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Abstract: Metabolic syndrome (MetS) is a well-defined yet difficult-to-manage disease entity. Both
the precipitous rise in its incidence due to contemporary lifestyles and the growing heterogeneity
among affected populations present unprecedented challenges. Moreover, the predisposed risk for
developing severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in populations
with MetS, and the viral impacts on host metabolic parameters, underscores the need to investigate
this mechanism thoroughly. Recent investigations of metabolomics and proteomics have revealed not
only differentially expressed substances in MetS, but also the consequences of diet consumption and
physical activity on energy metabolism. These variations in metabolites, as well as protein products,
also influence a wide spectrum of host characteristics, from cellular behavior to phenotype. Research
on the dysregulation of gut microbiota and the resultant inflammatory status has also contributed
to our understanding of the underlying pathogenic mechanisms. As for state-of-the-art therapies,
advancing depictions of the bio-molecular landscape of MetS have emerged and now play a key role
in individualized precision medicine. Fecal microbiota transplantation, aiming to restore the host’s
homeostasis, and targeting of the bile acid signaling pathway are two approaches to combatting
MetS. Comprehensive molecular inquiries about MetS by omics measures are mandatory to facilitate
the development of novel therapeutic modalities.

Keywords: metabolic syndrome; metabolomics; microbiota; precision medicine; proteomics

1. Introduction

Metabolic syndrome (MetS) is classically recognized as a cluster of at least three of
the five following conditions: central obesity, hypertension, hyperglycemia, hypertriglyc-
eridemia, and low serum high-density lipoprotein [1–3]. The etiologies are proposed to be
multi-factorial, including diet pattern, genetic predisposition, ethnicity, etc. [4]. A genetic
risk score, based on a Korean cohort database, was previously proposed to demonstrate
the interplay between physical activity and MetS risk in different genetic backgrounds by
assessing four established single nucleotide polymorphisms [5]. The MEDLIFE index is an
assessment based on Mediterranean lifestyle, including food choice, exercise, and social
interaction. Adherence to Mediterranean lifestyle has been shown to decrease the incidence
of MetS [6]. Although ascertaining the exact prevalence of MetS remains a challenge,
epidemiological studies have suggested that over one billion individuals worldwide suffer
from MetS, and the value is in constant escalation, given lifestyle modifications secondary
to urbanization in modern society [7]. Children and adolescents in high income regions
may be especially prone to MetS [8], marking it a significant clinical, as well as social, issue
of concern.
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Holistic care of MetS patients is essential as these patients are predisposed to a va-
riety of cardiovascular, cerebral, and hepato-renal complications, as well as increased
all-cause mortality [9–15]. There is a strong association between MetS and type 2 diabetes
mellitus (DM) [16]. In addition, as MetS elevates apo B-containing lipoprotein to drive
atherogenesis and lesion formation, atherosclerosis is a frequent comorbidity of MetS [17].
The clinical characteristics of MetS subsequently induce plaque rupture and bring about
thromboembolic event. Multi-site arterial calcification observed in MetS patients has been
shown to predict cardiovascular events and coronary disease. Recent investigations have
shed light into the underlying pathogenesis of this process [18]. In addition to established
cardiovascular mortality, the presence of MetS is correlated with an increased risk of sud-
den cardiac death, as shown by Hess et al., who analyzed 13,168 American patients from
the Atherosclerosis Risk in Communities Study database with 23.6 years of follow up.
Furthermore, susceptibility to sudden death is increased when more MetS criteria are met,
regardless of gender or ethnicity [19]. Both elevation in body mass index (BMI) and body
weight gain are independent risk factors for the development of MetS [20]. MetS also
disposes individuals to systematic adverse events. Glomerular hyperfiltration, eventual
chronic kidney disease, and excessive mortality rate, were found to be associated with non-
alcoholic fatty liver disease in MetS hosts [21,22]. Timely diagnosis, prompt management,
and early prevention are the clinical goals to approaching cases of MetS.

In the recent severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pan-
demic, MetS was suggested to be a risk factor for viral infection and increased rate of
severe complications. Such observations prompted further investigation of the relationship
between MetS and coronavirus. However, conventional strategies for assessing MetS have
seldom addressed the bio-molecular variation emergent in the disease’s evolution, which
has limited our understanding of the endogenous heterogeneity of MetS. In this review,
we pursued a bottom-up approach to summarize recent progress in MetS research. We
reviewed novel findings regarding MetS and SARS-CoV-2, metabolomics and proteomics
studies, and gut microbiota, as well as the discussion of novel therapeutic modalities
targeting the molecular variation in MetS, so as to enhance the practice of individualized
precision medicine against metabolic disorders.

2. MetS and SARS-CoV-2

Individuals with MetS often have several pathological comorbidities, and the global
pandemic of SARS-CoV-2 ignited the concern for the predisposed risk of infection in this
population. In addition to traditional cardiovascular risk factors, including advanced age,
male, obesity, elevated blood pressure, and DM, the entity of MetS was investigated in
the setting of coronavirus infection. A Chinese observational study reported those with
underlying cardio-metabolic illness harbored a greater risk of aggravation to critical condi-
tion, which could worsen their eventual prognosis [23]. In one Mexican epidemiological
investigation analyzing 528,651 subjects, mortality rates doubled with the addition of
each MetS criteria [24]. As for Europeans, the study involving 9005 subjects from the
UK Biobank coherently suggested elevated BMI and DM were associated with increased
susceptibility of SARS-CoV-2 infection [25]. Regardless of ethnic background, MetS became
the central issue of concern during the pandemic. Investigations toward the correlation
between obesity and SARS-CoV-2 infection, as well as its mortality, were thereby carried
out. Central players relevant to this association were angiotensin converting enzyme 2 re-
ceptor (ACE2R) and lipid, in conjunction with intertwined chemokines. Highly expressed
by adipocytes, ACE2R served as the essential gate for virus to enter cell [26], causing direct
damage. Another aspect is the indirect effect, which refers to the immunological activation
caused by the viral infection and its deleterious consequences on the host. Lipid, however,
was proposed to be a reservoir of proinflammatory mediators, e.g., tumor necrosis factor α,
monocyte chemoattractant protein 1, and interleukin-6. An observational study reported
enhanced susceptibility of SARS-CoV-2 infection in patients with metabolic associated fatty
liver disease. Further investigations suggested obesity was intertwined with compromised
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immunity in the context of a hyperinflammatory state [27]. The metabolic perturbation
could even initiate cytokine storm, leading to impaired fatty acid oxidation, diminished
gluconeogenesis, and subsequent acute kidney injury [28]. SARS-CoV-2 was also shown to
alter the metabolic status of the host through peroxisome proliferator-activated receptor.
These delineated the close relationship between metabolism and inflammation.

The endocrine-immune axis not only explains the culprit pathophysiology, but also
illuminates potential treatment for infected patients with MetS. Trials with traditional oral
hypoglycemic agents are ongoing to validate the efficacy in this cohort. Matrix metallo-
proteinases were pinpointed to be responsible for the orchestration of tissue inflammation
and metabolism of end organs. The hypothesis was therefore raised to enhance metabolic
tolerance under SARS-CoV-2 infection by manipulating this target [29]. Finally, the con-
cept of immunometabolic reprogramming was suggested as a potential novel therapeutic
modality. Xiao et al. first extensively characterized metabolomics and the expression of
interleukin-6, macrophage-colony stimulating factor, interleukin-1α, and interleukin-1β
from both healthy volunteers and patients with confirmed SARS-CoV-2 infection [30].
Alteration of the host metabolic profile was shown to impact the abundance of cytokine
secretion from SARS-CoV-2 cells by affecting suspected mediators such as arginine, trypto-
phan, and purine, which were raised to be the players involved. This finding validated
the concept of ameliorating systematic inflammation and the potentially ensued cytokine
storm by targeting the metabolism. However, the exact mechanism explaining how SARS-
CoV-2 interfered with the host metabolic panel remains unknown. Determination of which
metabolic parameters to establish risk stratification score or prognostic scores requires
further study. As for clinical translation, achieving effective anti-inflammation by metabolic
maneuvers may be a feasible treatment strategy both against SARS-CoV-2 pandemic as
well as other autoimmune disorders.

3. Metabolomics

Metabolomics is a cutting-edge approach to understanding the signal transduction
of MetS. Metabolomics refers to the systematic analysis of metabolites in a biological
specimen, including sugars, amino acids, organic acids, nucleotides, and lipids [31,32].
Unlike methods designed to determine the role of single players in the entire transduction
pathway, metabolomics explores the alteration of molecular landscapes under certain
stimuli or pathologic conditions. Both metabolites expressed by the host itself, and derived
from endogenous microbiota participated in the signaling pathways and biochemical
alterations that govern energy homeostasis [33]. Detailed metabolomic elucidation drives
the progression of biomarker identification, drug discovery [34,35], toxicology [36], and
nutrition studies [37] (Table 1). Various analytic modalities were developed to elucidate
the complicated and wildly diverse molecular expressions, especially in cases with chronic
MetS harboring multifaceted etiologies.

Table 1. Study of metabolomics. AOSD, adult-onset still disease; BCAA, branched-chain amino acid; MetS, metabolic
syndrome; PE, phosphatidylethanolamine; and PC, phophatidylcholine.

Author, Year Species Cohort Findings Ref

Sampey, 2012 Animal Male Wistar rats Fat, sodium, and cholesterol in
cafeteria diet contribute to MetS. [37]

Wang, 2011

Human

2422 nondiabetic individuals in
Framingham Offspring Study

Metabolism of amino acid
participates in the pathogenesis

of diabetes.
[34]

Surowiec, 2019 115 Dutch from Leiden
Longevity Study

Valeryl carnitine, pyruvic acid,
lactic acid, alanine, and

diglyceride are connected to MetS.
[38]
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Table 1. Cont.

Author, Year Species Cohort Findings Ref

Wang, 2011

Human

2422 nondiabetic individuals in
Framingham Offspring Study

Metabolism of amino acid
participates in the pathogenesis

of diabetes.
[34]

Surowiec, 2019 115 Dutch from Leiden
Longevity Study

Valeryl carnitine, pyruvic acid,
lactic acid, alanine, and

diglyceride are connected to MetS.
[38]

Warmbrunn, 2021 132 treatment-naïve males
with MetS

Androgen, fatty acid, PE, and PC
pathways are the metabolites

related to cardiovascular disease.
[39]

Gall, 2010 399 nondiabetic participants
Alpha-hydroxybutyrate was
significantly correlated with

glucose metabolism
[40]

Zhong, 2017 69 obese subjects (26 with MetS)
Metabolomics distinguishes

patient with MetS from
mere obesity.

[41]

Floegel, 2014 2380 Europeans
Homeostasis of hepatic

phospholipid was associated with
cardiopulmonary fitness

[42]

Libert, 2018 90 adults
Worsening health upregulates
BCAAs, aromatic amino acids,

lysine, and alpha-aminoadipate.
[43]

Chen, 2016 32 AOSD subjects and 30
healthy controls

13 metabolites differently
expressed in AOSD are associated

with MetS.
[44]

Capel, 2020 298 subjects from French MONA
LISA trial

Serum BCAA, gamma-glutamyl
amino acids, arginine metabolites,

and proline levels are changed
in MetS.

[45]

Siopi, 2019 23 sedentary males (9 with MetS;
14 controls)

Exercise downregulates BCAA,
alanine, acetylcarnitine, choline,
and betaine, antagonizing MetS.

[46]

Recognizing both specific and novel metabolites is crucial to assessing MetS. This kind
of experimental platform model was first established by Nordstrom et al. [47], and the
analytic strategy for global metabolite profiling of human metabolome was founded [48].
Subsequently, metabolomics and lipidomics delineation by liquid/gas chromatography
mass spectrometry (MS) was conducted on 115 middle-aged Dutch individuals (50 with
MetS; 65 controls) in the Leiden Longevity Study. Nine metabolites, predominantly acyl-
carnitines, amino acids, and keto acids, as well as ten types of lipids were disclosed and
found to be negatively associated with the MetS score, while 26 metabolites and most
types of triacyl-glycerides were positively correlated. In a univariate analysis, valeryl
carnitine, pyruvic acid, lactic acid, alanine, and diglyceride were also found to be rele-
vant [38]. Mainly, these molecules were intertwined with the metabolism of glucose, amino
acid, and lipid [49]. A distinct metabolite profile was further linked to cardiovascular risk,
including androgen, fatty acid, phosphatidylethanolamine, and phophatidylcholine [39].
Polyphenol was proposed in recent decades to be both effective in antioxidation and
essential in the maintenance of gut microbiota homeostasis [50]. From a meta-analysis
pooling, 16 manuscripts, a total of 361 metabolites in 22 families, were identified to be
independently intertwined with at least one component of MetS (27 of which fully associ-
ated with all MetS criteria) [51]. Albeit abundant, the excessively complicated repertoire
of the metabolite landscape made it challenging to draw conclusions and propel the es-
tablishment of practice guidelines. Improvement in the modality for investigations on
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metabolites, e.g., untargeted methodology and multiplatform analysis, was proposed for
novel biomarker identifications.

Additionally, metabolomic characteristics have been proposed to possess prognostic
significance. Gall et al. first utilized mass spectrometry, and identified alpha-hydroxybutyrate
as an early biomarker of insulin resistance and glucose intolerance [40]. Using untargeted
metabolomics, clinical, sociodemographic, and diet parameters, the occurrence of MetS
was successfully predicted in the French occupational GAZEL cohort [52], and MS-based
metabolomic profiling effectively detected and monitored MetS [41]. In a population-
based study, analysis of serum metabolites harvested from 2380 subjects revealed the
metabolism of hepatic phospholipid was correlated with cardiopulmonary fitness [42].
Moreover, Libert et al. analyzed the biochemical derangements of plasma metabolomics in
90 obese individuals, and suggested the escalation of branched-chain amino acids (BCAAs),
aromatic amino acids, lysine, and alpha-aminoadipate were correlated with worsened
metabolic health [43]. Similarly, 13 metabolites preferentially expressed in adult-onset
Still’s disease were shown to be MetS-related [44]. Together, analysis of metabolomics not
only brought to light early alarms, but also yielded insights into MetS aggravation.

How food intake modifies plasma metabolome is another attractive research topic.
Capel et al. interrogated the metabolome of 298 participants (61 with MetS) from the
French MONA LISA survey. Intriguingly, some MetS-specific metabolomic variations were
mitigated by the consumption of low-fat dairy products [45], and a recent meta-analysis
echoed this result, suggesting low fat milk and yogurt ameliorated the risk of MetS [53].
Saponin, a major component of several traditional Chinese medicines, was shown to exert
a protective role against MetS [54]. The molecule was also revealed to counteract oxidative
stress and revitalize the NO signaling pathway in animal models, thereby enhancing left
ventricular ejection fraction in MetS hosts [55]. Other in vitro investigations validated
the effect of lipase inhibition, which antagonizes lipogenesis, and anti-obesity effects
of saponin.

Exercise also affects the onset of MetS on the molecular level. Siopi et al. investi-
gated the response of serum metabolic fingerprints to different exercise modes. A total of
23 sedentary males (9 with MetS; 14 healthy participants) were enrolled and underwent
four exercise modes. Resistance exercise exerted the strongest beneficial effect, followed by
high-intensity interval exercise. The efficacy of continuous moderate-intensity exercise was
minimal. In conjunction, several prominent biomarkers, e.g., BCAAs, alanine, acetylcarni-
tine, choline, and betaine, underpin the development of MetS [46]. These studies provide
mechanisms by which reshaping lifestyle has the potential to antagonize MetS.

4. Proteomics

The proteome is downstream to genomic and transcriptomic processes, and pro-
teomics is known as the methodical scrutiny of complete constituents of proteins expressed
in a biological system under divergent physiological or pathological stimuli. Although the
human genome contains approximately 20,300 genes, differential transcription, splicing,
amino acid polymorphisms, and post-translational modification (e.g., methylation, acetyla-
tion, phosphorylation, and glycosylation) can result in more than 100 different functional
products. Similar to metabolomics, proteomic studies uncover the orchestration of the
differential abundance of protein products, which thereafter influences the homeostasis
of host energy utilization [56]. In conjunction with genomic research, these investigations
attempt to elucidate the molecular network and identify possible therapeutic targets. Here,
we review the recent advances in proteomic research on MetS (Table 2).

Proteomics is ideal for exploring MetS as it offers a comprehensive approach. An
animal study presented the contrasting expression pattern of hepatic proteins between a
fructose-induced MetS group versus a healthy control, revealing alterations in glucose and
fatty acid metabolic pathways [57]. Similarly, Benade et al. performed a proteomic analysis
of liver samples on mice that had consumed sugar-sweetened beverages. Albeit in the
presence of adaptive responses, perturbations in mitochondrial physiology predisposed
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subjects to the development of cardiometabolic comorbidities [58]. Proteomic and tran-
scriptomic profiling were used to delineate the physiology of elder MetS patient. A recent
study using muscle biopsy demonstrated dominant proteolysis, diminished oxidative
phosphorylation, and impaired clearance of reactive oxygen species in this population [59].
Dicarbonyl stress is also a proposed mechanism for the development of renal microvascular
complications [60]. Furthermore, obesity not only phenotypically changed the appear-
ance of adipocytes, but also altered the proteomic signature in cardiac visceral adipose
tissue (e.g., enriching the abundance of proteins involved in triglyceride metabolism),
leading to myocardial consequences [61]. Distinguishing proteomic alterations is central to
understanding the pathogenesis of MetS.

Table 2. Study of proteomics. MetS, metabolic syndrome.

Author, Year Species Cohort Findings Ref

Hsieh, 2016

Animal

Male Sprague Dawley rats
High-fructose diet escalates
oxidative stress, disturbing

glucose and fatty acid metabolism.
[57]

Benade, 2020 Male Wistar rats
Altered mitochondrial physiology

predisposes cardiometabolic
complications.

[58]

Markova, 2019 Male hereditary
hypertriglyceridaemic rats

Dicarbonyl stress aggravated by
methylglyoxal, causing renal

dysfunction in MetS.
[60]

Conceição, 2020 ZSF1 rats
Obesity changes the proteomic

expression, leading to myocardial
consequences.

[61]

Pla-Pagà, 2020 Sprague Dawley rats
Hesperidin supplementation alters
proteomic landscape and the risk
of corresponding complications.

[62]

Gueugneau, 2021

Human

30 healthy subjects, 9 patients
with MetS

MetS promoted proteolysis and
antagonizing oxidative

phosphorylation.
[59]

Alfadda, 2017 18 Saudi obese patients
Metabolically unhealthy patients

present differential levels of
18 proteins.

[63]

Sharma, 2019 80 pre-menopausal females
History of miscarriage is
correlated with MetS via

transthyretin
[64]

To investigate the influence of protein signatures on cellular behavior, proteomic stud-
ies of visceral adipose tissue from metabolically unhealthy obese patients have illustrated
that pathways related to cell migration, development of the hematological system, and
immune cell trafficking can be drastically impacted [63]. For other comorbidities of MetS,
transthyretin was identified as a molecular linkage between miscarriage and MetS [64].
The static status was assessed, the dynamics of proteomic evolvement carries clinical im-
plications as well. For example, supplementation of hesperidin strongly modified protein
expression in rodent heart and renal tissues, thereby re-conditioning the risk of downstream
complications [62]. Further, exogenous stimuli were documented to be memorized by
proteomic imprinting and thereby exerted a legacy effect. Combining transcriptomics and
proteomics, these newfound measures offer insights into detailed cellular and molecular
mechanisms of MetS.

5. Microbiota and Inflammation

The status of inflammation has been well-recognized in MetS, as well as consequen-
tial complications established to be the consequence. For example, atherosclerosis was
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demonstrated to be pathogenically associated with excessive oxidation and inflammation,
possibly due to dysfunctional autophagy, and thus compromised intracellular homeostasis
in MetS [65]. In recent years, a view that has been gaining attention is that gut disarray is a
potential cause of MetS. Although there is argument that the metabolites related to insulin
resistance and those associated with cardiovascular prognosis bore little resemblance [39],
the effect exerted by altered intestinal microbiomes in response to exogenous stimuli still
impacts the host [66]. Emerging evidence also suggests a role in the pathogenesis of MetS.
Interestingly, the landscape of gut microbiota was transiently reshaped with diet and
steroid-induced imprint of inflammation, hepatic steatosis, and insulin sensitivity in the
porcine model. The alteration was recognized to recapitulate the human MetS signature,
particularly bile and fatty acid [67]. The peri-implant dental sample harvested from subjects
with MetS exhibited remarkably higher level of Aggregatibacter Actinomycetemcomitans,
Prevotella intermedia, and Staphylococcus aureus [68], highlighting the systematic signifi-
cance of metabolic disorder. In this section, we revisit investigations regarding microbiota
and inflammation (Table 3).

Table 3. Study of gut microbiota. DM, diabetes mellitus; GLP1, glucagon-like peptide 1; GPR41, G protein-coupled receptor 41; JNK,
c-Jun N-Terminal Kinases; Lcn2, lipocalin-2; LPS, lipopolysaccharide; MetS, metabolic syndrome; NASH, non-alcoholic steatohepatitis;
and SCFA, short-chain fatty acid.

Author, Year Species Cohort Findings Ref

O’Donovan, 2020

Animal

Landrace porcine with hypertension
Diet and mineral corticoid were exhibited
to alter landscape of microbiota, similar to

that in MetS.
[67]

Cani, 2007 Male C57BL6/J mice Bacterial LPS triggers insulin resistance,
obesity, and diabetes. [69]

Hirosumi, 2002 JNK1−/− and JNK2−/−

C57BL/6J mice
Inflammation and fatty acid lead to obesity

and insulin resistance via JNK. [70]

Tolhurst, 2012 FFAR2−/− and FFAR3−/− C57B/6
mice

SCFA brings about diabetes via GLP1. [71]

Samuel, 2008 Gpr41−/− and Gpr41+/+ mice
Gut microbiota regulates host energy

through Gpr41. [72]

Bäckhed, 2007 Germ free Fiaf−/− mice
Diet-induced obesity is secondary to

modified fatty acid oxidation by intestinal
flora.

[73]

Pluznick, 2013 Olfr78−/−mice and Gpr41−/−mice
Gut microbiota and cardiovascular system

cross-talk via Olfr78 and SCFA. [74]

Singh, 2020 Lcn2−/− C57BL/6 mice
Gut dysbiosis due to Lcn2 deficiency

spontaneously evokes MetS. [75]

Le roy, 2013 Animal/Human 2 donor male, C57BL/6J mice Gut microbiota independently contribute
to non-alcoholic fatty liver disease. [76]

Cindoruk, 2008

Human

75 subjects with suspected liver disease Helicobacter pylori infection plays a role in
NASH. [77]

Koren, 2011 30 subjects, half with atherosclerosis Gut flora is correlated with atherosclerotic
plaque. [78]

Le Chatelier, 2013 123 non-obese and 169 obese Danish
subjects

Gut genomic diversity stratifies the risk of
obesity-related comorbidity. [79]

Amar, 2011 3280 subjects without baseline
diabetes/obesity

Tissue bacteria is connected with the onset
of DM in humans. [80]

Qin, 2012 345 Chinese Dysbiosis is associated with DM. [81]

Pioneering evidence based on animal models featuring germ-free mice and obese
(OB/OB) rodents have demonstrated specific microbial compositions in the setting of
MetS, DM, atherosclerosis, non-alcoholic liver disease, hypertension, etc. [77,78]. Im-
paired intestinal barriers permit the translocation of bacteria and their components from
the gastrointestinal lumen into the bloodstream [82,83]. Such metabolic endotoxemia or
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bacteremia [69] triggers an inflammatory state, along with the activation of c-jun amino-
terminal kinase (JNK) [70], peroxisome proliferator-activated receptor gamma (PPARG),
and the corresponding nuclear factor kappa-light-chain-enhancer of the activated B cells
(NF-kB) signaling pathway [84]. Meanwhile, through the infiltration of gut microbiota,
obesity leads to the downregulation of JNK and PPARG, causing insulin resistance. The
migration of bacteria into the end organ also results in morbidity secondary to MetS. It
remains a challenge to reproduce these findings in humans [85]. However, through the
advancement in sample harvesting and viability assessment for bacterial components of
interest, MetS was further validated to be highly associated with inflammation in vivo [86].
Future clinical studies, however, are still warranted to further clarify the relationship
between inflammation and MetS.

Metabolic disruption is also coordinated via small molecules generated by gut flora.
Short-chain fatty acids (SCFA) are produced from hydrolysis and subsequent fermentation
of consumed polysaccharides by intestinal microbiota. SCFA affects satiety through peptide
YY and glucagon-like peptide 1 (GLP-1) [71,72]. In addition, SCFA is involved in fatty acid
oxidation, lipogenesis, and energy utilization [73]. Interestingly, downstream to SCFA,
kidney-residing olfactory receptor 78 (Olfr78) and G protein-coupled receptor 41 (Gpr41)
in the muscular layer of blood vessels individually fine-tune renin expression and give
rise to hypertension [74]. Another involved molecule is bile acid, whose metabolism is
mediated by a flora-answering farnesoid X receptor (FAR) [87]. These molecules facilitate
crosstalk between gut microbiota and host metabolism.

Finally, gut dysbiosis compromises host metabolism. In lipocalin 2 double-knockout
mice, MetS was spontaneously provoked and was not further aggravated by the con-
sumption of a high-fat diet [75]. Some human studies have attributed obesity to a combi-
nation of reduced bacterial populations of anti-inflammatory Bifidobacterium, butyrate-
producing Akkermansia muciniphila, Actinobacteria, and Bacteriodes, in addition to the
dominant presence of Escherichia coli, Staphylococcus aureus, Enterobacteriaceae, as well as
pathogenic Campylobacter and Shigella [79]. Pyrosequencing performed by Le Roy et al.
also proposed that upregulated Lachnospiraceae and Banesiella with downregulated Lac-
tobacilli were predictive of the onset of DM and fatty liver [76]. Amar et al. pinpointed core
flora Proteobacteria as a tentative indicator for DM [80]. Metagenomic analysis argued that
quantitative diversity and the functional alteration of gut microbiota synergistically deter-
mine metabolic phenotype [88]. Recognition of the characteristics of gut micriobiota plays
an important role in the development of treatment modalities to enhance prognosis [81]. In
summary, endotoxemia, inflammatory predicament, small molecule signaling disruptions,
and unbalanced composition of gut flora play primary roles in the pathogenesis of MetS.

6. Novel Treatments

Enhanced dissection of the molecular configurations has augmented the advancement
of therapeutic schemes. In contrast to the conventional one-for-all management protocols,
precision medicine designs individualized recipes by taking personal molecular features
into account. Traditional non-pharmaceutical approaches against MetS included diet
modification, aerobic exercise, and psychological management, whereas medication was
administered primarily for the prevention or treatment of comorbidities. We proposed
two novel treatment modalities, fecal microbiota transplantation (FMT) and targeting end
products of cholesterol catabolism (Table 4).

Given its established role in MetS, gut microbiota is also an eligible therapeutic target.
In the rodent model, administration of Lactobacillus fermentum 296 for a month not
only successfully restored the abundance of this species in the intestine, but also rescued
the molecular expression of MetS [89]. Consumption of probiotics was illustrated to
attenuate insulin resistance and DM in mice feeding on high fat diet [90]. In addition to
direct supplementation of microspecies, FMT was introduced to potentially reorganize
endogenous bacterial formation. Targeting the end products of cholesterol catabolism is
another potential means to antagonize MetS. Accordingly, approaches to manipulate the
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physiology of bile acid may impede MetS. In the following section, these two aspects will
be discussed in detail.

Table 4. Treatment modalities of metabolic syndrome. FMT, fecal microbiota transplantation; FXR,
Farnesoid X receptor; TGR5, Takeda G-protein receptor-5.

Approach Items

Non-pharmaceutical diet modification, aerobic exercise, psychological management

Pharmaceutical

Classic

Antihypertensive, antidiabetic, antithrombotic, cholesterol
lowering agents

Novel

FMT

(1) Modify composition of
gut microbiome;

(2) Reduce inflammation
and oxidative stress;

(3) Improve insulin
sensitivity.

Bile acid

(1) Interact with FXR and
TGR5 (weight loss,
insulin response, reduce
triglyceride level);

(2) Promote fat absorption
and cholesterol
excretion;

(3) Modulate circadian
rhythm.

FMT attempts to adjust the microbial composition inside the gastrointestinal tract of
the recipient by introducing parts of processed feces from a healthy donor [91]. In the past
few decades, FMT was used to tackle a spectrum of clinical settings, from pseudomem-
brane colitis by recurrent Clostridium difficile infection [92] to inflammatory bowel disease.
Other anecdotal reports have also suggested a positive effect of extraintestinal therapeutic
applications [93]. Despite these successes, employing FMT in the attempt to manage obesity
was initially unsuccessful until animal studies confirmed the pivotal role of the microbial
signature. This was achieved by MetS. Bäckhed et al., using adult germ-free mice, showed
that gut microbiota are a paramount factor in energy harvesting and storage [73]. Inspired
by this concept, Di Luccia et al. successfully rescued fructose-induced MetS by introducing
a mixture of ampicillin plus neomycin or oral gavage of fecal samples from control counter-
parts. Inflammation and oxidative stresses were simultaneously reduced by decreasing the
abundance of Coprococcus and Ruminococcus [73]. Subsequently, Smits et al. randomly
assigned 20 obese and insulin-resistant males with MetS to receive FMT either from single
lean vegan donor or autologously [94]. FMT samples harvested from the former success-
fully modified the composition of gut microbiome. However, the trimethylamine-N-oxide
pathway remained unchanged. Oral administration of the exogenous microbiota also failed
to abate the expressions of those biomarkers for vascular inflammation. Although allogenic
FMT was demonstrated effective in enhancing small intestine permeability in patients with
nonalcoholic fatty liver disease [95], no randomized trial has examined FMT efficacy on
MetS to date, and relevant human studies are scarce. Vrieze et al. documented improved
insulin sensitivity and increased butyrate-producing gut bacteria, i.e., Roseburia intestinalis
and Eubacterium hallii, in individuals with MetS after receiving FMT from lean donors
as compared with autologous flora infusion as placebo [96]. Zheng et al. systematically
reviewed the efficacy of FMT on MetS, demonstrating pronounced improvement in insulin
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sensitivity and reduced HbA1C levels [97]. On the other hand, other clinical parameters,
e.g., BMI, fasting plasma glucose, and triglyceride, showed no significant differences. Long
term clinical parameters have not been assessed. To ensure optimized efficacy, the concept
of individualized FMT was proposed, as one ‘magic bullet’ was regarded infeasible to man-
age heterogeneous phenotypes of MetS. Achieving precision medicine also necessitated
the consideration and manipulation of baseline clinical characteristics of the recipients.
For example, alleviating the initial inflammatory condition improved the engraftment of
FMT [98]. Moreover, Alang et al. noticed weight gain in some patients after FMT, and
argued that the body composition of the donor matters as well [99]. Thorough considera-
tion of the benefits verses potential adverse effects of FMT in the treatment of MetS were
thus mandated. On the other hand, careful screening and selection of appropriate donor
remains pivotal to ensure treatment efficacy. Specific microbiota features were recognized
in respective clinical scenarios [100]. Extensive collection of the stool samples to establish a
FMT bank, in addition to the standardization of executive protocols, forms the basis for this
novel MetS treatment modality. Future research on the preparation, dosing, and delivery
of fecal material is needed to ensure successful engrafting and anticipated outcomes.

Another aspect of the consequences from gut dysbiosis in MetS involves the regulation
of bile acid [101]. Secreted by the liver as the end product of cholesterol catabolism, bile
acids participate in intestinal nutrient absorption, and are determinants for gut microbiota
growth. Targeting the production and signal transduction pathway of bile acid also has
therapeutic implications for MetS. Extensive research has set out to define the functional
role of bile acid against MetS, not only as it is closely intertwined with gut microbiota, as it
has bacteriostatic effects and mucosal protection in the small intestine [102], but also due to
its integrative role in lipid synthesis. The literature has discussed the correlation between
bile acid and obesity. Preferentially through 12α-hydroxylation, enhanced synthesis and
obtuse postprandial elevation of bile acid was observed in obese subjects [103].

Elevation in serum bile acid was found to be associated with hypertriglyceridemia [104].
Figge et al. further described the gut-liver axis. A total of 25 previously healthy subjects
who followed fast food diets manifested elevated serum bile acid levels, markers of hepatic
injury, and impacted metabolic panels [105]. Bile acid also interacts with both FXR and
Takeda G-protein receptor-5 (TGR5) [106]. In conjunction with bile acid anabolism and
enterohepatic circulation, utilization of host energy is impacted by these downstream
responders in an overlapping fashion. FXR epigenetically causes weight loss, insulin
responsiveness, and reduces triglyceride levels, whereas TGR5 raises insulin sensitivity
and maintains energy homeostasis [107]. After the secondary bile acid, i.e., deoxycholic
acid (DCA), became known for its effect in promoting fat absorption and cholesterol excre-
tion, the prototypical use of DCA was initially employed for cosmetic purposes to shrink
submental adipose tissue [108]. Subsequent studies further proposed several previously
unknown contributors as respective or dual activators on FXR and TGR5 against MetS. A
detailed review is available elsewhere [109]. In addition, the modulating effect on circadian
rhythm by bile acid metabolism has been well-established. Normally, a small heterodimer
partner regulates the level of serum bile acid, which drops to lowest at midday while peaks
at the beginning and the ending of the dark phase [110]. Disturbed lifestyle and irregular
diet habits disrupt circadian rhythm, rattle gluconeogenesis, lipogenesis, and bile acid
metabolism, ultimately leading to MetS [111]. However, the side effects of medications
which manipulate bile acid metabolism, such as pruritus, remain problematic as they per-
petuate noncompliance. Future recognition and minimization of adverse events through
tissue-specific interventions may pave the way for clinical use of bile acid derivatives and
drug development against MetS.

7. Conclusions

As lifestyle changes have taken place in the contemporary era, MetS has become a
prevalent issue of concern. The clinical burden of this condition has been particularly
pronounced during the SARS-CoV-2 pandemic. The evaluation of host characteristics
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has become a prerequisite to developing precision medicine and improving prognosis.
Thorough investigation of the molecular composition of MetS as a disease entity is under-
way via metabolomics and proteomics, which enable the identification of individualized
therapeutic targets. Delineation of biochemical dynamics facilitates the monitoring of
disease progression and increases treatment efficacy. Clear depictions of gut microbiota
and inflammatory status may further elucidate the pathogenesis of MetS. Evidence on the
use of FMT to antagonize metabolic disorders by rebalancing gut microbiota and manipu-
lating bile acid synthesis is underway, and represents a promising area of research. In the
foreseeable future, MetS management will experience a paradigm shift, as research from
both top-down and bottom-up investigations continues to uncover the key players in its
pathogenesis and potential target for treatment.
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