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ABSTRACT

The primary aim of the Ph.D. project was to deepen the understanding of the impact of two food-
derived metabolites, i.e., trimethylamine (TMA) and trimethylamine N-oxide (TMAOQO), on human
health. TMA and TMAO derive from the metabolism of certain dietary precursors by the activity of
gut bacteria and their circulating levels have been associated with chronic diseases. However, this
topic has not been fully elucidated yet, and a mechanistic explanation of this association is still
missing. Hence, the present work has investigated the impact of TMA and TMAO of human health

from different perspectives, each of which corresponds to a section of the manuscript.

Since TMA and TMAO have been suggested to have an impact on mitochondrial dynamics, the first
part of the project (Chapter 2) focused on the relationship between diet, TMA, TMAO,
mitochondrial DNA copy number (mtDNAcn), and mitochondrial DNA methylation. Global DNA
methylation was also investigated. Two hundred healthy subjects with extreme dietary patterns
(healthy vs western diet) were recruited for the study. Their nutrients’ intake and diets’ quality
(Healthy Eating Index) were assessed from their dietary records. Blood levels of TMA and TMAO,
circulating levels of TMA precursors and their dietary intakes were also measured. MtDNAcn,
nuclear DNA methylation in the long interspersed nuclear element 1 (LINE-1), and strand-specific
D-loop methylation levels were assessed. The results showed that the TMAO/TMA ratio was
negatively correlated with the D-loop methylation levels and positively correlated with mtDNAcn.
Overall, these findings support the existence of a potential relationship between TMA metabolism

and mitochondrial dynamics (and mtDNA), indicating a new avenue for further research.

The second part of the project (Chapter 3) was aimed to investigate the impact of several
environmental exposures (including diet, physical activity, and smoking) on biological age. Indeed,
lifestyle factors are known to affect DNA methylation throughout life, either accelerating or
decelerating the aging process. Epigenetic clocks are used to estimate the biological age of an
individual by measuring methylation patterns in specific areas of the genome. Interestingly, a new
epigenetic clock based on only 6 CpGs may represent an easily accessible tool to measure the
epigenetic age (EA) of an individual. Hence, this study aimed to validate the 6 CpG epigenetic clock
comparing it with other biomarkers of aging (such as telomere length (TL) and methylation in the
long interspersed nuclear element-1 (LINE-1)). Moreover, the impact of lifestyle-associated factors
(one-carbon (1 C) metabolism-related nutrients’ intake, circulating TMA and TMAO levels, body
composition, physical activity, and smoking) on these molecular marks was also investigated.
Two hundred healthy participants having extreme dietary patterns (healthy vs western diet) were
selected. Dietary intakes, circulating TMA and TMAO levels, body composition, physical activity
I



level and smoking habits were assessed. DNA was extracted from whole blood and used to measure
epigenetic age (6CpG-EA), TL and LINE-1 methylation levels. The results showed that the 6CpG-EA
was positively correlated with chronological age and negatively with TL and LINE-1 methylation.
Despite no significant associations were detected with the overall diet quality (HEI), the 6CpG-EA
was correlated with dietary intakes of the nutrients involved in the 1 C metabolism, especially in
the western diet group, and with circulating TMA levels, especially in the healthy diet group.
Overall, these results confirm that the 6CpG epigenetic clock is an easy tool to estimate biological
age, in accordance with other molecular markers of aging, and suggest that the EA can be
modulated not only by the micronutrients involved in the 1 C metabolism, but also by circulating

levels of TMA.

Despite TMA is a well-known uremic toxin up to date most of the scientific attention has been
conveyed onto the harmful effects of TMAO and its role in several complex diseases. However,
recent studies have reproposed a potential effect of TMA in boosting the pro-inflammatory
response. Thus, since colonic epithelial cells are the first target of TMA’s effects (TMA is mainly
produced in the colon), the third part of the project (Chapter 4) aimed to better elucidate the
impact of excess intestinal TMA on intestinal epithelial cells, using colon adenocarcinoma Caco-2
cell line as an in vitro model. Given the prominent role of mitochondria in inflammation, the effect
of TMA on mitochondrial dynamics was investigated, focusing on perturbation of ATP production
and cellular membrane potential, as well as on the markers of mitochondrial damage (i.e.,
mtDNAcn, mt-cfDNA). Moreover, since a well-established link between inflammation and
epigenetic perturbations exists, the effect of TMA on the expression levels and activity of DNA
methyltransferases (DNMTs) and sirtuins (SIRTs), two key enzymes in the epigenetic landscape, was
also examined. Lastly, a simplified model of intestinal epithelium was set up to preliminary evaluate
the influence of TMA on intestinal permeability. Results showed that excess TMA in the intestinal
environment may induce inflammation in intestinal cells (as demonstrated by the increased
expression of the pro-inflammatory cytokines IL-6 and IL-1B) and perturb both epigenetic and
mitochondrial homeostasis. Following the activated pro-inflammatory status, overwhelmed
mitochondria may experience impaired mtDNA replication (as evidenced by the altered D-loop
methylation and reduction of the mtDNAcn), which may compromise mitochondrial respiration (as
proved by the downregulation of some respiratory chain components and decreased ATP content).
Even though the intestinal permeability was not affected by TMA, this study certainly contributes
to reinforcing the hypothesis that TMA (at least at high doses tested in the study) is not a harmless

metabolite and it may have a contributing role in microbiota-induced intestinal diseases.



Alterations of TMAO metabolism and mitochondrial dynamics have been previously independently
identified as risk factors for the development of cardiovascular disease (CVD). Thus, mitochondrial
DNA copy number (mtDNAcn) and the circulating levels of TMAO have been suggested as promising
biomarkers of cardiovascular events. Hence, this fourth part of the project (Chapter 5) was aimed
to identify biomarkers that could be predictive of CVD. Circulating levels of TMA, TMAO, and
mtDNAcn were investigated in the whole blood in a population of 389 coronary artery disease (CAD)
patients and 151 healthy controls, in association with established risk factors for CVD (i.e., sex, age,
hypertension, smoking, diabetes, glomerular filtration rate (GFR)) and troponin, a marker of acute
myocardial injury. Results showed that mtDNAcn was significantly lower in CAD patients; it was
correlated with GFR, hypertension, and TMA, but not with TMAO. Moreover, high TMA levels were
associated with high TMAO levels only in CAD patients and not in controls, which corroborates the
hypothesis that TMA levels are not linked per se to high TMAO levels, but a different metabolism
of TMA and TMAO in the presence of cardiovascular disease may exist. Interestingly, a biomarker
including mtDNAcn, sex, and hypertension (but neither TMA nor TMAO) emerged as a good
predictor of CAD from this study. Hence, these findings recognize only mtDNAcn as a promising
biomarker to monitor the exposure to risk factors and the efficacy of preventive interventions for

personalized CAD risk reduction.

Several hypotheses have been proposed to explain the involvement of TMAO in the development
of atherosclerosis and CVD risk. Among them, the induction of an inflammatory status has been
proposed, with increased circulation of pro-inflammatory monocytes and the promotion of
endothelial dysfunction. Nevertheless, contrasting evidence is emerging on TMAO role in CVD
development and even a beneficial and protective role of TMAO has been hypothesized. Moreover,
plasma TMA levels are recently gaining attention in cardiovascular health studies, since it seems
that TMA may increase arterial blood pressure and exert toxic effects on vascular smooth muscle
cells. Thus, this last section of the project (Chapter 6) was aimed to better elucidate the supposed
pro-inflammatory actions of TMA and TMAO on circulating macrophages, using THP-1 monocytes
as an in vitro model. Whether plasma TMA and TMAO may trigger the pro-inflammatory cascade
was investigated and, considering the prominent role that mitochondria have in inflammation, the
impact of TMA and TMAO on mitochondrial dynamics was also examined, focusing on perturbation
of ATP production and cellular membrane potential, as well as on the markers of mitochondrial
damage (i.e., mtDNAcn). Results revealed that both TMA and TMAO, were able to trigger
inflammatory pathways in macrophages (as proved by the increased expression of the pro-
inflammatory IL-8). However, TMA, more than TMAO, may disturb cellular homeostasis by altering
mitochondrial dynamics as shown by the depletion of the intracellular ATP storage and by the

upregulation of several components of the respiratory chain. Altogether, these findings contribute



to reinforcing the hypothesis that TMA might be more detrimental than its oxidized product
(TMAOQ) in the context of vascular inflammation and that TMA, more that TMAO, may have a

contributing role in CVD, even though the exact mechanisms remain to be fully elucidated.



RIASSUNTO

L'obiettivo primario del progetto di dottorato e stato quello di approfondire I'impatto sulla salute
umana di due metaboliti di origine alimentare, ossia la trimetilammina (TMA) e l'ossido di
trimetilammina (TMAO). TMA e TMAO derivano dal metabolismo di alcuni precursori alimentari ad
opera del microbiota intestinale e i loro livelli ematici sono stati associati a malattie croniche.
Tuttavia, ci sono delle opinioni contrastanti su questo argomento e ad oggi ancora manca una
spiegazione meccanicistica su questa associazione. Pertanto, il presente lavoro ha voluto studiare
I'impatto di TMA e TMAO sulla salute umana trattandolo da prospettive diverse, ed ognuna di esse

corrisponde a una sezione di questo manoscritto.

Poiché é stato ipotizzato che gli effetti di TMA e TMAO siano mediati dal loro impatto sulle
dinamiche mitocondriali, la prima parte del progetto (Capitolo 2) ha voluto approfondire la
relazione tra dieta, TMA, TMAO, numero di copie del DNA mitocondriale (mtDNAcn) e metilazione
del DNA mitocondriale. E stata presa in considerazione anche la metilazione globale del DNA. Per
lo studio sono stati reclutati 200 soggetti sani con abitudini alimentari estreme (che seguivano una
dieta sana o di tipo occidentale). Dai loro diari alimentari sono state estrapolate I'assunzione di
nutrienti e la qualita delle loro diete (Healthy Eating Index). Sono stati misurati anche i livelli ematici
di TMA e TMAGO, i livelli circolanti dei precursori del TMA e il loro apporto nutrizionale. Sono stati
valutati il mtDNAcn, i livelli di metilazione del DNA nucleare (nel retrotasposone LINE-1) e i livelli di
metilazione dell’area D-loop nel DNA mitocondriale. Dai risultati € emerso che il rapporto
TMAO/TMA correla negativamente con i livelli di metilazione del D-loop mitocondriale e
positivamente con il mtDNAcn. Nel complesso, questi risultati supportano l'esistenza di una
potenziale relazione tra il metabolismo del TMA e le dinamiche mitocondriali (e mtDNA), indicando

una nuova strada per studi futuri.

Nella seconda parte del progetto (capitolo 3) é stato approfondito l'impatto che diversi fattori
ambientali (tra cui dieta, attivita fisica e fumo) possono avere sull'eta biologica. Infatti, € noto che
lo stile di vita influenza la metilazione del DNA, accelerando o rallentando il processo di
invecchiamento. Gli orologi epigenetici sono strumenti che, misurando i livelli di metilazione in
specifiche aree del genoma, possono essere utilizzati per stimare I'eta biologica di un individuo. Di
recente, e stato proposto un nuovo orologio epigenetico che, basandosi sull’analisi di sole 6 CpGs,
puo rappresentare uno strumento facilmente accessibile per misurare |'eta epigenetica (EA) di un
individuo. Pertanto, I'obiettivo principale di questo studio & stato quello di poter convalidare questo
semplice orologio epigenetico basato su 6 CpGs, confrontandolo con altri biomarkers di
invecchiamento, ossia la lunghezza dei telomeri (TL) e la metilazione a livello del retrotasposone
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LINE-1 (usata come stima della metilazione globale del DNA). Inoltre, & stato approfondito anche
I'impatto che alcuni fattori associati allo stile di vita (assunzione di nutrienti correlati al ciclo del
carbonio (1C), livelli ematici di TMA e TMAO, composizione corporea, attivita fisica e fumo) possono
avere su questi biomarkers molecolari di invecchiamento.

Hanno partecipato allo studio duecento soggetti sani che seguivano stili alimentari estremi (dieta
sana o di tipo occidentale). Sono stati valutati gli apporti nutrizionali, i livelli circolanti di TMA e
TMADO, la composizione corporea, il livello di attivita fisica e I’abitudine al fumo. Dal sangue intero
e stato estratto Il DNA e utilizzato per misurare I'eta epigenetica (6CpG-EA) e i livelli di metilazione
di TL e LINE-1. Dai risultati &€ emerso che la 6CpG-EA é correlata positivamente con I'eta cronologica
e negativamente con la metilazione di TL e LINE-1. Nonostante non siano state rilevate associazioni
significative con la qualita complessiva della dieta (HEI), la 6CpG-EA e stata correlata con
I'assunzione di nutrienti coinvolti nel 1C (specialmente nel gruppo che seguiva una dieta di tipo
occidentale) e con i livelli ematici di TMA specialmente nel gruppo che seguiva una dieta sana. Nel
complesso, questi risultati confermano che I'orologio epigenetico basato su 6CpGs puo essere usato
per stimare l'eta biologica di un individuo, in accordo con altri marcatori molecolari
dell'invecchiamento, e suggeriscono che la 6CpG-EA pud essere influenzata non solo dai

micronutrienti coinvolti nel 1C, ma anche dai livelli ematici di TMA.

Nonostante il TMA sia una nota tossina uremica, ad oggi la maggior parte dell'attenzione scientifica
e stata rivolta agli effetti dannosi del TMAO e al suo ruolo in diverse malattie “non comunicabili”.
Tuttavia, studi recenti hanno proposto che la specie nociva sia in realta il TMA, piuttosto che il
TMAO, e hanno ipotizzato una sua possibile implicazione nel favorire uno stato infiammatorio.
Pertanto, poiché le cellule epiteliali del colon sono il primo bersaglio degli effetti del TMA (prodotto
principalmente nel colon), la terza parte del progetto (capitolo 4) ha avuto I'obiettivo di chiarire
I'impatto dell'eccesso di TMA intestinale sulle cellule epiteliali del colon, utilizzando cellule di
adenocarcinoma Caco-2 come modello in vitro. Considerato il preminente ruolo dei mitocondri
nell'infiammazione, é stato studiato I'effetto del TMA sulle dinamiche mitocondriali, in particolare
sulla perturbazione della produzione di ATP e del potenziale della membrana cellulare, nonché sui
biomarkers di danno mitocondriale (ad es. copie del DNA mitocondriale (mtDNAcn) e DNA
mitocondriale circolante (mt-cfDNA)). Inoltre, poiché esiste un legame consolidato tra
inflammazione e perturbazioni epigenetiche, & stato anche esaminato |'effetto de TMA sui livelli di
espressione e sull'attivita delle DNA metiltransferasi (DNMTs) e delle sirtuine (SIRTs), due enzimi
chiave nel panorama epigenetico. Infine, & stato messo a punto un modello semplificato di epitelio
intestinale per valutare a scopo preliminare l'influenza del TMA sulla permeabilita intestinale. |
risultati hanno mostrato che I'eccesso di TMA nel lume intestinale puo indurre inflammazione nelle

cellule intestinali (come dimostrato dall'aumentata espressione delle citochine pro-infiammatorie
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IL-6 e IL-1B) e perturbare I'omeostasi epigenetica e mitocondriale. A seguito dell’attivato stato pro-
inflammatorio, la replicazione del mtDNA puo risultare compromessa (come evidenziato
dall'alterata metilazione del D-loop e dalla riduzione del mtDNAcn), e a sua volta puo
compromettere la respirazione mitocondriale (come dimostrato dalla diminuzione dell’espressione
di alcuni componenti della catena respiratoria e del contenuto di ATP). Anche se la permeabilita
intestinale non é risultata influenzata dal TMA, questo studio contribuisce certamente a rafforzare
I'ipotesi che il TMA (almeno alle alte dosi testate nello studio) non sia un metabolita innocuo e che

possa contribuire all’'insorgenza delle malattie intestinali legate all’attivita del microbiota.

Le alterazioni del metabolismo del TMAO e delle dinamiche mitocondriali sono state
precedentemente identificate in modo indipendente come fattori di rischio per lo sviluppo di
malattie cardiovascolari (CVD). Pertanto, il numero di copie del DNA mitocondriale (mtDNAcn) e i
livelli ematici di TMAO sono stati suggeriti come promettenti biomarkers di eventi cardiovascolari.
Percio, questa quarta parte del progetto (capitolo 5) ha avuto lo scopo di identificare dei biomarkers
predittivi di CVD. | livelli circolanti di TMA, TMAO e mtDNAcn sono stati studiati nel sangue intero
in una popolazione di 389 pazienti con malattia coronarica (CAD) e 151 controlli sani, in associazione
a noti fattori di rischio per CVD (cioe sesso, eta, ipertensione, fumo, diabete, velocita di filtrazione
glomerulare (GFR)) e troponina, un marker di danno miocardico acuto. Dai risultati & emerso che il
mtDNAcn e significativamente pil basso nei pazienti con CAD; inoltre & emersa una correlazione
tra il mtDNAcn e GFR, ipertensione e TMA, ma nonTMAO. Inoltre, alti livelli di TMA sono stati
associati ad alti livelli di TMAO solo nei pazienti con CAD e non nei controlli, il che avvalora l'ipotesi
che i livelli ematici di TMA non siano di per sé legati a livelli elevati di TMAO, e che quindi si puo
verificare un’alterazione del metabolismo di TMA e TMAO in presenza di patologia cardiovascolare.
Inoltre, dallo studio & emerso che il mtDNAcn, insieme a sesso e ipertensione (ma né TMA né
TMAO), puo essere considerato un buon predittore di CAD, utile anche per monitorare I'efficacia

degli interventi preventivi per la riduzione personalizzata del rischio cardiovascolare.

Sono state proposte diverse ipotesi per spiegare il coinvolgimento del TMAO nella promozione
dell'aterosclerosi e del rischio CVD. Tra questi, vi & l'induzione di uno stato infiammatorio,
caratterizzato dall’aumento di monociti pro-inflammatori in circolo e da disfunzione dell’epitelio
vascolare. Tuttavia, ci sono opinioni contrastanti sul ruolo del TMAO nello sviluppo di CVD, ed &
stato addirittura ipotizzato un ruolo benefico e protettivo del TMAO nei confronti del danno
vascolare. Percio recentemente si € iniziato a porre I'attenzione sui livelli plasmatici di TMA, poiché
sembra che il TMA possa aumentare la pressione arteriosa ed essere tossico per la muscolatura

liscia dei vasi sanguigni. Pertanto, quest'ultima sezione del progetto (capitolo 6) ha avuto come
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obiettivo quello di chiarire la presunta azione pro-inflammatoria di TMA e TMAO sui macrofagi
circolanti, ed allo scopo sono stati utilizzati i monociti THP-1 come modello in vitro. Inoltre,
considerando il ruolo di primo piano che i mitocondri hanno nel processo inflammatorio, & stato
anche esaminato l'impatto di TMA e TMAO sulle dinamiche mitocondriali, in particolar modo sul
potenziale di membrana, sulla produzione di ATP e sui marcatori di danno mitocondriale
(mtDNAcn). Dai risultati € emerso che sia la TMA che il TMAO sono in grado di innescare una
risposta inflammatoria nei macrofagi circolati (come dimostrato dall'aumentata espressione di /L-
8). Tuttavia, il TMA, piu del TMAO, puo disturbare I'omeostasi cellulare alterando |I’omeostasi
mitocondriale come dimostrato dalla riduzione delle riserve intracellulari di ATP e dalla
sovraregolazione di diversi componenti della catena respiratoria. Complessivamente, questi
risultati contribuiscono a rafforzare l'ipotesi che il TMA potrebbe essere piu dannoso del suo
prodotto ossidato (TMAO) nel contesto dell'inflammazione vascolare e che il TMA, piu che il TMAO,
possa contribuire all'insorgenza di CVD, anche se i precisi meccanismi molecolari rimangono ancora

da chiarire.
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LIST OF ABBREVIATIONS

TMA

TMAO

MtDNAcn

NCDs

CvD

CAD

LINE-1
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Trimethylamine

Trimethylamine N-Oxide

Mitochondrial DNA copy number
Non-communicable diseases

Cardiovascular disease

Coronary artery disease

Long interspersed nuclear element 1
Pathogen-associated molecular pattern molecules
Damage-associated molecular patterns

DNA methyltransferases

Sirtuins
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Chapter 1

General Introduction



1.1 THE NUTRITION TRANSITION AND “MODERN” DISEASES

With increasing urbanization, industrialization and economic development, global diet has been
experiencing a fast transition. Dietary regimens based on the consumption of food rich in complex
carbohydrates and fiber have been replaced by dietary patterns based on processed food, low in
fiber but rich in refined sugars and saturated fat mainly of animal origin [1]. However, the Western
diet, as this new dietary pattern has been defined, came with a cost. In fact, the “Westernization”
has been associated to a concurrent epidemiologic transition from mainly infectious or nutrient
deficiency diseases toward a higher prevalence of non-communicable diseases (NCDs), such as
metabolic disorders, cardiovascular diseases, and cancer. NCDs account for up to 72% of worldwide
deaths [2], thus they represent a serious burden for the modern society [3]. NCDs have a
multifactorial aetiology, thus they result from a complex interplay between genetic predisposition,
environmental factors, and dysregulated immune responses. A common feature of NCDs is a
chronic low-grade inflammatory state, induced by repeated pro-inflammatory stimuli and
characterized by persistent elevated systemic concentrations of pro-inflammatory cytokines, which
eventually disrupts cell and tissue homeostasis, accelerating ageing and disease progression [4].
Diet fits into this context, since food, nutrients and non-nutrient food components can modulate

the inflammatory process [5].

1.2 DIET AND INFLAMMATION

Inflammation is part of the body's defence mechanism against stimuli of various kind (microbes,
noxious compounds, autoimmune disorders, cellular defects, or biochemical triggers) (Figure 1).
Inflammation is usually initiated by the activation of pattern recognition receptors (PRRs) expressed
by immune and non-immune cells [6]. PRRs can be activated not only by pathogen-associated
molecular pattern molecules (PAMPs) derived from microorganisms, but also by endogenous
damage-associated molecular patterns (DAMPs), including nucleic acids, small metabolites (e.g.,
adenosine triphosphate (ATP) upon release into the extracellular environment) and proteins (e.g.,
calreticulin). In physiological conditions DAMPs are unable to activate the PRR signalling, but they
can be triggered by cellular stress or perturbed cellular homeostasis. Once initiated, inflammation
generally resolves rapidly, thanks to the activation of anti-inflammatory programs, but if
perpetuated over long periods of time, it becomes chronic and compromises health. In fact, a
persistent inflammatory response can lead to the breakdown of the immune tolerance [7], causing
deleterious alterations in the normal cellular physiology, that cause collateral damage to tissues
and organs and increase the risk for NCDs [8]. Currently, chronic inflammation is considered

responsible for most of the diseases of industrialized countries (e.g., cardiovascular disease,
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metabolic disorders, Alzheimer’s disease, and cancer), and the primary cause of death worldwide
[9,10]. Chronic inflammation usually initiates when activated immune cells (macrophages,
neutrophils, and eosinophils) release pro-inflammatory cytokines and chemokines with autocrine,
paracrine, and endocrine effects. The inflammatory cascade releases reactive oxygen species (ROS),
reactive nitrogen species (RNS), and free radicals, that compromise epithelium which ultimately

leads to inflammatory bowel diseases (IBDs) [11].
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Figure 1. The relationship between acute and chronic inflammation [12].

As mentioned above, several risk factors can promote chronic inflammation, and apart from
infections, and environmental or industrial toxicants, lifestyle factors (e.g., physical inactivity,
psychological stress, and poor diet) can also have a prominent role (Figure 2). In particular, based
on their nature, nutrients and dietary patterns can trigger or not the molecular pathways that
activate the immune components. Significant associations with low-grade inflammation have been
established for glycemic index (Gl) and carbohydrates load, fibers, fatty acid composition,
micronutrients, and bioactive compounds, like flavonoids. Carbohydrates exert different effects on
health depending on their quantity and quality [13]. In general, a low-carbohydrate diet (35% of
total energy or less) has been inversely associated to inflammatory markers [14—16]. The same
effect on low-grade inflammation, has been observed with the consumption of low-glycemic index

carbohydrates [17,18]. However, the impact of carbohydrates on systemic inflammation can be



attenuated by dietary fiber (both soluble and insoluble), which attenuates the glycemic load
induced by carbohydrates. Dietary fiber has been also inversely associated with the levels of
interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-a), all important mediators of
inflammation, as well as with the levels of C-reactive protein, a well-known biomarker of
inflammation [19,20] . Dietary fats are key molecules for the organism, since they can elicit a
number of essential cellular functions; however, for optimal health both the quantity and quality
of dietary fats matters, since they may trigger low-grade inflammatory processes [21]. In particular,
trans-fatty acids and saturated fatty acids (SFAs) have been positively associated with markers of
systemic inflammation [22]. By contrast, monounsaturated fatty acids (MUFAs) and
polyunsaturated fatty acids (PUFAs) have been inversely associated with inflammation [23]. In
particular, w-3 PUFAs have long been recognized to have anti-inflammatory activity. In fact, w-3
PUFAs metabolism results in the synthesis of anti-inflammatory eicosanoids, which inhibit the
synthesis of proinflammatory cytokines [24]. Instead, for w-6 PUFAs both pro-inflammatory and
anti-inflammatory effects have been described [25]. However, a very high w-6/w-3 ratio (typical of
Western diets) has been associated with the pathogenesis of many diseases, including
cardiovascular disease, cancer, inflammatory and autoimmune diseases, suggesting that the
balance between the two species, rather than the single species, is important for disease
prevention [26]. Potent antioxidant and anti-inflammatory properties have been attributed also to
flavonoids (e.g., quercetin, kaempferol, malvidin, peonidin, daidzein, and genistein), bioactive
molecules widely occurring in plant-based foods [27], even though their poor bioavailability may
hinder their beneficial effects [28]. However, while it is important to consider the role of single
nutrients in promoting or decreasing inflammation, it is also fundamental to consider the whole
diet or “dietary pattern” (consisting of complex combinations of food and in different proportions)
when monitoring the impact of food on health. Indeed, certain dietary patterns have been
correlated to chronic inflammation [29]. Dietary patterns are usually assessed using a priori diet
scores (pre-defined scores based on dietary guidelines, such as the Healthy Eating Index (HEI))
[30,31] or are well-established patterns of food consumption, such as the Mediterranean diet [32].
On this regard, in most observational and interventional studies, the Mediterranean dietary pattern
(typically characterized by high MUFAs/SFAs and w-3/w-6 ratios, and rich in fruits, vegetables,
legumes, and grains) has shown anti-inflammatory effects. For this reason, the Mediterranean diet
could be used in clinical practice as a strategy for diminishing chronic inflammation. On the other
hand, Western-type diets (WDs), which are typically energy-dense regimens, rich in processed
foods, “fast food,” snacks, and sugary soft drinks, but poor in fiber, vitamins, phytochemicals, and
minerals, have been associated with weight gain, pathological changes in lipids and energy
metabolism, and activation of the immune system [33]. The inflammatory reaction can be induced

either by the excess or the lack of several components of the WD. Besides the role of SFAs and the
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high w-6/w-3 ratio that has been discussed earlier, cholesterol, which is highly abundant in the WD,
is considered a well-established risk factor for atherosclerosis development. In addition, WD is rich
in components and derivatives from red meat, eggs, and dairy products, such as L-carnitine and
phosphatidylcholine, which have been linked to increased risk of CVDs, by means of the gut

microbiota activity.
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Figure 2. The impact of several risk factors on chronic inflammation and on health outcomes [34].

Indeed, the existence of the gut microbiota, which is placed at the intersection between diet and
human health, further complicates this scenario. The gut microbiota has been living in a symbiotic
relationship with the host for millions of years, affecting its energy balance, promoting tits intestinal
immunity, and protecting against pathogens, while receiving an optimal niche to live in. Moreover,
a strict relationship between the gut microbiota and diet exists. Dietary habits not only shape the
gut microbiota composition and function, but also provide dietary precursors that the intestinal
bacteria will transform for energetic purposes into secondary metabolites with a relevant impact
(positive or not) on human health [35]. The gut microbial composition decides the nature of
metabolites of bacterial origin released in the intestinal lumen, thus alterations of the gut
microbiome may result in metabolic dysfunction and chronic inflammation [36] (Figure 3). Among
the metabolic products of anaerobic bacteria fermentation, short-chain fatty acids (SCFAs), such as
acetate, propionate, and butyrate that result from the digestion of the non-absorbable dietary fiber
and resistant starches, are not only fuel for enterocytes, and modulate electrolyte and water
absorption, but also known for their role in contrasting inflammation. Their anti-inflammatory
effect seems to be due, among others, to the suppression of the LPS- and cytokine-stimulated

release of pro-inflammatory mediators and the stimulation of anti-inflammatory cytokines release,
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mainly via the inhibition of histone deacetylases (HDACs) [37]. On the other hand, trimethylamine
(TMA), another by-product of bacterial metabolism of dietary precursors, together with its oxidized
derivative trimethylamine-N oxide (TMAO), have been implicated in various chronic health

conditions [38,39] (Figure 4).
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Figure 3. Mechanisms by which gut microbiota can modulate low-grade inflammation and obesity.
IL-6—interleukin 6; LPS—Ilipopolysaccharides; M1—macrophages M1; M2—macrophages M2;
NLRP3—inflammasome; SCFA—short-chain fatty acids; TNFa—tumor necrosis factor ao; ZO-1—
zonulin [40].
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Figure 4. Structure of (A) trimethylamine (TMA) and (B) trimethylamine-N-oxide (TMAO) [41].

1.3 DIET, TMA AND TMAO

A direct relationship between diet, TMA and TMAO exists (Figure 5). In fact, TMA, a volatile tertiary
aliphatic amine, derives from diet by either the consumption of foods rich in TMA, such as fish

(which also contains TMAQ), or the consumption of food rich in TMA precursors such as choline,
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betaine, L-carnitine, dimethylglycine, and their precursors (e.g., phosphatidylcholine, crono-
betaine, y-butyrobetaine) mainly found in eggs, milk, red meat and cheese [42]. Another TMA
precursor is ergothioneine, a biogenic amine (a derivative of histidine) that can be found in some
animal products (mainly liver and kidney), but also in mushrooms and several types of beans as
well. These precursors are used by the intestinal (caecum and colon) anaerobic bacteria (mainly
belonging to Firmicutes, Actinobacteria, and Proteobacteria) for energetic purposes and converted
into TMA according to two main metabolic pathways. The first involves the gene cluster CutC/CutD
which codes for the choline TMA-lyase (CutC) and its activating choline trimethylamine-lyase
enzyme (CutD) and needs choline as a substrate; while the second, that requires the Rieske-type
oxygenase/reductase complex (CntA/B), has carnitine and gamma-butyrobetaine as substrates
[43]. Moreover, betaine (choline-derived metabolite) reduction by the microbial glycine betaine
reductase encoded by the gene GrdH is also associated with TMA production, albeit to a lesser
extent[44]. Recently, the involvement of another metabolic pathway based on the enzyme complex
(YeaW/X), has been also hypothesized [45]. Furthermore, TMA can be produced upon bacterial

reduction of TMAO, a water-soluble osmolyte introduced in its natural form through seafood [46].

1.4 TMA AND TMAO METABOLISM

Once ingested or produced, most of TMA is rapidly absorbed by passive diffusion through the
intestinal walls and is transported by the portal circulation to the liver, where is oxidized to TMAO.
This oxidation is mediated by the hepatic flavin monooxygenases (FMO), mainly FMO3 [47] and
generally leads to the consumption of up to 95% of TMA. TMAQ's fate is to be either accumulated
in extrahepatic tissues as an osmolyte or more frequently be excreted with urines and, in small
percentages, also through sweat, faeces (4%), exhaled air (less and 1%) or other body secretions
[48]. A small fraction of TMAQ can remain into the circulation and interact with circulating proteins.
It’s through this mechanism that TMAO mediates the non-enzymatic oxidation of cholesterol by
bonding with the zinc protoporphyrin IX dimethyl ester [ZnPPDME] to yield [TMAOZnPPDME] [49].
Since most of TMA undergoes hepatic oxidation to TMAOQ, the circulating levels of TMA are usually
low, even though there could be some exceptions. Among the factors that can influence TMA levels
in blood, diet is one of the most important. In fact, besides driving the amount of the ingested
precursors, dietary habits can shape the gut microbiota composition. On this regard, it has been
documented that vegetarian or vegan dietary regimens are accompanied by a reduced capacity to
convert L-carnitine into TMA, not only because of dietary sources of TMA precursors are not part
of the diet, but also because they seem to induce the selection of non-TMA producing bacteria. On
the other hand, western-like diets rich in saturated fats negatively modify the gut microbial
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composition, inducing an increase in TMA level [50]. However, also the genetic background of the
host, its excretion capacity, and its liver health status could influence the levels of circulating TMA.
In fact, genetic polymorphisms in the FMO3 gene impair (totally or partially) TMA hepatic oxidation
and consequently the hematic TMA concentration increases, a condition known as
trimethylaminuria [51]. In addition, the FMOs’ activity is sensitive to certain molecules of dietary
origin. For example, a decreased activity of FMOs has been reported in association with the
consumption of grapefruit juice [52] and indole-containing cruciferous vegetables (e.g., Brussels
sprouts, broccoli, cabbage, and cauliflower) [53]. A similar effect has been observed in case of
ascorbic acid deficiency in guinea pigs [54].

So far, still little is known about the physiological roles of TMA and TMAO in humans. However,
several studies have attributed potential toxic effects to both TMA and TMAO. In particular,
elevated TMAQO levels in blood have been linked to serious health conditions (Figure 6). However,

this scenario is quite controversial and not well understood yet.
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Figure 5. Biosynthesis and metabolism of trimethylamine N-oxide (TMAO). Precursors of
trimethylamine (TMA), (A) choline, (B) glycine betaine, and (C) L-carnitine, are ingested with certain
foods. They are then catabolized by the gut microbiota to obtain the end products (e.g., TMA)
utilized in the formation of ATP. (D) Afterwards, 95% of TMA is diffused and oxidized by flavin-
containing monooxygenase 3 (FMO3) in the liver to TMAO; (E) TMAOQ is transported to other organs
via systemic circulation. (F) TMAO can serve as a final electron acceptor in bacteria that colonize
the gut, thus reducing TMAO to TMA and H,0. (G) TMA can be also used by some methanobacteria
to generate methane and ammonia [55].
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Figure 6. TMAO and human health. TMAO has been associated with an enhanced immune
response, which is involved in the pathogenesis of several diseases, such as kidney and metabolic
disorders, obesity, type 2 diabetes, metabolic dysfunction-associated fatty liver disease (MAFLD),
cardiovascular and neurological diseases, cancer, and severe cases of COVID-19 [55].

1.5 TMA, TMAO AND HUMAN HEALTH
1.5.1 TMA and intestinal inflammation

The conversion of dietary components (choline, carnitine, and betaine) to TMA occurs mostly in the
caecum and colon by anaerobic bacteria. TMA passively diffuses into blood circulation through the
enterocyte membrane on its way to the liver, where is oxidized to TMAO. Approximately 95% of
TMA is oxidized and then excreted in urine in a 3:95 TMA:TMAO ratio within 24h. The detected
concentration of TMA in urine of healthy individuals, ranges from few uM to 50 mM [56,57] and is
affected by dietary habits and by the sensitivity of instrument used for its detection. Lasty, less than
1% of TMA is eliminated with breath and only a small fraction (4%) is excreted in feces [47]. The
reported amount of TMA in the fecal sample from healthy volunteers is about 0.146-0.5 pmol/g
[58,59], but may vary according to the sensitivity of the detection method [46].

Considering that the intestine is the site of TMA production, that TMA may remain in the intestinal
lumen until fecal excretion and considering TMA’s toxic potential, several studies have investigated
the potential genotoxic and cytotoxic effects of TMA on colonic cells. Jalandra and colleagues,
showed that both acute and long-term exposures to TMA affect not only morphological
characteristics, but also proliferation of human adenocarcinoma cell lines HCT116 and HT29, mostly

via the induction of cell cycle arrest and the reduction of ATP production [60]. The inflammatory
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effects of TMA on the colon and rectal epithelium come also from in vivo studies, where TMA was
found to significantly increase the infiltration of inflammatory cells in the intestinal epithelium, and
to cause extensive mucosal damage and distortion in the epithelium [60]. Moreover, meta-omic
studies on colorectal cancer, reported increased levels of TMA precursors choline and choline-
containing compounds in colorectal tumour biopsies compared to normal tissue from the same
patients [61]. Increased levels of TMA precursors were found in stool from a high-risk group for
colorectal cancer compared to a low-risk group, as well [62]. Lastly, several carnitine derivatives
were reported to be differentially abundant in intestinal bowel disease compared to healthy
controls [63]. Overall, these findings support the hypothesis that TMA is able to trigger
inflammation not only systemically, but primarily, in its production site, with detrimental effects for

the intestinal environment.

1.5.2 TMAO and kidney disease

Considering that kidneys are the main contributors to TMAO clearance, TMAO has been suggested
as a biomarker for renal disease. In fact, several studies have found elevated plasma and/or urine
TMAO concentration in patients with chronic kidney disease (CKD) [64,65] and end-stage renal
failure [66]. Moreover, TMAO seems to exacerbate kidney dysfunction and renal fibrosis and to

increase the mortality risk in CKD (1.7-fold increase when TMAO levels are elevated) [64,67].

1.5.3 TMAO and cardiovascular disease

Furthermore, elevated circulating TMAO levels have been directly correlated with atherosclerosis
[50,68], heart failure [69], and hypertension [70]. Up to date, many studies (including systematic
reviews and meta-analysis) further investigated and confirmed the association between TMAO and
cardiovascular health. TMAO has been suggested as an independent predictor of CVD risk and
mortality [71,72] with a dose-dependent effect [73]. In fact, TMAO was able to predict short- and
long-term mortality and poor neurological outcome in out-of-hospital cardiac arrest patients [74].
In addition, elevated plasma TMAO independently correlated with plaque rupture in patients with
myocardial infarction [75], while it was associated with increased risk of hypertension and reduced
high-density lipoprotein cholesterol levels in apparently healthy individuals [76]. Thus, considering
the previously mentioned role of TMAOQ in CKD and that a tight relationship between renal function
and cardiovascular health exists, TMAO could represent a potential candidate biomarker either for
early diagnosis or prognosis of cardiovascular diseases.

However, up to date the scientific community has not been able to provide a mechanistic
explanation for this association between TMAO and CVD. Among the hypotheses that have been
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proposed there are the promotion of platelet aggregation [77], vascular inflammation [78],
cholesterol accumulation and foam cell formation [79], the increase in pro-inflammatory
monocytes [80], oxidative stress [81] and the impairment of methyl metabolism [82] (Figure 7).
Moreover, another issue to clarify is whether elevated levels of circulating TMAO are a cause or a
consequence of the CVD.

Nevertheless, despite numerous proofs of the direct association between TMAO and CVD,
contrasting evidence on the relation between TMAO and CVD emerged [83—-87] and few studies
suggested that TMA may have a primary role in CVD and that TMAO may be even protective [88—
90], instead. On this regard, Jaworska and colleagues, suggested that TMA should be used as a
marker of cardiovascular risk, based on the evidence that only TMA was responsible for the
reduction of cardiomyocytes viability in vitro, while TMAO exerted a protective role against TMA-
induced cytotoxicity [90]. Moreover, they measured increased plasma TMA levels in cardiovascular
patients, which were also inversely correlated with the glomerular filtration rate (GFR) [90].
Evidence of the detrimental effects of TMA comes also from animal studies. In particular, chronic
exposure to TMA increased blood pressure and the markers of kidney damage in rats [91].
Furthermore, the toxic effect of TMA is not limited to CVD. In fact, in vivo and in vitro studies
suggested broad-spectrum effects of TMA, from the induction of neurological alterations [92] to
carcinogenicity via the formation of N-nitrosodimethylamine [93], a well-known carcinogen. That
TMA is a harmful compound, even more than TMAOQ, is not surprising since the liver, which
detoxifies the human body from harmful molecules, promotes the almost total oxidation of TMA
to TMAO in normal conditions, but if this physiological homeostasis is somehow perturbed, a

pathological condition may arise.

5. Atherosclerosis

3. Inflammation

4. Acute Heart Failure

Figure 7. Elevated plasma levels of TMAO have been suggested to increase the risk for heart disease
via the promotion of (1) endothelial dysfunction, (2) foam cell formation, (3) inflammation in
vascular cells, (4) acute heart failure, (5) atherosclerosis, and (6) infarcted coronary arteries [94].
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1.6 TMA AND TMAO AS THERAPEUTIC TARGET FOR DISEASE PREVENTION

From what abovementioned, it follows that both the diet and the gut microbiota are major actors
when it comes to modulate the predisposition to NCDs, first among others metabolic and
cardiovascular disorders, which represent a serious burden for the modern society. For this reason,
TMA and TMAOQ, alone or in combination with other lifestyle factors (e.g., dietary habits) have been
proposed as therapeutic targets to limit the onset of NCDs. Several therapeutic strategies are being
explored to reduce TMA and TMAO levels. A strategy could be to decrease the dietary intake of
TMA precursors to minimize the synthesis of TMA and TMAO. However, some of the TMA
precursors are essential nutrients for humans and should be part of a normal diet. Just to mention
few, L-carnitine is important for long-chain fatty acids metabolism [95], while choline is essential
for neurotransmission (through the formation of acetylcholine) and for the constitution of cell
membranes (through the synthesis of phosphatidylcholine and sphingomyelin); moreover, one of
the end products of choline metabolism is S-adenosylmethionine (SAM), the primary methyl donor
for the methylation reactions. In addition, TMAO levels not always increase after TMA precursors’
ingestion [96].

For these reasons, other strategies acting on distinct levels should be also adopted. For example,
increasing consumption of food that can target enzymes involved in TMAO metabolism or gut
bacterial activity could help reduce the downstream formation of TMA and TMAO. As mentioned
earlier, cruciferous vegetables impair FMO3 activity, thus may decrease TMA oxidation [97], while
food with antimicrobial properties, such as garlic, might help prevent TMA formation in the
intestine [98].

However, up to date, targeting the gut microbiome seems to be the easiest and most feasible
approach to reduce TMA and TMAO formation, also because changes in the microbiome
composition occur relatively fast. This goal could be achieved via pre- and pro-biotic
supplementation, but also adopting strategies aimed to remodel the microbiome composition (e.g.,
bioremediation of TMA by methanogenic archaea) [99] for example promoting the growth of

bacteria that use TMAO as substrate.

1.7 TMA AND TMAO AS BIOMARKERS FOR DISEASE PREVENTION

Given the increasing evidence supporting their positive role in the development and progress of
major NCDs, such as cardiovascular events, kidney disease and neurological disorders, TMAO and

TMA could represent two valuable biomarkers, for early disease prediction and population risk

12



stratification. Moreover, the simplicity of their detection (e.g., liquid chromatography-mass
spectrometry, proton nuclear magnetic resonance spectrometry, headspace gas chromatography)
in human specimens (e.g., plasma, urine, and feces) makes them extremely easy, accessible, and
non-invasive biomarkers for primary and secondary disease prevention. In addition, TMA and
TMAO levels not only might have a prognostic value and support ongoing therapeutic interventions,
but they might be used tertiary interventions to prevent aggravation of existing illnesses.

However, some critical aspects have to be mentioned. First of all, the pathological cut-off values for
plasma TMA and TMAO in humans have not been clearly defined yet. Some data are available, but
they may change based on the disease or the study design and a unified scientific opinion on the
topic is still missing [73,100-102]. Secondly, there are many confounding factors that could
influence the association between TMAO and NCDs, such as the genetic background and the gut
microbiota composition and function. Lastly, despite those numerous studies, a mechanistic
explanation of the association between the abovementioned conditions and TMA or TMAO levels

is still missing. On this regard, mitochondrial dynamics could help clarify this topic.

1.8 MITOCHONDRIA AND INFLAMMATION

Despite mitochondria are the evolutionary remnants of ancestral Alphaproteobacteria (the
ancestors of modern Gram-negative bacteria) [103], they are extremely vital to human cells.
Indeed, mitochondria are the core of multiple metabolic pathways critical for maintaining cellular
homeostasis, such as oxidative phosphorylation, macromolecules biosynthesis, ion homeostasis
(i.e., calcium), apoptosis and redox signaling. Based on these considerations, it seems likely that
mitochondria have a key role in triggering inflammatory processes.

First of all, mitochondria are a major source of DAMPs. Indeed, given they bacterial origins, some
mitochondrial components are similar to bacterial ones (e.g., differently from genomic DNA,
mitochondrial DNA (mtDNA) is circular) and might function as PRR ligands. Also, the ATP they
produce may function as a DAMP via P2X receptors when released by apoptotic cells [104,105].
Lastly, mitochondria are the major site of ROS production, thus mtDNA could be very vulnerable to
ROS-induced damage. The oxidative stress induced by ROS overproduction leads to mitophagy
inhibition, mtDNA mutations and mtDNA release, ultimately causing the decline in mitochondrial
renewal and function. Mitochondria are also sensitive to other pro-inflammatory mediators,
including the cytokines TNFa and IL-1B, which may induce mitochondrial damage, leading to a
decrease of ATP production (through down regulation of complex | of the electron transport chain)

and alteration of mitochondrial membrane potential (Aym) [106].
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The imbalanced mitochondrial dynamics, further contribute to cell damage, inflammation, and
disease. In fact, from recent mechanistic studies it emerged that dysfunctional mitochondria are
implicated in the development of chronic low-grade inflammation [107]. For example, alterations
in mitochondrial function are recognized in cardiovascular disease [108-110], neurodegenerative
disorders and inflammatory bowel disease. Thus, mitochondria not only have a significant role in
pro-inflammatory signaling, but vice versa, one common manifestation of inflammation is a change

in these organelles’ physiology causing mitochondrial dysfunctions.

1.8.1 mtDNA copy number

Human mtDNA is a small circular genome, within the inner matrix of mitochondria (Figure 8). It
consists of 37 genes, 13 of which code for the components of the mitochondrial electron transport
chain, including seven genes that code for subunits within complex | (MT-ND1, MT-ND2, MT-ND3,
MT-ND4, MT-ND4L, MT-ND5, MT-ND6), one for complex lll (MT-CYB), three for complex IV (MT-
CO1, MT-CO2, MT-CO3) and two for complex V (MT-ATP6, MT-ATPS8), besides 22 transfer RNAs and
2 ribosomal RNAs (MT-RNR1 and MT-RNR2). Each mitochondrion contains 2-10 copies of the
mtDNA, and up to 1000 mitochondria can be found in each cell. Mitochondrial DNA content of a
cell, also referred to as mtDNA copy number (mtDNAcn), is the measure of the number of
mitochondrial genomes per cell and is determined mainly by the mtDNA replication rate and by the
energy demand of the cell [111,112]. MtDNAcn is influenced by altered energy metabolism and
ROS overproduction. For this reason, changes in mtDNAcn have been proposed as a biomarker of
mitochondrial health [113,114]. Indeed, mtDNAcn is associated with mitochondrial enzyme activity
and ATP production, thus changes in mtDNAcn may indicate mitochondrial damage and
dysfunction, as well as the possibility of mitochondrial involvement in the onset of complex
diseases. On this regard, a reduction of mtDNAcn has been reported in ageing and in various ageing-
related diseases such as diabetes, obesity, and cancer [115-117], while an association between
mtDNAcn and cardiovascular disease has been also reported. Lower mtDNAcn has also been found
associated to frailty and all-cause mortality [118].

Up to date, the mechanisms that regulate mtDNAcn and that influence disease onset are not
completely understood. One proposed mechanism could be via regulation of nuclear DNA (nDNA)
methylation at specific loci that may impact human health through alteration in cell signaling [119].
The possibility to use mtDNAcn as a biomarker comes mainly from studies on peripheral blood cells.
However, the recent discovery of cell-free respiratory competent mitochondria in blood [120], lead
to the idea that quantifying mtDNAcn in the whole blood could be more representative of the

health status of an individual.
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Figure 8. Mitochondrial DNA (mtDNA). The human mtDNA is a 16,569 bp circular DNA, containing
a heavy (H, outer ring) and light (L, inner ring) strand. The genes encoded from the L-strand are
written inside the circular DNA, whereas genes encoded from the H-strand are written on the
outside. The protein-coding genes encode for the complexes required for oxidative
phosphorylation (Complex I: orange, complex lll: purple, complex IV: pink, complex V: yellow). The
D-loop region contains the promoters for the L- and H-strand (LSP, HSP1, HSP2) and the origin of
replication of the H-strand (OH) [121].

1.8.2 mtDNA epigenetics

MtDNA contains only three promoter regions, which are LSP (for genes encoded by the light (L)-
strand), and HSP1 and HSP2 (for the genes encoded by the heavy (H)-strand), that produce
polycistronic transcripts [122]. These three promoters are found within or in the proximity of the
mitochondrial displacement loop (D-loop) region, which also host the origin of replication of the H-
strand. MtDNA transcription and replication are regulated by several proteins of nuclear origin,
including the mitochondrial RNA polymerase, the transcription and mtDNA maintenance factor
(TFAM), the transcription specificity factors (TFB1M and TFB2M) and the transcription termination
factor (mTERF). However, recent evidence suggests that mtDNA transcription and replication could
also be controlled by epigenetic mechanisms. The term “mitoepigenetics” has been proposed to
refer not only to the epigenetic modifications that regulate mtDNA, but also to describe the
crosstalk between mitochondria and the nuclear epigenome. In fact, mitochondria provide key
intermediate metabolites that are essential for epigenetic modifications on nDNA, which in turn

control the expression of mitochondrial proteins.
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However, contrary to nuclear epigenetics, mtDNA epigenetics has been less investigated, mainly
because the existence of such mechanisms has been questioned for years, due to the different
nature and structure of mtDNA compared to nDNA. Despite that, growing evidence is supporting
the existence of “mitoepigenetics” and studies are focusing mainly on mtDNA methylation [123],
although it is still a controversial topic. Indeed, while some authors have denied the existence of
DNA methylation in the mitochondrial genome or have linked its retrieval to technical limitations
[124,125], others have supported its existence in the D-loop regulatory region [126] and even
suggested a functional role of DNA methylation in mtDNA replication and mtDNA gene transcription
[127,128]. Moreover, the discovery of DNA methyltransferases 1, 3A and 3B (DNMT1, DNMT3A and
DNMT3B) in mitochondria further corroborates the hypothesis of the existence of mtDNA
methylation [129].

Changes in mtDNA methylation have been associated with the aetiology of several human diseases,
such as cancer, obesity, diabetes, and cardiovascular and neurodegenerative diseases [130]. Several
authors also observed a significant inverse correlation between the mtDNA methylation levels in
the D-loop region and mtDNAcn [131,132], thus further suggesting the important role of DNA
methylation in mitochondrial regulation.

In conclusion, although the existence of “mitoepigenetics” and its involvement in human diseases
is still debated, the research in this field is still open, in the hope of finding new biomarkers for

disease diagnosis and progression, as well as potential therapeutic interventions.
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Chapter 2

Diet, trimethylamine metabolism, and
mitochondrial DNA: an observational study
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2.1 STATE OF ART

Mitochondria are cellular organelles responsible for energy production, as well as the synthesis of
phospholipids, calcium homeostasis, apoptotic activation, and cell death [1]. Remarkably, the
mitochondrion is the only mammalian cellular organelle containing an independent genome, which
is the circular double-stranded mitochondrial DNA (mtDNA) of =16.6 kb, encoding 13 structural
subunits of complex |, Ill, IV, and V, 22 tRNA and two ribosomal RNA genes used for RNA translation
[2].

MtDNA can be found in a different copy number (mtDNAcn) depending on the cell and tissue type,
as well as the health status of cells [3,4]. Tissues that have greater energy demands naturally have
a higher mtDNAcn (i.e., more mtDNA copies per cell). For example, in the heart there are =2000—
5000 copies of mtDNAcn per nucleus, =1000—-3000 in skeletal muscles, =500—1000 copies in liver,
and =150-600 copies in blood leukocytes [5]. Despite some authors described a direct correlation
between mtDNAcn, mitochondrial number, and functions [6], others reported inverse or no
correlations [7], evoking a picture that is more dynamic and complex than initially speculated.
Interestingly, beyond its role as a template for the respiratory chain, mtDNA is also actively engaged
in triggering the innate immune signaling [8,9]. In spite of the complexity of this context, a robust
body of literature associated circulating levels of mtDNAcn to metabolic and cardiovascular health
[10—13]. Nevertheless, conflicting results concerning the direction of this association emerged [14],
and the reason mtDNAcn is associated to health outcomes is still to be completely elucidated.
Remarkably, it has been shown that mtDNA might also be methylated [15-17], and the
identification of the mitochondrial isoform of the DNA methyltransferase 1 (DNMT1) supported this
hypothesis [18]. Methylation has been measured throughout the mitochondrial genome, in CpG
sites but also in CpH (non-CG) dinucleotides [19,20],and differ among tissues and cell types [21,22].
Strand-specific methylation levels in the D-loop area of mtDNA have been found as well and
reported to vary in response to environmental stimuli [23-25], including diet [26-28], even though
a clear mechanistic role of this epigenetic modification has not been defined yet.

The diet’s impact on mitochondrial function has been widely studied [29] due to its role as the
powerhouse of the cell and involvement in the metabolism of nutrients [1]. In particular, glucose is
metabolized by glycolysis to pyruvate and enters mitochondria to undergo the Krebs cycle. Also,
fatty acids enter the mitochondria through carnitine palmitoyltransferase (CPT)-1 and go through
[B-oxidation to make acetyl coenzyme A, which is further metabolized in the Krebs cycle. The Krebs
cycle and f-oxidation produce reducing equivalents, such as NADH and FADH2, which donate

electrons to the electron transport chain boosting the ATP synthesis [30]. Thus, the ability to
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process these macronutrients is strictly associated to mitochondrial functions. Also, when calorie
intake is in excess or the capacity of oxidative phosphorylation is limited, the electron transport is
compromised and there is an increased risk to generate reactive oxygen species (ROS). Additionally,
food provides substrates and cofactors for mitochondrial enzymes that are essential for
mitochondrial functions [1,31]. Among them, single nutrients (including vitamins, fatty acids,
minerals, and amino acids) and bioactive compounds present in a balanced diet should be regarded
as promoting optimal functioning of the cellular-mitochondrial-metabolic axis [32]. On the other
hand, an unhealthy diet (e.g., high in sugar and/or fat) can also affect mitochondrial functions [1].
Trimethylamine-N-oxide (TMAO) is listed among diet-associated metabolites that have been
studied for a potentially harmful effect on human health [33]. TMAO is a low-molecular-weight
compound formed in the process of oxidation of trimethylamine (TMA), which is primarily produced
from nutritional substrates from the metabolism of phosphatidylcholine/choline, carnitine,
betaine, dimethylglycine, and ergothioneine by intestinal microbiota in the colon [34]. TMA is
absorbed in the gut and then oxidized in the liver by hepatic flavin monooxygenases (FMO1 and
FMO3) into TMAO [35]. Circulating levels of TMAO are determined by many factors, such as age,
gender, diet, intestinal microbiota composition, kidney function, and liver flavin monooxygenase
activity [36]. The evidence suggests that high blood levels of TMAO may constitute potential risk
factors for cardiovascular diseases, independent of other, traditional ones [34,37]. Interestingly,
several studies indicated that the impact of TMAO on human health might result from its effect on

mitochondrial dynamics [38—43].

2.2 AIM OF THE STUDY

The available evidence on the effect of diet, TMA, and TMAO on mtDNA is limited. Only a few
studies reporting on the impact of diet on mtDNAcn and methylation have been published to this
date [26—28]. Therefore, this research aims to assess whether diet, TMA, and TMAO are associated
with levels of mitochondrial DNA copy number and methylation in a group of healthy subjects

having extremely healthy or unhealthy dietary patterns.

2.3 MATERIALS AND METHODS
2.3.1 Studied Population and Dietary Assessments

A detailed description of the course of research, recruitment procedure, and inclusion/exclusion
criteria were published previously [44,45].In particular, inclusion criteria was age between 31 and
50 years, and either western or healthy dietary pattern evaluated by Easy Diet Screener. All

participants were informed about the study and have given their written consent. The study was
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approved by the Local Ethic Committee at Poznan® University of Medical Sciences, number
486/2016. Exclusion criteria were diseases such as diabetes, cancer, gastrointestinal diseases (e.g.,
inflammatory bowel disease, irritable bowel syndrome, and celiac disease); the use of lipid-profile
regulating medications; altered dietary habits in the last 6 months; using probiotics or antibiotics
during last 6 months; and being pregnant or lactating. Subsequently, 200 subjects with extreme
(healthy or unhealthy) dietary patterns were recruited. Such enrolment ensured high variance in
the dietary intake within the group of participants and enabled analysing data in a broad range of
intakes. Dietary records from 3 consecutive days were collected. The dietary intakes including
relative percentages of energy obtained from proteins (%ENP), carbohydrates (%ENC), simple
sugars (%EsimpC), fat (%ENF), saturated (%ESFA), and polyunsaturated (%EPUFA) fatty acids were
calculated using the Dieta 6.0 software (National Food and Nutrition Institute, Warsaw, Poland).
Additionally, intakes of choline and betaine were calculated using the USDA database for the
choline content of common foods [46]. The quality of diet was estimated by establishing the value
of the HEI [47,48]. Body composition was assessed by calculating the BMI and measuring the %FM
using the whole-body densitometry method with the predicted thoracic gas volume (BodPod,
Cosmed, USA). PA) level (1-low, 2-medium, 3-high) was estimated by means of a short form of the

international physical activity questionnaire (IPAQ) [49].

2.3.2 Circulating Levels of TMA Metabolites and Precursors

Plasma levels of TMA and TMAO and circulating levels of TMA precursors (choline, |-carnitine, O-
acetyl-l-carnitine, betaine) were measured by means of an ultra-high-performance liquid
chromatography electrospray ionization mass spectrometry (RP-UHPLC-ESI-MS) analysis performed
using Dionex UltiMate 3000 UHPLC, Sunnyvale, CA, USA) coupled to a Bruker maXis impact ultrahigh
resolution orthogonal quadrupole-time-of-flight accelerator (qTOF) equipped with an ESI source
and operated in a positive ion mode (Bruker Daltonik, Bremen, Germany). The TMA was derivatized
with ethyl bromoacetate to form ethyl betaine bromide prior to testing [50]. Then, the isotope
dilution analysis was performed. This approach had been already described and validated by Koc et
al. [51]. Choline chloride-(trimethyl-D9), I-Carnitine-(methyl-D3) hydrochloride, acetyl-D3- I-
carnitine hydrochloride, betaine-1,2—13C2, trimethylamine-D9N-oxide (D9-TMAO), and trimethyl-
D9-amine hydrochloride (D9-TMA) were used as internal standards for choline, I-carnitine, O-

acetyl-l-carnitine, betaine, TMAO, and TMA, respectively.
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2.3.3 DNA Extraction, Quantification of mtDNA Copy Number and DNA
Methylation

DNA was extracted from whole blood using the NucleoSpin Blood kit (Macherey-Nagel, Germany).
Relative mtDNAcn quantification was performed by means of real-time PCR (Biorad CFX96, USA)
considering nDNA as a normalizer, according to the previously published data [10,52]. Since the
amount of mtDNA amplified in each sample was normalized to the amount of nDNA, relative
mtDNAcnh was determined by the ACt method (272¢!). All DNA samples were processed under the
same conditions and using an identical DNA extraction method, since its variations might affect the
evaluation of mtDNAcn [52,53]. The relative quantification was a commonly used method for
mtDNAcn assessment [10,53-59] which was useful to compare the mtDNAcn between different
samples in the same study but did not provide an absolute quantification of this parameter. The
mitochondrial primers were validated by Fazzini et al. [52] for their specificity (unique amplification
of mtDNA) and the absence of coamplified NUMTSs. An inter-run calibrator sample was applied to
adjust the results obtained from different amplification plates.

Bisulfite pyrosequencing was performed to assess DNA methylation levels in both nuclear (LINE-1)
and mitochondrial sequences (LDLR2). DNA methylation in the LINE-1, a repetitive DNA
retrotransposon, was regarded to be a surrogate marker of global DNA methylation. Moreover,
since the mitochondrial genome lacks histone complexes and retrotransposons (such as LINE-1),
this estimation of global DNA methylation referred exclusively to the nuclear and not to the
mitochondrial DNA. LINE-1 methylation was determined interrogating the L1Hs sequences as
described by Tabish et al. [60]. On the contrary, the selected mitochondrial area was located in
proximity to the light-strand transcription promoter, and it was selected because it had been
reported that DNA methylation in mtDNA might differ between two strands [24] and levels
measured in the light strand may be higher compared to those in the heavy strand [23,61].
Furthermore, D-loop was one of the few regions on mtDNA that was not included in the nuclear
DNA as NUMTSs [62]. For this reason, NUMTs did not represent significant biases in the analysis of
DNA methylation through bisulfite pyrosequencing in this area without previous isolation of the
mtDNA from nuclear DNA. This allows simultaneous quantification of nuclear (LINE-1) and
mitochondrial DNA methylation in the same sample. To avoid inaccurate bisulfite conversion
resulting from the 3D structure of mtDNA, 600ng of DNA were digested with BamHI (New England
Biolabs, USA) in accordance with the manufacturer’s instruction. Digestion with BamHI| was
performed in order to linearize mtDNA, thus reducing the risk of falsely positive methylation results
[63]. Subsequently, DNA was converted with bisulfite using the EZ-96 DNA Methylation Gold Kit
(Zymo Research, Orange, USA) following the manufacturer’s instructions. The selected areas were

amplified by means of the Pyromark PCR Kit (Qiagen, Germany) and sequenced using the Pyromark
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Q24 instrument (Qiagen, Germany) (LDLR2: Fw-5'- TTTTTAGTGTATTGTTTTGAGGAGGTAAGT-3’; Rv-
5’-CACTCCCATACTACTAATCTCATCA-3'; Seq-5'-TTTTTGGGGTTTGGT-3'; LINE-1: Fw-5'-
TTTTGAGTTAGGTGTGGGATATA-3'; Rv-5'- AAAATCAAAAAATTCCCTTTC-3; Seq-5'-
AGTTAGGTGTGGATATAGT-3’). The degree of methylation was defined as a percentage of

methylated cytosines over the sum of methylated and unmethylated cytosines.

2.3.4 Statistical Analysis

Data were presented as means * standard deviations unless otherwise indicated. The normality of
data distribution was evaluated using the Kolmogorov—Smirnov test. Parameters with skewed
distributions were appropriately log-transformed before the analyses. Differences between groups
were assessed through t-test or ANOVA tests. Association tests were calculated after adjusting for
sex, age, FM%, PA (as indicated in the text) through GLM. Pearson’s correlation and linear
regression were used to test correlations and associations (adjusting for covariates) between
continuous variables, respectively. A two-sided p-value under 0.05 was considered statistically
significant. Since this study can be described as explorative, the study adjusted for multiple testing
and reported nominal correlations as indicated in the text. SPSS [64] and R software (ggplot2

package [65]) were used for statistical analysis and visualization.

2.4 RESULTS
2.4.1 Descriptive Statistics

Detailed characteristics of the study group, including age, smoking status, physical activity (PA),
body composition, and dietary intake, were published previously [45]. The group of participants
consisted of 100 subjects having a healthy dietary pattern (H group) and 100 individuals with a
western (W group) dietary pattern according to the Easy Diet Screener [44]. The mean age of
persons under study was 38 + 5 y/o in the H group and 37 £ 5 y/o in the W group (p = 0.215). 50%
of participants were males and 50% were females, equally distributed in the two groups (p = 0.556).
With regard to PA, lower levels were recorded in the W group compared to those measured in the
H group (p = 0.028). Individuals assigned to the W group were characterized by higher %FM (fat
mass), BMI (body mass index), %ESFA (percentage energy from saturated fatty acids), and %EsimpC
(percentage energy from simple sugars), as well as lower HEI (healthy eating index), %ENP
(percentage energy from proteins), and %EPUFA (percentage energy from polyunsaturated fatty

acids) [45].
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2.4.2 TMA and TMA Dietary Precursors

Participants with the western dietary pattern had lower TMA levels than participants maintaining
a healthy diet (H: 1.87+2.51; W: 1.01+1.13; p = 5.02 x 10™*) (Figure 1A). No significant differences
were measured in terms of the TMAO levels between the two groups (H: 5.81 + 3.13; W: 5.90 +
5.60; p = 0.401) (Figure 1B). The TMAQO/TMA ratio was higher in the W group than in the H group
(H: 7.59 + 8.6; W: 8.92 + 6.76; p = 0.006) (Figure 1C).

In terms of the circulating levels of TMA dietary precursors (Table 1), significantly lower levels of
plasma I-carnitine were recorded in the W group compared to the H group (p = 0.001). I-carnitine
circulating levels were correlated with %ENP in both groups (Pearson’s correlation = 0.158; p =
0.025). No other TMA dietary precursors were significantly associated with %ENP. O-acetyl-I-
carnitine (p = 0.03) and betaine (p = 0.05) plasmatic levels were nominally lower in the W group
than in the H group.

Dietary intakes of choline were correlated with circulating choline levels in the overall population
(Pearson’s correlation = 0.175; p = 0.013) but did not differ between the two groups under study
(H: 452.83+278.54 mg d™%; 404.21+202.23 mg d™%; p = 0.331). On the contrary, betaine intake was
not associated with circulating betaine levels (p = 0.972), but it was significantly higher in the W
group than in the group maintaining a healthy diet (H: 82.33 + 75.12 mg d™%; W: 135.78 + 97.00 mg
d?; p=2.1x107). In fact, betaine intake was strongly linked to HEI (Pearson’s correlation = -0.388;
p = 1.75 x 107®). Betaine intake, but not choline intake (p = 0.917), was also nominally correlated
with TMA circulating levels (Pearson’s correlation = -0.159; p = 0.025) and negatively correlated
with %ENP (Pearson’s correlation =-0.176; p = 0.013), while choline intake showed a strong positive
correlation with %ENP (Pearson’s correlation = 0.409; p = 1.7 x 107°). Table S1 in supporting
information shows the correlations between circulating levels of TMA precursors and TMA or TMAO

circulating levels in the entire cohort A) and the two groups B).
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Figure 1. Levels of plasma trimethylamine (TMA) A) trimethylamine-N-oxide (TMAO) B), and the
TMAO/TMA ratio C) in groups with healthy (H) and western (W) dietary patterns.
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Table 1. Descriptive statistics of levels of the trimethylamine (TMA) dietary precursors in a study
group stratified by the dietary patterns.

Healthy diet  Healthy diet  Healthy diet ~ Healthy diet =~ Western diet ~ Western diet ~ Western diet ~ Western diet p
group group group group group group group group
(N =100) (N =100) (N =100) (N =100) (N =100) (N =100) (N =100) (N =100)

Min Max Mean SD Min Max Mean SD
Plasma choline [uM L~"] 5.99 18.31 9.49 2.23 4.29 19.16 9.41 2.28 0.81
Plasma O-acetyl-L-carnitine [uM L™'] 3.75 14.76 7.23 2.1 2.85 13.40 6.62 1.80 0.03
Plasma betaine [uM L™"] 4.59 32.60 15.83 5.57 4.80 34.71 14.40 5.20 0.05
Plasma L-carnitine [uM L™'] 10.92 53.40 26.85 9.75 9.91 48.32 22.49 8.97 0.001

Statistically significant results after Bonferroni’s multiple correction (p < 0.05/4 = 0.01) are highlighted in bold. SD,

standard deviation.

2.4.3 PA, but not Dietary Patterns, Associated with mtDNAcn

No difference in mtDNAcn levels was observed between the H and the W diet groups (p = 0.660).
More in detail, general linear model (GLM) analysis adjusted for age, sex, smoking, and FM%
showed that no significant associations occurred between mtDNAcn and the H or W diet group (p
=0.416) (Figure 2A). To test whether PA is associated with mtDNAcn (Figure 2B), the GLM analysis
was performed on the whole group after adjustment for age, sex, smoking, FM%, and HEI (to
exclude confounding effects of diet). In general, mtDNAcn was associated with PA levels (p = 0.026).
After Bonferroni’s correction, mtDNAcn was significantly lower in PA 1 than PA 3 (+18.03%; p =
0.020), but not than PA 2 (+12.78%; p = 0.169), even though no significant differences were
measured between PA 2 and PA 3 (+4.71%; p = 0.815). According to our findings, only intense PA
appears to be associated with mtDNAcn, which is independent of the overall diet quality (p = 0.883).
In fact, after adjusting the analysis for factors such as age, sex, smoking, FM%, and PA, mtDNAcn
was not associated with HEI (p = 0.912), nor with the dietary intake of macronutrients (%ENC
(percentage energy from carbohydrates), %ENP, %ENF (percentage energy from fat), %ENA

(percentage energy from alcohol); data not shown).
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Figure 2. MtDNAcn levels in the population according to healthy (H) and western (W) dietary
pattern groups A) or physical activity levels B). Boxplots adjusted for age, sex, smoking, and (fat
mass percentage) FM%) or age, sex, smoking, FM%, and healthy eating index (HEI) Overall p-values
from the general linear model analysis are shown.

2.4.4 MtDNAcn Association with TMAO/TMA Ratio only in the H Group

After adjusting the analysis for age, sex, smoking, FM%, and PA, mtDNAcn was not associated with
TMAO (p =0.317), TMA (p = 0.138) nor the TMAO/TMA ratio (p = 0.063). To minimize confounding
effects resulting from diet, the analysis was repeated after its further adjustment for the circulating
levels of TMA precursors (l-carnitine levels, betaine and choline levels, and intakes), a nominal
association was detected between mtDNAcn and the TMAO/TMA ratio in the whole group (S =
0.162; p = 0.035). Testing this association in the two dietary pattern subgroups, we found that
mtDNAcn was strongly correlated with the TMAO/TMA ratio in the H group (£ = 0.298; p = 0.007)
but not in the W group (p = 0.493).

2.4.5 D-Loop Methylation and Dietary Factors

The analysis of light-strand D-loop region (LDLR2) showed that the first CpG in this area had higher
methylation levels (methylation % = 10.55 + 3.94) than the second (methylation % = 4.84 + 3.81)
and the third one (methylation % = 5.59 + 4.75). Mean methylation levels measured in the H group
were not significantly different from those in the W group (p = 0.866) (Figure 3A) and were not
directly associated with HEI (p = 0.855) after adjusting the analysis for age, sex, smoking, PA, and
FM%. Methylation in this mitochondrial area was not directly correlated with mtDNAcn (p = 0.442).
D-Loop methylation was neither associated with PA (p = 0.493) (Figure 3B) nor body FM% (p =

0.970). No significant associations with dietary factors that might impact methylation levels (i.e.,
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intake of B12, B2, B6 vitamins, or folate) were detected (data not shown). After adjusting the
analysis for covariates (age, sex, smoking, FM%, PA, HEIl), LDLR2 methylation was nominally
associated with %ENC (£ = 0.160; p = 0.032) and %ENP (S = -0.150; p = 0.049). Furthermore, the
ENP/ENC ratio showed a negative association with LDLR2 methylation (f = -0.168; p = 0.024).
However, after adjusting the analysis for circulating levels of TMA precursors (p = 0.066), this
relation was no longer significant, which suggests that the association between %ENP/%ENC and
LDLR2 methylation might be mediated by the intake of TMA precursors and their metabolism (see

the following section).
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Figure 3. MtDNA methylation levels in groups divided according to healthy (H) or western (W)
dietary pattern groups A) or three levels of PA B). Boxplots adjusted for age, sex, smoking, and fat
mass percentage (FM%) or age, sex, smoking, FM%, and healthy eating index (HEI) Overall p-values
from the general linear model analysis are shown.

2.4.6 D-Loop Methylation Association with the TMAO/TMA Ratio

Pearson’s correlation analysis showed that LDLR2 methylation was not correlated with TMA
(Pearson’s Rho = 0.102; p = 0.154), but significantly correlated with TMAO (Pearson’s Rho =-0.212;
p =0.003) and TMAO/TMA (Pearson’s Rho = —0.203; p = 0.004). The adjustment of the analysis for
age, sex, smoking, FM%, PA, and HEI revealed that LDLR2 methylation was not linked to TMA levels
(p = 0.151) and simultaneously negatively associated with TMAO (S = -0.234; p = 0.002) and
TMAO/TMA ratio (8 =-0.210; p = 0.004) (Figure 4). The association with TMAO/TMA was significant
also after adjusting the analysis for the plasma concentrations of TMA precursors and their dietary
intakes (8 = -0.275; p = 5.1 x 10-4). I-carnitine significantly contributed to the model (f = -0.224;
p = 0.004). The association between LDLR2 methylation and the TMAO/TMA ratio was further

confirmed after dividing the population according to dietary patterns (in H: 8 = -0.210; p = 0.049;
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in W: 8 =-0.294; p = 0.006), suggesting an independent effect between the two variables in the

cohort.
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Figure 4. MtDNA methylation and trimethylamine (TMA) metabolites. Scatter plots presenting
Pearson’s correlations between mtDNA methylation and TMA A), trimethylamine-N-oxide (TMAOQ)
B), or TMAO/TMA C).

2.4.7 Nuclear DNA Methylation (LINE-1), TMAO/TMA, and Dietary TMA
Precursors

Long interspersed nuclear element 1 (LINE-1) methylation did not differ between participants with
healthy (mean % = 74.64 £ 1.46) and western (mean % = 74.93 + 1.69) dietary patterns (p = 0.244).
After adjusting the analysis for age, sex, FM%, and PA, LINE-1 methylation was not associated with
TMA (p = 0.129), TMAO (p = 0.564) nor TMAO/TMA (p = 0.098). Moreover, LINE-1 methylation
proved not to be associated with mitochondrial D- loop methylation (8 = -0.023; p = 0.742), nor
mtDNAcn (p = 0.202).

2.5 DISCUSSION AND CONCLUSIONS

Numerous studies in the last decades have proven the existence of a causal link between
Westernized dietary patterns and the increased prevalence of diet-related chronic diseases [66]
(e.g., obesity [67], diabetes [68], cardiovascular diseases [69], hypertension [70] and cancer
[71,72]). Diet-derived metabolites, which have been indexed as potentially harmful for human
health, include TMA [73,74] and TMAO [75-80] that may impact a person’s condition also through
their impact on mitochondria. Previous studies advocated that TMAO can cause NLRP3
inflammasome activation through inhibition of the SIRT3-SOD2- mitochondrial ROS signaling
pathway in human umbilical vein endothelial cells and aortas of ApoE-/- mice [43]. Moreover, it has

been suggested that TMAO impairs pyruvate and fatty acid oxidation in cardiac mitochondria [40].
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At the same time, mitochondria contribute to the detoxification of trimethylamine N-oxide by the
mitochondrial Amidoxime Reducing Component (mARC) [42]. Nevertheless, other findings have
shown different effects of TMAQO, which protected mitochondrial energy metabolism and cardiac
functionality in a rat model of right ventricle heart failure [39]. In fact, the mechanistic role of TMA
and TMAO has not been elucidated, and several contrasting hypotheses on its impact on human
health have been raised [73,74,81].

In this observational study, a western dietary pattern was associated with lower circulating levels
of |-carnitine and TMA, while the TMAO/TMA ratio was higher in the W group compared to the H
group. These findings are in line with evidence obtained to this date, which suggests that low TMA
levels and high TMAO/TMA ratio may constitute a risk factor for complex multifactorial pathologies,
such as cardiovascular diseases [10,82]. Since most of the previous research focused on circulating
TMAO levels without measuring TMA, the results of this study support the hypothesis that the
measurement of the TMAO/TMA ratio may be more informative than of TMAO alone.

Due to the potential link between TMAO and mitochondria and because of the tight metabolic
relationship between diet and these organelles [1], we measured mtDNAcn and methylation in the
circulating blood of the recruited individuals. In this study, the dietary pattern was not directly
associated with mtDNAcn, despite previous investigations suggesting the possibility that nutrition
may modulate mtDNAcn [83-86]. On the other hand, we found a significant association between
mtDNAcn and PA levels, with higher mtDNAcn in subjects practicing intense and regular PA.
Considering the pivotal role on mitochondria in PA, this finding is consistent with evidence
suggesting that low mtDNAcn is a biomarker of mitochondrial dysfunction (correlated with energy
reserves, oxidative stress, and changes in mitochondrial membrane potential) [3]. Regardless of the
fact that observational studies revealed conflicting results on the direction of the association
between mtDNAcn and disease risk (which has been extensively reviewed here [14]), low mtDNAcn
has been recently described as a risk factor for type 2 diabetes in a prospective cohort [87]. Further
investigations in interventional and longitudinal studies may also facilitate establishing the role of
PA in the modulation of this parameter.

Furthermore, this study revealed a mild association between mtDNAcn and TMA. After adjusting
the analysis for numerous confounding factors, such as age, sex, %FM, TMA dietary pre- cursors,
and overall diet quality (HEI), mtDNAcn was directly associated with the TMAO/TMA ratio,
especially in the H group. Since it has been previously suggested that high TMAO may impair energy
metabolism and increase the number of mitochondria in vitro [38], it is possible to assume that
increased mtDNAcn correlated with high TMAO/TMA levels may be a compensatory reaction to an
increased number of mitochondria. In this study, an inverse correlation between the TMAO/TMA
ratio and mitochondrial D-Loop methylation was measured for the first time. Changes in

mitochondrial D-loop methylation have been evaluated in association with environmental
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exposures [88], such as pollutants [23,89,90], and a few pieces of evidence suggested a potential
impact of dietary factors on this parameter [28]. However, the influence of the TMAO/TMA ratio
on mtDNA methylation had been never investigated before. Despite mtDNA methylation still being
a controversial topic [91], we measured significant levels of this phenomenon in the analyzed area
in the LDLR2, similar to levels previously measured by Vos et al. [23] in the same area. Since mtDNA
methylation is a topic discussed particularly due to methodological issues, we conducted the
analyses 1) using bisulphite-pyrosequencing, which is the gold standard technology for DNA
methylation analysis at specific DNA loci [92]; 2) by linearizing mtDNA before bisulphite conversion
in order to avoid falsely positive outcome resulting from mtDNA supercoiling [63]; 3) by amplifying
the area of mtDNA that is not present in the nuclear DNA as a nuclear mitochondrial DNA sequence
(NUMT) [23]; and 4) taking into account strand-specific differences that have been recorded for this
parameter [23]. This approach increased the reliability of mtDNA methylation data, despite several
intrinsic issues associated with this analysis.

Dietary patterns can modulate DNA methylation, as has been previously demonstrated [93—-97].
However, there is not much information on the impact of diet on methylation in mitochondrial DNA
[28]. In our study, the overall diet quality was not associated with mtDNA methylation levels.
Nevertheless, we found that a lower ENP/ENC ratio was nominally correlated with higher mtDNA
methylation. After adjusting the analysis for circulating levels of L-carnitine, choline and betaine
(dietary TMA precursors), this association was no longer significant. In fact, the strongest
association detected in terms of mtDNA methylation involved TMAO and the TMAO/TMA ratio,
which were negatively correlated with this parameter. This relation remained significant even after
adjusting the analysis for several covariates, including FM%, PA, HEI, and circulating levels of TMA
precursors, suggesting an independent association between these metabolisms. Despite the fact
that in this study, D-loop methylation levels were not directly associated with mtDNAcn, both
mtDNAcn and D-loop methylation were correlated with the TMAO/TMA ratio, which is increased
by a western dietary pattern. Interestingly, recent reports have highlighted that a short open
reading frame into mtDNA also encodes for three mitochondrial-derived peptides (MDPs; i.e.,
Humanin, MOTS-c, and SHLP1-6), with a potential role in cell metabolism, inflammation, and
response to stressors [98,99]. A tight correlation between glucose metabolism and the activity of
MDPs has been shown [100,101]. Also, a cytoprotective effect of MDPs in age-related diseases,
including cardiovascular diseases, has been suggested [102]. In senescent primary human
fibroblasts, MDPs were involved in the regulation of glycolipids metabolism, with a potential
protective effect from atherosclerosis, and a role of mtDNA methylation in senescence has been
hypothesized [103]. Due to the correlation between a TMAO/TMA ratio and mtDNA methylation
emerged from this study, further mechanistic investigations aimed to assess if diet can affect MDPs

synthesis, also through a modulation of mtDNA methylation, might enlighten a new focus for age-
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related diseases, such as cardiovascular diseases. Additionally, since methylation might affect the
binding of mtDNA with mitochondrial transcription factor A (TFAM) [104], which has a histone-like
function and can be post-translationally modified as well [105], further prospectives might also
include the evaluation of the impact of diet on mtDNA-TFAM binding and the consequential
transcriptional activity of the mitochondrial genome. Finally, since mtDNA is also released and has
potentially immunomodulatory functions, it has been suggested that differential methylation
signatures and/or hypomethylation may cause mtDNA to appear more “foreign” than “self” [9] thus
enlightening an additional role of mtDNA methylation (and environmental factors associated with
it) on human health.

This study has several limitations. First, since we analyzed whole blood samples, we could not
retrieve data from single-cell types and the complex blood composition might contribute to noise,
especially for mtDNAcn measures. Therefore, we were not able to establish whether the measured
effects were limited to specific cell types or not. This also reduces the number of mechanistic
speculations, especially for epigenetic data that is cell-specific. Further to this point, bisulfite
pyrosequencing has some limitations, e.g., assessment of methylation limited to CpGs, preferential
amplification of low-methylated sequences, impossibility to distinguish between methylation and
hydroxymethylation, potential failure of bisulfite conversion due to three-dimensional structures
of the DNA. Despite these limitations, this technology remains the gold standard for targeted
analyses of DNA methylation, especially in molecular epidemiology, also because of its high
scalability, specificity, and robustness of the results given as a percentage of the overall amplicons.
Concerning the samples recruitment, the two dietary pattern groups (H and W) differed not only in
dietary intakes but also in PA levels and body composition. To overcome this obstacle, all analyses
were adjusted for these confounding factors. Additionally, we cannot exclude other differences
between the two groups regarding parameters that we did not measure. On the other hand, one
of the advantages of this research is that the variability in terms of dietary patterns was high
(including people with extreme dietary patterns), which enabled studying associations of dietary
intakes on biological parameters. Moreover, all recruited participants were healthy and of similar
age and ethnicity, which reduced the risk of unexpected variation in the population with regard to
other parameters.

In conclusion, the emerging connection between diet, TMAO and mitochondrial DNA indicates the
need for further replication studies and supports additional investigations aimed to elucidate the

mechanistic role of mtDNA methylation in affecting human health.
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2.7 SUPPORTING INFORMATION

Supplementary Table 1. Correlations between circulating levels of dietary TMA precursors and
TMA or TMAO in the entire group (A) and in the healthy and western diet groups (B)

A
Circulating Circulating Circulating Circulating
choline levels acetyl-carnitine levels betaine levels carnitine levels
TMA Pearson’s correlation -0.135 0.103 -0.002 0.366
P 0.057 0.147 0.982 0.000
TMAO Pearson’s correlation 0.106 -0.002 0.236 0.061
P 0.137 0.973 0.001 0.390
B
Circulating Circulating Circulating  Circulating
choline acetyl-carnitine betaine carnitine
levels levels levels levels
HEALTHY DIET ,
GROUP TMA Pearson’s 0.059 0.026 0.051 0.310
correlation
P 0.559 0.800 0.615 0.002
TMAO Pearson’s -0.001 -0.097 0.260 -0.155
correlation
P 0.993 0.336 0.009 0.123
WESTERN DIET GROUP TMA Pearson’s -0.255" 0.201 -0.020 0.357
correlation
P 0.010 0.045 0.844 0.000
TMAO Pearson’s 0.192 0.065 0.208 0.212
correlation
P 0.055 0.519 0.038 0.034
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Chapter 3

Biological age and diet: measuring the impact of
lifestyle on a 6CpG-epigenetic clock
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Bordoni, L.; Malinowska, A.M.; Petracci, I.; Chmurzynska, A.; Gabbianelli, R. Biological Age and Diet: Measuring the Impact of Lifestyle
on a 6CpG-Epigenetic Clock. Nutr Healthy Aging 2022, 7, 121-134, doi:10.3233/NHA220160.

3.1 STATE OF ART

Epigenetic marks on DNA and histones are not entirely maintained in somatic cells over aging [1].
This altered epigenomic state, referred to as ‘epigenetic drift’, contributes to impaired cellular and
molecular functions in aged cells [2]. With regards to DNA methylation in mammals, aging is
characterized by a global DNA hypomethylation and local changes in the methylation levels of
specific DNA loci [3,4]. Global hypomethylation in particular affects highly methylated repeated
sequences, such as transposable elements [5,6]. Since CpG sites are particularly enriched at
transposable elements (accounting for > 65% of those found throughout the human genome), the
analysis of the methylation levels in these areas of the genome has been considered as a surrogate
marker of global levels of DNA methylation. Among transposable elements, the long interspersed
nuclear elements (LINEs) are those whose methylation can be altered in response to stress,
infection, diseases [7] and have been associated to genomic instability [8,9]. Moreover, LINE-1
hypomethylation is permissive for LINE-1 transcription [10] and it is a common condition in aging
and age-related diseases [5]. Nevertheless, despite these prevailing tendencies to hypomethylation
in aging, DNA could be either hypomethylated or hypermethylated at specific loci [11].

Due to the association between aging and specific DNA methylation patterns [3], it has been
suggested that, collectively, changes in DNA methylation at specific sites can be used as an
“epigenetic clock” to predict the biological age and the lifespan of an individual [11]. Epigenetic
clocks use algorithms to calculate biological age on the basis of a read- out of the extent to which
dozens or even hundreds of CpGs across an individual’'s genome are methylated. Classically, these
models are trained to estimate chronological age. While chronological age refers to the time
elapsed since the birth of the individual biological age is linked to the decline of biological functions.
The deviation measured between the epi- genetic and the chronological age, often referred to as
either DeltaAge or age acceleration (AA), tends to be predictive of age-related health outcomes,
such as mortality and disease burden. Thus, epigenetic age is thought to be a proxy for biological
age, and epigenetic clocks are considered tools able to trace biological aging [12].

Although the biological and chronological ages of an individual with a healthy lifestyle should
match, exposition to detrimental environmental factors can increase biological age (i.e., promoting
AA). Thus, it has been suggested that the epigenetic clock might help to quantify the impact of risk
factors associated to the aging process (i.e., exposure to environmental factors such as unhealthy
diet, alcohol use, tobacco, and stress) on the health status, by measuring acceleration or

deceleration of the epigenetic age (EA) [13].
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Among environmental exposures, diet is one of the most well-described factors able to modulate
the epigenome [14]. In particular, the influence of diet on DNA methylation pathways (especially
through the regulation of the one-carbon metabolism [15,16]) as well as its impact on the aging
process [17-20]have been widely described. Both the overall diet quality and the availability of
nutrients involved in the one-carbon cycle (1CC) (i.e., B vitamins, betaine, and choline) might impact
the DNA methylation pathways [16] and, consequentially, the epigenetic age. In particular choline,
commonly found in dietary sources such as egg yolk, meat, fish, dairy, nuts, and soybean, is not only
essential to normal cellular functions (choline is a component of phosphatidylcholine the major cell
membrane phospholipid and it is also a precursor of the neurotransmitter acetylcholine) but following
oxidation in mitochondria, choline is converted to betaine, an important methyl group donor in the one
carbon cycle, which can influence DNA and histone methylation. The transformation of choline to
trimethylamine (TMA) by intestinal bacteria can significantly impact health not only through the
accumulation of trimethylamine N-oxide (TMAO) (TMAO derives from the hepatic oxidation of TMA
and has been linked to increased risk of cardiovascular disease (CVD) and major adverse
cardiovascular events [21-23]), but also because it decreases the bioavailability of choline and
downstream metabolites involved in one-carbon metabolism, contributing to DNA hypomethylation
across multiple tissues [24]. Thus, the microbial choline metabolism disturbs the host epigenome
and gene expression which may favor the onset of metabolic diseases and accelerate the aging
process [25-27].

Several studies on the impact of diet and lifestyle on the epigenetic clock are available [28-30].
However, contrasting evidence has been collected [31] and different approaches to measure the
epigenetic clock have been used. Indeed, several epigenetic clocks have been developed that
predict biological age based on the changes in methylation from a tissue or blood at different
selected CpGs. One of the first and most popular epigenetic clock was developed by Horvath [12].
The Horvath clock used 353 CpG sites (obtained from publicly available datasets for various human
tissues and cell types) to predict biological age. Other clocks have been developed, trying to reduce
the number of CpGs used maintaining a good accuracy [13]. Indeed, despite most of the epigenetic
clocks rely on the lllumina BeadChip technology, a targeted analysis limited to a few CpGs is more
cost-effective, faster, and less dependent on availability of this technology and its specific BeadChip
versions. For this reason, a targeted approach to epigenetic age measurement might facilitate the
translation of this interesting biomarker towards an easily accessible and more standardized test,
as requested by the European in vitro diagnostics regulations (IVDR). Several pyrosequencing-based
epigenetic clocks have been proposed for animal models [32] and humans [33,34]. Among them,
Han et al. recently elegantly described the possibility to use methylation levels at 6 CpGs to
successfully estimate the biological age from human blood DNA samples [35]. To select age

associated CpGs, they used a training set of 973 DNAm profiles of healthy human blood samples (1
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to 101 years old), derived from 7 different studies and based on the 450 k Illumina BeadChip
platform. They selected candidate CpGs either for linear correlation (Pearson’s correlation),
continuous non-linear association (Spearman’s rank-order), or by linear correlation with the
logarithm of age. After a careful evaluation and elimination of CpGs that might act as confounding
factors, they identified and validated in an independent set, several epigenetic clocks based on a
different number of CpGs [35]. Among these, the simpler, but still informative, was the model based

on 6 CpGs, which appeared as an easily accessible tool to evaluate the epigenetic age (6CpG-EA).

3.2 AIM OF THE STUDY

Thus, the aim of this study was: 1) to validate the measurement of epigenetic age through a 6- CpG
model in an independent cohort of 200 healthy subjects, 2) to test the correlation between the 6-
CpG- epigenetic clock and other parameters associated with biological aging (LINE-1 methylation
and telomere length (TL)), 3) to test if lifestyle factors are associated with the 6CpG-EA, with a
particular focus on diet quality, intake of vitamins involved in the 1CC, and specific food-derived

compounds (i.e., TMA and TMAO).

3.3 MATERIALS AND METHODS

3.3.1 Enrolment of study participants, evaluation of body composition and
physical activity levels

Participants gave their written informed consent (procedures approved by the Local Ethics
Committee at Poznan University of Medical Sciences (number 486/2016)). A detailed description of
the course of research, recruitment procedure and inclusion/exclusion criteria has been previously
published [36—38]. The mean age of the recruited cohort is 38.2 + 4.9. Body Mass Index (BMI) was
calculated as weight in kilograms (kg) divided by height in meters squared (m?). Fat mass percentage
(%FM) was measured using the whole-body densitometry method with the predicted thoracic gas
volume (BodPod, Cosmed, USA). Information about smoking habits were collected. No quantitative
data about the number of cigarettes smoked per day were avail- able. Physical activity (PA) level (1-
low, 2-medium, 3-high) was estimated by means of a short form of the International Physical

Activity Questionnaire (IPAQ) [39].

3.3.2 Dietary records, diet quality and vitamin intake

Dietary records from three consecutive days have been collected. 200 subjects with extreme

(healthy or western) dietary patterns were recruited. Such enrolment ensured high variance in the
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dietary intake within the group of participants and enabled analysing data in a broad range of
intakes. The quality of diet was estimated by establishing the value of the Healthy Eating Index (HEI)
[40,41]. The dietary intakes (vitamins B1, B2, B6, B9, B12) were calculated using the Diet 6.0
software (National Food and Nutrition Institute, Warsaw). Intakes of choline and betaine were
calculated using the USDA database for the choline content of common foods [42]. Due to its
connection with the 1CC, plasma homocysteine was assessed with using high-performance liquid

chromatography with DAD detector (Merck Hitachi D-7000) [43,44].

3.3.3 Circulating Levels of TMA Metabolites

Plasma levels of TMA and TMAO were measured by means of an ultra-high-performance liquid
chromatography electrospray ionization mass spectrometry (RP-UHPLC-ESI-MS) analysis performed
using Dionex UltiMate 3000 UHPLC, Sunnyvale, CA, USA) coupled to Bruker maXis impact ultrahigh
resolution orthogonal quadrupole-time-of-flight accelerator (qTOF) equipped with an ESI source
and operated in a positive ion mode (Bruker Daltonik, Bremen, Germany). The TMA was derivatized
with ethyl bromoacetate to form ethyl betaine bromide prior to testing [45]. Then, the isotope
dilution analysis was performed. This approach had been already described and validated by Koc et
al. [46].Trimethylamine-D9N-oxide (D9-TMAO), and trimethyl-D9-amine hydrochloride (D9-TMA)

were used as internal standards for TMAO and TMA, respectively.

3.3.4 DNA extraction, DNA methylation and TL assessments

DNA was extracted from whole blood using the NucleoSpin Blood Kit (Macherey-Nagel, Germany).
Relative TL was determined with a gPCR method normalizing the amount of telomere repeat
amplification product to a single copy gene (IFNB1) product, as previously described [47]. 2 ng of
gDNA were amplified and the SsoAdvanced Universal SYBR Green Supermix (Biorad) was used to
optimize sensitivity and specificity of the assay. An inter-run calibrator was presentin all PCR plates.
Primers used are shown in Table 1 of supplementary materials (Table 1 S). Bisulfite pyrosequencing
was performed to assess DNA methylation levels in long interspersed nuclear element-1 (LINE-1),
and the selected CpGs for the epigenetic clock estimation, as previously described [35,48]. DNA was
converted with bisulfite using the EZ-96 DNA Methylation Gold Kit (Zymo Research, Orange, USA)
following the manufacturer’s instructions. The selected areas were amplified by means of the
Pyromark PCR Kit (Qiagen, Germany) and sequenced using the Pyromark Q24 instrument (Qiagen,
Germany). Primers used are listed in Table 1S of supplementary materials. The CpGs selected for
the epigenetic clock were associated with the genes of Elongation Of Very Long Chain Fatty Acids

Protein 2 (ELOVL2), Immunoglobulin Superfamily Member 11 (IGSF11), Coiled-Coil Domain-
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Containing Protein 102B (CCDC102B), Collagen Type | Alpha 1 Chain (COL1A1), Four And A Half LIM
Domains Protein 2 (FHL2), and MEIS1 Antisense RNA 3 (MEIS1-AS3). The methylation percentages
of the 6 selected CpGs were used in a multivariable model to calculate the epigenetic age (6CpG-
EA), as described by Han et al. [35]. The CpGs identified by Han et al. that have been used to
calculate EA in this manuscript are detailed in supplementary materials Table 2S. No transformation
of the chronological age was applied since only adult (>30 y/o) were included in this study. AA was
defined as the residuals from regressing predicted age on chronological age. Individuals with
negative AA are considered to be biologically younger than their chronological age, and vice versa.
LINE-1 methylation was determined interrogating the L1Hs sequences as described by Tabish et al.

[48].

3.3.5 Statistical analysis

Data are presented as means standard deviations unless otherwise indicated. Correlations between
continuous variables were tested with Pearson’s or Spearman’s correlations for parametric and
non- parametric data, respectively. The normality of data distribution was evaluated using the
Kolmogorov- Smirnov test. Parameters with skewed distributions were appropriately log-
transformed before the analyses. Student’s t-test or ANOVA test with Bonferroni’s correction were
used to test differences between means. General linear model was used to test association
between categorical and continuous variables adjusting for covariates. The varimax-rotated
Principal Component Analysis (PCA) was used as a technique for dimension reduction in
multivariate analysis. A p-value < 0.05 was considered significant throughout the study. The
Bonferroni correction was applied to correct p values in multiple comparisons. Since this study can
be described as explorative, we reported also nominal correlations, as indicated in the text. IBM
SPSS Statistics 18 [49] and R software version 4.0.5 (ggplot2 package [50]) was used for statistical

analysis and visualization.

3.4 RESULTS

3.4.1 Descriptive statistics

No significant differences in distribution of age (healthy diet group: 38.6 + 5.0; western diet group:
37.8 £ 4.8; p = 0.215), genders (50% of males and 50% of females in both groups; p = 0.556) or
smokers (14% in the healthy, 18% in the western diet group; p = 0.281) were measured between
the healthy and the western diet group. Higher prevalence of sedentary people was in the western
diet group than in the healthy diet group (p = 0.028). The overall dietary quality measured with the
Healthy Eating Index (HEI) was highly different between the two groups (healthy diet group: 76.90
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+ 9.21; western diet group: 58.71 + 10.47; p = 1.8%10728). Descriptive statistics for micronutrient
intakes and blood homocysteine and have been previously reported [36,51] and are summarized in
Table 3S. Significantly lower intakes of B2, B6, B9 and higher intakes of betaine were detected in
the western than in the healthy diet group (Table 3S). A nominally higher homocysteine level was
detected in the western diet group than in the healthy diet group (Table 3S). Circulating TMA and
TMAO levels have been previously reported [38] Lower TMA levels were measured in subjects
following the western dietary pattern compared to those having a healthy diet (H: 1.87+2.51; W:
1.01+1.13; p = 5.02 x 107%). No significant differences were measured in terms of the TMAO levels
between the two groups (H: 5.81 * 3.13; W: 5.90 + 5.60; p = 0.401). The TMAO/TMA ratio was
higher in the W group than in the H group (H: 7.59 + 8.6; W: 8.92 + 6.76; p = 0.006) (Figure 1S).

3.4.2 The 6CpG-epigenetic clock correlates with chronological age and other
molecular hallmarks of aging (TL, LINE-1 methylation)

Mean 6CpG-EA in the whole group was 40.19 + 7.79. 6CpG-EA was highly correlated with
chronological age in the whole study group (r = 0.591; p = 7.2*107%°, Mean Absolute Error, MAE =
4.85) (Figure 1A). Results were similar when correlation was tested with the logarithm of age (r =
0.588; p = 1.3*107%9), which might be more suitable in young populations [52]. The 6CpG-EA was
significantly lower in males than in females (mean diff: —3.05 £ 1.09; p = 0.001), despite no
significant differences were measured for chronological age between the two groups (p = 0.204)
(Figure 2S). The 6CpG-EA was inversely correlated with TL (r = —0.150; p = 0.040) (Figure 1B) and
LINE-1 methylation (r =—0.240; p = 0.001) (Figure 1C). Mean AA was 2.04 £ 6.29 in the whole group.
It was correlated with LINE-1 methylation (r =-0.217; p = 0.002), but not with telomere length (r =
—0.051; p = 0.483).

A | R=0591;p=7.2°10% . B |R=0.150;p=0.040 . C : R=-0.240; p=0.001
MAE=4.85 . : .

- — 2 04— - - - v~
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Chronological age Ln Telomeres Lenght (dCt) Ln LINE-1 methylation (%)

Figure 1. The 6CpG-EA is highly correlated with the chronological age (A). The 6CpG-EA is negatively
correlated with telomeres length (B) and LINE-1 methylation levels (C). MAE: Mean Absolute Error.
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3.4.3 The 6CpG-EA is not associated with smoking, physical activity, and body
composition

Neither the 6CpG-EA (p = 0.720) nor the AA (p = 0.737) were different between smokers and non-
smokers. Neither the 6CpG-EA (p = 0.561) (Figure 2A) nor the AA (p = 0.745) were different in
subjects with low, medium, and high levels of physical activity. The 6CpG-EA was positively
correlated with FM% (r = 0.149; p = 0.037) (Figure 2B), despite FM% was not correlated to the
chronological age (r = 0.109; p = 0.124) (Figure 2C). However, there was no correlation between

FM% and AA (p = 0.151).
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Figure 2. Boxplots show 6CpG-EA differences among individuals with different physical activity
levels (A). Correlation between FM% and 6CpG-EA (B) and chronological age (C) are shown. FM: fat
mass; PAL: physical activity level (1 = low; 2 = medium; 3 = high) measured by the International
Physical Activity Questionnaire (IPAQ).

3.4.4 The 6CpG-EA is correlated with vitamins’ intake

Biological age measured with the 6CpG-epigenetic clock (6CpG-EA) was 40.22 + 7.6 in the healthy
and 40.17 £ 8.03 (p = 0.966) in the western group (Figure 3A). No significant differences in AA were
measured between the two groups (healthy diet group: 1.58 + 6.52; western diet group: 2.51 +
6.04; p = 0.304). No correlation was detected between the overall diet quality (HEI) and 6CpG-EA (r
= 0.015; p = 0.836) (Figure 3B) or AA (r = —0.010; p = 0.873). Homocysteine blood level was not
correlated to the 6CpG-EA in the whole sample (r = —0.136; p = 0.057). Remarkably, the 6CpG-EA
and AA were nominally correlated with the intake of several nutrients involved in the 1CC, which
were not correlated to the chronological age (Table 1). Of note, the intakes of these nutrients were
significantly different between genders (Table 4S). Evaluating the association between the 6CpG-
EA and genders adjusting the analysis for the intake of these nutrients, the difference in the
epigenetic age previously detected between males and females was no more significant (p =0.131).

This suggests that intakes of nutrients involved in 1CC rather than sex is a determinant of the 6CpG-
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EA in this sample. Due to the different distribution of these nutrients’ intake also between healthy
and western diet groups (Table 3S), we evaluated the correlations with the 6CpG-EA separately.
Data showed that the correlation between intakes of nutrients and the 6CpG-EA was significant in
the western diet group but not in the healthy diet group (Table 2). Comparable results were
obtained considering the correlation between nutrients’ intake and AA (Table 2). This suggests that
lower intakes of B1, B2, B6, B9 and choline, especially in a western dietary pattern, is reflected into

an acceleration of the epigenetic age.
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Figure 3. No differences in the 6CpG-EA between healthy and western diet group have been
identified (A). No correlation between 6CpG-EA and HEI have been found (B). H: healthy diet group;
W: western diet group.

3.4.5 The 6CpG-EA is correlated with TMA but not with TMAO

No correlations were detected in the entire population between the circulating TMAO levels and
the AA (p =0.477) or 6CpG-EA (p = 0.863) (Figure 4B). Similarly, no significant correlation was found
between the circulating TMAO levels and the AA or 6CpG-EA neither in the western diet group (AA,
p=0.156; EA, p =0.296) nor in the healthy diet group (AA, p = 0.614; EA, p = 0.365). Circulating TMA
levels were not correlated to AA neither in the entire population (p = 0.32) nor in the diet-based
groups (western diet group: p = 0.447; healthy diet group: p = 0.303). However, a significant
positive correlation was found between the circulating TMA levels and the 6CpG-EA either in the
whole population (r = 0.144; p = 0.044) (Figure 4A) or in the healthy diet group (r =0.292; p = 0.045),
but not in the western diet group (p =0.420).

This suggests that higher TMA blood levels, rather than TMAO, especially in a healthy dietary

pattern, is reflected into an increased epigenetic age.
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No significant correlation was found between TL and circulating TMA levels (p = 0.904) (Figure 4C)

or TMAO levels (p = 0.877) (Figure 4D) in the entire population.
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Figure 4. Scatter plots showing the correlation between the circulating levels of TMA (A) and TMAO
(B) and the 6CpG-EA, or telomere length (C and D, respectively) in the whole study group.

3.4.6 Lifestyle associated factors and other molecular marks of aging (TL, LINE-
1 methylation)

TL was negatively correlated with the chronological age (r = —0.163; p = 0.025). It did not differ
between smokers and non-smokers (p = 0.720) or between genders (p = 0.194) and did not
correlate with body composition (p = 0.489). Physical activity level was not associated to TL (p =
0.198).

TL was not different between the healthy diet and the western diet group (p = 0.194) and did not
correlate with HEI (r =—-0.026; p = 0.720). However, consistently to what observed for the 6CpG-EA,

it showed a positive correlation with the intake of the nutrients involved in the 1CC (Table 2). This
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supports the hypothesis that the intake of these nutrients can have a role against the progressive
deregulation of the genome functions occurring during aging.

LINE-1 methylation level was nominally correlated with chronological age (r = -0.139; p = 0.053). It
did not differ between smokers and non-smokers (p = 0.735). A slightly but significantly lower
methylation in the LINE-1 was observed in the female than in males in this group (M: 75.1 1.7% vs
F: 74.4 1.3%; p = 0.004). LINE-1 methylation did not correlate with body composition (p = 0.122).
Physical activity level was not correlated to LINE-1 methylation (p = 0.155).

LINE-1 methylation was not different between the healthy diet and the western diet group (p =
0.206) and did not correlate with HEI (r = —0.067; p = 0.352). It was not correlated with
micronutrients intake in the entire sample (Table 1), except for a nominal correlation with betaine

intake, which was significant only in the western diet group (r = 0.284; p = 0.005) (Table 2).

Table 1

Spearman’s correlations between 6CpG-EA, AA, TL, LINE-1 methylation, and chronological age

6CpG-EA AA L LINE-1 Age
B1 intake (mg/d) r -0.199 -0.151 0.167 0.100 -0.127
p 0.005 0.034 0.022 0.162 0.074
B2 intake (mg/d) r -0.114 -0.120 0.142 0.120 -0.045
p 0.111 0.094 0.052 0.094 0.531
B6 intake (mg/d) r -0.169 -0.166 0.117 0.060 -0.080
p 0.018 0.020 0.109 0.405 0.261
B9 intake (pg/d) r -0.160 -0.127 0.136 0.029 -0.102
p 0.025 0.076 0.063 0.683 0.152
B12 intake (ug/d) r -0.117 -0.097 0.063 0.075 -0.062
p 0.103 0.178 0.387 0.297 0.385
Choline intake (mg/d) r -0.184 -0.179 0.177 0.110 -0.065
p 0.010 0.012 0.015 0.125 0.360
Betaine intake (mg/d) r -0.066 -0.004 0.077 0.170 -0.129
p 0.361 0.960 0.296 0.018 0.071

Bonferroni Adj. p = 0.007
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Table 2
Spearman’s correlations between the intakes of nutrients involved in the 1CC and 6CpG-EA, TL,
LINE-1 methylation, and chronological age.

Healthy diet group Western diet group

6CpG-EA AA TL  LINE-1 Age 6CpG-EA AA TL LINE-1 Age
r -0.175 -0.049 -0.078 0.056 -0.170 -0.223 -0.251 0.379 0.158  -0.080
p 0.083 0.628 0.461 0.584 0.092 0.028 0.013 1.3*10-* 0.122 0.431
r -0.039 -0.010 -0.055 0.111  -0.036 -0.216 -0.231 0.335 0.164  -0.086
p 0.700 0.921 0.603 0.273 0.719 0.034 0.023 0.001 0.108 0.395
r —-0.026 -0.058 -0.143  0.053 0.043 -0.314 —-0.287 0.352 0.114  -0.214
p 0.799 0571 0.173 0.605 0.673  0.002 0.004 3.9%10-* 0.268 0.033
r -0.113 -0.046 —0.027 0.049 -0.101 -0.281 —0.243 0.305 0.114  -0.193
p 0.266 0.651 0.795 0.634 0.317  0.005 0.017 0.002 0.268 0.055
r
p
r
p
r
p

B1 intake (mg/d)
B2 intake (mg/d)
B6 intake (mg/d)
B9 intake (ug/d)

B12 intake (pg/d) ~0087  -0048 -0109 0098 0029 -0174  -0153 0227 0073 -0.113
0.389 0639 0302 0334 0774 0089 0134 0025 0474  0.262
0125 0111 0004 0195 0027 0266 0260 0348 0042 —0.122
0.219 0272 0973 0053 0792 0.009 0010 4.8%10-* 0685  0.226
~0006 0116 006 0025 0198 -0152 -0178 0082 0284 -0.039

0.952 0.262 0.573 0.809 0.052 0.137 0.081 0.423 0.005 0.699

Choline intake (mg/d)

Betaine intake (mg/d)

Bonferroni Adj. p = 0.007.

3.4.7 PCA confirms the correlation between vitamin intakes and molecular
hallmarks of aging

Due to the cross-correlation existing between the nutrients’ intakes (Bartlett’s test of sphericity; p
=1.9*107%%), we performed a PCA as an unsupervised technique for dimensionality reduction (Table
4S) to confirm the association between these variables and the biological age. Two principal
components (PCs), cumulatively explaining the 57.3% of the variance have been computed (Table
5S). Analysis of PCA loadings identified B1, B2, B6, B9 as major contributors for PC1, while B12,
choline and betaine for PC2.

PC1 was negatively correlated with homocysteine levels in the whole sample (r=-0.187; p =0.009),
supporting the hypothesis that lower vitamins intake can impact the 1CC thus leading to
homocysteine accumulation and vice versa. No association between circulating homocysteine
levels and PC2 was detected (p = 0.136).

PC1 was positively associated with TL (r = 0.195; p = 0.008) and negatively with the 6CpG-EA (r = —
0.158; p = 0.028). No associations were detected with LINE-1 methylation (r = 0.066; p = 0.359). PC2
was correlated with 6CpG-EA (r = —0.158; p = 0.028) and with LINE-1 methylation (r = 0.198; p =
0.006) but not with TL (r =0.116; p = 0.115). Comparable results were obtained considering the AA.
In particular, AA was correlated with PC1 (r = —0.158; p = 0.030) but not with PC2 (r = —0.94; p =
0.199). Overall, these findings suggest that higher intakes of these micronutrients can promote

healthy aging measured with these molecular hallmarks.
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Due to the differences concerning nutrient intakes measured between healthy and western diet

groups (Table 3S), we evaluated the correlations between nutrient intakes and the molecular

hallmarks of aging in the two groups separately (Figure 5, Figure 6).

As previously shown, these correlations mainly concern PC1 and are significant only in the western

diet group (Figure 5). In particular, in the western diet group, PC1 was associated to significantly

lower 6CpG-EA (r=—0.314; p = 0.003) and AA (r =-0.348; p = 0.001) and higher telomeres length (r

=0.381; p = 4.5*107). Similar but weaker correlations were detected in the western diet group for

the PC2 (Figure 6), which was also nominally correlated with LINE-1 methylation (r = 0.322; p =

0.002).
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Figure 5. Scatter plot showing correlations between PC1 and 6CpG-EA (A), TL (B), AA (C), LINE-1 (D),

in the two diet groups (H: healthy; W: western).
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Figure 6. Scatter plot showing correlations between PC2 and 6CpG-EA (A), TL (B), AA (C), LINE-1 (D),
in the two diet groups (H: healthy; W: western).

3.5 DISCUSSION AND CONCLUSIONS

Recent epigenetic biomarkers of aging based on the analysis of DNA methylation at specific sites of
the genome have been proposed (i.e., epigenetic clocks). Among them, a simple and easily
accessible way to measure the epigenetic age has been proposed by Han et al. by measuring 6 CpGs.
In this study, we evaluated the validity of this 6CpG-based clock in association with other
biomarkers of aging in an independent cohort of 200 subjects. The 6CpG-EA was significantly
correlated with chronological age and negatively associated with telomeres’ length and LINE-1
methylation levels. This evidence supports the validity of this tool to estimate the biological age of
an individual, in accordance with other molecular hallmarks of aging. Since lifestyle factors have
been related to a number of health outcomes as well as to molecular aging rates, it is of interest to
understand if the epigenetic clock can be used to trace the effect of smoking, physical activity, body
composition and dietary intakes on the biological age. Previous evidence (summarized in a recent

systematic review [53]) showed that acceleration of epigenetic clocks is significantly related to
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mortality, cardiovascular disease, cancer, and diabetes. Moreover, associations between the
acceleration of one or more epigenetic clocks and BMI, HIV infection, or male sex have been
identified. However, limited data are available about the impact of environmental factors,
especially diet, on EA measured with targeted approaches (like the 6CpG-EA).

Despite cigarette smoking has been associated to alterations of DNA methylation patterns [54], we
did not identify any association with smoking and the 6CpG-EA. This might be due to lack of
guantitative data (number of cigarettes smoked per day) and limited number of smokers in the
whole group. Moreover, the exclusion of the CpGs that are mostly affected by smoking in the
selection process of the 6 CpG by Han et al. [35] might also explain the lack of this association.
Physical activity was not associated to the 6CpG-EA in our sample, despite its correlation with
epigenetic pathways has been described [55]. Although physical activity emerged as a modulator
of the epigenetic age in some previous investigations based on other epigenetic clocks (e.g., [28]),
this relation was not uniform among studies systematically reviewed by Oblak et al.[53]. A mild
correlation between the 6CpG-EA with body composition was detected in our sample, but this was
not confirmed adjusting the analysis for the chronological age. Even though previous studies
identified a correlation between the EA and BMI [56,57], the exact connection between BMI and
methylation levels remains poorly understood [53]. Moreover, in studies suggesting a correlation
between these parameters, body composition was described using BMI and waist circumference.
On the contrary, in our study we assessed body composition by the BodPod, which is a gold
standard method using whole-body densitometry to determine FM%, less affected than BMI by
confounders [58—61]

A body of evidence has very recently investigated the impact of diet on the epigenetic age
measured with the lllumina-based epigenetic clocks [28,30,62—65]. Despite some associations
between the overall dietary pattern and the EA has been detected, none of the studies provided
insights on the role of dietary intake of all the major nutrients involved in the 1CC, nor of the role
of some of their by-products such as TMA and TMAO. Interestingly, previous evidence showed an
interaction between the methylenetetrahydrofolate reductase (MTHFR) C677T genotype and the
impact of diet on the epigenetic age [64], suggesting a potential intermediary role of the 1CC
underpinning the link between diet and epigenetic age. Also, Fitzgerald et al. have recently shown
a reduction of the EA (measured from saliva DNA) in 43 males exposed to a healthy diet, which
showed increased circulating levels of blood 5-methyltetrahydrofolate [30]. The hypothesis that
boosting the 1C metabolism might promote health [16,66—-68] and healthy aging [68-70] is
supported by our findings, showing that lowering the intake of nutrients (especially vitamin B6 and
choline) might promote AA if associated to a western dietary pattern.

Despite the intake of these micronutrients was associated with the 6CpG-EA in our sample, this

finding does not support an unnecessary extra-dietary supplementation, also because the effect of
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dietary supplements was not investigated in this study. Moreover, a long-term supplementation
with methyl- donors has been associated to some risks [71-73], if not justified by specific physio-
pathological conditions (i.e., pregnancy, dietary limitations, macrocytic anaemia or
hyperhomocysteinemia) [30]. On the contrary, these data highlight with a new prospective a
potential role for these vitamins in maintaining the epigenetic age, which otherwise might be
accelerated by an unhealthy dietary pattern associated to a reduced dietary intake for these
nutrients. Our findings also suggest that the epigenetic age might be negatively perturbed also by
elevated TMA blood levels, even in case of healthy dietary habits. Thus, excess TMA in blood (and
not elevated TMAQO) may increase the discrepancy from the chronological age, also through
epigenetic perturbations via the depletion of important epigenetic mediators of the 1CC. Indeed,
one important methyl donor in the 1 CC is betaine, from which TMA is also produced (although at
a lesser extent than choline and carnitine), and not only we found lower betaine level in people
following a healthy dietary lifestyle, but previously published data [38] also found a positive
correlation between circulating betaine and TMA levels (Table 6S).

A limitation of this study was that we did not consider socio-psychological aspects (e.g., education,
stress, socio-economic status), that also have been shown to impact the epigenetic age [53,74].
However, we studied a cohort which is highly homogeneous for sex and ethnicity (which can
influence the EA [75]), and where dietary habits, physical activity levels and body composition were
accurately measured. Another apparent limitation is that we applied the epigenetic age calculation
in a relatively young cohort quite homogeneous for age (38.2 4.9). However, whether this is a
limitation for the discovery of new epigenetic clocks, it is an advantage when we want to measure
the effect of environmental factors on the biological age, since the confounding effect of
chronological aging is limited.

In conclusion, the 6CpG-EA appears as an interesting tool able to measure the impact of lifestyle
factors (including dietary habits) on human health in an easy-accessible way. This supports its
validation and usage in other independent and large cohorts, with the aim to quantify the impact
of dietary habits on human health. Nevertheless, other epigenetic clocks (such as PhenoAge [76],
GrimAge [77]], and DunedinPACE [78]) still remain better suitable and more informative tools to
predict the effect of environmental exposures on the epigenome in case a more comprehensive
analysis of the methylome can be performed.

Moreover, despite epigenetic clocks appear as interesting and promising tools to predict the
biological age of an individual, it is still to be elucidated if methylation at the selected CpGs play a
mechanistic role in the aging process. In this case, 6 CpGs located in genes having different
biological roles have been studied. ELOVL2 is involved in elongation of long-chain polyunsaturated
fatty acids and its methylation is one of the most robust biomarkers of human age [79]. Even though

whether ELOVL2 has a functional role in molecular aging is still a critical question, it has been
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reported that it regulates age-associated functional and anatomical aging in mice [80]. On the other
hand, FHL2 is a scaffolding protein that modulates multiple signal transduction pathways, and it has
been recently shown to be a novel regulator of obesity and energy expenditure [81]. However,
whether an active role for some of the analysed genes in the aging process in supported by the
literature, the role of others (i.e., IGSF11, CCDC102B, COL1A1 and MEIS1-AS3) in aging is still to be
clarified. Interestingly, as discussed by Han et al., two of the CpGs included in the 6-CpG epigenetic
clock (those in the ELOVL2 and FHL2 genes) were located in proximity of the binding site of CCCTC-
binding factor (CTCF), which is involved in organization of chromatin structure. Since chromatin
deregulation during aging is well documented [82], a functional role of methylation in this area in
age promotion might be hypothesized. Definitely, an effort for future studies on epigenetic clocks
is to describe if they are mere predictors of the biological age or if the studied CpGs have an active
role in modulating aging. This is necessary to better support the usage of epigenetic clocks in clinical
practice and to understand if the selected CpGs also represent a target for age rejuvenation and
disease prevention.

Concerning the effects of diet on the selected epigenetic clock, our findings in particular suggest
that dietary micronutrients supporting the 1CC might play a relevant role in maintaining a “young”
epigenome. Remarkably, the possibility to monitor the epigenetic drift with epigenetic clocks
suggests that personalized strategies aimed to prevent or even to reverse these age-related
epigenetic changes to a “young” state might be developed in the near future [83]. Nevertheless,
despite some interventional studies have been conducted [63,64], further evidence from
independent cohorts is warranted to promote the translation of the epigenetic clock to the clinic

as a tool for precision nutrition.
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3.7 SUPPORTING INFORMATION

Table 1S. Primers’ sequences used for TL analysis and DNA methylation analyses for LINE-1 and

6CpG-EA calculation.

A) Primers for TL relative quantification

Fw (5'-3) Rv (5'-3')
gL CGGTITGITTGG GTTTGG GTTTGG GGC TTG CCT TAC CCT TAC CCT
GTT TGG GTT TGG GTT TAC CCT TAC CCT TAC CCT
IFNB1 GGTTAC CTC CGA AACTGA AGA ~ CCT TTCATA I;GCCCAGT ACATTA

B) Primers for amplification and DNA methylation assessment

Fw (5'-3") Rv (5'-3) seq (5'-3")
LINE-1 TTT TGA GTT AGG TGT GGG ATATA Bio-AAA ATC ?_'_?_é AAATTC CCT AGTTAG GTGTGG ATATAGT
GTGTTT TTA GGG TTT TGG GAG TAT Bio-CACCTCCTA AAACTT CTC
FHL2 AGT AGT CAA TCT CC GGT TTT GGG AGT ATA GTAGTT
IGSF11 GTT GGATAG TTT GTG GGT AGA Bio-ATT ATT CATTCATTATTC  AGA AGT TAA GAA GGT ATA GAT
AAATITA TCCTTAAAAAAATCTTATT A
TGT TGA GGG AGG GGAATG TTT Bio-CCA ATA ATATCT ATATCA
CCDC120 GTATTT AT TCA ACA TTT CTA CAA CTT GGA GGG GAATGTTTG
TTG AAT AAT TAG TAAGAT TTT TGT  Bio-TTA CCT TTA AAA CAA CAA
MEIS1 TTIGAAGGTTT AAT AAATCA CACTAACC TTAGTAAGATITTIG TTT G
Bio-GGG AGG GGA GTA GGG TAA CCATCT AAA CAA CCAATA
ELOVL GTGA AAT ATT CCT AAA AC AAT AAATAT TCCTAAAACTC
COL1A2 TTG AAG GGA AGA GGT AAG GAA Bio-TAACCCATCTITTTCCTT AATTTG TAT AGA GAG TGTTTA
GATTTTA CTTCTICA TTG

Table 2S. CpG ID and associated genes for the selected 6 CpGs used for the EA calculation according
to Han et al. are displayed. The equation proposed by Han et al. for the EA calculation according to

the 6CpGs is shown at the bottom of the table.

Methylation level code in the

Gene Name CpG ID algorithm
FHL2 cg22454769 a
IGSF11 cg00329615 B
CCDC102B cg19283806 v
MEIS1-AS3 cg11807280 €
ELOVL2 cg16867657 5
COL1A1 cg18618815 ¢

EA = 32.07 + 0.99% + (-0.12)*B + (-0.99)*y + (-0.09)*€ + 0.05*5 + 0.11*
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Table 3S. Diet quality and nutrient intakes in the healthy and western diet groups. Circulating levels

of homocysteine in the two groups are also shown.

Healthy diet group Western diet group

min max median  IQR min max median  IQR p

B1 intake (mg/d)

B2 intake (mg/d)

B6 intake (mg/d)

B9 intake (ug/d)

B12 intake (ug/d)
Choline intake (mg/d)

Betaine intake (mg/d)

Plasma Homocysteine (LM)

0.59 14.41 1.46 0.84 0.54 16.09 1.38 0.83 0.155
0.78 15.37 2.00 1.00 0.72 21.43 1.73 0.70 0.006
0.89 51.23 241 1.15 0.6 37.68 1.85 111 1.7*104
170.25 1532.85 408.17 209.86 126.05 1032.33 312.07 121.94 1.84*107
0.70  500.84 4.58 3.53 0.73 37.46 3.51 2.56 0.091
81.92 1687.81 410.24 273.71 92.03 1363.75 368.85 221.34 0.325
8.40 48246 62.08 79.98 6.70 42238 111.05 118.76 5.9*10
4.82 19.43 10.09 3.63 7.17 21.32 10.97 4.16 0.034

Bonferroni P=0.006

Table 4S. Intakes of nutrients involved in 1CC in the two genders.

M F
Min Max Mean SD Min Max Mean SD p
B1 intake (mg/d) 0.54 16.09 2.0203 2.04466  0.59 11.21 1.6034 1.6844  2.3*10-7
B2 intake (mg/d) 0.85 17.47 2.4732  2.22171 0.72 21.43 2.1675 2.45831 4.2*10-5
B6 intake (mg/d) 0.64 37.68 3.2504  4.24812 0.6 51.23 3.0203  5.55344 2.3*10-4

B9 intake (pg/d)

B12 intake (ug/d)
Choline intake (mg/d)
Betaine intake (mg/d)

139.56 1532.85 427.1592 201.6235 126.05 1140.86 354.4114 175.2046 4.5*10-4

0.7

500.84 11.1915 49.84499 0.73 12.27 3.7916 2.3545  7.2*10-6

81.92 1470.13 501.5905 236.017 83.83 1687.81 355.4558 230.6262 3.04*10-8

9.39

422.38 131.0665 102.9698 6.7 482.46  87.207 69.94304  0.005

Table 5S. Description of PCs identified in the PCA. A) Principal Component Analysis (PCA).
Eigenvalues for each PC and % of variance explained are shown. 2 PC have been selected,

cumulatively explaining 57.5% of the variance. B) PCA Loadings defining which is the contribution

of the original variables to the principal components. Varimax rotation with Kaiser normalization

has been applied.

A
PC Eigenvalues Weight of rotated factors
Total % variance % cumulative total % variance % cumulative
1 2.886 41.223 41.223 2.873  41.046 41.046
2 114 16.289 57.512 1.153 16.466 57.512
3 098 13.997 71.508
4 0.88 12.571 84.079
5 0.596 8.514 92.593
6 0.442 6.308 98.902
7 0.077 1.098 100
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B Component
PC1 PC2
B1intake 0.934 0.027
B2 intake 0.923 0.011
B6 intake 0.723 -0.2
B12 intake 0.086 -0.468
Choline intake 0.41 0.564
Betaine intake -0.029 0.747
B9 intake 0.671 0.129

Table 6S. Correlations between circulating levels of dietary TMA precursors and TMA or TMAO in

the healthy and western diet groups.

Circulating Circulating Circulating  Circulating
choline acetyl-carnitine betaine carnitine

levels levels levels levels

HEA(L;;ISEFPIET TMA Pearson’s -0.059 -0.026 -0.051 0.310
correlation

P 0.559 0.800 0.615 0.002

TMAO Pearson’s -0.001 -0.097 0.260 -0.155
correlation

P 0.993 0.336 0.009 0.123

WES;;I'FEORSPDIET TMA Pearson’s -0.255" 0.201 -0.020 0.357
correlation

P 0.010 0.045 0.844 0.000

TMAO Pearson’s 0.192 0.065 0.208 0.212
correlation

P 0.055 0.519 0.038 0.034
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Supplementary figure 1. Levels of plasma trimethylamine (TMA) A) trimethylamine-N-oxide
(TMAO) B), and the TMAO/TMA ratio C) in groups with healthy (H) and western (W) dietary

patterns.
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Supplementary figure 2. Box plots showing mean difference of chronological age (A) and 6CpG-EA

(B) between males and females in this cohort.
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Chapter 4

Gut-derived trimethylamine promotes
inflammation and perturbs epigenetic and
mitochondrial homeostasis on colon cells
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4.1 STATE OF ART

The correlation between diet, gut microbiota and human health has been widely recognized. In
fact, diet provides molecules that the intestinal bacteria will further metabolize for energetic
purposes. The metabolites deriving from bacterial metabolism may be either beneficial to human
health, or not [1]. Among the gut metabolites, there is trimethylamine (TMA), whose effect on
human health is still debated.

TMA is an amine produced by anaerobic bacteria in in the caecum and colon (belonging mainly to
Firmicutes, Actinobacteria, and Proteobacteria) from choline, betaine, L-carnitine, dimethylglycine,
and their precursors (e.g., phosphatidylcholine, cronobetaine, y-butyrobetaine), which are
abundant in red meat, fish, and eggs [2]. Once produced, TMA is absorbed via passive diffusion by
the human enterocytes and conveyed to the liver by the portal circulation, where is oxidized to
trimethylamine-N-Oxide (TMAO) by the flavin monooxygenase 1 and 3 (FMO1 and FMO3). Most of
the produced TMA is either oxidized to TMAO or excreted in urines and feces.

Despite TMA is a well-known uremic toxin and its harmful effects have been described by several
clinical and experimental studies from the early 20" century [3], up to date most of the scientific
attention has been conveyed onto the harmful effects of TMAO and its role in several complex
diseases. However, recent studies have reproposed a potential effect of TMA in boosting the pro-
inflammatory response. TMA-induced genotoxicity and cytotoxicity on cardiomyocytes and
intestinal epithelial cells have been documented [4,5]. The pro-inflammatory effects of TMA on the
intestinal epithelium have been confirmed also by in vivo studies, in which the intrarectal and
intraperitoneal injection of TMA resulted in a marked infiltration of inflammatory cells in the colon
and rectal epithelium [5].

However, the precise mechanisms by which TMA promotes inflammation remain to be established
and a few studies have investigated it. Recent evidence suggests that the perturbation of
mitochondrial homeostasis could be one of the underlying causes [5]. Indeed, mitochondrial
dynamics are influenced by both intrinsic and extrinsic factors, including diet, and they also play a
key role in inflammation. Through the release of reactive oxygen species during aerobic respiration,
mitochondria contribute to oxidative stress, which sustains inflammation and cell damage. In turn,
perpetuated inflammatory stimuli (like it could be an excessive production of TMA) might lead to
alteration of the mitochondrial dynamics and function [6,7], further contributing to cellular damage
[8]. The maintenance of mitochondrial function is dependent on the normal expression of
mitochondrial proteins, which are encoded by mitochondrial DNA (mtDNA).

Indeed, the inflammatory cascade may induce mitochondrial damage leading to changes of
mitochondrial DNA copy number (mtDNAcn), which is the number of mtDNA molecules per cell.

Therefore, mtDNAcn has been proposed as a marker of inflammation [9]. mtDNAcn can be also
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influenced by mtDNA methylation. Indeed, it has recently been demonstrated that DNA
methylation can also occur in the mtDNA, especially in the displacement loop or D-loop, a region
involved in mtDNA replication and transcription [10]. Moreover, alterations of mtDNA methylation
have been associated with multifactorial diseases such as obesity [11], and with environmental
exposures, such as diet [12]. For this reason, also abnormal mtDNA methylation is attracting
increasing attention as potential biomarker of mitochondrial health.

The mitochondrial damage caused by proinflammatory mediators may also lead to a decreased ATP
production (through down regulation of complex | of the electron transport chain) and alterations
of mitochondrial membrane potential (Agm) [13—-15]. Changes in the mitochondrial membrane
potential trigger apoptotic signaling pathways that culminate with the release of mitochondrial
components, including mtDNA, into the extracellular environment. Cell free mtDNA (mt-cfDNA) is
known to function as damage-associated molecular pattern (DAMP) and to be a potent stimulator
of the immune system [16]. For this reason, mt-cfDNA is also under investigation for its clinical
significance and it has been suggested as another biomarker of inflammation [17,18].

Lastly, several studies have well described the crosstalk between inflammation and epigenetics.
Indeed, while epigenetic mechanisms are crucial in the regulation of inflammatory genes’
expression) [19], also pro-inflammatory signals may establish positive and negative feedback circuits

with chromatin and epigenetic enzymes that may alter the global epigenetic landscape [20].

4.2 AIM OF THE STUDY

Because colonic epithelial cells face the large intestine lumen, where TMA is formed, they are most
accessible to this bacterial product and thus are the first target of its effect. For this reason, the
present study aims to better elucidate the impact of excess TMA on intestinal cells, using colon
adenocarcinoma Caco-2 cells as an in vitro model. Given the prominent role of mitochondria in
inflammation, we investigated the effect of TMA on mitochondrial dynamics, focusing on
perturbation of ATP production and cellular membrane potential, as well as on the markers of
mitochondrial damage (i.e., mtDNAcn, mt-cfDNA). Moreover, considering that a well-established
link between inflammation and epigenetic perturbations exists, we also investigated the effect of
TMA on the expression levels and activity of DNA methyltransferases (DNMTs) and sirtuins (SIRTs),
key enzymes in the epigenetic landscape.

Lastly, we did set up a model of intestinal epithelium in order to preliminary evaluate the effect of

TMA on the intestinal permeability.
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4.3 MATERIALS AND METHODS
4.3.1 Cell culture

To study the effect of TMA on intestinal cells, Caco-2 cells, a human colonic epithelial cell line (ATCC,
Rockville, MD), were chosen. Caco-2 cells were also grown in multilayers to mimic the intestinal
epithelium as much as possible. The experimental conditions and results relative to the intestinal
epithelium study are always specified in the text.

Caco-2 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM 1X) supplemented with
10% heat-inactivated Fetal Bovine Serum (FBS), 1% L-glutamine; 1% Non-Essential Amino Acids
(NEAA) and 1% penicillin/streptomycin (all from Euroclone, Milano, Italy). The cells were kept at
37°Cin a humidified atmosphere containing 5% CO,. Medium was changed every 2 days and cells
were passaged at 80% confluence.

To set up the intestinal epithelium model, the protocol by Kampfer et. Al.[21], was followed,
although a few modifications were made. Briefly, Caco-2 cells were seeded on non-coated transwell
inserts (0.4 um pore size, ThinCert®, Cat. GR657641, Greiner Bio-one, Germany) at a density of
1.8x10°cells/cm? and maintained in DMEM 1X (as described above) both in apical (AP) and basal
(BL) compartments for 5 days to allow the formation of a differentiated intestinal epithelium. On
the days 2, 4, and 5 of culture, spent medium was replaced with fresh medium in both AP and BL

compartments, to avoid nutrient depletion.

4.3.2 Viability assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed to
evaluate the cytotoxic effect of TMA. Briefly, Caco-2 cells were seeded in 96-well plates (1x10*
cell/well) in DMEM 1X, cultured for 24h and treated with several concentrations of TMA (1nM,
10nM, 0,1uM, 1uM, 10uM, 100uM, 1mM, 10mM,100mM). At the end of the incubation period, 5
mg/ml MTT solution was added to the cells and incubated for 4h. The insoluble formazan salt
product was solubilized by adding dimethyl sulfoxide (DMSO) and its amount was determined by
measuring the optical density at 540 nm using a microplate reader. Cell viability was calculated
according to the equation (T/C) x 100%, where T and C represent respectively the mean optical

density of the treated group and the control group.

4.3.3 Cell Treatments

Intestinal TMA concentrations vary considerably from one individual to another, since, as already
mentioned, several factors may regulate TMA production. In this study Caco-2 cells were treated
with 10 uM, 400 uM and 1 mM TMA for 24h. The lowest TMA concentration was chosen based on
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the average physiological faecal TMA concentrations [22]. The other two concentrations were
selected based on the MTT results: 1 mM TMA was the highest not cytotoxic concentration, while
400 uM TMA was chosen because approximately halfway between the value of 10 uM and 1 mM.
A negative control (vehicle only) and two positive controls (lipopolysaccharide (LPS) 100 ng/mL and
10 pg/mL) were also added. Experiments were run in triplicate.

After 24h of incubation, both cells and medium were collected. Medium was centrifuged at
12000xrpm for 5 min and clear supernatant was aliquoted into new nuclease-free conical tubes and
stored at -80°C until further use. Cells were detached with trypsin and centrifuged at 300xg for 10
min; the supernatant was removed, and cell pellets were immediately frozen in liquid nitrogen and
stored at -80°C until further use.

For the intestinal epithelium model, Caco-2 cells were treated with TMA (10 uM, 400 uM, 1 mM)
for 24h. The treatments were added on the 3™ day of Caco-2 cells culture when the insert
membrane was covered with a dense and uniform cell layer of cells. A negative control and a
positive control (LPS 10 pg/mL) were also added. Experiments were run in duplicate. 48h after
treatments, cells were mechanically detached from the insert membrane, centrifuged at 300xg for
10 min; the supernatant was removed, and cell pellets were immediately frozen in liquid nitrogen

and stored at -80°C until further use.

4.3.4 Nuclear Extraction

The nuclear protein fraction was isolated from Caco-2 cells using the Nuclear Extraction kit (Cat.
ab113474, Abcam, Waltham, MA, USA) according to the manufacturer’s instructions. Briefly,
untreated Caco-2 cells were first lysed and then the nuclear protein fraction was isolated form the
cytoplasmic fraction. Lastly, the protein concentration of the nuclear extract was quantified by

Bradford Assay, using bovine serum albumin (BSA) as a calibrator.

4.3.5 Quantification of DNMTs and SIRTs Activities

The nuclear extracts were used to assess DNMTs and SIRTs activity. For the assessment of DNMTs
activity the EpiQuik™ DNA Methyltransferase Activity/Inhibition Assay Kit (Cat. P-3009, EpigenTek,
Farmingdale, NY, USA) was used according to the manufacturer’s instructions. Briefly, 5 ug of
nuclear proteins were transferred to a 96-well plate and incubated with several TMA
concentrations (1mM, 400uM, 100uM, 50uM, 10uM, 1uM, 100nM, 10nM, 1nM, 0,01nM, 0,001nM,
0,000001nM) for 120 minutes at 37°C. Negative and positive controls were also included. The
absorbance was read on a microplate reader at 450 nm, and data were used to calculate DNMTs

activity (OD/h/mg).
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For the assessment of SIRTs activity the Universal SIRT Activity Assay Kit (Cat. ab156915, Abcam,
Waltham, MA, USA) was used according to the manufacturer’s instructions. Briefly, 4ug of nuclear
proteins were transferred to a 96-well plate and incubated with several TMA concentrations (1ImM,
400uM, 100uM, 50uM, 10uM, 1uM, 100nM, 1nM, 0,01nM, 0,001nM, 0,000001nM) for 90 minutes.
Negative and positive controls were also included. The absorbance was read at 450 nm and data

were used to calculate SIRT activity (OD/min/mg).

4.3.6 mtDNA quantification

Pellets from treated Caco-2 cells were used for the extraction of genomic DNA, while culture
medium from treated Caco-2 cells was used for the extraction of circulating cell-free DNA (cf-DNA).
Genomic DNA was extracted using the DNAzol Reagent (Cat. 10503027, Invitrogen). Briefly, the cell
pellets were lysed with DNAzol. 100% ethanol was added to the lysate to precipitate genomic DNA.
Lastly, several washes in 75% ethanol were performed to remove any contaminants from the
isolated DNA. Concentration and purity of DNA were assessed by UV spectrophotometer
(NanoDrop, Thermo Fisher Scientific, Italy). Genomic DNA was used to quantify mtDNAcn in the
samples.

Cf-DNA was extracted from culture medium using the Plasma/Serum Cell-Free Circulating DNA
Purification Kit (Cat. 55100, Norgen Biotek, Thorold, ON, Canada). Concentration of cf-DNA was
assessed fluorometrically (Qubit Fluorometer, Thermo Fisher Scientific, Italy). The isolated total cf-
DNA was used to quantify cf-DNA of mitochondrial origin (cf-mtDNA). Relative quantification by
guantitative PCR (Biorad CFX96) was chosen to quantify mtDNAcn, considering nuclear DNA as a
normalizer, as previously reported [23]. The mitochondrial primers have been previously validated
for their specificity (unique amplification of mtDNA) and the absence of coamplified nuclear
insertions of mitochondrial origin (NUMTs). For relative quantification of mtDNAcn, mtDNA-
tRNALeu (fw: CACCCAAGAACAGGGTTTGT; rv: TGGCCATGGGTATGTTGT), and Beta-2-Microglobulin
(B2M) (fw: TGCTGTCTCCATGTTTGATGTATCT; rv: TCTCTGCTCCCCACCTCTAAGT) primers were
chosen to amplify mtDNA and nDNA, respectively. Instead, for relative quantification of cf-mtDNA,
mtDNA-tRNALeu and  18S  ribosomal RNA  (fw: GCAATTATTCCCCATGAACG; rv:
GGGACTTAATCAACGCAAGC) primers were chosen to amplify cf-mtDNA and cf-nDNA, respectively.
The amplification conditions were: 30 seconds at 95°C followed by 5 seconds at 95°C and 30
seconds at 60°C, these latter repeated for 40 cycles. To check the specificity of each amplification,
a melting curve was also performed. Relative mtDNAcn or relative cf-mtDNA were determined
using the 2722 method. Each analysis was run in duplicate. An inter-run calibrator sample was
applied to adjust the results obtained from different amplification plates. The absolute

guantification of cf-mtDNA was also performed by digital PCR (QlAcuity One, 2plex Device, Qiagen,
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Milano, Italia) and Poisson distribution was applied to yield the absolute quantitation of the target

sequence.

4.3.7 DNA methylation

Since mtDNA methylation might differ between the two strands [24], mitochondrial DNA
methylation was assessed in two areas of the D-loop region, corresponding to the promoter of
heavy strand (HSP), and to the promoter of the light strand (LSP). Methylation analysis was carried
out by bisulphite pyrosequencing on mtDNA of treated Caco-2 cells. Prior to the methylation
analysis, mtDNA was purified from the nuclear DNA (nDNA) [25], even though the D-loop region is
one of the fewest regions on mtDNA that is not included in the nDNA as NUMTSs [26]. Briefly, this
mtDNA isolation protocol is based on alternated steps of nDNA-specific enzymatic digestion and
nDNA removal by means of magnetic beads (Agencourt AMPure XP) that selectively bind to mtDNA.
Since the circular structure of mtDNA could affect the bisulphite conversion, the purified mtDNA was
linearized through BamHI enzymatic digestion. The linearized mtDNA was converted with bisulphite
using the EZ-96 DNA Methylation-Gold kit (Zymo Research, Orange, USA). Then, PCR amplification
was performed using PyroMark PCR kits (Qiagen Inc., Venlo, the Netherlands) in a standard thermal
cycling device (2720 Thermal cycler, Applied Biosystem, Waltham, USA). The amplification accuracy
was checked by gel electrophoresis. Amplicons where then pyrosequenced using the PyroMark Q24
device (Qiagen Inc., Venlo, the Netherlands). The efficiency of the bisulphite conversion was
assessed using non-CpG cytosine residues within the analyzed sequence. The percentage of
methylated cytosines over the sum of methylated and unmethylated cytosines was used to define

the degree of methylation.

4.3.8 Gene expression analysis

Total RNA was extracted from treated Caco-2 cells (also from the intestinal epithelium model) with
the Total RNA Purification Plus Kit (Cat. 48300, Norgen Biotek, Thorold, ON, Canada), according to
the manufacturer’s instructions. Concentration of RNA and purity were assessed by UV
spectrophotometer (NanoDrop, Thermo Fisher Scientific, Italy). Then 1ug RNA was retrotranscribed
to cDNA using the PrimeScript RT-PCR Kit (Cat. RRO37A, Takara Bio, Goteborg, Sweden) according
to the manufacturer’s instructions. Gene expression analyses were carried out by quantitative real-
time PCR (Biorad CFX96), using the TB Green® Premix Ex Taq™ (Cat. RR420A, Takara Bio, Goéteborg,
Sweden). The amplification conditions were: 30 seconds at 95°C followed by 5 seconds at 95°C and

30 seconds at 60°C, these latter repeated for 40 cycles. To check the specificity of each
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amplification, a melting curve was also performed. The expression levels of the target genes were

2744 method.

normalized relative to B-actin, using the
Each analysis was run in duplicate. An inter-run calibrator sample was applied to adjust the results
obtained from different amplification plates. The target genes analysed in Caco-2 cells were the
epigenetic DNMT1, DNMT3A, DNMT3B, SIRT1, SIRT6, and SIRT7, the pro-inflammatory IL-6 and IL-
16 and the mitochondrial ND6, CYTB, CO1, ATP6. Instead, cDNA from Caco-2 cells from the intestinal
epithelium model, was used to assess the expression levels of the tight junctions’ major proteins
Claudinl, Occludin and Zonulin1). The sequences of the primers used in the study are listed below:
DNMT1, DNMT3A and DNMT3B (Cat. 10025636, Bio-Rad, Milan, Italy), SIRT1 (fw:
ACGCTGGAACAGGTTGCGGG; rv: AGCGGTTCATCAGCTGGGCAC), SIRT6 (fw:
AGTTCGACACCACCTTTGAG; rv: CGTACTGCGTCTTACACTTG), SIRT7 (fw: CGTCCGGAACGCCAAATAC;
rv: GACGCTGCCGTGCTGATT), IL-6 (fw: TGCAATAACCACCCCTGACC; rv: GTGCCCATGCTACATTTGCC),
IL-16  (fw: AGATGATAAGCCCACTCTACAG; rv: ACATTCAGCACAGGACTCTC), ND6  (fw:
GCTTTGTATGATTATGGGCGT; rv: CACCAACAAACAATGTTCAACC), CYTB (fw:
ATCACTCGAGACGTAAATTATGGCT; rv: TGAACTAGGTCTGTCCCAATGTATG), co1 (fw:
GACGTAGACACACGAGCATATTTCA; rv: AGGACATAGTGGAAGTGAGCTACAAC), ATP6  (fw:
TAGCCATACACAACACTAAAGGACGA; rv:  GGGCATTTTTAATCTTAGAGCGAAA),  Claudin1(fw:
TGGTCAGGCTCTCTTCACTG; rv: TTGGATAGGGCCTTGGTGTT), Occludin (fw:
GGGCATTGCTCATCCTGAAG; rv: GCCTGTAAGGAGGTGGACTT), and  Zonulinl (fw:
TTCACGCAGTTACGAGCAAG; rv: TTGGTGTTTGAAGGCAGAGC).

4.3.9 ATP quantification

The ATP content from treated Caco-2 cells was quantified using the ATP Colorimetric Assay Kit (Cat.
MAK190, Sigma-Aldrich, Germany) according to the manufacturer’s instructions. Briefly, pellets
from treated Caco-2 cells (10uM, 400uM and 1mM TMA, 10ug/ml LPS) were lysed, and the ATP
content was determined by phosphorylating glycerol. Negative controls were also included. The
absorbance was read at 570 nm and data an ATP calibration curve was used for accurate ATP

guantification. All analyses were run in triplicate.

4.3.10 Mitochondrial membrane potential

For the assessment of the mitochondria membrane potential (AWm) in treated Caco-2 cells, the
Mitochondrial Membrane Potential Kit (Cat. MAK159, Sigma-Aldrich, Germany) was used according
to manufacturer’s instructions. This assay uses cationic, lipophilic dye JC-10 that can discriminate

between living cells and apoptotic cells through differences in their AWm. Briefly, 8x10* cells were
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seeded into a 96-well plate. Different concentrations of TMA (0.01 uM, 0.1 uM, 1 uM, 10 uM, 100
1M, 200 uM, 400 uM and 1 mM) were added to the cells. Two positive controls (100 ng/mL and 10
pug/mL LPS) and a negative control (vehicle only) were also included. Treated cells were incubated
24h at 37°C. Afterword, treated cells were incubated with the JC-10 dye at 37°C for 60 minutes and
the fluorescence was red at Ae=490/Aem=525 nm and at Ae&=540/Aem=590 nm) through a

fluorometer. Each experimental condition was set up in duplicate.

4.3.11 Permeability assay

In the intestinal epithelium model, Lucifer Yellow (LY, Sigma-Aldrich Life Science, USA) was used to
monitor if the permeability of the Caco-2 multilayer had been modified by the TMA treatments.
Briefly, after 24h treatments the medium from both AP and BL compartments was removed and
Caco-2 cells on the AP side were gently washed twice with Phosphate Buffered Saline (PBS) without
Ca®"and Mg?* (Corning, AZ, USA). LY 100 uM (in PBS without Ca** and Mg?**) was added to the AP
compartment, while PBS (without Ca** and Mg?*) was added to the BL compartment. 150 pL of the
solution from both AP and BL compartments were immediately transferred to a 96-well plate and
the fluorescence was read with a fluorometer at Aey/Aem= 485/520 nm. The readings were repeated
after 30, 60 and 120 minutes from the addition of the LY solution in the AP. Cells were kept at 37°C
in a humidified atmosphere containing 5% CO, between each reading. All analysis were run in

duplicate. Data were then used to calculate the Apparent permeability App.

4.3.12 Statistics analysis

Statistical analysis was performed by using SPSS (IBM SPSS Statistics for Windows, Version 24.0,
USA) and R version 3.5.3 (R Core Team, Vienna, Austria). The ANOVA test was used to compare the

difference between group means. A p-value < 0.05 was considered significant throughout the study.

4.4 RESULTS
4.4.1 Cell viability

The analysis showed that TMA 100mM and 10mM are both significantly cytotoxic (100 mM p <
0.01; 10 mM p < 0.05). In fact, cell viability is 10.01% * 4.6% for cells treated with 100 mM TMA and
72.66% * 16.3% for those treated with 10 mM TMA (Figure 1). No significant reductions of the cell
viability were detected for the other tested concentrations; thus, the lower concentrations were

considered acceptable for the treatments.
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Figure 1. Cell viability percentages with standard deviation for each condition: naive and treatments

at different concentrations of TMA.

4.4.2 Expression levels of pro-inflammatory genes

The expression of the pro-inflammatory /L-6 and IL-18 was investigated in Caco-2 cells upon

treatments with LPS 100 ng/mL and TMA 10 uM, TMA 400 puM and TMA 1 mM.

A statistically significant increase in the expression levels of all the analysed genes was observed in

cells treated with TMA 1mM (/L-6, p < 0.001; /L-18, p < 0.001) (Figure 2A,B).
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Figure 2. Expression levels of /L-6 (A) and IL-18 (B) on Caco-2 cells.

4.4.3 DNMTs and SIRTs activity

The activity of SIRTS and DNMTs was investigated in Caco-2 cells exposed to increasing TMA

concentrations.
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At the tested experimental conditions, TMA did not induce any significant variations of DNMTs
activity (overall p > 0.05) (Figure 3A). On the contrary, results show that TMA inhibits sirtuins’
activity in a dose dependent manner. The inhibition of the activity was significant in a concentration

range between 0.1 uM and 1mM (overall p=9.7*10°) (Figure 3B).
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Figure 3. DNMTs activity (A) and SIRTs activity (B) of Caco-2 cells after TMA treatments.

4.4.4 Expression levels of DNMT1, DNMT3A, DNMT3B and SIRT1, SIRT6, SIRT7

Since DNMTs and SIRTs activities were investigated, it felt appropriate to also investigate their
expression levels. DNMT1, DNMT3A, DNMT3B expression was measured in Caco-2 cells upon
treatments with LPS 100 ng/mL and TMA 10 uM, TMA 400 uM and TMA 1 mM. For SIRT1, SIRTe,
and SIRT7 also a higher LPS concentration was tested (LPS 10 pg/ml).

A significant increase in DNMT1 expression was observed with TMA 10 uM and TMA 400 uM (p <
0.05) (Figure 4A). Instead, a statistically relevant decrease of DNMT3A expression was observed
with TMA 1mM and LPS 100 ng/mL treatments (p < 0.05) (Figure 4B). Lastly, DNMT3B expression
was not affected by neither TMA not LPS treatments (overall, p > 0.05) (Figure 4C).

A significant increase of SIRT1 in Caco-2 cells treated with all concentrations tested was measured
(TMA 10 puM, p < 0.05; TMA 400 uM p < 0.01; TMA 1 mM p < 0.01) (Figure 4D). Instead, the
expression of SIRT6 and SIRT7 was affected only by LPS 10 pg/ml, as showed by the significant

decrease of their levels (p < 0.05 for both treatments) (Figure 4E,F).
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Figure 4. DNMTI1(A), DNMT3A (B), DNMT3B (C) and SIRT1 (D), SIRT6 (E), SIRT7 (F) expression levels
on Caco-2 cells after TMA treatments.

4.4.5 mtDNA quantification

Significant variations of mtDNAcn were observed in one of the five experimental conditions tested.

In fact, only the treatment with TMA 1 mM resulted in a significant decrease in mtDNAcn (p < 0.05)

while neither lower TMA concentrations nor LPS 100 ng/ml were able to affect mtDNAcn (Figure

5A). At the same time, the relative quantification analysis showed a significant increase of cf-mtDNA

released in the medium by Caco-2 cells after TMA 1 mM (p < 0.05), and after LPS 100 ng/ml (p <

0.01) (Figure 5B). However, the absolute quantification analysis confirmed a significant increase of

cf-mtDNA released in the medium only upon TMA 1 mM treatment (p < 0.05). (Figure 5C).
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Figure 5. MtDNAcn (A) and cf-mtDNA released in the culture medium (B,C) by Caco-2 cells.
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4.4.6 D-loop methylation

The methylation levels were investigated in 3 distinct CpGs in either the HSP or LSP D-loop
promoters. The methylation levels in the HSP D-loop were not affected by any treatments.
Conversely, a significant increase in the degree of methylation was observed in the LSP D-Loop area
after TMA 1 mM treatment (p < 0.01) (Figure 6A), with the second CpG (CpG2) of the LSP D-Loop

area being the major contributor (p < 0.001) (Figure 6B).
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Figure 6. LSD D-loop methylation % in Caco-2 cells after TMA and LPS treatments. LSD D-loop mean
methylation % (6A) and LSD D-loop CpG2 methylation % (6B).

4.4.7 Expression of mitochondrial genes

In this study, the capacity of TMA to modulate the expression of the mitochondrial genes correlated
to ATP formation was investigated. Interestingly, apart from MT-ATP6 and MT-CYB that were not
affected by TMA treatments but only by LPS 10 pg/mL (p = 0.05 for both genes) (Figure 7A,D), the
expression levels of MT-ND6 significantly decreased with the highest TMA concentration (TMA 1
mM, p < 0.05), as well as both the LPS treatments (p < 0.05) (Figure 7B). Instead, MT-CO1 showed
a significant downregulation after treatments with the lowest TMA concentration (TMA 10 uM, p <

0.05) and LPS 10 pg/mL (p < 0.05) (Figure 7D).
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Figure 7. Expression levels of mitochondrial genes MT-ATP6 (A), MT-ND6 (B), MT-CO1 (C), and MT-
CYB (D) in Caco-2 cells.

4.4.8 ATP quantification

To determine the effect of TMA on intracellular ATP levels, we cultured Caco-2 cells in the presence
of different concentrations of TMA (10 uM, 400 uM, and 1 mM) for 24h and intracellular ATP was
guantified on lysed cells. In the present study, ATP contents is expressed as nmoles ATP per 1 million
cells. As ATP content reflects the metabolic activity of cells, here we confirm that TMA slows down
the cellular metabolism in Caco-2 cells. Indeed, after 24h exposure of TMA, a decrease in ATP
content was observed for all the tested TMA concentration (10 uM TMA, p < 0.001; 400 uM TMA,
p <0.01 and ImM TMA, p < 0.001), as well as following treatment with 100 ng/ml LPS (p < 0.01)
(Figure 8).
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Figure 8. Intracellular ATP levels in Caco-2 cells.

4.4.9 Mitochondrial membrane potential

Mitochondrial membrane potential (AWm), which refers to the difference in the electrical
potentials of the mitochondrial membrane, is not only a key indicator of mitochondrial activity,
because it reflects ATP production, but also of good cellular health. In this study, the effects of
several doses of TMA on mitochondrial membrane potential were investigated. After 24h
treatment with various TMA concentrations, LPS 100 ng/mL and LPS 10 pg/mL, no significant
variation of the mitochondrial membrane potential was observed at the tested concentrations

(overall p > 0.05) (Figure 9).
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Figure 9. Mitochondrial membrane potential (AWm) of Caco-2 cells was not affected by the tested
TMA treatments.
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4.4.10 Intestinal permeability assay

The effects of TMA on the intestinal permeability were evaluated in a Caco-2 cells epithelium

model. At the tested experimental conditions, no significant variations of permeability of the

intestinal epithelium were observed upon neither TMA nor LPS treatments (overall p > 0.05) (Figure

10).
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Figure 10. Intestinal permeability of a Caco-2 cells epithelium model.

4.4.11 Expression levels of tight junctions

Overall p>0.05

No significant changes in the expression levels of genes involved in the formation of tight junctions

emerged after none of the tested TMA and LPS treatments (overall p > 0.05) (Figure 11).
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Figure 11. Expression levels of Claudin, Occludin and ZO-1 in a Caco-2 cells epithelium model.
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4.5 DISCUSSION AND CONCLUSIONS

A growing number of studies is supporting the link between nutrition, gut microbiota, and human
diseases. Gut metabolites derived from the bacterial metabolism of dietary precursors use both
passive and active transport to reach the intracellular space first, and the systemic circulation later.
Once inside the cell, they may perturb cellular homeostasis and interfere with vital physiological
functions.

Most of the scientific attention has been converged towards the effects of TMAO on human health.
Indeed, the fact that circulating TMAO derives from the almost total oxidation of its TMA precursor,
explains why TMA has rarely been the target of choice for most studies. However also TMA is a
well-known uremic toxin, and it has been implicated in various chronic health conditions [4,27],
including trimethylaminuria and cardiovascular disease [4,28]. Moreover, since the intestine is the
site of TMA production, the study of its effects on the intestinal environment is particularly
interesting. Indeed, the pro-inflammatory action of TMA on the colon cells and epithelium have
been recently documented [5]. In our study, excess TMA was associated with pro-inflammatory
signalling, as demonstrated by the increased expression of pro-inflammatory cytokines IL-6 and IL-
1B. The increased levels of pro-inflammatory cytokines alone warn against the potentially harmful
effect of TMA. Indeed, elevated levels of pro-inflammatory mediators have been associated with
disease evolution and unfavourable outcomes in several pathological scenarios, such as chronic
heart failure, and cancer, just to mention a few [29,30]. TMA-induced inflammation is coherent
with previous investigations by Jalandra et al., although the reported study did not investigate
inflammatory gene expression but focused on other molecular aspects of inflammation both in vitro
and in vivo [5].

The existence of a strict crosstalk between inflammation and epigenetics is well established.
Indeed, epigenetic mechanisms are crucial for the regulation of inflammatory genes [19,31], and
conversely activated inflammatory signaling pathways may induce epimutations [32], which sustain
inflammation. Changes in the methylation status, as well as perturbations of sirtuins activity and
levels, have been linked to various biological conditions and human diseases, including
inflammatory responses [33,34]. In the present study we investigated expression levels and activity
of DNMTs and SIRTs, two of the most important classes of epigenetic enzymes, in response to
intestinal TMA. In fact, DNMTs and SIRTs are susceptible to inflammatory stimuli and to dietary
factors, and an altered SIRTs and DNMTs expression in response to TMAO, the TMA oxidation
product, has been already documented [35,36]. In our study, TMA treatment did not disturb DNMTs
activity, but it resulted in a significant impairment of SIRTs activity, and the effect was dose
dependent. The reduction of SIRTs activity may be due to the pro-inflammatory effect of TMA, since
the downregulation of SIRTs as part of the acute inflammatory response has been already
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documented both in vivo and in vitro [37,38]. The massive decline of NAD* that cells experience
during the inflammatory response [39] could explain the reduction of SIRTs activity, which relies on
intracellular NAD* as cofactor. Interestingly, we measured increased expression levels of SIRTI,
most likely as a compensatory mechanism to counteract the decreased enzymatic activity. Similarly,
DNMT1 was upregulated by high TMA doses in our study, most likely because of the TMA-induced
inflammation. The increased expression levels of IL-6 and IL-1B cytokines above discussed, which is
a clear sign of the activated inflammatory response, may justify the detected DNMT1 upregulation.
Indeed, IL-6-induced DNMT1 upregulation has been already documented in colon cancer [40]. On
the contrary, our results showed a significant downregulation of de novo DNMT3A. Although to the
best of our knowledge there are not studies that investigate the relation between TMA and DNMTSs,
alterations of DNMTs expression levels have been reported for TMAO, which suggests that a similar
mechanism for TMA may also exist.

Considering that mitochondria have a significant role in inflammation (mitochondria are a key
source of DMAPs) and vice versa pro-inflammatory mediators may alter mitochondrial function [6],
we chose to investigate the mitochondrial dynamics of intestinal cells in response to excess TMA.
Our results showed that cells treated with a high TMA dose had reduced mtDNAcn, a biomarker of
mitochondrial health. TMA-induced mitochondrial damage and impairment of the replication
machinery may explain the observed reduction of mtDNAcn. Interestingly, our results showed
elevated methylation levels in the LSP D-loop area; since the D-loop region is important for
mitochondrial genes transcription and mtDNA replication, the increased methylation may
compromise mtDNA replication and justify the reduced mtDNAcn measured in the study [41,42].
Indeed, aninverse correlation between D-loop methylation levels and the mtDNA copy number has
been already reported in literature in human cell cultures [43,44], even though this has not always
been confirmed [45,46].

Moreover, in our study significantly higher levels of cf-mtDNA in the culture medium of cells treated
with high TMA doses were detected and have been confirmed by both relative and absolute
guantification methods. According to our hypothesis, in response to high TMA concentrations,
inflamed intestinal cells release mtDNA in the extracellular milieu, in this way contributing to the
detected reduction of mtDNAcn even further.

The alteration of mitochondrial functions was further confirmed by the TMA-induced impairment
of the energy production system. Indeed, our results showed a decreased intracellular ATP content
in cells treated with TMA, most likely due to the inflammation-induced downregulation of MT-ND6
and MT-CO1, two important components of the electron transport chain. Indeed, the decrease in
ATP production because of pro-inflammatory mediators-driven downregulation of mitochondrial
complex | has already been described [13-15]. Moreover, our data are consistent with those by

Jalandra et al., who recently described a decreased ATP content in intestinal cells after acute TMA
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exposure. The reduction in ATP levels indicates a compromised mitochondrial metabolic integrity
and is also linked to cell death [47]. Since the driving force for ATP production is provided by the
mitochondrial membrane potential (A{ym), we also investigated whether the observed ATP drop
was due to the TMA-induced collapse of the Aym. However, our results did not show any significant
alteration of the Apm after TMA treatment, thus, other molecular mechanisms are probably
responsible for the compromised energy production.

Lastly, bacterial metabolites may compromise the integrity of the intestinal barrier, gain access to
circulation, and reach distant organs. Indeed, gut barrier leakage has been associated to the
pathophysiology of gastrointestinal as well as extra-intestinal diseases, such as heart failure,
metabolic syndrome, diabetes, and psychiatric disorders [48,49]. For this reason, we set up a
simplified model of intestinal epithelium to investigate the effect of TMA on the gut-blood barrier.
Our results did not show any significant alteration of intestinal permeability after 24 h TMA
exposure at the tested concentrations, also confirmed by the expression levels of the tight junctions
that remain unchanged compared to controls. Our results are consistent with those by Jalandra et
al., who, despite reporting impaired intestinal membrane integrity after exposure to high TMA
doses, also stated that no significant alterations were observed below 5 mM TMA concentration
[5]. However, they studied the integrity of intestinal cell membranes and not the integrity of the
intestinal epithelium, as we did with our model. Nonetheless, our model of intestinal epithelium
needs further implementations, and the set-up of co-culture systems with other cell lines (i.e.,
macrophages) will certainly represent a more reliable model to elucidate the effect of TMA on
intestinal barrier integrity.

In conclusion, based on what seen on our cellular model, our study reveals that excess TMA in the
intestinal environment may induce inflammation in intestinal cells and perturb both epigenetic and
mitochondrial homeostasis. As a result of the activated pro-inflammatory status, overwhelmed
mitochondria may experience impaired mtDNA replication (as evidenced by the altered D-loop
methylation and reduction of the mtDNAcn), which results in compromised respiration (as proved
by the downregulation of some respiratory chain components and decreased ATP content). Even
though we didn’t detect changes in the intestinal permeability, our study certainly contributes to
reinforcing the hypothesis that TMA (at least at high doses tested in the study) is not a harmless
metabolite and should not be forgotten when trying to elucidate the impact of dietary molecules
on human health because it may have a contributing role in microbiota-induced intestinal diseases.
Further efforts are necessary to better elucidate the mechanistic pathways of TMA-induced
inflammation; in addition, the setup of a proper co-culture model may help evaluate the role of
TMA as a possible modulator of intestinal permeability and inflammation, also in view of

personalized therapies to address intestinal inflammation.
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Chapter 5

Mitochondrial DNA copy humber and
trimethylamine levels in the blood: new
insights on cardiovascular disease biomarkers
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Bordoni et al., Mitochondrial DNA Copy Number and Trimethylamine Levels in the Blood: New Insights on Cardiovascular Disease
Biomarkers. FASEB J 2021, 35, doi:10.1096/FJ).202100056R.

5.1 STATE OF ART

Cardiovascular disease (CVD) is a major cause of death and disability worldwide[1]. The primary
prevention of CVD relies on the identification of high-risk individuals before the manifestation of
the event. Thus, the need for new methods for accurate risk stratification is drawing attention, and
several biomarkers have been proposed to predict cardiovascular events[2].Biomarkers play a
critical role in the definition, prognosis, and decision-making in cardiovascular disease
management. Nevertheless, despite increasing efforts, the possibility to identify high-risk
individuals is still limited. Among the novel candidates, trimethylamine N-oxide (TMAO) has
attracted a growing attention as a potential promoter of atherosclerosis in humans [3-7]. TMAO is
the oxidative metabolite of trimethylamine (TMA), which is produced by the gut microbiome from
dietary precursors (i.e., choline, betaine, and carnitine). The TMA is absorbed via the intestinal
epithelium, and it is further oxidized in the liver to TMAO, which is then excreted in urine. Several
hypotheses have linked the TMAO to the development of atherosclerosis and CVD risk via
promotion of platelet hyperreactivity [8], pro-inflammatory changes in the artery wall [9],
enhanced macrophage cholesterol accumulation and foam cell formation [3], increased levels of
pro-inflammatory monocytes [10]. Nevertheless, contrasting evidence on the association of TMAO
and CVD emerged [11-16], and a clear mechanistic explanation of this association is still missing.

Another interesting peripheral biomarker that has been recently proposed for CVD prediction is the
mitochondrial DNA copy number (mtDNAcn) [17]. Human mitochondrial DNA (mtDNA) is a small,
circular, and multi-copy genome, located in the inner matrix of mitochondria. It incorporates 37
mitochondrial genes (13 coding for essential components of the mitochondrial electron transport
chain and of the ATP synthase complex, 22 for mitochondrial transfer RNAs and 2 for ribosomal
RNAs). Mitochondrial DNA content reflects the energy demand of a cell [18] and is disturbed by
imbalanced energy metabolism and reactive oxygen species overproduction. Thus, mtDNAcn
changes have been proposed as an early biomarker of damage and mitochondrial dysfunction
[19,20]. Remarkably, since mtDNAcn changes have been associated with both intrinsic and extrinsic
factors [21,22], mtDNAcn has been proposed as a potential biomarker for complex diseases, which
are linked to both genetics and environmental exposures[23]. Circulating mtDNAcn has been
investigated in cardiovascular diseases [24], mainly analysing peripheral blood cells. Interestingly,
it has been recently demonstrated that blood also contains circulating cell-free respiratory
competent mitochondria [25], suggesting that the measure of mtDNAcn in the whole blood might

better represent the health status. Moreover, despite the involvement of TMAQO in mitochondrial
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metabolism has been presented [26—29], none of the previous investigations examined the

association between blood mtDNAcn and TMA or TMAO levels in humans.

5.2 AIM OF THE STUDY

This study aims to investigate, in a population of 540 subjects of coronary artery disease (CAD)
patients and controls, (a) if the mtDNA copy number measured in the whole blood is a marker of
CAD; (b) if any association between mtDNAcn and TMAO or TMA levels exists; (c) if mtDNAcn is
associated with other risk factors for CVD that are linked to metabolic alterations (i.e., hypertension
[30], diabetes [31], glomerular filtration rate [GFR]) or environmental exposures (i.e., smoking [32],
BMI [33]; (d) provide further insights on the effects of TMA and TMAO levels changes in CVD. The
final goal is to identify relevant factors that can be used for CVD prognosis through adequate

prediction models.

5.3 MATERIALS AND METHODS

5.3.1 Study cohort recruitment and sample collection

CAD patients were consecutively recruited in Wejherowo Cardiovascular Center with
angiographically confirmed CAD or with angina referred to elective or urgent coronary angiography
as inclusion criteria. To characterize the severity of CAD, all patients were classified into 1-, 2- or 3-
vessel disease groups based on the presence of stenosis in major coronary arteries or their
branches. CAD patients were further divided in subgroups based on the severity of disease: mild
severity (1 vessel involved) (MS) or high severity (two or three vessels involved) (HS). Moreover,
CAD patients were divided into stable angina (SA), and acute coronary syndrome (ACS) patients. SA
patients were treated with statins for a secondary prevention of cardiovascular morbidity. For this
reason, despite dyslipidaemia being an established risk factor for CAD, blood lipid measurements
(Table S1) were excluded from the analysis. Control subjects without a self-reported medical history
of CVD were recruited in the same region. The study was approved by the Regional Bioethical
Committee (RBC) in Gdansk (KB-27/16 and KB 32-17) and registered at clinicaltrials.gov
(NCT03899389). All methods were carried out in accordance with relevant guide- lines and
regulations approved by RBC. Informed consent was obtained from all subjects. Venous blood
samples were collected in EDTA-containing tubes. The plasma samples were prepared by

centrifugation at 1300 g for 10 min at 18-25°C, and were kept frozen at -80°C.
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5.3.2 Assessment of variables related to cardiovascular risk

Plasma TMA and TMAO were determined by the Ultra-Performance Liquid Chromatography
(UHPLC) tandem mass spectrometry method, as previously described [34]. Troponin, as an
established biomarker of ACS [35,36], was determined in hospital diagnostic laboratory on
Dimension EXL with LOCI Module Integrated Chemistry System (Siemens Healthcare GmbH,
Erlangen, Germany) using high sensitivity cardiac troponin | test (Dimension EXL hs-cTnl assay,
Siemens Healthcare GmbH, Erlangen, Germany) [37].

Body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared.
Hypertension and diabetes were diagnosed by medical doctors in diagnostic processes and were
reported by subjects, as well as smoking habits (present or past), in self-reported questionnaires.

GFR was calculated by Cockcroft-Gault Equation[38].

5.3.3 MtDNAcnh assessment

Genomic DNA was extracted from whole blood using the kit for genomic DNA purification (A&A
Biotechnology, Gdynia, Poland). All samples have been processed under the same conditions and
with the same DNA extraction method because variation of the DNA extraction method might affect
the evaluation of mtDNAcn[39]. Relative mtDNAcn quantification [40] (considering nDNA as a
normalizer), which is the current method of choice for mtDNAcn assessment [19], was performed
by real-time PCR (Biorad CFX96). Briefly, the cycle threshold () values of a mitochondrial-specific
and nuclear-specific target were determined in triplicate for each sample. The difference in G
values (AC;) between the mitochondrial and nuclear gene for each sample is calculated and 274
represents a relative measure of mtDNAcn. The following genes have been amplified for the
detection of mitochondrial and nuclear DNA, respectively, using the listed primers: mtDNA-
tRNALeu (f w:5-CACCCAAGAACAGGGTTTGT-3’; rv: 5-TGGCCATGGGTATGTTGTTA-3') for
mitochondrial DNA, and beta-2-microglobulin (B2M) (fw: 5'-TGCTGTCTCCATGTTTGATGTATCT-3;
rv: 5’-TCTCTGCTCCCCACCTCTAAGT-3’) for the nuclear DNA. These primers have been verified by
Fazzini and colleagues [39] for their specificity (unique amplification of mtDNA) and for the absence
of co-amplified nuclear insertions of mitochondrial origin (NUMTSs). An inter-run calibrator sample
was used to adjust the results obtained from different amplification plates. All samples were

anonymized for laboratory personnel.

5.3.4 Statistical analysis

Power analysis for studying mtDNAcn in this population was performed according to the effect size

reported by the meta-analysis from Yue and colleagues [24] and revealed a power > 0.99. The
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Shapiro-Wilk test was used for the analysis of the normality of data distribution. Spearman
correlation or linear regression (adjusting for confounding variables) was used for testing the
correlation among continuous variables. Bonferroni's correction was applied to confirm statistical
significance in multiple correlations. Chi-square test, Kruskal-Wallis test, and Generalized Linear
Model (GLM) were used to test differences in the analyzed variables among groups adjusting for
covariates. A stepwise logistic regression model was applied to identify (according to Wald
statistics) which of the variables predicted the cardiovascular risk. Precision-Recall (PR) curves were
used to evaluate the performance of the prediction model when considering a database with
unbalanced classes, while Receiver Operating Characteristic (ROC) curves were considered when
classes were numerically balanced. For completeness of information, we reported both the models
in the figures.

For testing the predictive biomarkers, the dataset has been divided into two parts: the training set
and the testing set. The former contains 75% of the whole dataset while the latter contains the
remaining 25%. We used the training set for training the logistic classifier (discovery stage) and then
the testing set to evaluate it by computing the PR curve (validation stage). Precision and recall have

been calculated as follows:

Precision = TP/ (TP + FP)
Recall = TP/ (TP + FN)

where TP, True Positives; FN, False Negatives.
Technical replicates are described in each specific material and methods section and are not
considered for the inference statistics (no inflation of units of analysis was performed). Two-sided

p values have been calculated, and significant differences were attributed to p < 0.05.

5.4 RESULTS

5.4.1 Descriptive statistics

Five hundred and forty recruited subjects (65.7% male, 34.3% female) were analyzed in this study.
Mean age of the population was 65 (+10) years old. Among the subjects, 46.7% (n = 252) were
smokers, 66.5% (n = 359) were diagnosed with hypertension, and 25.4% (n = 137) were diagnosed
with diabetes. Among the recruited subjects, 151 were controls (28%), 389 were CAD patients
(72%). Descriptive statistics for BMI, TMA, TMAO, TMAO/TMA ratio, and GFR in the total population
are shown in Table 1. A detailed comparison of TMA, TMAO, BMI, and GFR in the CAD population

vs controls in this population has been previously published [34] and summarized in Table S2.
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As expected, smoking (Pearson's chi-square = 4.86; p = 0.028), hypertension (Pearson's chi-square
=60.79; p = 6.3*10%°), and diabetes (Pearson's chi-square = 14.55; p = 1.3*10™) are confirmed as
risk factors for CAD development (Figure S1). An increased BMI was also measured in CAD patients

with respect to controls (controls: 27.8 + 4.1; CAD: 28.8 + 4.5; p = 0.023).

TABLE 1 Descriptive statistics. Descriptive statistics on the whole population (n = 540) for the
analyzed variables.

n Min Max Mean SD
BMI (kg/m2) 540 18.00 45.00 28.50 4.40
TMAO (uM) 540 0.01 37.50 5.37 4.50
TMA (uM) 540 0.34 1.15 0.60 0.11
TMAO/TMA 540 0.01 64.87 8.86 7.35
GFR (mL/ min/1.73 540 9.71 289.96 88.17 33.76

m?)

Abbreviation: SD, standard deviation

5.4.2 Association between mtDNAcn, CAD, and CVD risk factors

In the studied population, blood mtDNAcn decreased with age (Spearman's Rho =-0.101; p =.019)
(Figure S2). A significantly lower level of mtDNAcn was measured in the CAD group compared to
controls (median values in controls vs CAD: 76.9 vs 51.5; p = 2.6*10!?) (Figure 1). Analysis of
covariates (age, sex, TMA, TMAO, GFR) revealed that this association is modulated by TMA (p =
0.0001) and GFR (p = 0.026). Moreover, mtDNAcn was significantly lower in hypertensive than in
normotensive individuals (median values, control = 59.8; CAD = 53.6; p = 0.002) (Figure 2A). This
association was modulated by TMA (p = 0.0001) and GFR (p = 0.002), but not by TMAO (p = 0.549),
sex (p = 0.987), BMI (p = 0.821) or age (p = 0.231). However, it was no more significant when
adjusting the analysis for CVD status (p = 0.830), suggesting that CAD is the major driver of this
association. Adjusting the analysis for age, sex, BMI, GFR, TMA and TMAO, the mtDNAcn did not
differ in individuals diagnosed with diabetes (p = 0.795) (Figure 2C), nor in smokers with respect to
controls (p = 0.082) (Figure 2B). However, the association with smoking was significant (p = 0.006)
when adjusting the analysis for CAD, that contribute to explain the model (p = 0.002), as well as
GFR (p =0.016) and TMA (p = 0.0001).

MtDNAcn was directly correlated with GFR (Spearman's Rho = 0.103; p = 0.017), suggesting that
higher mtDNAcn can be associated with a better glomerular filtration capacity (Figure 2D).

Adjusting the analysis for age, sex and BMI, the correlation is even stronger (B = 0.216; p = 0.001).
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It remains significant also after adjusting the analysis for CAD status (B = 0.155; p = 0.010). No

significant direct association was measured between mtDNAcn and BMI in the whole population

(Spearman's Rho = 0.044; p = 0.304), neither adjusting the analysis for sex and age (p = 0.310).
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Figure 2. Relative mtDNAcn and CAD risk factors exposures in the analyzed population:
hypertension (A), smoking (B), diabetes (C), GFR (D). Row P values are shown in the figures. Adjusted

analysis and covariates are described in the main text.
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5.4.3 MtDNAcn correlates with TMA but not TMAO

A direct correlation between mtDNAcn and TMA levels was measured (Spearman's Rho = 0.166; p
=0.0004) (Figure 3A). Linear regression adjusting the analysis for age, sex, GFR, and BMI confirmed
a strong association between TMA and mtDNAcn (B = 0.227; p = 6.5*107), with GFR (B = 0.206; p =
0.002) contributing to explain the mtDNAcn variance. This association remains significant even
adjusting the analysis for the CAD status (p = 2.3*107°). No significant associations were detected
between mtDNAcn and TMAO (Spearman's Rho = 0.020; p = 0.643) (Figure 3B), neither adjusting
the analysis for the previously mentioned variables (p = 0.928). Similarly, no significant association
was measured with TMAO/TMA (Spearman's Rho =-0.033; p = 0.441) (Figure 3C), neither adjusting

the analysis for confounding variables (p = 0.598).
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Figure 3. Correlations between mtDNAcn and TMA (A), TMAO (B) or TMAO/TMA (C) in the analyzed
population. TMA levels correlates with mtDNAcn (p < 0.0001, adjusted for age and sex). The
association remains significant also correcting the analysis for GFR as well (p < 0.0001). No

significant correlations were detected between TMAO and mtDNA or TMA/TMAO ratio and
mtDNAch.
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5.4.4 MtDNAcn, TMA, TMAO and troponin levels in CAD groups

Troponin, a marker of acute myocardial injury, was higher in HS than MS (p = 0.003) (Figure S3A)
and in ACS than in SA (p = 1.7*10®) (Figure S3B). On the other hand, mtDNAcn decreased with
respect to controls in both MS (p = 0.0001) and HS (p = 0.0001) but did not significantly differ
between MS and HS groups (p = 0.666) (Figure S3C). Moreover, mtDNAcnh was lower in both SA (p
= 0.0001) and ACS groups (p = 0.0001) compared to controls, but no significant differences were
measured between ACS and SC (p = 0.186) for this biomarker (Figure S3D). Interestingly, a
significant inverse correlation between mtDNAcn and troponin was measured in the CAD group
(Spearman's Rho = -0.218; p = 1.5*10°) (Figure S4). This association was confirmed also after
adjusting the analysis for sex and age (B =-0.451 % 0.218; p = 0.039) and can be considered reliable
among acute cases (that are those that display higher troponin levels). No significant correlations
were detected between troponin and TMA (p = 0.554), TMAO (p = 0.946), or TMA/TMAO (p = 0.985)

in the CAD group.

5.4.5 Correlations between TMA, TMAO, GFR, and mtDNAcn in controls and
CAD patients

To clarify the role of TMA in this complex picture, an exploratory analysis was performed to evaluate
the correlations between TMA and TMAO in the control and CAD groups separately. Results showed
that high TMA levels were not accompanied by increased TMAO in controls (Spearman's Rho =
0.065; p = 0.429), but high TMA levels were associated with high TMAO levels in CAD patients
(Spearman's Rho = 0.338; p = 7.2*10°) (Figure 4A). This correlation is even more significant
adjusting the analysis for sex, age, BMI and GFR (B = 0.246; p = 1.4*10°®) in the CAD group, but not
in the control group (p = 0.964). This evidence corroborates the hypothesis that TMA levels are not
per se linked to high TMAO. Higher TMA levels are positively correlated to GFR in controls
(Spearman's Rho = 0.257; p = 0.001), while TMA is negatively associated to GFR levels in the CAD
group (Spearman's Rho = -0.260; p = 2.1*107) (Figure 4B). By adjusting the analysis for sex, age,
and BMI, only the inverse correlation between GFR and TMA in the CAD group was confirmed (B =
-0.454; p = 7.8*107) after Bonferroni correction. This suggests a different metabolism of TMA and
TMAO in the presence of cardiovascular disease, with respect to healthy conditions. Moreover,
increased TMA levels correlated to higher mtDNAcn only in the controls (Spearman's Rho = 0.280,
p = 7.8*%10%), and not in the CAD group (Spearman's Rho = 0.076, p = 0.133). However, this
correlation between TMA and mtDNAcn in the controls was not significant when adjusting the
analysis for sex, age, and GFR (p = 0.707).

By observing the TMAO/TMA ratio in the population divided by the cardiovascular health status in

respect to mtDNAcn and GFR, we found that the TMAO/TMA ratio shows a significant inverse
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correlation with GFR in the CAD group (Spearman's Rho = -0.307; p = 5.8*10°®), which, on the other

hand, is not significant in controls (Spearman's Rho = -0.176; p = 0.180) after Bonferroni correction

(Figure 4C). This inverse correlation in the CAD group was confirmed also adjusting the analysis for

sex and age (B =-1.032; p = 0.0001). Additionally, the TMAO/TMA ratio was inversely correlated to

mtDNAcn in the control group (Spearman's Rho = -0.161; p = 0.049), but not in the CAD group

(Spearman's Rho =-0.019; p = 0.712). However, this correlation was not significant when adjusting

the analysis for sex, age and GFR (p = 0.292).

(B)

GFR (ml/min/1.73m?)

(A)

204

TMAO (uM)

T T
060 080 1.00 120

TMA (uM)

TMA (M)

@ control
® CAD

@ control
@ CAD

GFR (ml/min/1.73m?)

@ control
® CAD

o

T T
40 60

TMAO/TMA

24

Figure 4. Correlations between TMA and TMAO (A), TMA and GFR (B), TMAO/TMA ratio and GFR

(C) in the population divided for groups (controls vs CAD).

95



5.4.6 Identification of CAD prediction models and comparison with troponin

A stepwise logistic regression analysis was applied to identify significant predictors of CAD. The
following variables, all potential risk factors for CAD, were tested: age, sex, mtDNAcn, TMA, TMAO,
diagnosis of hypertension and diabetes, smoking habits, GFR. A forward selection criterion was
applied, and Wald statistics was used to identify significant predictors. The variables that emerged
as significant predictors of CAD are the following: mtDNAcn (OR = 0.972; 95% Cl = [0.965-0.979]; p
= 7.6*107); hypertension (OR = 4.131; 95% Cl = [2.582-6.609]; p = 6.3*10°); sex (OR = 0.574; 95%
Cl=[0.355-0.929]; p = 0.024); smoking (OR = 1.754; 95% Cl = [1.083-2.841]; p = 0.022); diabetes (OR
=1.861; 95% Cl = [1.011-3.425]; p = 0.045). This 5-step model correctly categorized 81.7% of cases.
Good performances were obtained also by a 3-step model (including mtDNAcn, hypertension, and
sex), that successfully categorized 80.3% of cases. TMAO and TMA are not significant CAD
predictors according to this model. On the contrary, mtDNAcn is the first element to enter in the
stepwise forward analysis, thus affecting the goodness of the prediction and the information
carried by the other variables. This evidence suggests that mtDNAcn might significantly improve
the population risk stratification for CAD, in addition to other known risk factors.

To confirm this hypothesis, the PR curves were calculated (Figure 5) to evaluate the performance
of both prediction models previously identified by the stepwise forward logistic regression. PR
curve is used to evaluate the performance of a classifier (to compare classifiers, too) for unbalanced
classes through the computation of the area under the curve (AUC). This value is a number between
0 and 1: the bigger the value, the better the model. PR curve, as the name suggests, is obtained
using precision and recall, two evaluation metrics that can deal with unbalanced classes [41] as in
this case. PR shows an AUC equal to 0.894 for the 3-step model, with mtDNAcn, hypertension and
sex applied as predictors. For the 5-step model (with mtDNAcn, hypertension, sex, smoking, and
diabetes applied as predictors), the resulting AUC was 0.901. Figure 5 shows the PR curves and the
confusion matrices for both models, concluding that their performances are good and similar. In
addition, we tested the ability of these two models to distinguish between acute or stable CAD
patients (Figure 6), or between different degrees of CAD severity (Figure 7), and we compared them
to the performance of troponin. Results confirmed that troponin can distinguish between stable
and acute cases (ROC AUC = 0.79), while none of the new proposed biomarkers (3-steps, ROC AUC
= 0.58; 5-steps, ROC AUC = 0.53) were able to confidently predict the acute or stable status of the
dis- ease (Figure 6D-F respectively). Remarkably, our 5-step (PR AUC = 0.703), and 3-step model (PR
AUC = 0.778) showed to be better predictors of severity than troponin (PR AUC = 0.667). (Figure
7A-C respectively). Therefore, the proposed 3-step model, including mtDNAcn, sex, and

hypertension, was confirmed as an interesting predictor of cardiovascular health in this population.
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Figure 5. PR curves for CAD prediction with 5 features (A, 5-step model: including mtDNAcn,
hypertension, sex, smoking, diabetes) or 3 features (B, 3-step model: including mtDNAcn,
hypertension, sex). Panel C and D show the confusion matrices for the two models (5-step and 3-

step model, respectively). 5-step model, Accuracy: 0.837; Sensitivity: 0.526; Specificity: 0.959. 3-
step model, Accuracy: 0.807; Sensitivity: 0.474; Specificity: 0.938.
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Figure 6. PR curves, ROC curves and confusion matrices for prediction of the disease state (SA vs
ACS) in the CAD group. A, D, G panels are referred to the 5-step model; B, E, H panels are referred
to the 3-step model; C, F, | panels are referred to the troponin. 5-steps model, Accuracy: 0.515;
Sensitivity: 0.653; Specificity: 0.375; 3-step model, Accuracy: 0.557, Sensitivity: 0.592, Specificity:
0.521; troponin, Accuracy: 0.681, Sensitivity: 0.367, Specificity: 1.0.
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Figure 7. PR curves, ROC curves and confusion matrices for prediction of disease severity in the CAD
group. A, D, G panels are referred to the 5-step model; B, E, H panels are referred to the 3-step
model; C, F, | panels are referred to the troponin. 5-step model, Accuracy: 0.650; Sensitivity: 0.279;
Specificity: 0.869. 3-steps model, Accuracy: 0.691, Sensitivity: 0.528, Specificity: 0.787. Troponin,
Accuracy: 0.628, Sensitivity: 0.0, Specificity: 1.0.

5.5 DISCUSSION AND CONCLUSIONS

Alterations in TMAO metabolism [42] and mitochondrial dynamics [43] have been previously
independently identified as risk factors for cardiovascular disease development. We have found
that mtDNA copy number, measured in the whole blood, is lower in CAD patients than in controls.
This is coherent with previous investigations reviewed by Yue et al. [24], although the reported

99

10



studies had determined mtDNAcn in buffy coat/circulating leukocytes. Recently, it has been
demonstrated that blood contains circulating cell-free respiratory competent mitochondria [25],
and a reduction of mtDNAcn was also detected in the whole blood of peripheral arterial disease
male patients compared to controls [44]. Therefore, our findings about the reduction of mtDNAcn
in the whole blood of CAD patients support the interest towards mtDNAcn measurement as an
easily accessible biomarker for cardiovascular disease risk stratification.

To explain the observed decrease of mtDNAcn in CAD patients, we tested the correlation of this
biomarker with other established risk factors for CVD. In our population, mtDNAcn decreased with
age, according to previous evidence examining mtDNAcn in blood cells [45]. In addition, we found
a correlation between mtDNAcn, hypertension and GFR, which are established risk factors for
CVD[46-48]. In particular, mtDNAcn was decreased in hypertensive subjects. Even if the presence
of CAD is a confounder for this association in our population, previous hypothesis linked mtDNAcn
and hypertension [49], which is also interesting considering the role of mitochondrial oxidative
stress in CAD[50]. Nevertheless, only a few data on this topic have been collected until now, and a
clear mechanistic explanation is missing. Lei et al. [51] measured mtDNAcn in white blood cells of a
coal mining group located in northern China and reported no differences between hypertensive
and healthy controls. An elevated urinary mtDNAcn was detected in hypertensive patients, and it
was correlated with markers of renal injury and dysfunction [52,53]. The authors explained this
observation considering that fragments of the mitochondrial genome released from dying cells
might be considered surrogate markers of mitochondrial injury. Prestes et al. [49] also suggested
that alterations of mtDNAcn in a cell can impair mitochondrial respiration and a reduction of
mtDNAcn might represent a surrogate measure for reduced mitochondrial function, which is
coherent with what we observed in our CAD group. In addition, elevation of mtDNAcn in urine
samples has been shown in progressive acute kidney injury patients [54], and this parameter has
been associated with glomerular hyperfiltration in obese African American hypertensive patients
[53]. All these data support the involvement of mitochondrial dynamics in both the alteration of
kidney functions and hypertension. In our population, mtDNAcn decreased proportionally with
GFR, in accordance with previous evidence, suggesting that a higher blood mtDNA copy number is
associated with a lower risk of incident chronic kidney disease [55]. The reduction of mtDNAcn in
individuals with lower GFR might be explained by the mitochondrial dysfunctions in kidney cells
implicated in the pathogenesis of chronic kidney diseases [56—58], and by the exposure to reactive
oxygen species that can damage the mitochondrial DNA replication enzyme (polymerase y), leading
to a reduction in mtDNA copy number [59]. On the other hand, diabetes, that has been previously
related to both the increase and decrease of mtDNAcn [60,61], was not directly associated with
mtDNAcn in our study. This evidence cannot exclude an influence of diabetes on mtDNAcn levels,

but the findings are still inconclusive to demonstrate a direct association between these two
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variables. Recently, a meta-analysis has shown that metabolic parameters (waist circumference,
BMI and triglycerides) are major mediators of this association [62]. Nevertheless, the diagnosis of
diabetes is still informative in this context, as it was one of the significant predictors of CAD in our
precision-recall analysis if considered together with mtDNAcn, sex, hypertension, and smoking.
Dyslipidemia, which is also an established risk factor for CVD, was not considered in this study
because CAD patients were treated with statins for secondary prevention of cardiovascular events.
Thus, data on blood lipids were not considered reliable in this population. Interestingly, mtDNAcn
showed an inverse correlation with troponin levels, corroborating the hypothesis that lower
mtDNAcn is predictive of worse cardiovascular health. Troponin was confirmed as a good biomarker
of CAD in the acute phase. On the contrary, mtDNAcn increases both in acute and stable conditions
and was predictive of disease severity when considered with sex and hypertension diagnosis.

This is in accordance with recent evidence suggesting that mtDNAcn is linked to cardiovascular
disease patient phenotypes [63]. In addition to classical risk factors for CVD, for the first time, we
also tested correlations between mtDNAcn and TMAO metabolism. While no associations with
TMAO were measured, mtDNAcn correlated with TMA levels in the whole population. This finding
suggests that a reduction of mitochondrial functions might occur in individuals that display lower
TMA. This is in accordance with our previously published data describing a subtle but significant
reduction of TMA in CAD patients with respect to controls [34], while no significant differences
were measured for TMAO between the two groups. A definite explanation of this phenomenon is
still to be identified. In our cohort, a direct correlation between TMA and TMAO can be measured
only in the CAD group, while we did not observe a proportional increase of TMAO in controls with
higher TMA levels. Preliminary evidence suggested that TMA might have a role per se in CVD [64—
66]. Jaworska et al. showed that TMA was inversely correlated with the estimated glomerular
filtration rate in humans; moreover, TMA reduced cardiomyocyte viability in vitro, while TMAO was
even protective against TMA-induced cytotoxicity [64]. The authors hypothesized a detrimental
effect of TMA due to its role in triggering the degradation of protein structures (i.e., aloumin). The
possibility of stable protein-TMA complexes (especially in the condition of increased oxidative
stress, as occurring in inflammatory conditions [67—69]), together with the increased ratio of
conversion of TMA into TMAO might provide a possible explanation for the low TMA levels
measured in CAD patients and suggest a different fate and metabolism of TMA in CVD respect to
healthy people. Studies further investigating this hypothesis are ongoing in our laboratories.

A limitation of this study is the absence of data on urinary TMA and TMAO excretion. Moreover,
although a positive correlation between the number of mitochondria and mtDNAcn has been
demonstrated [70], mtDNAcn is not always a reliable predictor for mitochondrial abundance [71-
74], probably because of the existence of compensatory effects. Thus, our study supports a

potential involvement of TMA (but not TMAO) in CVD pathogenesis; nonetheless, further
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mechanistic investigations are necessary to clarify the real role of this metabolite in CVD and its
usage as a clinical biomarker. In this regard, we tested the possibility to predict CAD by using all
measured variables, including mtDNAcn and other classical CVD risk factors. A logistic regression
model identified decreased mtDNAcn, male gender, diagnosis of hypertension, smoke habits, and
diagnosis of diabetes as significant risk factors for CAD development in this population; conversely,
neither TMA nor TMAO have been included as significant predictors. The precision-recall analysis
showed that it is possible to have a good prediction of CAD by including information limited to
mtDNAcn, sex, and hypertension diagnosis. Indeed, our 3-step prediction model (including
mtDNAcn, sex, and hypertensions) displayed the best performance in distinguishing not only
healthy subjects from CAD patients (even in stable conditions and with a very high true negative
rate), but also patients with different degrees of disease. This confirms the hypothesis that
mtDNAcn (considered together with other risk factors for CVD) could be an informative parameter
describing cardiovascular health. Thus, validation in other cohorts of these 3 easy-to-measure
parameters could pro- mote their usage in the risk stratification for CVD at population level.

In conclusion, although we cannot infer any causal direction of the relationship between mtDNAcn
and CAD, we consider unlikely that mtDNAcn has a direct role in increasing the risk for
cardiovascular events (despite some animal studies have detected mtDNA damage before arterial
wall lesions occurred [75,76]. The precise mechanism underlying the association between mtDNA
damage and atherosclerosis is still poorly understood. However, it is well-known that mtDNA is a
major target of oxidative stressors [22] and mitochondrial dysfunctions promote the development
of pathological conditions; on the other hand, caloric restriction and physical activity have been
shown to limit mtDNA damage [77,78]. Indeed, this biomarker appears to vary in accordance with
several risk factors for CVD. Thus, mtDNAcn reduction might represent an alarm signal for impaired
mitochondrial homeostasis. Of note, cardiometabolic risk factors such as high blood pressure,
obesity, and dyslipidemia have been previously shown to modify mtDNAcn [79,80]. Thus, the
hypothesis that environment and lifestyle factors might have major effects on mtDNAcn has been
raised. Several pollutants (e.g., benzene [81], particulate matter [82], and polycyclic aromatic
hydrocarbons [83]) have been associated with changes in mtDNAcn. In addition, dietary factors
[84,85], especially salt intake [86], might modify the mtDNAcn in blood. This is particularly
interesting in the context of CVD prevention. Thus, mtDNAcn appears as a plastic biomarker that
might change in response to environmental and dietetic factors. Further research on modifiable
CVD risk factors influencing mtDNA copy number may improve the prevention and treatment of
this multifactorial pathology, making mtDNAcn a new tool to monitor complex disorders related to

both metabolic imbalances and environmental insults at the molecular level [21].
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5.7 SUPPORTING INFORMATION

Table S1. Population descriptive statistics about blood lipids.

Controls (N=151) CAD (N=389)
Min Max Mean SD  Min Max Mean SD p
TC(mg/dL) 104 351 209.01 46.35 77 353 171.95 47.19 <0.001
TG (mg/dL) 22 505 129.43 7490 10 463 125.14 66.64 0.827
HDL(mg/dL) 27 107 55.62 16.11 11 126 50.77 16.46 <0.001
LDL (mg/dL) 38 248 127.53 42.83 12 246 95.67 41.46 <0.001
TC/HDL 1.73 848 4.02 131 125 1964 3.69 157 0.001
TG/HDL 0.31 1741 2.78 254 0.25 12.86 2.88 2.10 0.217

Table S2. Descriptive statistics for the population divided for CAD status.

Controls (N=151) CAD (N=389)

Min  Max Mean SD Min  Max Mean SD
Age 44 85 64.34 8.12 27 91 66.43 11.64
BMI (kg/m?) 19 41 27.81 4.08 18 45 28.77 4.50
TMAO (pM) 0.01 3259 550 445 0.27 375 531 453
TMA (uM) 034 095 062 013 036 115 0.60 0.11
TMAO/TMA 0.01 6487 939 861 0.42 6358 8.66 6.81
mtDNAcnh (dCt) 24.45 371.63 95.41 58.21 10.09 235.02 56.33 27.29
GFR (ml/min/1.73m?) 45.85 289.96 92.17 31.23 9.71 211.11 86.62 34.60
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Figure S1. Smoking (A), hypertension (B) and diabetes (C) are confirmed as relevant risk factors for
CAD in the analyzed population. A) pearson chi-quare. P=0.028; Odds Ratio [95%Cl] = 1.535455 |
1.047332,2.251073 ] B) pearson chi-quare. P=6.3*10-15 Odds Ratio [95%CI] = 4.634116 [ 3.107077
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Figure S2. Correlation between mtDNAcn and age. MtDNAcn decreases with age (Spearman’s
rho=-0.101 ; p=0.019).
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Figure S3. Mean levels of troponin (A,C) or mtDNAcn (B,D) in the population divided for disease
severity (A,C) or stability (B,D). SA=stable CAD; ACS=acute coronary syndrome.
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Chapter 6

Gut-derived trimethylamine (TMA) may promote
vascular inflammation disturbing the
mitochondrial dynamics in circulating
macrophages
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6.1 STATE OF ART

Heart disease is a leading cause of mortality worldwide, each year [1]. Traditional predictors of
cardiovascular disease (CVD) risk are high blood pressure, elevated glucose and lipids levels,
obesity, physical inactivity, stress, smoking, as well as dietary patterns [2]. Indeed, unhealthy
Western diet (characterized by increased intake of fat, red meat, and carbohydrates and minimal
consumption of fruits and green leafy vegetables) has been associated with the severity of coronary
artery lesions [3]. In particular, recent studies have revealed that trimethylamine-N-oxide (TMAO),
a compound that derives from diets rich in animals’ products, as Western diet is [4,5], could be used
as a biomarker of CVD. Indeed, there is evidence supporting the association between circulating levels
of TMAO and increased risks of CVDs [6], such as atherosclerosis, hypertension, heart failure,
arrhythmia, and coronary artery disease (CAD) [7,8] but also with CVD-related chronic diseases,
such as diabetes [9] and chronic kidney disease [10]. TMAO derives from the oxidation of
trimethylamine (TMA), which is produced by the intestinal bacteria from dietary precursors of
animal origin (i.e., choline, betaine, and carnitine). Once produced, TMA enters the portal
circulation, and in the liver, it is further oxidized to TMAO, which has a high turnover rate. Indeed,
while more than 90% TMAO is excreted in the urine, a small amount is excreted by respiration and
feces, and the remaining is reduced back to TMA and re-enters the circulation. Several hypotheses
have been proposed to explain the involvement of TMAO in the development of atherosclerosis
and CVD risk. Among them, there is the induction of inflammatory responses, with increased levels
of pro-inflammatory monocytes, enhanced cholesterol accumulation, foam cell formation, and
endothelial dysfunction. Nevertheless, contrasting evidence is emerging on TMAO role in CVD
promotion [11,12]. Indeed, a beneficial and protective role of TMAO has been hypothesized.
Remarkably, fish is a major dietary source of TMAO (where it acts as an important osmolyte) but
fish consumption is highly recommended to reduce CVD risk. Therefore, additional research is
needed to determine the role of TMAO in CVDs.

Interestingly, plasma TMA is recently gaining attention in cardiovascular health studies, and rightly
so considering that its toxicity has been known since late 19" century (for review [13]). Studies in
rats showed that TMA increased arterial blood pressure and exerted a toxic effect on vascular
smooth muscle cells [14]. However, despite the measurements of plasma TMA levels, very few
studies have evaluated the effect of this compound on cells and organelles [13,15].

Thus, a clear mechanistic explanation of how TMA and TMAO may promote inflammation is still
missing. Recent evidence suggests that the perturbation of mitochondrial homeostasis could be
one of the underlying causes [15]. Indeed, mitochondrial dynamics are influenced by both intrinsic
and extrinsic factors, including diet, and they may either have an active role in inflammation or be

a target. For this reason, mitochondrial DNA copy number (mtDNAcn) [16] has been recently
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proposed as a biomarker for CVD prediction. Indeed, mtDNAcn changes turn into altered expression
of mitochondrial proteins and altered ATP production and have been rightly suggested as indicators

of mitochondrial damage and dysfunction [17].

6.2 AIM OF THE STUDY

The role of circulating TMA and TMAO in CVD is still highly debated and not fully understood.
Considering that vascular damage has been proposed as a mechanism by which these diet-derived
metabolites may exert their noxious effect and contribute to CVD, the present study aims to better
elucidate the potential pro-inflammatory action of TMA and TMAO on circulating macrophages,
using THP-1 monocytes as an in vitro model. We investigated whether plasma TMA and TMAO may
trigger the pro-inflammatory cascade and, considering the prominent role that mitochondria have
in inflammation, we also investigated the impact of TMA and TMAO on mitochondrial dynamics,
focusing on perturbation of ATP production and cellular membrane potential, as well as on the

markers of mitochondrial damage (i.e., mtDNAcn).

6.3 MATERIALS AND METHODS
6.3.1 Cell culture

To study the effect of TMA and TMAO on macrophages, THP-1 cells, a human monocytic leukaemia
cell line (ATCC, Rockville, MD), were used.

THP-1 cells were cultured in RPMI 1640 medium 1X with L-glutamine (Corning, Turin, Italy)
supplemented with 10% heat-inactivated Fetal Bovine Serum (FBS; Euroclone, Milano, Italy), 1%
penicillin/streptomycin (Euroclone, Milano, Italy) and 50 uM B-Mercaptoethanol (Euroclone,
Milano, Italy). The cells were kept at 37°C in a humidified atmosphere containing 5% CO,. Medium

was changed every 2 days and cells were passaged at 80% confluence.

6.3.2 Viability assay

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was performed to
evaluate the cytotoxic effect of TMA and TMAO on THP-1 cells. Briefly, THP-1 cells were seeded in
96-well plates (1x10* cell/well) in RPMI 1640 1X with L-glutamine, cultured for 24h and treated with
several concentrations of TMA (50 uM, 25 uM, 10 uM, 1 uM, 0.5 uM, 0.1 uM) and TMAO (400 uM,
100 pM, 50 uM, 25 puM, 5 uM, 1 uM). At the end of the incubation period, 5 mg/ml MTT solution
was added to the cells and incubated for 4h. The insoluble formazan salt product was solubilized

by adding dimethyl sulfoxide (DMSO) and its amount was determined by measuring the optical
112



density at 540 nm using a microplate reader. Cell viability was calculated according to the equation
(T/C) x 100%, where T and C represent respectively the mean optical density of the treated group

and the control group.

6.3.3 Cell treatments

The TMA and TMAO concentrations that were tested in this study were selected from TMA and
TMAQO levels previously measured in plasma of coronary artery disease (CAD) patients [18]. Given
the broad variation of plasma TMA and TMAO concentrations measured in CAD patients, we only
selected two concentrations for the present study. Specifically, the highest concentration and the
mean concentration of either TMA or TMAO measured in CAD patients were chosen as the highest
and lowest dose tested on THP-1 cells, respectively. First, THP-1 cells were differentiated for 24h
with phorbol 12-myristate 13-acetate (PMA) (100 ng/ml) [19] to induce differentiation of
monocytes into the MO phenotype macrophages. Then the differentiated macrophages were
treated with 0.6 uM TMA, 1.2 uM TMA, 5 uM TMAO and 40 uM TMAO for 24h. Negative controls
(differentiated macrophages with vehicle only) were also added. Experiments were run in duplicate.
After 24h of incubation, cells were collected. Cells were mechanically detached and centrifuged at
300xg for 10 min; the supernatant was removed, and cell pellets were immediately frozen in liquid

nitrogen and stored at -80°C until further use.

6.3.4 mtDNA quantification

Total DNA was extracted using the Genomic DNA Isolation Kit (Cat. 24700, Norgen Biotek, Thorold,
ON, Canada) according to the manufacturer’s instructions and used to quantify mtDNAcn in the
samples. DNA amount and purity were checked by spectrophotometric quantification with
Nanodrop (Thermo Fisher Scientific, Italy). Relative quantification by quantitative PCR (Biorad
CFX96) was chosen to quantify mtDNAcn, considering nuclear DNA as a normalizer, as previously
reported [20]. The mitochondrial primers have been previously validated for their specificity
(uniqgue amplification of mMtDNA) and the absence of coamplified nuclear insertions of
mitochondrial origin (NUMTs). For relative quantification of mtDNAcn, mtDNA-tRNALeu (fw:
CACCCAAGAACAGGGTTTGT; rv: TGGCCATGGGTATGTTGT), and Beta-2-Microglobulin (B2M) (fw:
TGCTGTCTCCATGTTTGATGTATCT; rv: TCTCTGCTCCCCACCTCTAAGT) primers were chosen to amplify
mtDNA and nDNA, respectively. The amplification conditions were: 30 seconds at 95°C followed by
5 seconds at 95°C and 30 seconds at 60°C, these latter repeated for 40 cycles. To check the

specificity of each amplification, a melting curve was also performed. Relative mtDNAcn was
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determined using the 272t method. Each analysis was run in duplicate. An inter-run calibrator

sample was applied to adjust the results obtained from different amplification plates.

6.3.5 Gene expression analysis

Total RNA was extracted from treated THP-1 cells with the Total RNA Purification Plus Kit (Cat.
48300, Norgen Biotek, Thorold, ON, Canada), according to the manufacturer’s instructions.
Concentration of RNA and purity were assessed by UV spectrophotometer (NanoDrop, Thermo
Fisher Scientific, Italy). Then 1ug RNA was retrotranscribed to cDNA using the PrimeScript RT-PCR
Kit (Cat. RRO37A, Takara Bio, Goteborg, Sweden) according to the manufacturer’s instructions.
Gene expression analyses were carried out by quantitative real-time PCR (Biorad CFX96), using the
TB Green® Premix Ex Taq™ (Cat. RR420A, Takara Bio, Goteborg, Sweden). The amplification
conditions were: 30 seconds at 95°C followed by 5 seconds at 95°C and 30 seconds at 60°C, these
latter repeated for 40 cycles. To check the specificity of each amplification, a melting curve was also
performed. The expression levels of the target genes were normalized relative to B-actin, using the
27 method.

The target genes analysed were the inflammation-related IL-6, IL-8, and IL-10 and the mitochondrial
ND6, CYTB, CO1, ATP6. The sequences of the primers used in the study are listed below: /L-6 (fw:
TGCAATAACCACCCCTGACC; rv: GTGCCCATGCTACATTTGCC), IL-8 (fw: GGACAAGAGCCAGGAAGAAA;
rv: CCTACAACAGACCCACACAATA), IL-10 (fw: AGGCATTCTTCACCTGCTCC; rv:
AAGACCCAGACATCAAGGCG), ND6 (fw: GCTTTGTATGATTATGGGCGT; rv:
CACCAACAAACAATGTTCAACCQ), CYTB (fw: ATCACTCGAGACGTAAATTATGGCT; rv:
TGAACTAGGTCTGTCCCAATGTATG), co1 (fw: GACGTAGACACACGAGCATATTTCA; rv:
AGGACATAGTGGAAGTGAGCTACAAC), ATP6 (fw: TAGCCATACACAACACTAAAGGACGA; rv:
GGGCATTTTTAATCTTAGAGCGAAA).

6.3.6 ATP quantification

The ATP content from treated THP-1 cells was quantified using the ATP Colorimetric Assay Kit (Cat.
MAK190, Sigma-Aldrich, Germany) according to the manufacturer’s instructions. Briefly, pellets
from treated THP-1 cells (0.6 uM and 1.2 uM TMA, 5 uM and 40 uM TMAO) were lysed, and the
ATP content was determined by phosphorylating glycerol. Negative controls were also included.
The absorbance was read at 570 nm and data an ATP calibration curve was used for accurate ATP

guantification. All analyses were run in triplicate.
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6.3.7 Mitochondrial membrane potential

For the assessment of the mitochondria membrane potential (AWm) in treated THP-1 cells, the
Mitochondrial Membrane Potential Kit (Cat. MAK159, Sigma-Aldrich, Germany) was used according
to manufacturer’s instructions. This assay uses cationic, lipophilic dye JC-10 that can discriminate
between living cells and apoptotic cells through differences in their AWm. Briefly, 8x10* cells were
seeded into a 96-well plate. Different concentrations of TMA (0.01 uM, 0.1 uM, 0.6 uM, 1.2 uM, 10
UM, 25 pM, 50 uM) and TMAO (0.1 uM, 1 uM, 5 uM, 25 pM, 40 M, 100 uM, 200 uM, 400 uM)
were added to the cells. A positive control (100 ng/mL LPS) and a negative control (vehicle only)
were also included. Treated cells were incubated 24h at 37°C. Afterword, treated cells were
incubated with the JC-10 dye at 37°C for 60 minutes and the fluorescence was red at
Aex=490/Aem=525 nm and at Aex=540/Aem=590 nm) through a fluorometer. Each experimental

condition was set up in duplicate.

6.3.8 Statistics analysis

Statistical analysis was performed by using SPSS (IBM SPSS Statistics for Windows, Version 24.0,
USA) and R version 3.5.3 (R Core Team, Vienna, Austria). The ANOVA test was used to compare the

difference between group means. A p-value < 0.05 was considered significant throughout the study.

6.4 RESULTS
6.4.1 The Effect of TMA and TMAO on Macrophages Viability (MTT Assay)

Neither TMA not TMAO at the tested concentrations exerted toxic effects on THP-1 cell, as shown

by the unchanged cell viability compared to controls (Figure 1).
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Figure 1. Effect of TMA and TMAO on Macrophages Viability (MTT Assay).
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6.4.2 The Effect of TMA and TMAO on inflammation-related genes

The expression levels of the proinflammatory cytokines IL-6 and IL-8, and the anti-inflammatory
cytokines IL-10 were investigated in THP-1 cells upon treatments with 0.6 uM and 1.2 uM TMA, and
with 5 uM and 40 uM TMAO.

Relative to controls, a significant increase of the expression levels of the pro-inflammatory IL-8
cytokine was observed at all tested TMA concentrations (0.6 uM TMA, p < 0.05; 1.2 uM TMA, p <
0.05) and at 40 uM TMAO (p < 0.05) (Figure 2B). Instead, no changes were observed for /L-6 gene
expression (overall p >0.05) (Figure 2A). Interestingly, we also found that the expression of the anti-
inflammatory /L-10 was upregulated by TMA and TMAQO, at the highest doses. (1.2 uM TMA, p <
0.05; 40 uM TMAO, p < 0.05) (Figure 2C).
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Figure 2. Expression levels of IL-6 (A), IL-8 (B) and I1L-10 (C) on THP-1 cells.

6.4.3 The Effect of TMA and TMAO on mtDNAcn

When investigating the mtDNAcn in treated cells, the overall ANOVA showed no significant

differences among groups (overall p > 0.05). (Figure 3).
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Figure 3. MtDNAcn in THP-1 cells.
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6.4.4 The Effect of TMA and TMAO on mitochondrial genes expression

In this study, the capacity of TMA and TMAO to modulate the expression of the mitochondrial genes

correlated to ATP formation was investigated in THP-1 cells. Our results showed that both TMA and

TMAO at all tested concentrations were able to induce a significant increase in the expression levels

of all the analysed mitochondrial genes (MT-ATP6, overall p < 0.001; MT-CO1, overall p < 0.01; MT-

CYB, overall p < 0.01; MT-ND6, overall p < 0.01) (Figure 4). Interestingly, the increase in the

expression levels of mitochondrial genes was directly proportional to TMA concentration (MT-

ATP6, p < 0.001; MT-CO1, p < 0.05; MT-CYB, p < 0.05; MT-ND6, p = 0.05). Instead, the increase in

the expression levels of mitochondrial genes was inversely proportional to TMAO concentration

(MT-ATP6, p < 0.05; MT-CO1, p < 0.05; MT-ND6, p < 0.05).
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Figure 4. Expression levels of mitochondrial genes MT-ATP6 (A), MT-CO1 (B), MT-CYB (C), and MT-

ND6 (D) in THP-1 cells.
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6.4.5 The Effect of TMA and TMAO on ATP production

To determine the effect of TMA and TMAO on intracellular ATP levels, we cultured THP-1 cells in
the presence of different concentrations of TMA (0.6 uM and 1.2 uM TMA) and TMAO (5 uM and
40 uM TMAO) for 24h and intracellular ATP was quantified on lysed cells. In the present study, ATP
contents is expressed as nmoles ATP per 1 million cells. As ATP content reflects the metabolic
activity of cells, our results showed that only TMA slows down the cellular metabolism in THP-1
cells. Indeed, after 24h exposure of TMA, a decrease in ATP content was observed for all the tested
TMA concentrations (0.6 uM TMA, p < 0.05; 1.2 uM TMA, p < 0.05) relative to the control group

(Figure 5). Interestingly, we detected an inverse proportionality between intracellular ATP content

and TMA dosage.
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Figure 5. Intracellular ATP levels in THP-1 cells.

6.4.6 The Effect of TMA and TMAO on Mitochondrial Membrane Potential

Mitochondrial membrane potential (AWm), which is defined as the capacity of mitochondria to
maintain an electrochemical gradient required to produce ATP, is not only a key indicator of
mitochondrial activity, because it reflects ATP production, but also of good cellular health. In this
study, the effects of several doses of TMA and TMAO on mitochondrial membrane potential were
investigated. After 24h treatment with various TMA and TMAO concentrations, and LPS 100 ng/mL,
significant increase of the AWm was induced by LPS and TMA treatments compared to the control
group (overall p = 0.001). The treatment 0.1 uM TMA did not induce any significant difference in
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the AWm but considering that it is the only exception among all the tested TMA doses, this result
might be due to technical issues. Instead TMAO treatment did not induce any significant changes

in the AWm in THP-1 cells, at the tested concentrations (Figure 6).
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Figure 6. Mitochondrial membrane potential (AWm) of THP-1 cells after TMA and TMAO
treatments.

6.5 DISCUSSION AND CONCLUSIONS

In humans nearly 95% of produced TMA is oxidized to TMAO, which for the most part is eliminated
by the renal clearance, but it may also accumulate in tissues or be excreted through sweat, faeces,
and exhaled air. For this reason, circulating TMA and TMAO levels are usually low, however they
show substantial inter- and intra-individual variations [21]. Indeed, several factors determine TMA
and TMAO production, and thus their plasmatic concentration, including diet, intestinal microbiota
composition, liver FMOs activity, kidneys’ clearance capacity, and age.

A positive correlation between elevated plasma TMAO levels and a higher risk for major adverse
cardiovascular events and death has been reported [22,23]. However, the results are not always
consistent, since not all studies reported a difference in the measured plasma TMAO concentration
between healthy subjects and CVD patients [24]. Despite most attention has been channelled
towards circulating TMAO levels, some doubts about the harmful potential of TMAO are arising [25]
and preliminary evidence suggests that TMA and not TMAO might have a role in CVD per se
[13,14,26], by virtue of its well-known toxicity. However, very few studies have addressed
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circulating TMA levels so far, and results are conflicting, with TMA levels being either elevated [27],
or decreased [24] in CVD patients compared to healthy individuals.

Several hypotheses have been proposed to explain the involvement of TMA and TMAO in the
development of atherosclerosis and CVD risk, even though a mechanistic explanation is still missing.
TMAO is thought to induce inflammatory responses, triggering pro-inflammatory monocytes, and
resulting in cholesterol accumulation, foam cell formation, and endothelial dysfunction. TMA seems
to contribute to CVD by increasing arterial blood pressure and exerting toxic effects on vascular
smooth muscle cells.

The present work investigated the effects that plasma TMA and TMAO may potentially exert on
circulating macrophages, using human THP-1 cells as an in vitro model, and focusing on
inflammatory processes and mitochondrial dynamics. Cells were tested with 2 different
concentrations of TMA and 2 different concentrations of TMAO for short exposure (24h). The
concentrations of TMA and TMAO used for this study were based on those previously measured by
Bordoni et al. in plasma from CAD patients [24] and control subjects, and they were chosen to
resemble the concentration of the two metabolites in physiological (lower TMA and TMAO doses)
and pathological (higher TMA and TMAO doses) conditions.

Our results show that TMA (at all concentrations tested) and TMAO (at the highest dose only) are
able to activate macrophages and trigger an inflammatory response, as proven by the increased
expression of the pro-inflammatory /L-8, that is one of the major mediators of the inflammatory
response. Thus, these results support the hypothesis that only high plasma TMAO concentrations
may be harmful, while TMA may be noxious at all concentrations and have a role per se in CVD
onset, by promoting vascular inflammation. Indeed, the role of IL-8 in CVD is widely accepted. Prior
research on patients and cell culture models has shown that IL-8 participates in all stages of
atherosclerosis and is involved in the pathogenesis of cardiovascular disorders including coronary
heart disease, and myocardial infarction [28—30]. However, although the atherogenic effect and
association of IL-8 overexpression with the development of cardiovascular disorders are
undeniable, the role of IL-8 is still debated [31,32] since the anti-atherogenic effect of IL-8 has been
also documented. Interestingly, we found that the anti-inflammatory /L-10 was upregulated by the
highest concentrations of TMA and TMAO, most likely as a compensatory mechanism to counteract
the acute inflammatory response induced by /L-8 overexpression. Indeed, inhibitory role of IL-10
for human and mouse immune responses are known [33,34] and IL-10 has been reported to
specifically inhibit IL-8 production in LPS-activated mononuclear cells [34]. In light of our findings,
TMA and TMAO are potentially able to activate a complex cytokine environment where
proinflammatory cytokines, such as IL-8, are counteracted by inhibitory ones, such as IL-10.

Since the perturbation of mitochondrial homeostasis has been suggested as one possible cause of

TMA and TMAO-induced inflammation, in the present study mitochondrial dynamics have been
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addressed too. In the tested conditions, neither TMA nor TMAO induced significant changes in the
mtDNA content of THP-1 cells, even though Bordoni et al. previously detected a strong direct
correlation between mtDNAcn and TMA levels measured in plasma from CAD patients [18].
Nonetheless, 24h treatment with either TMA or TMAO boosted mitochondrial respiration, inducing
the upregulation of the mitochondrial genes coding for complexes I, I, IV and V of the respiratory
chain. Interestingly, the expression of all genes was affected in a dose-dependent manner. Their
expression levels were directly proportional to TMA concentration, and inversely proportional to
TMAO concentration (except for MT-CYB whose expression was not affected by the concentration
of TMAO). Surprisingly, we measured a reduction of the intracellular ATP content after 24h
treatment with TMA despite the genes coding for the complexes of the respiratory chain were
upregulated, most likely because of the activation of compensatory pathways to counteract the
depletion of the ATP reservoir. A decreased intracellular ATP content has already been reported by
Jalandra et al. adenocarcinoma cell lines after 24h, 48h, and 72h treatment with TMA and it was
time and dose-dependent [15]. On the contrary, in our study TMAO did not induce changes in ATP
production, even though a previous work on cardiomyocytes reported that TMAO inhibited the
activity of pyruvate dehydrogenase and weakened the oxidation of pyruvate in mitochondria,
impairing the production of ATP [35]. However, in our work, that fact that TMAO did not affect ATP
production is coherent with its milder effect (compared to TMA) on the expression of the
mitochondrial genes that we previously discussed.

Knowing that the production of ATP is strictly dependent on the electron transfer chain, we
investigated the effect of TMA and TMAO on the AWm. Our results showed that the AWm was
affected by TMA, but not TMAO. Namely, the AWm was increased by TMA treatment at the tested
concentrations, which was not unexpected considering that the increase of AWm normally results
in ATP production. Thus, the enhanced AWm that we measured after TMA treatments, most likely
results from the boosted respiratory process (as testified by the upregulated mitochondrial genes),
in an attempt to compensate for the TMA-induced depletion of ATP reservoirs.

In conclusion, based on what seen on our cellular model, our study reveals that both TMA and
TMAOQ, are able to trigger inflammatory pathways in macrophages. However, TMA, more than
TMAO, may disturb cellular homeostasis by altering mitochondrial dynamics. Indeed, in inflamed
macrophages the compromised cellular function may lead to the depletion of the intracellular ATP
storage. In an attempt to compensate for the TMA-induced depletion of ATP reservoirs and avoid
irreversible cellular damage, mitochondria may respond with the upregulation of some respiratory
chain components in order to restore the energy balance. Altogether, our findings contribute to
reinforce the hypothesis that TMA might be more detrimental than its oxidized product (TMAOQ) in
the context of vascular inflammation. TMA, more that TMAO, may have a contributing role in CVD,

even though the exact mechanisms remain to be fully elucidated. Thus, further efforts are
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necessary to clarify the mechanistic pathways of TMA-induced vascular inflammation, also in view

of CVD prevention, risk stratification, and personalized therapies.
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TMA and TMAO are among the diet-derived metabolites that have been labelled as potentially
harmful for human health. Considering that their dietary precursors are highly abundant in animal-
based food, westernized dietary patterns are important sources of these two metabolites.
Moreover, the existence of a causal link between the Western diet and the increased prevalence of
non-communicable chronic diseases is undiscussed and TMA and TMAO have been suggested to
have a role in this association. It has been hypothesized that the impact of TMA and TMAO on
human health might result from their effect on mitochondrial dynamics. And this work perfectly fits
into this context, with the goal to shed new light on this interesting yet complex topic. In agreement
with the evidence gathered so far, which suggests that low TMA levels and high TMAO/TMA ratio
may constitute a risk factor for complex multifactorial pathologies, the western dietary pattern was
associated with lower circulating levels of TMA, and a higher TMAO/TMA ratio in our study. This
result also emphasizes how the measurement of the TMAO/TMA ratio may be more informative
than of TMAO alone when looking for risk factors for complex pathologies. Moreover, our study
revealed that the link between diet and mitochondrial dynamics might be mediated by TMAO
metabolism. Indeed, the TMAO/TMA ratio, which was increased by a western dietary pattern, was
also directly associated with mtDNAcn, which can be regarded as a compensatory mechanism to
the impairment of energy metabolism by high circulating TMAO levels. Moreover, despite the
existence and the role of mtDNA methylation still being controversial topics, our study described
for the first time an inverse correlation between the TMAO/TMA ratio and mitochondrial D-Loop
methylation, thus confirming that changes in mitochondrial D-loop methylation may occur in
response to dietary habits and might mediate the effect of diet on health and disease.

When considering the boundaries between health and disease, also aging has a crucial role, since
it is a driving factor of various age-related conditions, including neurodegenerative diseases,
cardiovascular disease, and cancer. Diet (quality, abundance of certain nutrients and by-products),
together with other environmental exposures (such as physical activity and smoking) can accelerate
or decelerate the aging process through changes in the DNA methylation pattern. Interestingly,
from our study it emerged that even when following healthy dietary habits, elevated TMA levels in
blood (but not elevated TMAQ) may increase the epigenetic age, which is a proxy for biological age
and reflects the decline in biological functions that accompany age-related diseases. At this point
of our research, the idea that TMA might be more awkward than TMAQ in relation to human health,
started taking shape. Indeed, TMA is a well-known uremic toxin and recent evidence suggests that
it may exert its deleterious effects by boosting and exacerbating inflammation. On this regard, since
colonic epithelial cells are the first target of TMA’s effects (TMA is mainly produced in the colon),
the colon adenocarcinoma Caco-2 cell line was used to elucidate the impact of excessive intestinal
TMA production on intestinal epithelial cells, focusing on inflammatory signals, mitochondrial

dynamics, and epigenetic alterations. Results confirmed the hypothesis that TMA is far from being
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a harmless metabolite and it may have a contributing role in microbiota-induced intestinal diseases
via the activation of pro-inflammatory signals, and the perturbation of epigenetic machinery.
Furthermore, high TMA levels may disrupt mitochondrial dynamics in intestinal cells, as shown by
the altered D-loop methylation, the reduction of the mtDNAcn, the downregulation of some
components of the respiratory chain and the decreased level of intracellular ATP. Moreover,
considering that the alteration of mitochondrial dynamics has been identified as a risk factor for
cardiovascular disease development, and that TMA (and not TMAO) has been recently suggested
to be implicated in CVD due to its cytotoxic effects on cardiomyocytes and vascular smooth muscle
cells, we investigated the role TMA and TMAO in people suffering from CVD. Our results revealed
that people suffering from CVD may experience alterations in TMAO metabolism, and a reduction
of mitochondrial functionality, as indicated by the decrease in mtDNA content. Moreover, the blood
TMA levels were directly correlated to mtDNAcn, suggesting that the impairment of mitochondrial
activity might be mediated by low levels of circulating TMA, which reinforces the existence of a link
between mitochondrial dynamics and TMAO metabolism. Lastly, our study on THP-1 monocytes
revealed that both TMA and TMAO were able to trigger inflammatory pathways in macrophages.
However, TMA (more than TMAOQO) disturbed cellular homeostasis by altering mitochondrial
dynamics. Thus, based on our findings TMA might be more detrimental than its oxidized product
(TMAO) in the context of vascular inflammation and for this reason it might have a contributing role

in CVD, although the exact mechanisms remain to be fully elucidated.
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