA diet (Figures 4A and 4B). As can be seen in Fig-

ure 4A, the rate of fluorescent thrombus formation was decreased in old mice fed high ALA versus low ALA.

Cumulatively, the above data demonstrate that lifelong dietary high ALA intake suppresses age-associated

thrombus formation, although a negligible effect was seen on platelet activation.

Lifelong dietary ALA differentially affects the gut microbiota and ameliorates both TMAO

and SCFAs levels and inflammatory mediators

To determine the specific effects of lifelong dietary ALA intake on the gut microbiota, themicrobial compo-

sition was analyzed by 16S rRNA gene metabarcoding, and the microbial function was assessed by
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quantifying plasma TMAO and fecal SCFAs levels. Community structure, as using PCoA based on Aitchison

distance, revealed a clear and significant clustering of samples according to diet with 28.9% variability in

microbial community structure within old mice fed a low or high ALA diet (R2 = 0.27, p = 0.002; Figure 5A).

Lifelong high ALA-rich diet induced significant changes of alpha-diversity of the microbial communities

with decreased Faith’s phylogenetic richness (PD; FDR adjusted p = 0.023) and increased phylogenetic

clustering of the ASV (SES.MPD, FDR adjusted p = 0.015) in old mice, whereas no significant alteration

was seen in observed richness and Shannon’s diversity indices (Figure S2). A total of 119 ASV were differ-

entially abundant among old mice fed a high or low ALA diet (Figure 5B, Data S2; FDR adjusted p < 0.05),

emphasizing a remarkable effect of high ALA intake on gut microbial community, although no significant

alteration was observed in phylum-level abundance (data not shown) nor in Firmicutes/Bacteroidota ratio

(p = 0.56; Figure S2). Among a multitude of taxa that were impacted by dietary high ALA, the proportional

abundance of Ruminococcaceae UCG-010, Marinifilaceae, and Clostridiaceae were significantly reduced

(Figure S2). The genera Clostridia_sensu_stricto_1,_VadinBB60 group and Tyzzerella –all belonging to

the Clostridiaceae family — were significantly reduced within high ALA-fed old mice (Figures 5B and

S2). Our results show a decrease in the abundance of Lachnoclostridium, a genus which is positively asso-

ciated with TMAOproduction (Tabata et al., 2021; Jameson et al., 2016), and enriched in patients with atrial

fibrillation (Tabata et al., 2021) and heart failure with preserved ejection fraction (HFpEF) (Lvovich et al.,

2020), in the microbiota from old mice fed a high ALA compared with low ALA diet (Figure 5B). Moreover,

Bilophila, a genus which is aggravated in response to high-fat diet (HFD) (Natividad et al., 2018), was

increased when treated with high ALA diet (Figures 5B and S2), suggesting that fatty acid supplementation

could promote the growth of yet poorly characterized lipophilic bacteria (Agans et al., 2018). Compared

with low ALA diet, Desulfovibrio (Figure 5B), a genus that associate with increased plasma TMAO levels

(Fu et al., 2020) and production of inflammatory cytokines (Zhang-Sun et al., 2015) and Anaerovorax, which

A B
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Figure 3. TMAO dose-dependently exacerbates platelet hyperresponsiveness

Platelet aggregation in TMAO-pretreated blood (10, 30, and 100 mM, for 1 hr) taken from healthy young (8–12 weeks, n = 9) mice in response to

stimulation with submaximal concentrations of (A) ADP (2.5 mM), (C) collagen (5 mg/mL), and (E) TRAP-6 (3 mM) for 4 min (B, D, F). These bar plots

represent pooled data showing % maximal aggregation, % inclination (slope), and lag time. All values are presented as mean G S.D. Red arrows indicate

the times of drug addition. *p < 0.05, **p < 0.01.
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observed tomediate inflammation and lipid metabolism abnormalities (Yuan et al., 2020; Figure S2), as well

as diverse members of the family Lachnospiraceae (particularly, Acetatifactor, Lachnospira-

ceae_FCS020_group, Lachnospiraceae_NK4A136, and Eisenbergiella groups), were strikingly reduced in

old mice fed a high ALA diet. Consistently, dietary supplementation with high ALA (>16 months) induced

a remarkable decrease in plasma TMAO levels in old mice (p < 0.05; Figure 5C), whereas fecal level of SCFA

acetate, but not propionate, was significantly increased in high versus low ALA-fed old mice (p < 0.05; Fig-

ures 5D and 5E). Notably, the influence of high ALA diet on TMAO production correlated to decreased

plasma levels of choline — but not betaine — which is an essential dietary precursor for the TMA produc-

tion (Figure S4).

To identify taxonomic markers associated with the reduction of age-associated thrombosis risk,

we assessed whether dietary high ALA modulates aged microbial communities toward a youthful

enterotype. Overall, high ALA diet did not promote a community structure as similar as young mice;
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Figure 4. Lifelong dietary ALA suppresses aging-linked thrombosis

(A and B) Representative images illustrating platelet adhesion over a vWF-coated microfluidic chamber under high-shear conditions (100 dyn/cm2) for 5 min

in whole blood obtained from either young or old mice fed low (0.03%) or high (7.3%) doses of ALA for at least 16 months (n = 8), expressed as adherent

platelet area/mm2 of chamber surface at t = 5 min; Scale bar: 100 mm.

(C–E) Platelet activation analysis by flow cytometric analysis of platelet hyperreactivity in low or high-fed old mice (n = 8–9) in response to stimulation with low

or high thrombin as determined by activation of platelet (C) GPIIb/IIIa and (D) GPIb, and (E) expression of surface P-selectin.

(F) Heatmap depicting plasma procoagulants TF and PAI-1 fold changes measured by multiplex proteome array in old mice fed a dietary low or high ALA for

>16 months (n = 8–9) developed by chemiluminescence. All values are presented as mean G S.D. *p < 0.05, **p < 0.01.
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nevertheless, 7 ASVs (for instance, health-promoting and TMA-reducing Rikenellaceae_RC9_gut_group

and Intestinimonas, which were reduced in the aging, could be partially restored by high ALA diet (Fig-

ure S3). On the other hand, high ALA dramatically reduced 32 age-dependently high abundant ASVs,

including TMA-producing and inflammation-driving Desulfovibrio, TMAO- and HFD-associated Clos-

tridium genera (Zhu et al., 2020a, 2020b) Clostridia_sensu_stricto_1 (Zhu et al., 2020a, 2020b; Hoyles

et al., 2018), Clostridium_UCG-014, and Clostridia_vadinBB60_group (Koeth et al., 2013), heart failure-

associated Ileibacterium, and Lachnospiraceae (Lachnospiraceae_NK4A136_group Lachnospira-

ceae_UCG-006), which are found more abundant in a rat model of HFD (Zhao et al., 2019; Data S1

and S2).

To test whether lifelong high ALA diet could attenuate inflammation during aging, we performed plasma

inflammatory profiling in old mice (n = 8–9, Figures 5F and 5G). Old mice that fed a high ALA diet showed a

remarkable lower plasma TNF-a concentration (p > 0.01; Figure 5F) and other proinflammatory cytokines

IL-1b and IL-6 than old mice fed a low ALA diet, whereas an increase was seen in immunoregulatory
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Figure 5. Dietary ALA regulates TMAO and SCFAs levels and inflammatory state by differential modulation of the gut microbiota

(A) Principal coordinate analysis of beta-diversity of the gut microbiome within old mice fed low or high ALA diet (n = 5–7).

(B) Heatmap depicting all ASV differentially abundant (row Z score; p < 0.05) in the feces of low versus high ALA-fed old mice (n = 5–7); See also Data S1.

(C–E) Quantification of plasma TMAO levels and SCFAs acetate and propionate per gram feces within old mice fed low or high ALA diet for >16 months

(n = 7–12).

(F and G) (F) Quantification of plasma TNF-a levels (n = 10) and (G) multiplex plasma inflammatory cytokines and chemokines array developed by

chemiluminescence, in old mice fed a lifelong dietary low versus high ALA for >16 months (n = 8–9). *p < 0.05, ns, no significance.
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cytokine IL-15 in high ALA-fed old mice (Figure 5G). Moreover, high ALA diet elicited a decrease in the

secretion of MIP-3a—a small protein that modulates innate immune system and upregulates inflammatory

cytokines TNF-a and IFN-g (Hoover et al., 2002)— and CXCL1— an inflammatory and prothrombotic medi-

ator involved in inflammasome activation and subsequent IL-1b production in macrophages (Boro and Ba-

laji, 2017) — within old mice compared with old mice that fed a low ALA diet (n = 8–9; Figure 5G). Taken

together, these data strongly suggest that lifelong ALA-rich diet can suppress inflammatory state and spe-

cific gut microbial taxa, which are associated with the production of microbial metabolite TMAO and the

subsequent thrombosis risk during the aging.

DISCUSSION

The present study, for the first time, reports the interesting findings that lifelong dietary ALA regulates age-

associated platelet hyperreactivity and thrombotic potential. Additionally, this study expands our under-

standing that lifelong n-3 ALA-rich diet beneficially modulates the aged gut microbiota which is associated,

at least in part, with the inflammatory response and dysregulation of metaorganismal metabolites TMAO

and SCFAs during aging (Figure 6). We found that old mice fed a lifelong ALA-rich diet are protected

against age-associated procoagulant and inflammatory state, which is associated with platelet hyperreac-

tivity and enhanced thrombus formation under high-shear conditions. Our current studies demonstrated

that lifelong dietary ALA increased the aged fecal microbiome diversity and was both negatively associated

>16 months

2-3-month old >18-month old

Microbiome

INDIRECT

DIRECT

Alters

High

Figure 6. Schematic illustrating the benefits of lifelong dietary ALA for the suppression of age-associated

atherothrombotic events

The scheme illustrates a metaorganismal pathway showing that lifelong nutritional supplementation with ALA attenuates

platelet hyperresponsiveness and enhanced thrombotic risk both directly through the reduction of procoagulant factors

and indirectly through the modulation of the gut microbiota and its metabolites TMAO and SCFA acetate, as well as the

suppression of inflammatory responses in aged mice. ALA, ɑ-linolenic acid; SCFA, short-chain fatty acid; TMA,

trimethylamine; TMAO, trimethylamine N-oxide. Black arrow indicates stimulation; Red arrow indicates inhibition.

See text for details.
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with TMAOgeneration and positively associated with the production of SCFA acetate. Consistent with pre-

vious studies showing that gut microbiota composition reciprocally can be shaped by nutrients from diet

(Witkowski et al., 2020; Ziętak et al., 2016; Chevalier et al., 2015; Dey et al., 2015; Kau et al., 2011; Turnbaugh

et al., 2008), we show that age and type of diet (high versus low ALA) are two major determinants of the

composition and diversity of the gut microbiota.

Our results from 16S rRNA gene metabarcoding analyses show that lifelong supplementation with high

ALA could simultaneously reduce the abundance of Desulfovibrio, sulfate-reducing bacteria which has

been linked to TMA production and the subsequent thrombosis (Zhu et al., 2016) and to TLR4-mediated

inflammation processes that lead to metabolic diseases (Zhang-Sun et al., 2015) and some genera

belonging to the family Ruminococcaceae, which are positively associated with TMA production and

atherosclerosis in humans and negatively associated with in vivo arterial occlusion time (Ascher and

Reinhardt, 2017; Wang et al., 2015; Bäckhed, 2013). A reduction was observed in Clostridia_sensu_

stricto_1, _VadinBB60 group, and Tyzzerella, which are mostly abundant in the dysbiotic microbiota

and linked to enhanced expression of proinflammatory cytokines and TLR3 and intestinal inflammation

(Zou et al., 2020; Burrello et al., 2018) and to increased cardiovascular disease risk (Wang et al., 2017;

Kelly et al., 2016), in high ALA-fed old mice, whereas Clostridia_VadinBB60 group was enriched in the

gut microbiota from old mice. Moreover, a concomitant increase in genera Intestinimonas, a butyrate-

producing genus which contributes to anti-inflammatory responses and maintenance of healthy gut

and cardiovascular system (Li et al., 2020; Zuo et al., 2019; Bui et al., 2015), was seen in response to life-

long dietary high ALA intake in old mice. Our results suggested that lifelong ALA-rich diet suppresses

the enhanced platelet hyperresponsiveness during aging likely though alteration of TMA-associated

gut microbial genera and reduction of TMAO (Figure 6), which is previously shown to be negatively

linked to thrombotic potential in vivo in mice and ADP-dependent platelet aggregation responses in hu-

mans (Roberts et al., 2018; Zhu et al., 2016; Wang et al., 2011). Fish oil has been shown to decrease

plasma concentration of choline, precursor for TMA, and suppresses TMAO production. It accelerates

TMAO metabolism via regulating liver flavin monooxygenase-3 (FMO3) activity involved in fatty acid

oxidation and subsequently decreases plasma TMAO concentration (Yu et al., 2017). These data are

consistent with our findings that show a significantly decreased plasma choline and TMAO concentra-

tions in old mice fed a lifelong high ALA diet compared with low ALA diet. Concerning the multifactorial

nature and major role of the gut microbiome in TMAO production, limiting the TMA-enriched food (con-

sisting choline, L-carnitine, Betaine, and Trimethyl-L-lysine (TML), which is present in significant quantities

in seafood-, red meat-, and dairy products-rich diet) in diet, manipulation of the gut microbiota, and in-

hibition of FMO3 activity are considered as certain strategies in order to decrease circulating TMAO

levels and prevent its negative cardiovascular outcome (Simó and Garcı́a-Cañas, 2020). Here, omega-3

fatty acid ALA alters the abundance of both TMA-producing and -lowering genera and likely decreases

FMO3 activity through which decreases plasma TMAO levels in old mice.

Consistent with a recent study (Lee et al., 2020), we showed that the fecal SCFAs decrease �80% in old

mice, whereas SCFA acetate is restored and may be positively associated with declined platelet

hyperreactivity and clot formation in high ALA-fed old mice (Figure 6). These findings are coherent to

prior studies demonstrating that omega-3 PUFAs, including DHA, restore natural balance between

the gut microbiota and mucosal immune system and positively correlate with production of SCFAs

independent of fiber metabolism (Menni et al., 2017; Costantini et al., 2017). To date, there is no evi-

dence of a direct link between the gut microbiota-derived metabolite SCFAs and thrombotic events,

although some animal studies point that fecal SCFAs directly negatively associate with inflammation

and cardiovascular diseases, including atherosclerosis and blood pressure (Verhaar et al., 2020; Bartolo-

maeus et al., 2019). For instance, SCFA propionate has been shown to execute a potent anti-inflamma-

tory effect on CD4+ T cell function and protect from angiotensin II-induced vascular inflammation and

atherosclerosis (Bartolomaeus et al., 2019; Ohira et al., 2017). SCFAs are also widely known to inhibit his-

tone deacetylase, which may contribute to the expression of cytokines in T immune cells (Arpaia et al.,

2013). Acetate and propionate promote the polarization of CD4+ T cells into Th1 and Th17 effector cells

that generate immunoregulatory cytokines e.g. IL-10 (Park et al., 2015). We, here, elucidate that dietary

high ALA modulates aged microbial communities toward a youthful-like enterotype that returns to an

increase in proportion of taxa which are associated with healthy state and generation of SCFAs acetate,

propionate and butyrate, e.g. Rikenellaceae_RC9_gut_group (Wang et al., 2020; Song et al., 2018) and

Intestinimonas (Bui et al., 2020; Louis and Flint 2017), and to a drastically reduction in age-dependently
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high abundant genera that contribute to TMAO production and inflammatory response, e.g.

Desulfovibrio.

Our current results showed that high ALA reduces the age-dependently increased secretion of procoa-

gulant factors TF and PAI-1, which were associated with most prethrombotic disease conditions and

directly with thrombotic risk (Figure 6; Reiner et al., 2017; Breitenstein et al., 2010; Yamamoto et al.,

2005). Body of evidences revealed that both PAI-1 and TF reflect TMAO in senescent human umbilical

venous endothelial cells (HUVEC; Ke et al., 2018) and primary human coronary artery endothelial cells

(HCAECs) through activation of NF-kB-mediated signaling pathway (Cheng et al., 2019), respectively.

Increased release of PAI-1 from activated platelets in platelet-rich arterial thrombi has shown that

PAI-1 also reflects inflammatory stimuli (Tjärnlund-Wolf et al., 2012). Altogether, the elevated plasma

levels of TF and PAI-1 could result from the increased levels of TMAO and proinflammatory cytokines,

particularly TNF-a, seen in aged mice. These findings are consistent with our previous study that indi-

cates TNF-a induced endothelial TF expression and activity through activation of MAP kinases (Holy

et al., 2011). This association is likely confirmed where a reduced secretion of the procoagulant factors

in high ALA-fed old mice is along with a decreased level of TMAO and inflammatory mediators. Consid-

ering prior studies, marine n–3 fatty acids EPA and DHA dampen inflammation through both partial

replacement of arachidonic acid, the substrate for biosynthesis of proinflammatory eicosanoids, in the

cell membranes (Calder, 2019), and interference to the expression of NF-kB-mediated genes encoding

proinflammatory cytokines and adhesion molecules (Djuric et al., 2019; Calder, 2015, 2017). Moreover,

omega-3 fatty acids could also reverse the inflammatory effects of high-saturated-fat diet that might

be elicited by microbial restoration, thereby downregulating proinflammatory TLR signaling and block-

ing intestinal permeability to endotoxins (Caesar et al., 2015; Lam et al., 2015). Omega-3 fatty acids

also inhibit HFD-induced NLRP3 inflammasome activation and the subsequent caspase-1 activation

and IL-1b secretion (Yan et al., 2013). We previously showed that ALA supplementation of 8-week old

ApoE�/� mice for 16 weeks reduces the expression of TNF-a and TNF-a-positive area on atherosclerotic

plaques (Winnik et al., 2011). Our current data provide evidence that there is likely a link between altered

gut microbiota composition and anti-inflammatory effects of high ALA diet. Indeed, lifelong dietary ALA

decreased some genera belonging to the phyla Proteobacteria including Desulfovibrio and Firmicutes

including Clostridia_VadinBB60 group, which both are known to be positively associated with inflamma-

tory responses during aging process (Fu et al., 2020; Zou et al., 2020; Burrello et al., 2018; Conley et al.,

2016). Based on the current findings that a lifelong high ALA diet could decrease plasma TMAO levels

within old mice and on our previous studies showing that ALA interferes with clustering of GPIb recep-

tors on platelet surface under high-shear rates (Stivala et al., 2020), we indicate that ALA may modulate

both directly, via amelioration of platelet reactivity and adhesion to vWF and decrease in procoagulant

factors, and indirectly, via the reduction of TMAO production and inflammatory cytokines and increase in

SCFA acetate.

In summary, our observations highlight that lifelong supplementation with a high ALA diet reverses age-

associated platelet hyperreactivity and heightened thrombotic potential (Figure 6). A critical question

answered by these studies is the identification of putative mechanisms that underlie antithrombotic effects

of lifelong dietary high ALA, including the regulation of metaorganismal metabolites TMAO and SCFA

acetate, inflammatory cytokines, and procoagulant factors TF and PAI-1. The strength of this study is the

utilization of long-term (lifelong) nutritional approach using an ALA-rich diet to attenuate thrombotic

risk during aging that is coherent with partial alteration of the aging gut microbiota toward TMAO-

lowering, anti-inflammatory, and antithrombotic state and regulation of microbial metabolites and inflam-

matory response in aged mice. Therefore, the study proposes a long-term ALA-rich diet as an attractive,

cheap, abundantly available, and non-toxic nutritional strategy that potentially can prevent age-associated

thrombotic events.

Limitations of the study

Altogether, we explored not fully the associations between specific microbial genera and metaorganismal

including TMAO and SCFAs. Moreover, our knowledge whichmicrobial genera are correlated to inflamma-

tory responses in aged mice is still limited. Our further in vitro studies on single microbial genera and their

byproducts will shed light to answer these questions. Blood sampling via cardiac puncture, in which animals

are bled to death, limits our lifelong studies of each single mouse during aging. We, therefore, designed

our groups as follows: Young; Old; Old + lifelong low ALA; Old + lifelong high ALA. The sampling also
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provides a limited volume of whole blood samples that limits assessment of the bioavailability and meta-

bolism of ALA and the distribution of ALA and its long-chain n-3 FA metabolites. All mice were obtained

from the same colony and kept under the same and permanent conditions for proper inter-group compar-

isons. On the other hand, a lifelong nutritional strategy in mice, for obvious logistical reasons, limits trans-

lational extrapolation to human studies. Nevertheless, our recent long-term studies of patients with atrial

fibrillation (Swiss Atrial Fibrillation Cohort Study (Swiss-AF); (Bertschi et al., 2021) has shown an inverse

association of omega-3 fatty acids with D-dimer, indicating a reduced procoagulant response and the sub-

sequent stroke (Reiner et al., 2021) and thromboembolic disorders (Wu et al., 2015). Thus, further long-term

nutritional supplementation with ALA in aged humans may likely confirm our current findings that long-

term dietary ALA confers antithrombotic effects in aged mice.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD62P (P-Selectin) PE (Clone Wug.E9) Emfret Analytics Cat#: M130-2

Anti-mouse integrin aIIbb3 (GPIIb/IIIa,

CD41/CD61)-PE (Clone: Leo.F2)

Emfret Analytics Cat#: M025-2; RRID:AB_2833084

DyLight 649 anti- mouse CD42b (GPIb) (Clone: Xia.G5) Emfret Analytics Cat#: M040-3

Alexa Fluor 647 donkey anti-mouse Jackson Immunoresearch Cat#: 712-605-153; RRID:AB_2340862

Biological samples

Mouse intracardiac whole blood Animal Experimental Trials NA

Mouse plasma Animal Experimental Trials NA

Mouse feces Animal Experimental Trials NA

Chemicals, peptides, and recombinant proteins

Special ALA diet Research Diets Cat#: D12021003, -03Y, - 04

Standard chow diet Research Diets Cat#: D11112201

NaCl Sigma-Aldrich Cat#: S9888

KCl Sigma-Aldrich Cat#: P9333

Sodium citrate Sigma-Aldrich Cat#: 1613859

Glucose Sigma-Aldrich Cat#: G8270

Sucrose Sigma-Aldrich Cat#: S0389

HEPES Sigma-Aldrich Cat#: H3375-500

MgCl2 hexahydrate Sigma-Aldrich Cat#: M2670

NaHCO3 Sigma-Aldrich Cat#: S-6297

PBS Gibco Cat#: 10010023

BSA Sigma-Aldrich Cat#: A7906

Calcein AM Enzo Life Science Cat#: ENZ-52002

Von Willebrand factor Hematologic Technologies Inc. Cat#: HCVWF-0190

Thrombin Sigma-Aldrich Cat#: T1063-50UN

ADP Chrono-Log Cat#: 384

TRAP-6 Bachem Cat#: 4017752.0005

Equine tendon collagen Chrono-Log Cat#: 385

EDTA Sigma-Aldrich Cat#: E5134

Critical commercial assays

Proteome profiler mouse XL cytokine array R&D Systems Cat#: ARY028

Mouse TNF-a quantikine HS ELISA kit R&D Systems Cat#: MHSTA50

Lipopolysaccharide ELISA Cusabio Cat#: CSB-E13066m

Nextera XT DNA sample preparation kit Illumina Cat#: FC-131

Nextera index kit Illumina Cat#: FC-131

Deposited data

16S rRNA gene amplicon sequencing data This paper [SRA]: [SUB8478241]

Project data This paper [Mendeley code]: [https://doi.org/10.17632/cx447gy6ps.1]

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Jürg H. Beer (hansjuerg.beer@ksb.ch).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� All bioinformatic data from microbial metagenomic analysis in this paper were obtained from Bio-

cManager, CRAN, and GitHub, and all data from LC–MS/MS analysis of plasma TMAO, choline,

and betaine were caught from SCIEX, as indicated in the Method Details and are included in the

key resources table.

� The raw 16S rRNA gene Amplicon sequencing datasets generated during this study have been

deposited on the Sequence Read Archive (SRA) database (accession number: SUB8478241).

� Original data for all figures in the paper that enable investigators to reproduce the data have been

uploaded to Mendeley (code: https://doi.org/10.17632/cx447gy6ps.1). Any additional information

required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

7-9 week old wild-type C57BL/6J male mice were purchased from the Jackson Laboratory and maintained

in our facilities for specific times [In these studies, male mice were utilized to minimize any possible effect of

sex and hormonal differences on gut microbiota composition during aging and on ALA pharmacokinetics

and pharmacodynamics]. All mice were individually housed in controlled environments in plexiglass cages

under a strict 12 hr:12 hr light/dark cycles at 23 G 1�C and fed standard chow diet (19% Protein, 61% Car-

bohydrate and 7% Fat, #D11112201, Research Diets, New Brunswick, NJ, USA) for specific time until

8–12 weeks of age. Mice had access to drinking water and food ad libitum. Animal care and experimenta-

tion were in accordance to the Directive 2010/63/EU of the European Parliament and of the Council of 22

September 2010 on the protection of animals used for scientific purposes. All animal model studies were

approved by the Institutional Animal Care and Use Committee at University of Zurich.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/Strains

Mouse: C57BL/6J The Jackson Laboratory Cat#000664; RRID:IMSR_JAX:000664

Oligonucleotides

Barcoded PCR primer sequences Please see

Table S3

Please see

Table S3

Software and algorithms

Prism (version 8) GraphPad NA

DADA2 R version 1.14.1 BiocManager https://benjjneb.github.io/dada2/dada-

installation.html

DECIPHER R version 2.14.0 BiocManager https://www.bioconductor.org/packages/

release/bioc/html/DECIPHER.html

Phangorn R version 2.5.5 CRAN https://cran.r-project.org/web/packages/

phangorn/index.html

Phyloseq R version 1.32 Github https://github.com/joey711/phyloseq

MultiQuant SCIEX NA

EZChrom software Agilent NA
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Next, one group of 8-12-week old mice was daily fed a standard chow diet (#D11112201) and two groups of

mice were daily fed special diets, one group receiving a diet containing high dose (7.3%) of ALA and the

other receiving low (0.03%) ALA (Table S2; 19% Protein, 50% Carbohydrate and 14% Fat, #D12021004,

-03, �03Y, Research Diets, New Brunswick, NJ, USA) (as we utilized and described previously; Reiner

et al., 2017; Stivala et al., 2013; Holy et al., 2011), for >16 months until >18 months of age. Feces and blood

samples were collected from 8 to 12-week old mice, as young state, and from >18-month old mice, as old

state. Fecal samples were quickly stored in �80�C for further 16 rRNA sequencing/metagenomic analyses

and quantification of short-chain fatty acids. Blood samples were taken, and gently used for platelet ag-

gregometry, ex vivo thrombosis experiments, plasma isolation for proteome profiler array, ELISA, and

quantification of microbial metaorganismal metabolite TMAO, platelet flow cytometry, and blood count.

Notably, the ALA-rich diet has been tolerable and non-toxic for the animals on a lifelong feeding. The an-

imals were monitored for body weight, hemodynamics (systolic, diastolic, and mean blood pressure), and

cardiac parameters (ejection fraction and fractional shortening) during their lifespan. Data showed no sig-

nificant differences at week 12 and month >18 of their age (Data not shown).

METHOD DETAILS

Platelet-rich plasma and washed platelet preparation

PRP and washed platelets were prepared as previously described (Stivala et al., 2017). Whole blood was

collected by intracardiac puncture from old (>18-month-old) or young (2-3-month-old) mice under different

treatments using anticoagulant sodium citrate (0.109 M). PRP was isolated by centrifuging at 125 g for 8 min

at room temperature, and washed with 300 mL platelet wash buffer (140 mMNaCl, 5 mM KCl, 12mM sodium

citrate, 10 mMglucose, and 12.5 mM sucrose, pH 6.0), and centrifuged again at 860 g for 5 min. The platelet

pellet was then re-suspended in 200 mL final buffer containing 10 mM HEPES, 140 mM NaCl, 3 mM KCl,

0.5 mM MgCl2 hexahydrate, 0.5 mM NaHCO3, and 10 mM glucose (pH 7.4) for platelet flow cytometric

analysis.

Blood analysis

Mice were fasted overnight before blood samples were drawn using EDTA as anticoagulant. Total blood

cell count was performed on a ScilVet ABCplus (Horiba, Kyoto, Japan).

Platelet aggregometry assay

Impedance platelet aggregometry assays were performed as previously described (Stivala et al., 2020). In

brief, whole blood was collected from old (>18-month-old) or young (2-3-month-old) mice under different

treatments using sodium citrate (0.109 M). PRPs were then prepared and maintained with constant stirring

(600 rpm) at 37�C on a platelet aggregometer (Chrono-Log, Havertown, PA, USA). Platelet aggregation was

initiated by stimulation with ADP (1.25, 2.5, and 5 mM; Chrono-log, Havertown, PA, USA) or equine tendon

collagen (2.5, 5, and 10 mg/mL; Chrono-log, Havertown, PA, USA) or TRAP-6 (1.5, 3, and 5 mM; Bachem,

Switzerland). Platelet aggregation was expressed asmaximal aggregation, lag time, and slope (inclination),

and calculated by the AGGRO/LINK software (Chrono-Log).

Whole blood ex vivo thrombosis assay

Microfluidic shear flow experiments were performed using the Bioflux Microfluidics System (Fluxion Biosci-

ences, San Francisco, CA, USA) (Stivala et al., 2020). Each micro channel of a 24-well plate was coated with

human vWF (100 ug/ml, Hematologic Technologies Inc., USA) and placed at room temperature for 1 hr.

Before use each channel was washed with 1x PBS containing Ca2+ and Mg2+, and blocked with 0.1%

BSA for 10 min. Whole blood collected from mice fluorescently labeled with Calcein AM (4mM final

concentration, Enzo Life Science, USA). Blood was then perfused over chambers coated with vWF at low

(10 dynes/cm2) or high (100 dynes/cm2) physiological shear rates using a multi-channel microfluidic device

for 5 min. Platelet adhesion to vWF coating was monitored and images were captured every 10 s using a

10x/0.22 NA objective lens on an inverted microscope (EVOS XL Core Cell Imaging System, Invitrogen).

Platelet adherence to the vWF surface and calcein AM stained thrombi was then quantified using Bioflux

software, and expressed as platelet-covered area (mm2).

Platelet flow cytometry

Flow cytometric assays of washed platelets from old or youngmice treated with either low or high ALAwere

performed as previously described (Stivala et al, 2017, 2020). Washed platelets were stimulated with 0.1
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and 0.5 U/ml thrombin (Sigma-Aldrich, St. Louis, MO, USA) or vehicle for 10 min, fixed with 4% paraformal-

dehyde for 15 min, and then incubated with 1% BSA in PBS containing an antibody against GPIb or active

integrin aIIbb3 (GP IIb/IIIa) or P-selectin (all from Emfret Analytics, Eibelstadt, Germany) in the dark for

20 min. Samples were washed three times in 1% BSA in PBS and then incubated with relevant secondary

antibodies (1:250, Jackson Immunoresearch, West Grove,PA, USA) for 30 min. Data were acquired on an

FACS LSR Fortessa flow cytometer (BD Biosciences) and analyzed using FlowJo v10 software.

Proteome profiler array

Whole blood samples were centrifuged at 125 g for 8 min at room temperature for plasma isolation, as pre-

viously described (Holy et al., 2011). For each experimental condition, plasma were tested for the presence

of procoagulant factors tissue factor and plasminogen activator inhibitor-1, as well as inflammatory cyto-

kines and chemokinesusing a proteome profiler mouse XL cytokine array (R&D Systems), according to

manufacturer instructions (Schyns et al., 2019). Results were visualized using an Amersham Imager 600

(GE Healthcare Europe GmbH) and analyzed using ImageJ software. Values are normalized and expressed

as relative pixel values.

ELISA of mice plasma

Plasma TNF-a and lipopolysaccharide (LPS) levels were quantified in accordance with the manufacturer’s

instruction (Thermo Fisher Scientific, Waltham, MA, USA for TNF-a; Cusabio, Houston, TX, USA for LPS).

Briefly, microtiter plates were coated with anti-TNF-a and anti-LPS antibodies. Sodium citrate (0.109 M) an-

ticoagulated plasma was added and incubated for 2 hr at room temperature. Biotinylated antibody was

then added and precisely washed 1 hr after incubation. Following 1 hr incubation with avidin-conjugated

Horseradish Peroxidase (HRP), TMB substrate was added to each plate and incubated for 30 min in the

dark. Optical density was determined at 450 nm and subtracted from absorbance at 540 nm. Finally, plasma

TNF-a (pg/mL) and LPS concentration (ng/mL) was calculated according to a standard curve.

LC–MS/MS analysis of mouse plasma samples

Quantification of TMAO, choline, and betaine in plasma samples were similar to that described previously

(Reiner et al., 2019; Zhu et al., 2016; Mueller et al., 2015) withminor validatedmodifications. Briefly, 400 mL of

an internal standards of TMAO-d9 (1 mM), choline 1 mM, and betaine (1 mM) were added, vortexed and

centrifuged at 11,700 g for 10 min at 4�C. Supernatants were obtained and separated on an Accucore hy-

drophilic interaction chromatography (HILIC) column (50 3 2.1mm, 2.6 mm; Thermo Fisher Scientific, Rein-

ach, Switzerland) under acidic conditions. The QTRAP 6500 hybrid instrument (Sciex) was operated with

electrospray ionization in positive ion mode with the following transitions: 76.1/59.1 (quantifier),

76.1/42.1 (qualifier 1), 76.1/56.2 (qualifier 2) for TMAO, 104.0/60.15 for choline, and 85.1/68.1 for

betaine. Data were processed using MultiQuant (Sciex) software.

16S rRNA gene amplicon sequencing and bioinformatic processing

Fecal pellets were immediately preserved at �80�C for further extraction of fecal nucleic acid using Fecal

genomic extraction kit according to the manufacturer’s instructions (Qiagen). To elucidate whether tran-

scriptional activity of gut microbiota contribute to the synthesis of TMAO and SCFAs, and the secretion

of procoagulant factors TF and PAI-1, we performed sequencing of the fecal microbes in young or old

mice fed a diet containing low or high doses of ALA (n = 5–9). Metabarcoding libraries were generated us-

ing a two-step PCR approach as recommended by Illumina. The first PCR was performed to amplify V3-V4

16S gene region using primers 341F (50-CCT ACG GGN GGC WGC AG -30) and 805R (50-GAC TAC HVG

GGT ATC TAA TCC -30). Samples were then indexed using Nextra indices according to manufacturer’s in-

struction (Illumina), and sequencing was performed with paired-end reads on Illumina MiSeq platform and

a v2 500 cycles kit. Both negative and positive (e.g. mock community) were included in sequencing to assess

quality of the reads and identification of adapter contamination.

Bioinformatic analysis was performed using DADA2 R package version 1.14.1, as previously described (San-

tillan et al., 2020; Callahan et al., 2016) [DADA2 enables the exact ASVs inference providing distinct benefits

over traditional OTU clustering methods]. In brief, reads were truncated after 227 and 223 nucleotides for

forward and reverse reads, respectively. Reads with expected error rates higher than 4 and 5 for forward

and reverse reads were subsequently removed. The resulting ASV abundance table was filtered, and

ASV inference was then performed using a pseudo-pooling strategy. Forward and reverse reads were
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then merged with a minimum overlap of 10 nucleotides and chimeric sequences were identified and

removed. Taxonomy was assigned to ASVs using methods implemented in DADA2 using SILVA_138 refer-

ence database (Glöckner et al., 2017). Phylogenetic relativeness of ASVs was characterized by multiple

alignments of ASV sequences using DECIPHER R package version 2.14.0 (Wright 2016). The phylogenetic

tree was then constructed, and a GTR + G + I (generalized time reversible with gamma rate variation)

maximum likelihood tree was then matched using phangorn R package version 2.5.5 (Schliep 2011).

Quantitative SCFA analysis

Feces were collected and quickly stored at�80�C for further quantification of SCFA, including acetate and

propionate, using high-performance liquid chromatography equipped with a refractive index detector

(HPLC-RI) (Li et al., 2019; Poeker et al., 2019). In brief, feces were initially weighed, mixed with H2SO4

10 mM, and then homogenized. The fecal suspension was centrifuged for at 6000 rpm for 20 min at 4�C.
Subsequently, the supernatant was filtered for further HPLC-RI analysis. Separation was carried out

with a LaChrom HPLC-System (Merck-Hitachi, Japan) using a SecurityGuard Cartridges Carbo-H

(4 3 3.0 mm) (Phenomenex Inc., Torrance CA, USA) connected to a Rezex ROA-Organic Acid H+ column

(300 3 7.8 mm; Phenomenex Inc.). Samples (40 mL injection) were eluted at 40�C under isocratic conditions

(10 mM H2SO4, flow rate 0.4 mL/min), and analytes were quantified using a refractive index detector L-2490

(Merck-Hitachi). Data were processed using EZChrom software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Detailed statistical methods are described in the supplemental information. Statistical differences were as-

sessed by paired, two-tailed Student’s t-test or one-way Analysis of variance (ANOVA) followed by Tukey’s

multiple comparison post-test. At least three independent triplicated experiments have been performed

for each experimental set-up. Statistical analysis was performed using GraphPad Prism software version

8.0 (GraphPad Software, La Jolla, CA, USA), R v1.26.1 (Vienna, Austria, 2017), and vegan v2.5-5. Spearman

rank correlation was used to analyze association between quantitative variables. Data are expressed as

mean G SD, and p < 0.05 was defined as statistically significant, indicated as *; p < 0.01 as **; p < 0.001

as ***, and p < 0.0001 as ****.

ASV count table, phylogenetic tree and taxonomic assignments were imported in R and loaded into a phy-

loseq object for data handling (McMurdie and Holmes 2013). ASV table was rarefied to an even number of

XXX sequences per sample in order to apply robust diversity quantifications (Wright 2016). Bacterial com-

munity structure (beta-diversity) was analyzed using Atchinson distance and visualized using Principal Co-

ordinate Analysis (PCoA). Bacterial communities were also characterized using alpha-diversity indices

Shannon’s index, Richness (Observed), as well as, Faith’s Phylogenetic diversity and SES.MPD (NRI), which

reflect phylogenetic clustering or distribution of the ASV. Differences were tested using Kruskal-Wallis and

PERMANOVA statistical methods for alpha- and beta-diversity, respectively. Differential abundance

testing was performed using negative binomial tests as implemented in DESeq2 (Anders and Huber

2010). Multiple comparisons and associated p values were FDR corrected.
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