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Abstract: Background: Metabolic Syndrome (MetS) is a clinical diagnosis where patients exhibit three
out of the five risk factors: hypertriglyceridemia, low high-density lipoprotein (HDL) cholesterol, hy-
perglycemia, elevated blood pressure, or increased abdominal obesity. MetS arises due to dysregulated
metabolic pathways that culminate with insulin resistance and put individuals at risk to develop various
comorbidities with far-reaching medical consequences such as non-alcoholic fatty liver disease (NAFLD)
and cardiovascular disease. As it stands, the exact pathogenesis of MetS as well as the involvement of
the gastrointestinal tract in MetS is not fully understood. Our study aimed to evaluate intestinal health
in human subjects with MetS. Methods: We examined MetS risk factors in individuals through body
measurements and clinical and biochemical blood analysis. To evaluate intestinal health, gut inflamma-
tion was measured by fecal calprotectin, intestinal permeability through the lactulose-mannitol test, and
utilized fecal metabolomics to examine alterations in the host–microbiota gut metabolism. Results: No
signs of intestinal inflammation or increased intestinal permeability were observed in the MetS group
compared to our control group. However, we found a significant increase in 417 lipid features of the
gut lipidome in our MetS cohort. An identified fecal lipid, diacyl-glycerophosphocholine, showed a
strong correlation with several MetS risk factors. Although our MetS cohort showed no signs of intestinal
inflammation, they presented with increased levels of serum TNFα that also correlated with increas-
ing triglyceride and fecal diacyl-glycerophosphocholine levels and decreasing HDL cholesterol levels.
Conclusion: Taken together, our main results show that MetS subjects showed major alterations in fecal
lipid profiles suggesting alterations in the intestinal host–microbiota metabolism that may arise before
concrete signs of gut inflammation or intestinal permeability become apparent. Lastly, we posit that fecal
metabolomics could serve as a non-invasive, accurate screening method for both MetS and NAFLD.
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1. Introduction

The global incidence of Metabolic Syndrome (MetS), affecting over 25% of the global
population (~1.97 billion) and 33% of those living in the United States, has severe health
and economic consequences [1–3]. MetS is comprised of multiple dysregulated metabolic
pathways that can cause or result in insulin resistance [4]. Current diagnostic criteria
for MetS must include three out of the five risk factors: hypertriglyceridemia, low high-
density lipoprotein (HDL) cholesterol, hyperglycemia, elevated blood pressure, or increased
abdominal obesity [5]. MetS is useful in detecting patients at high risk for other metabolic
diseases including cardiovascular disease (CVD) [6,7], type 2 diabetes (T2D) [8,9], and even
hepatocellular carcinoma (HCC) [10,11].

The liver plays a central role in the pathogenesis of MetS. Glucose and triglycerides
(TG) are produced in the liver. When the liver is insulin resistant, the “brakes” on glu-
cose and TG production are lost [12,13]. Hypertriglyceridemia, high levels of TG, causes
hepatic fat accumulation and organ dysfunction, further contributing to hepatic insulin
resistance [14–16]. Excessive fat in the liver unrelated to alcohol use, viral infections, or
drugs has been termed Non-Alcoholic Fatty Liver Disease (NAFLD) [17–19]. Similar to
MetS, over a billion people worldwide are affected by NAFLD [20]. NAFLD is also in-
creasingly diagnosed in children [21]. This is alarming given that the trajectory of the
disease burden in children can be decades longer than patients who develop NAFLD later
in life. In the United States, health care costs directly related to NAFLD are estimated to
be USD 100 billion annually [21]. NAFLD provides a pathophysiological “timeline” of
hepatic pathology. This begins with fat accumulation (steatosis), fat accumulation with
inflammation (non-alcoholic steatohepatitis, NASH) and the possibility of subsequent
progression to liver cirrhosis and HCC [10,22]. However, unlike MetS, NAFLD has specific
histopathologic markers. Steatosis is defined as 5–10% of fatty hepatocytes, and steato-
hepatitis often exhibits ballooning necrosis, inflammation, and fibrosis [23]. Although
NAFLD is clinically less ambiguous to diagnose than metabolic syndrome, a biopsy is
currently required to diagnose NAFLD and NASH. MetS is defined in many ways by
various organizations, making it somewhat amorphous. Nevertheless, due to their closely
overlapping mechanisms, NAFLD and MetS can initiate each other and predict the same
disease likelihood in high-risk patients [24–27]. While not all patients inevitably acquire
comorbid metabolic derangements, cirrhosis, or malignancy, many do, warranting early
intervention and clear diagnostic criteria.

Evidence suggests the gastrointestinal (GI) tract may play a significant role in metabolic
diseases [28–32]. There is a tripartite interaction in the GI tract in which the gut microbiota,
the immune system, and the intestinal epithelium maintain the balance between intestinal
homeostasis and inflammation [33,34]. Dysfunction in one of these components can have
profound effects on the other two systems and contributes to metabolic dysfunction [28,35].
Interestingly, gut dysbiosis and increased intestinal permeability have been observed in
individuals with NAFLD and in animal models of NAFLD, suggesting a role for the GI tract
in the etiology of NAFLD [36–56]. Dysbiosis is also associated with obesity and T2D mor-
bidity and disease course, influencing inflammation, gut permeability, immune function,
insulin resistance, and lipid metabolism [57–62]. Given the reciprocal gut–liver interac-
tion, examining the GI tract in MetS patients could prove beneficial in both interventional
strategies and preventative diagnostics.

The goal of our pilot study was to determine if human subjects with MetS have
intestinal inflammation and increased intestinal permeability similar to other metabolic
diseases. Additionally, we sought to examine fecal metabolites associated with our clinical
phenotype and to further understand metabolic variation as well as interactions between
the gut microbiota–host. Our data indicated there was a noticeable difference in fecal
lipidomics and some had a strong correlation with both increasing triglyceride and fasting
insulin levels. However, there was not a significant difference in intestinal permeability or
inflammation between MetS subjects and controls, suggesting metabolic perturbations may
arise before gut inflammation and intestinal permeability.



Metabolites 2022, 12, 431 3 of 20

2. Results
2.1. Goal of the Study

In this pilot study, we sought to understand differences in gut health in individuals
with metabolic syndrome (MetS) compared to non-metabolic syndrome (control) partici-
pants. Specifically, examining differences in intestinal inflammation, intestinal permeability,
and fecal metabolites as an insight between diet–microbiota–host interactions. This pilot
study was approved by UNM HSC HRRC (see Section 6) and participants were recruited
from and seen at the UNM CTSC clinic in a two-week period. Participants were classified
as having MetS or normal based on the established criteria described in the Section 6.

2.2. Clinical and Biochemical Analysis of Study Cohort

The study population consisted of 18 individuals who were seen under fasting condi-
tions. The demographics of the study cohort are shown in Table 1. After body measure-
ments, vital signs, and blood sample analyses were taken, 10 participants were classified as
controls and 8 participants as MetS. Assessment of the MetS risk factors revealed the MetS
group had increased abdominal obesity (Figure 1A) and showed signs of dyslipidemia as
the triglycerides were significantly higher (Figure 1B and Table S1) and HDL cholesterol
was significantly lower (Figure 1C and Table S1). Body measurements revealed a signifi-
cant increase in body weight as well as body mass index (BMI) in our MetS cohort with
no difference in the waist-to-hip ratio or height (Figure S1A–D). Bioelectrical impedance
analysis further revealed the MetS group had a significant increase in the percent of body
fat as well as a higher fat mass with no difference in lean mass (Figure S1E–G). Examination
of fasting glucose levels revealed no difference between both groups (Figure 1D); however,
both fasting insulin levels (Figure 1E) and Hemoglobin A1C (HbA1C) levels (Figure 1F)
were significantly higher in the MetS group. Calculation of Homeostatic Model Assessment
for Insulin Resistance (HOMA-IR), an indicator of insulin resistance, revealed the MetS
group had a higher HOMA-IR score (Figure S1H). The calculation of insulin sensitivity
via quantitative insulin sensitivity check index (QUICKI) revealed the MetS group had a
lower insulin sensitivity score (Figure S1I) [63–65]. Together the HOMA-IR and QUICKI
scores suggested the MetS group showed signs of insulin resistance. Blood pressure and
mean arterial pressure (MAP) trended higher in the MetS group but were not significantly
different to that of controls (Figure 1G–I). Lastly, we found no significant differences in
the comprehensive metabolic panel (CMP) between groups including aspartate transami-
nase (AST), alanine aminotransferase (ALT), or AST/ALT ratios (Table S2). Collectively,
our MetS cohort showed significant differences in abdominal obesity, dyslipidemia, and
insulin resistance.

Table 1. Demographics of study cohort.

Demographics Controls Metabolic Syndrome

Gender
Male 4 3

Female 6 5

Age
Median 42.50 50.50

Minimum 31 45
Maximum 56 58

Race/Ethnicity

Non-Hispanic White 4 2
Hispanic 6 4

Native American 1
Black 1
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Figure 1. Metabolic Syndrome risk factors. Clinical and biochemical analysis of healthy controls
(HC) and metabolic syndrome (MetS) participants. Graph showing (A) abdominal obesity (i.e., waist
circumference); (B) triglyceride levels; (C) HDL Cholesterol; (D) fasting glucose levels; (E) fasting
insulin levels; (F) hemoglobin A1c (HbA1c) levels; (G) systolic blood pressure; (H) diastolic blood
pressure; and (I) mean Arterial Pressure (MAP). Graphs indicate median (±minimum and maximum).
* p < 0.05, ** p < 0.01, **** p < 0.0005 and ns, not significant. Two-tailed unpaired Student’s t-tests
(A–C,G–I) or two-tailed Mann–Whitney U (D–F).

2.3. Metabolic Syndrome Participants Showed Systemic Inflammation That Correlated
with Dyslipidemia

Metabolic disorders are frequently associated with low-grade inflammation [66]. The
term metabolic inflammation characterizes a low-level of systemic inflammation. As such,
several studies have associated these conditions with increased circulating levels of acute
phase proteins and cytokines such as C-reactive protein (CRP) and TNFα, respectively. To
determine the level of metabolic inflammation occurring in our two groups, we examined
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the serum levels of both TNFα and high-sensitivity C-reactive protein (hsCRP) as proxies
for metabolic inflammation [67,68]. Serum TNFα levels were found to be significantly
higher in the MetS group (Figure 2A). HsCRP levels were slightly higher in the MetS
group; however, this difference was not significant (Figure 2B). Intriguingly, there was a
strong positive correlation between increasing TNFα levels and increasing triglyceride
levels (r = 0.7978; p = 0.0177) (Figure 2D). Rising TNFα levels also had a strong negative
correlation with decreasing HDL cholesterol levels (r = −0.7094; p = 0.0488) (Figure 2E).
These results are consistent with the previously reported correlation between TNFα levels
and dyslipidemia [69,70].

Figure 2. Assessment of systemic and intestinal inflammatory markers. Serum and fecal levels
of inflammatory markers were measured in HC and MetS participants. Plot showing (A) serum
TNFα levels; (B) serum hsCRP levels; (C) fecal calprotectin levels. (D,E) Pearson’s correlation
coefficients between (D) TNFα and triglycerides and (E) TNFα and HDL cholesterol. Plot showing
(F) lactulose/mannitol ratio; (G) total lactulose levels recovered in the urine; and (H) total mannitol
levels recovered in the urine. Plots indicate median (±minimum and maximum) or mean (±SE).
* p < 0.05, and ns, not significant. Two-tailed unpaired Student’s t-tests (A,H) or two-tailed Mann–
Whitney U (B,C,F,G).
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More recently, attention has been drawn to the GI tract as a possible etiological factor
driving metabolic disorders [29–32,35,59,62,66,71]. In fact, MetS and NAFLD are frequently
reported in patients with inflammatory bowel disease (IBD) [72–76]. Therefore, we exam-
ined the level of intestinal inflammation through a fecal calprotectin test. This noninvasive
test provides a functional quantitative measure of intestinal inflammation [77–79]. Interest-
ingly, we saw no difference in fecal calprotectin levels between the control and MetS groups
(Figure 2C). Further analysis of the GI tract revealed no significant difference in intestinal
barrier permeability as the lactulose to mannitol ratio was similar between both groups
(Figure 2F), as were the overall levels of recovered urine lactulose (Figure 2G) and mannitol
(Figure 2H). This test allows for the quantification of two non-metabolized sugar molecules
(i.e., lactulose and mannitol) to permeate the intestinal barrier [80]. Taken together, our
data suggest the MetS group had a low-level of systemic inflammation but no observable
signs of intestinal inflammation or barrier dysfunction.

2.4. Metabolomics Revealed Altered Fecal Metabolites in Metabolic Syndrome Participants

Utilizing untargeted lipidomic analyses [81,82], we sought to identify the lipids as-
sociated with our clinical phenotype. Specifically, we analyzed fecal samples from our
control and MetS groups to further characterize the GI tract. Figure 3A shows a volcano
plot of all 7453 lipid features detected. The red dots on the right represent lipids with
higher levels in MetS participants, while the red dots on the left are lipids with lower
levels in MetS participants. The MetS group had 417 lipid features that were significantly
different from control participants (Figure 3A). The putative identification derived from
LIPID MAPS® Structure Database (LMSD) [83] utilizing observed m/z was determined
for the top 20 lipid features that showed the highest fold change in MetS fecal samples
(Table 2). Out of these 20 lipids, LMSD predicted they were glycerolipids, glycerophos-
pholipids, sphingolipids, fatty acyls, and polyketides (Figure 3B). For brevity, we also
show the 30 with the lowest p-values in Table S3 and Figure S2A. Among these 30 lipids,
LMSD predicted that all were still glycerolipids (n = 9), glycerophospholipids (n = 18), and
sphingolipids (n = 3) (Table S3 and Figure S2A). The lipid feature that was most significantly
decreased in MetS fecal samples could not be identified by LMSD. Fecal samples were also
assessed for approximately 150 polar metabolites that cover much of the central carbon
metabolism pathways. The principal components analysis (PCA) plot and heatmap of
metabolites revealed no overall clustering of control or MetS group-derived fecal metabo-
lites (Figure S2B,C). However, the volcano plot revealed two metabolites which were
significantly different between groups using the a priori cutoffs of [log2FC] ≥ 2, p < 0.05
(Figure 4A). Orotic acid was significantly higher in MetS participants, while the left side
shows that Carnosine was significantly lower in MetS participants (Figure 4A) in MetS
fecal samples (Figure 4B,C). Interestingly, carnosine is a dipeptide of βalanine and histidine,
and is a normal product of the liver, while orotic acid is a key intermediate in de novo
pyrimidine nucleotide synthesis (HMDB 5.0) [84]. Intriguingly, five fecal lipids that belong
to the glycerolipid, glycerophospholipids, and sphingolipids categories showed a strong
positive correlation with triglyceride and fasting insulin levels (Figure S3; statistics shown
in Table S4). PC 12:0_20:4 (Diacyl-glycerophosphocholine, PCaa), a glycerophosphocholine,
showed a strong positive correlation with increasing triglycerides (r = 0.66; p = 0.0041),
serum TNFα (r = 0.50; p = 0.0424), and fasting insulin levels (r = 0.71; p = 0.0015) as well as
strong negative correlation with decreasing HDL cholesterol levels (r= −0.54; p = 0.0267)
(Figure S3). Given fecal metabolites can provide insight into host–microbiota–diet inter-
actions, our data suggest major alterations in the intestinal metabolism, in the absence
of localized intestinal inflammation, in MetS subjects. Lastly, our data reveal that fecal
lipids could provide an insight into clinical phenotypes and could serve as an alternative
noninvasive method to diagnose MetS and possibly NAFLD.
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Figure 3. Untargeted lipidomics show major fecal lipid variations. (A) Volcano plot from UPLC-
MS/MS-based untargeted lipidomics of stool from MetS and HC subjects (n = 7–10/group) depicting
the 7453 lipids features obtained following MS data processing. Metabolite peak intensities were
extracted according to a library of m/z values and retention times developed with authentic standards.
Intensities were extracted with an in-house script with a 10-ppm tolerance for the theoretical m/z of
each metabolite, and a maximum 30 s retention time window. Each dot represents one lipid, dashed
lines indicate default thresholds for significance (p < 0.05) and fold change up- or down-regulation
by 2-fold (Log2FC = 1). The red dots on the right represent the lipids with higher levels in MetS
participants, while the dots on the left are the lipids with lower levels in MetS with respect to HCs.
(B) Plot showing the top 20 LMSD identified lipids with highest fold change (mean; p < 0.05). GPL,
glycerophosholipids; SP, sphingolipids; FA, fatty acyls.
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Table 2. Putative LMSD ID of lipids with the highest fold change in the MetS group.

Feature ID Observed m/z Log2 Fold Change p-Value Putative ID *
(Category) Main Class (Abbrev. Chains)

5617 771.5399 4.076 0.016 Glycerolipids Triradylglycerols (TG 12:0_12:0_22:3)

1432 558.4388 3.477 0.033 Glycerophospholipids Oxid. glycerophospholipids (LPC 0:0/20:4;O)

4631 665.7446 3.367 0.025 Glycerolipids Diradylglycerols (DG 19:0_20:0)

4799 680.7542 3.333 0.032 Sphingolipids Ceramides (Cer 18:1;O3/24:0;O)

6916 989.5998 3.326 0.030 Glycerolipids Triradylglycerols (TG 19:1_22:6_22:6)

4688 672.6672 3.326 0.042 Glycerophospholipids Glycerophosphoethanolamines (PE P-16:0/16:1)

3675 571.3263 3.261 0.039 Fatty Acyls Diradylglycerols (DG 13:0_20:5)

5044 700.6979 3.252 0.022 Glycerophospholipids Glycerophosphocholines (PC P-16:0/15:1)

5270 724.7805 3.244 0.025 Sphingolipids Ceramides (Cer 18:1;O3/26:0;O2)

5266 724.4458 3.231 0.007 Glycerophospholipids Glycerophosphocholines (PC 12:0_20:4)

6454 905.5635 3.216 0.035 Glycerolipids Triradylglycerols (TG 18:3_18:3_20:0)

5128 709.7706 3.201 0.029 Glycerolipids Diradylglycerols (DG 21:0_22:6)

5129 710.1051 3.158 0.034 Polyketides Flavonoids

7315 1371.8158 3.127 0.007 Sphingolipids Neutral glycosphingolipids (Hex(3)-HexNAc-Fuc-Cer 34:1;O2)

4442 651.0691 3.104 0.033 Polyketides Flavonoids

1490 531.4196 3.103 0.015 Fatty Acyls Fatty esters (FA 36:2)

5383 739.1213 3.094 0.026 Polyketides Flavonoids

4961 695.0953 3.077 0.032 Polyketides Flavonoids

4980 695.7639 3.059 0.033 Fatty Acyls Fatty amides

4982 696.0981 3.045 0.033 Polyketides Flavonoids

* Putative ID derived from LIPID MAPS®Structure Database (LMSD) utilizing observed m/z.
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Figure 4. Hybrid metabolomics of stool samples. (A) Volcano plot from hybrid LCMS assays of
stools from MetS and HC subjects (n = 7–10/group) depicting a standard panel of approx. 150 polar
metabolites. Each dot represents one metabolite, dashed lines indicate default thresholds for signifi-
cance (p < 0.05) and fold change up- or down-regulation by 2-fold ([Log2FC] = 1). The red dot on the
right represents a metabolite with higher levels in MetS participants, while the dot on the left is a
metabolite with lower levels in MetS in respect to HCs. Plot showing the intensity values of fecal
(B) orotic acid and (C) carnosine in MetS and HC participants. Plots indicate median (±minimum
and maximum). * p < 0.05. Two-tailed unpaired Student’s t-tests.

3. Discussion

In this present study, we evaluated intestinal homeostasis in individuals with or
without MetS. Interestingly, MetS participants showed no signs of intestinal inflammation
or increased intestinal permeability when compared to our control group. Nonetheless,
we found major differences in the gut lipidome, specifically, an increase in various types
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of glycerolipids, glycerophospholipids, sphingolipids, fatty acyls, and polyketides, in our
MetS cohort. One fecal lipid that was identified, a diacyl-glycerophosphocholine, was
increased in our MetS cohort and showed a strong correlation with several MetS risk factors.
Furthermore, we found our MetS cohort had a low-level of circulating TNFα that also
correlated with increasing triglyceride and fecal diacyl-glycerophosphocholine levels as
well as decreasing “good” HDL cholesterol levels. Taken together, our main results show
that MetS subjects showed major alterations in intestinal lipid profiles suggesting alterations
in the intestinal host and microbiota metabolism which may precede intestinal dysfunction.

MetS and NAFLD can both predict similar diseases including T2D, CVD, and
NASH [9,26,27,85,86]. In addition, the liver is a shared focal point for both metabolic disor-
ders as glucose and triglycerides are overproduced in the liver. The increase in triglycerides
can lead to fat accumulation and is often associated with hepatic insulin resistance [13–16].
Unfortunately, both metabolic disorders can go undiagnosed as the individual can appear
asymptomatic. Given the role of the liver in these two metabolic diseases, liver enzymes
(e.g., ALT, AST, ALT:AST) could provide clues in relation to disease progression. However,
we observed no differences in these liver enzymes between our study groups (Table S2).
Liver enzymes are also often normal in NAFLD patients and therefore are not consis-
tent diagnostic markers [14]. The gold standard of NAFLD diagnosis relies on a liver
biopsy. Liver biopsy is an invasive procedure with many absolute contraindications (coag-
ulopathies, recent NSAID use, inability to identify an appropriate biopsy site) and relative
contraindications (morbid obesity, infection, ascites). A liver biopsy is also handicapped
by only being able to capture pathology in a specific moment in time. NAFLD is a chronic
inflammatory disease. Like many chronic inflammatory disorders, NAFLD can have a
dynamic relapsing–remitting pattern [66]. Over a short period of time NAFLD can oscillate
between steatosis and steatohepatitis [66]. Fibrosis can flare and spontaneously regress [66].
Additionally, a liver biopsy cannot accurately assess a fluctuating disease process. It is
therefore not appropriate to perform liver biopsies on all patients with suspected NAFLD
or MetS, even if a biopsy is medically feasible [87]. Safer, faster, and more accessible testing
is needed. Metabolomics may offer a non-invasive, accurate method of screening for both
MetS and NAFLD. Metabolomics can analyze and quantify metabolites and lipids linked
to metabolic pathways and changes could offer insight into clinical phenotypes [88–93].

Mining biofluids such as plasma, serum, urine, and even stool scan help identify
biomarkers for diseases. Recently, metabolomic signatures were identified for individuals
with MetS using plasma [93] and urine [91] biofluids which ultimately provided insight
into MetS occurrence and progression. Unlike other biofluids, a stool can also give a
comprehensive look into the GI tract as it contains microorganisms, microbial by-products,
nutrients such as fibers and lipids, and inflammatory molecules. Thus, stool samples can
provide molecular clues into GI health. For instance, bacterial fermentation of dietary
fiber can generate metabolites such as short chain fatty acids (SCFAs) such as butyrate,
propionate, and acetate that in turn modulate microbiota composition, intestinal epithelial
and immune cell function, and lipid metabolism [94–101]. When the production of SCFAs
is decreased from dysbiosis, it can subsequently derail the barrier and immune functions
as well as the lipid metabolic pathways. Our metabolomic analyses of stool samples
revealed major alterations in the gut lipidome in individuals with MetS. We observed
increases in glycerophospholipids such as glycerophosphocholines as well as ceramides,
a type of sphingolipids. Both glycerophosphocholines and ceramides are increased in
the serum of NAFLD and NASH patients [102–104]. They are also strongly associated
with CVD and T2D [105–109]. A reduction in ceramides can improve hepatic steatosis
and insulin sensitivity [110,111]. Interestingly, gut microbiota-produced sphingolipids can
be taken up by the intestine [112] and can enter into host metabolic pathways increasing
hepatic ceramide levels [113]. In addition to changes in fecal lipids, our MetS cohort also
showed an increase in orotic acid, an intermediate of pyrimidine nucleotide biosynthesis,
in stool samples. Similar to the lipids described above, orotic acid has also been linked
to metabolic risk factors such as hypertension [114] and can induce NAFLD in a various
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rodent models [115,116]. Carnosine, which was decreased in our MetS group, has proven
beneficial in reducing abdominal obesity, blood pressure, and glucose in humans and
animal models [117–121]. Overall, our observation of differential lipids and metabolites
that are associated with clinical phenotypes suggest stool samples could prove beneficial as
a diagnostic or preventative biofluid for metabolic disorders.

4. Conclusions

Our goal in this pilot study was to examine GI health in individuals with MetS. This
cohort showed no signs of intestinal inflammation or increase in intestinal permeability.
Animal models utilizing high-fat diets (plus glucose) to induce obesity, metabolic endotox-
emia, and insulin resistances show alterations in the gut microbiota [28,35]. In addition,
these models have been instrumental in showing that high-fat diets also cause an increase
in intestinal permeability and inflammation [30,59,122–124]. In human subjects, intestinal
inflammation has been observed in more advanced liver diseases such as cirrhosis and
HCC [125,126]. IBD patients also can develop MetS and NAFLD while NAFLD and NASH
patients have an increased risk of developing CRC [72–76,127–129]. Targeting the GI tract
with probiotics in NAFLD and NASH patients has proved beneficial in reducing liver
enzymes, hepatic inflammation, hepatic steatosis, and hepatic fibrosis, further supporting a
role for the GI tract [130–139]. Nevertheless, these studies still do not completely explain
the cause of gut dysbiosis and decreased barrier function, the increased risk of IBD and
CRC in NAFLD patients, or how the probiotics are working. Thus, there is a critical gap
in knowledge regarding how the GI tract, possibly through host–microbiota metabolic
interaction, is involved in metabolic diseases. We posit that our MetS cohort showed no
signs of intestinal dysfunction because changes in the host–microbiota metabolism precede
inflammation [140]. Future endeavors to characterize gut metabolism could provide an
insight into the etiology of metabolic disorders such as MetS and NAFLD.

5. Limitation of the Study

A major strength of this study was the examination and comparison of human subjects
with or without MetS. We were able to identify changes in fecal lipidomics in our MetS
cohort that had a strong correlation with several MetS risk factors. Further and contrary
to animal studies, we found that individuals with MetS showed no signs of intestinal
inflammation or increased permeability. Finally, our study cohort was both gender and
ethnically diverse. Nevertheless, we recognize our pilot study had several limitations.
These included our relatively small sample size for both populations (n = 10 controls and
n = 8 MetS) that may not be truly representative of the U.S. population. Second, our
volunteered “healthy” cohort in our pilot study had a few subjects with elevated blood
pressure (2/10 of subjects) and high triglyceride levels (1/10; but did not have elevated
blood pressure or low HDL levels). However, our control cohort did not meet the guidelines
required to be diagnosed with MetS. Lastly, we believe our study could benefit from the
examination of colonic biopsies from both cohorts to compare metabolic and inflammatory
pathways in the colonic epithelium. This could provide us with a better understanding
of the host–microbiota interactions occurring in the colon of MetS subjects and how these
pathways can contribute to metabolic dysfunction.

6. Methods
6.1. Participants

Inclusion criteria for MetS participants consisted of individuals between the ages of
30–60 years with at least three of the five risk factors of MetS. The risk factors included
(i) abdominal obesity: waist circumference ≥ 102 cm in men or ≥88 cm in women; (ii) el-
evated triglycerides: ≥150 mg/dL, or drug treatment for high triglycerides; (iii) low
HDL-Cholesterol: <40 mg/dL in men or <50 mg/dL in women, or drug treatment for
low HDL-Cholesterol; (iv) elevated blood pressure: systolic ≥ 130 mm Hg and/or dias-
tolic ≥ 85 mm Hg, or drug treatment for hypertension; and (v) elevated fasting plasma
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glucose: ≥100 mg/dL, or drug treatment for elevated glucose. Inclusion criteria for the
control group consisted of individuals aged 30–60 years that did not have MetS. Exclu-
sion criteria for both groups included individuals who had been previously diagnosed
with inflammatory bowel disease, diabetes, severe hepatic dysfunction, pregnant females,
lactating/breastfeeding individuals, currently on nonsteroidal anti-inflammatory drugs
(NSAIDs), protein pump inhibitors, ongoing alcohol or substance abuse via AUDIT [141]
questionnaire screening to determine whether the participant’s behaviors were suggestive
of alcohol abuse. Widely used in clinical settings, AUDIT screens an individual based on
alcohol intake, alcohol dependence, and alcohol-related harm by formulating an overall
score, with each question providing a score from 0 to 4. Lastly, individuals with the inability
to render informed consent were also excluded from the study.

6.2. Clinical Visit

Consented participants were instructed to visit the Clinical and Translational Science
Center (CTSC) clinic after an overnight fast or a minimum of 8 h of fasting. Blood was
drawn to determine fasting glucose and insulin levels, high-sensitivity C-reactive protein
(hs-CRP) levels, comprehensive metabolic panel (CMP), and lipid (triglycerides, total choles-
terol, HDL, and LDL cholesterol) profiles (TriCore Reference Laboratories, Albuquerque,
NM, USA). Additionally, Hemoglobin A1C (HbA1C) (Siemens DCA System, Singapore,
Singapore) and tumor necrosis factor-alpha (TNFα) (R&D Systems, Minneapolis, MN, USA)
were also analyzed (CTSC). Participants’ height, weight, waist, waist-to-hip ratio, and body
composition via bioelectrical impedance were recorded. Participants were instructed to
collect 10 g of stool for metabolomics (PRECISION™ Stool Collection System, Covidien,
Dublin, Ireland) and fecal calprotectin. For the calprotectin assay, the stool was collected in
a Calprotectin ELISA Stool Sample Collection Kit and was run on the corresponding ELISA
kit (Eagle BioSciences, Inc., Amherst, NH, USA).

6.3. Intestinal Permeability Assay

Within two weeks after the initial visit, participants visited the CTSC clinic after
fasting overnight and provided a pre-test urine sample. Participants then ingested 50 mL of
solution containing 5 g of lactulose and 2 g of D-mannitol followed immediately by 200 mL
of water. After 3 h, participants provided a post-test urine sample. The levels of lactulose,
D-mannitol, and lactulose-mannitol ratios were assessed in the urine via ELISA (Megazyme
F-FRUGL, Megazyme E-MNHPF, Bray, Ireland) [142–144].

6.4. Fecal Metabolomics

The collected 10 g of stool (PRECISION™ Stool Collection System, Covidien, Dublin,
Ireland) were sent to NYU Langone Metabolomics Core Resource Laboratory to examine
fecal metabolites and lipids. Hybrid metabolomics was performed examining a standard
panel of ~150 polar metabolites covering much of the central carbon metabolism, and
other common metabolites of interest. Separation and identification were carried out
with HILIC chromatography and a library of m/z and retention times adapted from the
Whitehead Institute [145], and verified with authentic standards and/or high resolution
MS/MS spectral manually curated against the NIST14MS/MS and METLIN (2017) tandem
mass spectral libraries [145,146].

Global lipidomics analyses were performed to profile changes in polar lipids in a
data-dependent fashion. Samples were subjected to an LCMS analysis to detect and
identify phospholipid molecules and quantify the relative levels of identified lipids. A lipid
extraction was carried out on each sample based on published methods [81,82]. The dried
samples were resolubilized in 10 µL of a 4:3:1 mixture (isopropanol:acetonitrile:water) and
analyzed by UPLC-MS/MS with a modified polarity switching method [81,82]. The LC
column was a WatersTM CSH-C18 (2.1 × 100 mm, 1.7 µm) coupled to a Dionex Ultimate
3000TM system (Dionex, Sunnyvale, CA, USA) and the column oven temperature was
set to 55 ◦C for the gradient elution. The flow rate of 0.3 mL/min was used with the
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following buffers; (A) 60:40 acetonitrile:water, 10 mM ammonium formate, 0.1% formic
acid and (B) 90:10 isopropanol:acetonitrile, 10 mM ammonium formate, 0.1% formic acid.
The gradient profile was as follows: 40–43% B (0–1.25 min), 43–50% B (1.25–2 min), 50–54%
B (2–11 min), 54–70% B (11–12 min), 70–99% B (12–18 min), 70–99% B (18–32 min), 99–40%
B (23–24 min), hold 40% B (1 min). Injection volume was set to 1 µL for all analyses (25 min
total run time per injection). MS analyses were carried out by coupling the LC system to a
Thermo Q Exactive HFTM mass spectrometer operating in heated electrospray ionization
mode (HESI). Method duration was 20 min with a polarity switching data-dependent Top
10 method for both positive and negative modes. Spray voltage for both positive and
negative modes was 3.5 kV, and the capillary temperature was set to 320 ◦C with a sheath
gas rate of 35, aux gas of 10, and max spray current of 100 µA. The full MS scan for both
polarities utilized a 120,000 resolution with an AGC target of 3 × 106 and a maximum IT
of 100 ms, and the scan range was from 350 to 2000 m/z. Tandem MS spectra for both
the positive and negative modes used a resolution of 15,000, an AGC target of 1 × 105,
a maximum IT of 50 ms, an isolation window of 0.4 m/z, an isolation offset of 0.1 m/z,
a fixed first mass of 50 m/z, and 3-way multiplexed normalized collision energies (nCE)
of 10, 35, and 80. The minimum AGC target was 5 × 104 with an intensity threshold of
1 × 106. All data were acquired in profile mode. The top scoring structure match for each
data-dependent spectrum was returned using an in-house script for MSPepSearch_×64
against the LipidBlast tandem mass spectral library of lipids [147]. Putative lipids were
sorted from high to low by their reverse dot scores, and duplicate structures were discarded,
retaining only the top-scoring MS2 spectrum and the neutral chemical formula, detected
m/z, and detected polarity (+ or −) of the putative lipid was recorded. The resulting lipids
were further identified manually by searching the accurate mass data against the LIPID
MAPS® Structure Database (LMSD) utilizing the observed m/z [83].

6.5. Statistical Analysis

Statistical analysis was performed as described in figure legends and the plots gen-
erated were obtained using the Prism software. Shapiro–Wilk tests were performed to
determine whether the outcome variables were normally distributed. Two-tailed unpaired
Student’s t-tests were used for variables that passed the Shapiro–Wilk test for normality
(i.e., p > 0.05), and two-tailed Mann–Whitney U tests were used for variables that were
not normally distributed (i.e., Shapiro–Wilk p < 0.05) was performed. Plots display the
median (±minimum and maximum) or mean (±SE). Pearson’s Correlation Coefficients
were acquired using Prism software. Fecal metabolomics data were processed as described
above and analyzed by NYU Langone Metabolomics Core Resource Laboratory using their
in-house analysis pipeline. Cluster analysis was performed using heatmap3 [148] package
in R. Raw p-values < 0.05 were used as a significance threshold for prioritizing hits of
interest. Principle component analysis was conducted in Python using the Scikit-learn,
matplotlib, Numpy, and Scipy [149–152]. All other data were analyzed using the two-tailed
unpaired Student’s t-test (Prism).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/metabo12050431/s1, Figure S1: Graph showing (A) weight (kg);
(B) body mass index (BMI); (C) Waist-to-Hip Ratio; (D) Height (cm); (E) percent of body fat; (F) Fat
mass (kg); (G) Lean mass (kg); (H) HOMA-IR; and (I) QUICKI. Graphs indicate median (±minimum
and maximum). * p < 0.05, ** p < 0.01, *** p < 0.001 and ns, not significant. Two-tailed unpaired
Student’s t-tests (A,C,D,G,I) or two-tailed Mann–Whitney U (B,E,F,H); Figure S2: (A) Plot showing the
top 30 LMSD identified fecal lipids found to be the most significantly different (mean; p-value range:
0.008–0.003). SP, sphingolipids. (B) Three component Principal components analysis (PCA) model of
hybrid metabolites. Color represents sample group, please see figure legend. (C) Heatmap showing
unsupervised clustering analysis of samples (HC vs. MetS) using the significant metabolites (p < 0.05)
from the comparison, samples were clustered with the Complete method and Euclidian distance
function; Figure S3: Heatmap showing Pearson’s r between triglyceride, HDL cholesterol, TNFα,
fasting insulin, and fecal metabolites that included the top 10 lipids identified in figure 3B, carnosine,
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and orotic acid. Pearson’s r, 0.5–1 and (−0.5)–(−1) were found to be significant, p < 0.05 (Table S4);
Table S1: Lipid panel showing Total cholesterol; HDL cholesterol; LDL cholesterol; and Triglycerides.
Table shows median and interquartile range. Student’s t-test; Table S2: Comprehensive Metabolic
Panel. Table shows median and interquartile range. Student’s t-test; Table S3: Putative LMSD ID of
the top 30 lipids with the lowest p-value. Putative ID derived from LIPID MAPS®Structure Database
(LMSD) utilizing observed m/z; Table S4: Pearson’s coefficient correlation p-value corresponding to
MetS risk factors, lipids and metabolites shown in Figure S3.
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74. Michalak, A.; Mosińska, P.; Fichna, J. Common links between metabolic syndrome and inflammatory bowel disease: Current
overview and future perspectives. Pharmacol. Rep. 2016, 68, 837–846. [CrossRef]

75. Dragasevic, S.; Stankovic, B.; Kotur, N.; Sokic-Milutinovic, A.; Milovanovic, T.; Lukic, S.; Milosavljevic, T.; Drazilov, S.S.;
Klaassen, K.; Pavlovic, S.; et al. Metabolic Syndrome in Inflammatory Bowel Disease: Association with Genetic Markers of
Obesity and Inflammation. Metab. Syndr. Relat. Disord. 2020, 18, 31–38. [CrossRef]

76. Verdugo-Meza, A.; Ye, J.; Dadlani, H.; Ghosh, S.; Gibson, D.L. Connecting the Dots Between Inflammatory Bowel Disease and
Metabolic Syndrome: A Focus on Gut-Derived Metabolites. Nutrients 2020, 12, 1434. [CrossRef]

77. Bjarnason, I. The Use of Fecal Calprotectin in Inflammatory Bowel Disease. Gastroenterol. Hepatol. 2017, 13, 53–56.
78. Konikoff, M.R.; Denson, L.A. Role of fecal calprotectin as a biomarker of intestinal inflammation in inflammatory bowel disease.

Inflamm. Bowel Dis. 2006, 12, 524–534. [CrossRef]
79. Fagerberg, U.L.; Lööf, L.; Lindholm, J.; Hansson, L.-O.; Finkel, Y. Fecal Calprotectin: A Quantitative Marker of Colonic

Inflammation in Children With Inflammatory Bowel Disease. J. Pediatr. Gastroenterol. Nutr. 2007, 45, 414–420. [CrossRef]
80. Vojdani, A. For the assessment of intestinal permeability, size matters. Altern. Ther. Health Med. 2013, 19, 12–24.
81. Vorkas, P.A.; Shalhoub, J.; Isaac, G.; Want, E.J.; Nicholson, J.K.; Holmes, E.; Davies, A.H. Metabolic Phenotyping of Atherosclerotic

Plaques Reveals Latent Associations between Free Cholesterol and Ceramide Metabolism in Atherogenesis. J. Proteome Res. 2015,
14, 1389–1399. [CrossRef] [PubMed]

http://doi.org/10.3920/BM2016.0184
http://doi.org/10.1016/j.cmet.2017.09.008
http://doi.org/10.1042/CS20150431
http://doi.org/10.1152/physiolgenomics.00053.2017
http://doi.org/10.1016/j.cmet.2015.03.001
http://doi.org/10.1177/0148607111413772
http://doi.org/10.1002/dmrr.2617
http://doi.org/10.1016/j.diabet.2016.09.004
http://doi.org/10.1038/sj.jhh.1002201
http://doi.org/10.1210/jcem.87.2.8223
http://doi.org/10.1016/j.jpeds.2005.06.013
http://doi.org/10.1038/s41577-019-0198-4
http://doi.org/10.1194/jlr.R600021-JLR200
http://doi.org/10.1016/j.metabol.2007.11.021
http://doi.org/10.1016/1043-2760(91)90027-K
http://doi.org/10.1172/JCI88879
http://doi.org/10.1016/j.crohns.2012.10.015
http://doi.org/10.3748/wjg.v25.i37.5676
http://doi.org/10.1016/j.pharep.2016.04.016
http://doi.org/10.1089/met.2019.0090
http://doi.org/10.3390/nu12051434
http://doi.org/10.1097/00054725-200606000-00013
http://doi.org/10.1097/MPG.0b013e31810e75a9
http://doi.org/10.1021/pr5009898
http://www.ncbi.nlm.nih.gov/pubmed/25565173


Metabolites 2022, 12, 431 18 of 20

82. Vorkas, P.A.; Isaac, G.; Anwar, M.A.; Davies, A.H.; Want, E.J.; Nicholson, J.K.; Holmes, E. Untargeted UPLC-MS Profiling Pipeline
to Expand Tissue Metabolome Coverage: Application to Cardiovascular Disease. Anal. Chem. 2015, 87, 4184–4193. [CrossRef]
[PubMed]

83. Sud, M.; Fahy, E.; Subramaniam, S. Template-based combinatorial enumeration of virtual compound libraries for lipids. J.
Cheminform. 2012, 4, 23. [CrossRef] [PubMed]

84. Wishart, D.S.; Guo, A.; Oler, E.; Wang, F.; Anjum, A.; Peters, H.; Dizon, R.; Sayeeda, Z.; Tian, S.; Lee, B.L.; et al. HMDB 5.0: The
Human Metabolome Database for 2022. Nucleic Acids Res. 2021, 50, D622–D631. [CrossRef] [PubMed]

85. Nolan, C.J.; Prentki, M. Insulin resistance and insulin hypersecretion in the metabolic syndrome and type 2 diabetes: Time for a
conceptual framework shift. Diabetes Vasc. Dis. Res. 2019, 16, 118–127. [CrossRef] [PubMed]

86. Anstee, Q.M.; Targher, G.; Day, C.P. Progression of NAFLD to diabetes mellitus, cardiovascular disease or cirrhosis. Nat. Rev.
Gastroenterol. Hepatol. 2013, 10, 330–344. [CrossRef]

87. Gunn, N.T.; Shiffman, M.L. The Use of Liver Biopsy in Nonalcoholic Fatty Liver Disease: When to Biopsy and in Whom. Clin.
Liver Dis. 2018, 22, 109–119. [CrossRef]

88. Han, X. Lipidomics for studying metabolism. Nat. Rev. Endocrinol. 2016, 12, 668–679. [CrossRef]
89. Ramos-Molina, B.; Castellano-Castillo, D.; Alcaide-Torres, J.; Pastor, O.; Díaz, R.D.L.; Salas-Salvadó, J.; López-Moreno, J.;

Fernández-García, J.C.; Macías-González, M.; Cardona, F.; et al. Differential effects of restrictive and malabsorptive bariatric
surgery procedures on the serum lipidome in obese subjects. J. Clin. Lipidol. 2018, 12, 1502–1512. [CrossRef]

90. Yin, X.; Willinger, C.M.; Keefe, J.; Liu, J.; Fernández-Ortiz, A.; Ibanez, B.; Penalvo, J.; Adourian, A.; Chen, G.; Corella, D.; et al.
Lipidomic profiling identifies signatures of metabolic risk. EBioMedicine 2019, 51, 102520. [CrossRef]

91. Bruzzone, C.; Gil-Redondo, R.; Seco, M.; Barragan, R.; de la Cruz, L.; Cannet, C.; Schäfer, H.; Fang, F.; Diercks, T.;
Bizkarguenaga, M.; et al. A molecular signature for the metabolic syndrome by urine metabolomics. Cardiovasc. Diabetol. 2021,
20, 155. [CrossRef]

92. Monnerie, S.; Comte, B.; Ziegler, D.; Morais, J.A.; Pujos-Guillot, E.; Gaudreau, P. Metabolomic and Lipidomic Signatures of
Metabolic Syndrome and its Physiological Components in Adults: A Systematic Review. Sci. Rep. 2020, 10, 669. [CrossRef]

93. Surowiec, I.; Noordam, R.; Bennett, K.; Beekman, M.; Slagboom, P.E.; Lundstedt, T.; van Heemst, D. Metabolomic and lipidomic
assessment of the metabolic syndrome in Dutch middle-aged individuals reveals novel biological signatures separating health
and disease. Metabolomics 2019, 15, 23. [CrossRef]

94. den Besten, G.; van Eunen, K.; Groen, A.K.; Venema, K.; Reijngoud, D.J.; Bakker, B.M. The role of short-chain fatty acids in the
interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 2013, 54, 2325–2340. [CrossRef]

95. Allayee, H.; Hazen, S.L. Contribution of Gut Bacteria to Lipid Levels: Another Metabolic Role for Microbes? Circ. Res. 2015, 117,
750–754. [CrossRef]

96. Suzuki, T.; Yoshida, S.; Hara, H. Physiological concentrations of short-chain fatty acids immediately suppress colonic epithelial
permeability. Br. J. Nutr. 2008, 100, 297–305. [CrossRef]

97. Smith, P.M.; Howitt, M.R.; Panikov, N.; Michaud, M.; Gallini, C.A.; Bohlooly, Y.M.; Glickman, J.N.; Garrett, W.S. The microbial
metabolites, short-chain fatty acids, regulate colonic Treg cell homeostasis. Science 2013, 341, 569–573. [CrossRef]

98. Yang, W.; Yu, T.; Huang, X.; Bilotta, A.J.; Xu, L.; Lu, Y.; Sun, J.; Pan, F.; Zhou, J.; Zhang, W.; et al. Intestinal microbiota-derived
short-chain fatty acids regulation of immune cell IL-22 production and gut immunity. Nat. Commun. 2020, 11, 4457. [CrossRef]

99. Sun, M.; Wu, W.; Chen, L.; Yang, W.; Huang, X.; Ma, C.; Chen, F.; Xiao, Y.; Zhao, Y.; Ma, C.; et al. Microbiota-derived short-chain
fatty acids promote Th1 cell IL-10 production to maintain intestinal homeostasis. Nat. Commun. 2018, 9, 3555. [CrossRef]

100. Goncalves, P.; Araujo, J.R.; Di Santo, J.P. A Cross-Talk Between Microbiota-Derived Short-Chain Fatty Acids and the Host Mucosal
Immune System Regulates Intestinal Homeostasis and Inflammatory Bowel Disease. Inflamm. Bowel Dis. 2018, 24, 558–572.
[CrossRef]

101. Kelly, C.J.; Zheng, L.; Campbell, E.L.; Saeedi, B.; Scholz, C.C.; Bayless, A.J.; Wilson, K.E.; Glover, L.E.; Kominsky, D.J.;
Magnuson, A.; et al. Crosstalk between Microbiota-Derived Short-Chain Fatty Acids and Intestinal Epithelial HIF Augments
Tissue Barrier Function. Cell Host Microbe 2015, 17, 662–671. [CrossRef]

102. Anjani, K.; Lhomme, M.; Sokolovska, N.; Poitou, C.; Aron-Wisnewsky, J.; Bouillot, J.L.; Lesnik, P.; Bedossa, P.; Kontush, A.;
Clement, K.; et al. Circulating phospholipid profiling identifies portal contribution to NASH signature in obesity. J. Hepatol. 2015,
62, 905–912. [CrossRef]

103. Papandreou, C.; Bullò, M.; Tinahones, F.J.; Martínez-González, M.; Corella, D.; Fragkiadakis, G.A.; López-Miranda, J.; Estruch, R.;
Fitó, M.; Salas-Salvadó, J. Serum metabolites in non-alcoholic fatty-liver disease development or reversion; a targeted metabolomic
approach within the PREDIMED trial. Nutr. Metab. 2017, 14, 58. [CrossRef]

104. Luukkonen, P.K.; Zhou, Y.; Sädevirta, S.; Leivonen, M.; Arola, J.; Oresic, M.; Hyötyläinen, T.; Yki-Järvinen, H. Hepatic ceramides
dissociate steatosis and insulin resistance in patients with non-alcoholic fatty liver disease. J. Hepatol. 2016, 64, 1167–1175.
[CrossRef]

105. Syme, C.; Czajkowski, S.; Shin, J.; Abrahamowicz, M.; Leonard, G.; Perron, M.; Richer, L.; Veillette, S.; Gaudet, D.; Strug, L.; et al.
Glycerophosphocholine Metabolites and Cardiovascular Disease Risk Factors in Adolescents: A Cohort Study. Circulation 2016,
134, 1629–1636. [CrossRef]

http://doi.org/10.1021/ac503775m
http://www.ncbi.nlm.nih.gov/pubmed/25664760
http://doi.org/10.1186/1758-2946-4-23
http://www.ncbi.nlm.nih.gov/pubmed/23006594
http://doi.org/10.1093/nar/gkab1062
http://www.ncbi.nlm.nih.gov/pubmed/34986597
http://doi.org/10.1177/1479164119827611
http://www.ncbi.nlm.nih.gov/pubmed/30770030
http://doi.org/10.1038/nrgastro.2013.41
http://doi.org/10.1016/j.cld.2017.08.006
http://doi.org/10.1038/nrendo.2016.98
http://doi.org/10.1016/j.jacl.2018.07.006
http://doi.org/10.1016/j.ebiom.2019.10.046
http://doi.org/10.1186/s12933-021-01349-9
http://doi.org/10.1038/s41598-019-56909-7
http://doi.org/10.1007/s11306-019-1484-7
http://doi.org/10.1194/jlr.R036012
http://doi.org/10.1161/CIRCRESAHA.115.307409
http://doi.org/10.1017/S0007114508888733
http://doi.org/10.1126/science.1241165
http://doi.org/10.1038/s41467-020-18262-6
http://doi.org/10.1038/s41467-018-05901-2
http://doi.org/10.1093/ibd/izx029
http://doi.org/10.1016/j.chom.2015.03.005
http://doi.org/10.1016/j.jhep.2014.11.002
http://doi.org/10.1186/s12986-017-0213-3
http://doi.org/10.1016/j.jhep.2016.01.002
http://doi.org/10.1161/CIRCULATIONAHA.116.022993


Metabolites 2022, 12, 431 19 of 20

106. Ferrannini, E.; Natali, A.; Camastra, S.; Nannipieri, M.; Mari, A.; Adam, K.P.; Milburn, M.V.; Kastenmüller, G.; Adamski, J.;
Tuomi, T.; et al. Early metabolic markers of the development of dysglycemia and type 2 diabetes and their physiological
significance. Diabetes 2013, 62, 1730–1737. [CrossRef]

107. Lemaitre, R.N.; Yu, C.; Hoofnagle, A.; Hari, N.; Jensen, P.N.; Fretts, A.M.; Umans, J.G.; Howard, B.V.; Sitlani, C.M.;
Siscovick, D.S.; et al. Circulating Sphingolipids, Insulin, HOMA-IR, and HOMA-B: The Strong Heart Family Study. Diabetes 2018,
67, 1663–1672. [CrossRef]

108. McGurk, K.A.; Keavney, B.D.; Nicolaou, A. Circulating ceramides as biomarkers of cardiovascular disease: Evidence from
phenotypic and genomic studies. Atherosclerosis 2021, 327, 18–30. [CrossRef] [PubMed]

109. Laaksonen, R.; Ekroos, K.; Sysi-Aho, M.; Hilvo, M.; Vihervaara, T.; Kauhanen, D.; Suoniemi, M.; Hurme, R.; März, W.;
Scharnagl, H.; et al. Plasma ceramides predict cardiovascular death in patients with stable coronary artery disease and acute
coronary syndromes beyond LDL-cholesterol. Eur. Heart J. 2016, 37, 1967–1976. [CrossRef] [PubMed]

110. Xia, J.Y.; Holland, W.L.; Kusminski, C.M.; Sun, K.; Sharma, A.X.; Pearson, M.J.; Sifuentes, A.J.; McDonald, J.G.; Gordillo, R.;
Scherer, P.E. Targeted Induction of Ceramide Degradation Leads to Improved Systemic Metabolism and Reduced Hepatic
Steatosis. Cell Metab. 2015, 22, 266–278. [CrossRef] [PubMed]

111. Chaurasia, B.; Tippetts, T.S.; Mayoral Monibas, R.; Liu, J.; Li, Y.; Wang, L.; Wilkerson, J.L.; Rufus Sweeney, C.; Pereira, R.F.;
Sumida, D.H.; et al. Targeting a ceramide double bond improves insulin resistance and hepatic steatosis. Science 2019, 365,
386–392. [CrossRef]

112. Duan, R.-D. Physiological functions and clinical implications of sphingolipids in the gut. J. Dig. Dis. 2011, 12, 60–70. [CrossRef]
113. Johnson, E.L.; Heaver, S.L.; Waters, J.L.; Kim, B.I.; Bretin, A.; Goodman, A.L.; Gewirtz, A.T.; Worgall, T.S.; Ley, R.E. Sphingolipids

produced by gut bacteria enter host metabolic pathways impacting ceramide levels. Nat. Commun. 2020, 11, 2471. [CrossRef]
114. Choi, Y.-J.; Yoon, Y.; Lee, K.-Y.; Kang, Y.-P.; Lim, D.K.; Kwon, S.W.; Kang, K.-W.; Lee, S.-M.; Lee, B.-H. Orotic Acid Induces

Hypertension Associated with Impaired Endothelial Nitric Oxide Synthesis. Toxicol. Sci. 2015, 144, 307–317. [CrossRef]
115. Windmueller, H.G.; Mcdaniel, E.G.; Spaeth, A. Orotic acid-induced fatty liver: Metabolic studies in conventional and germ-free

rats. Arch. Biochem. Biophys. 1965, 109, 13–19. [CrossRef]
116. Bang, W.S.; Hwang, Y.R.; Li, Z.; Lee, I.; Kang, H.E. Effects of Orotic Acid-Induced Non-Alcoholic Fatty Liver on the Pharmacoki-

netics of Metoprolol and its Metabolites in Rats. J. Pharm. Pharm. Sci. 2019, 22, 98–111. [CrossRef]
117. Al-Sawalha, N.A.; Alshogran, O.; Awawdeh, M.S.; Almomani, B.A. The effects of l-Carnosine on development of metabolic

syndrome in rats. Life Sci. 2019, 237, 116905. [CrossRef]
118. Nagai, K.; Tanida, M.; Niijima, A.; Tsuruoka, N.; Kiso, Y.; Horii, Y.; Shen, J.; Okumura, N. Role of L-carnosine in the control of

blood glucose, blood pressure, thermogenesis, and lipolysis by autonomic nerves in rats: Involvement of the circadian clock and
histamine. Amino Acids 2012, 43, 97–109. [CrossRef]

119. Anderson, E.J.; Vistoli, G.; Katunga, L.A.; Funai, K.; Regazzoni, L.; Monroe, B.; Gilardoni, E.; Cannizzaro, L.; Colzani, M.;
De Maddis, D.; et al. A carnosine analog mitigates metabolic disorders of obesity by reducing carbonyl stress. J. Clin. Investig.
2018, 128, 5280–5293. [CrossRef]

120. Baye, E.; Ukropec, J.; De Courten, M.P.; Vallova, S.; Krumpolec, P.; Kurdiova, T.; Aldini, G.; Ukropcova, B.; de Courten, B. Effect of
carnosine supplementation on the plasma lipidome in overweight and obese adults: A pilot randomised controlled trial. Sci. Rep.
2017, 7, 17458. [CrossRef]

121. Lee, Y.-T.; Hsu, C.-C.; Lin, M.-H.; Liu, K.-S.; Yin, M.-C. Histidine and carnosine delay diabetic deterioration in mice and protect
human low density lipoprotein against oxidation and glycation. Eur. J. Pharmacol. 2005, 513, 145–150. [CrossRef]

122. Arnone, D.; Vallier, M.; Hergalant, S.; Chabot, C.; Ndiaye, N.C.; Moulin, D.; Aignatoaei, A.-M.; Alberto, J.-M.; Louis, H.;
Boulard, O.; et al. Long-Term Overconsumption of Fat and Sugar Causes a Partially Reversible Pre-inflammatory Bowel Disease
State. Front. Nutr. 2021, 8, 758518. [CrossRef]

123. Gulhane, M.; Murray, L.; Lourie, R.; Tong, H.; Sheng, Y.H.; Wang, R.; Kang, A.; Schreiber, V.; Wong, K.Y.; Magor, G.; et al. High Fat
Diets Induce Colonic Epithelial Cell Stress and Inflammation that is Reversed by IL-22. Sci. Rep. 2016, 6, 28990. [CrossRef]

124. Zhang, X.; Monnoye, M.; Mariadassou, M.; Beguet-Crespel, F.; Lapaque, N.; Heberden, C.; Douard, V. Glucose but Not Fructose
Alters the Intestinal Paracellular Permeability in Association with Gut Inflammation and Dysbiosis in Mice. Front. Immunol. 2021,
12, 742584. [CrossRef]

125. Ponziani, F.R.; Bhoori, S.; Castelli, C.; Putignani, L.; Rivoltini, L.; Del Chierico, F.; Sanguinetti, M.; Morelli, D.; Sterbini, F.P.;
Petito, V.; et al. Hepatocellular Carcinoma Is Associated With Gut Microbiota Profile and Inflammation in Nonalcoholic Fatty
Liver Disease. Hepatology 2019, 69, 107–120. [CrossRef]

126. Gundling, F.; Schmidtler, F.; Hapfelmeier, A.; Schulte, B.; Schmidt, T.; Pehl, C.; Schepp, W.; Seidl, H. Fecal calprotectin is a useful
screening parameter for hepatic encephalopathy and spontaneous bacterial peritonitis in cirrhosis. Liver Int. 2011, 31, 1406–1415.
[CrossRef]

127. Lin, X.-F.; Shi, K.-Q.; You, J.; Liu, W.-Y.; Luo, Y.-W.; Wu, F.-L.; Chen, Y.-P.; Wong, D.K.-H.; Yuen, M.-F.; Zheng, M.-H. Increased
risk of colorectal malignant neoplasm in patients with nonalcoholic fatty liver disease: A large study. Mol. Biol. Rep. 2014, 41,
2989–2997. [CrossRef]

128. Lin, X.; You, F.; Liu, H.; Fang, Y.; Jin, S.; Wang, Q. Site-specific risk of colorectal neoplasms in patients with non-alcoholic fatty
liver disease: A systematic review and meta-analysis. PLoS ONE 2021, 16, e0245921. [CrossRef]

http://doi.org/10.2337/db12-0707
http://doi.org/10.2337/db17-1449
http://doi.org/10.1016/j.atherosclerosis.2021.04.021
http://www.ncbi.nlm.nih.gov/pubmed/34004484
http://doi.org/10.1093/eurheartj/ehw148
http://www.ncbi.nlm.nih.gov/pubmed/27125947
http://doi.org/10.1016/j.cmet.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26190650
http://doi.org/10.1126/science.aav3722
http://doi.org/10.1111/j.1751-2980.2011.00481.x
http://doi.org/10.1038/s41467-020-16274-w
http://doi.org/10.1093/toxsci/kfv003
http://doi.org/10.1016/0003-9861(65)90280-8
http://doi.org/10.18433/jpps30268
http://doi.org/10.1016/j.lfs.2019.116905
http://doi.org/10.1007/s00726-012-1251-9
http://doi.org/10.1172/JCI94307
http://doi.org/10.1038/s41598-017-17577-7
http://doi.org/10.1016/j.ejphar.2005.02.010
http://doi.org/10.3389/fnut.2021.758518
http://doi.org/10.1038/srep28990
http://doi.org/10.3389/fimmu.2021.742584
http://doi.org/10.1002/hep.30036
http://doi.org/10.1111/j.1478-3231.2011.02577.x
http://doi.org/10.1007/s11033-014-3157-y
http://doi.org/10.1371/journal.pone.0245921


Metabolites 2022, 12, 431 20 of 20

129. Cho, Y.; Lim, S.; Joo, S.K.; Jeong, D.; Kim, J.H.; Bae, J.M.; Park, J.H.; Chang, M.S.; Lee, D.H.; Jung, Y.J.; et al. Nonalcoholic
steatohepatitis is associated with a higher risk of advanced colorectal neoplasm. Liver Int. 2019, 39, 1722–1731. [CrossRef]

130. Xue, L.; He, J.; Gao, N.; Lu, X.; Li, M.; Wu, X.; Liu, Z.; Jin, Y.; Liu, J.; Xu, J.; et al. Probiotics may delay the progression of
nonalcoholic fatty liver disease by restoring the gut microbiota structure and improving intestinal endotoxemia. Sci. Rep. 2017, 7,
45176. [CrossRef]

131. Xiao, M.-W.; Lin, S.-X.; Shen, Z.-H.; Luo, W.-W.; Wang, X.-Y. Systematic Review with Meta-Analysis: The Effects of Probiotics in
Nonalcoholic Fatty Liver Disease. Gastroenterol. Res. Pract. 2019, 2019, 1484598. [CrossRef] [PubMed]

132. Tang, Y.; Huang, J.; Zhang, W.Y.; Qin, S.; Yang, Y.X.; Ren, H.; Yang, Q.-B.; Hu, H. Effects of probiotics on nonalcoholic fatty liver
disease: A systematic review and meta-analysis. Ther. Adv. Gastroenterol. 2019, 12, 1756284819878046. [CrossRef] [PubMed]

133. Qamar, A.A. Probiotics in Nonalcoholic Fatty Liver Disease, Nonalcoholic Steatohepatitis, and Cirrhosis. J. Clin. Gastroenterol.
2015, 49 (Suppl. 1), S28–S32. [CrossRef] [PubMed]

134. Liu, L.; Li, P.; Liu, Y.; Zhang, Y. Efficacy of Probiotics and Synbiotics in Patients with Nonalcoholic Fatty Liver Disease: A
Meta-Analysis. Am. J. Dig. Dis. 2019, 64, 3402–3412. [CrossRef]

135. Li, Z.; Yang, S.; Lin, H.; Huang, J.; Watkins, P.A.; Moser, A.B.; Desimone, C.; Song, X.; Diehl, A.M. Probiotics and antibodies to
TNF inhibit inflammatory activity and improve nonalcoholic fatty liver disease. Hepatology 2003, 37, 343–350. [CrossRef]

136. Famouri, F.; Shariat, Z.; Hashemipour, M.; Keikha, M.; Kelishadi, R. Effects of Probiotics on Nonalcoholic Fatty Liver Disease in
Obese Children and Adolescents. J. Pediatr. Gastroenterol. Nutr. 2017, 64, 413–417. [CrossRef]

137. Endo, H.; Niioka, M.; Kobayashi, N.; Tanaka, M.; Watanabe, T. Butyrate-Producing Probiotics Reduce Nonalcoholic Fatty Liver
Disease Progression in Rats: New Insight into the Probiotics for the Gut-Liver Axis. PLoS ONE 2013, 8, e63388. [CrossRef]

138. Briskey, D.; Heritage, M.; Jaskowski, L.-A.; Peake, J.; Gobe, G.; Subramaniam, V.N.; Crawford, D.; Campbell, C.; Vitetta, L.
Probiotics modify tight-junction proteins in an animal model of nonalcoholic fatty liver disease. Ther. Adv. Gastroenterol. 2016, 9,
463–472. [CrossRef]

139. Lavekar, A.S.; Raje, D.V.; Manohar, T.; Lavekar, A.A. Role of Probiotics in the Treatment of Nonalcoholic Fatty Liver Disease: A
Meta-analysis. Euroasian J. Hepatogastroenterol. 2017, 7, 130–137. [CrossRef]

140. Litvak, Y.; Byndloss, M.X.; Bäumler, A.J. Colonocyte metabolism shapes the gut microbiota. Science 2018, 362, eaat9076. [CrossRef]
141. World Health Organization. AUDIT: The Alcohol Use Disorders Identification Test: Guidelines for Use in Primary Health Care; World

Health Organization: Geneva, Switzerland, 2001; Available online: https://apps.who.int/iris/handle/10665/67205 (accessed on
5 May 2020).

142. Sequeira, I.R.; Lentle, R.G.; Kruger, M.C.; Hurst, R.D. Standardising the Lactulose Mannitol Test of Gut Permeability to Minimise
Error and Promote Comparability. PLoS ONE 2014, 9, e99256. [CrossRef]

143. Kingstone, K.; Gillett, H.R. Lactulose-mannitol intestinal permeability test: A useful screening test for adult coeliac disease. Ann.
Clin. Biochem. 2001, 38, 415–416.

144. Dastych, M.; Dastych, M., Jr.; Novotna, H.; Cihalova, J. Lactulose/mannitol test and specificity, sensitivity, and area under curve
of intestinal permeability parameters in patients with liver cirrhosis and Crohn’s disease. Dig. Dis. Sci. 2008, 53, 2789–2792.
[CrossRef]

145. Chen, W.W.; Freinkman, E.; Wang, T.; Birsoy, K.; Sabatini, D.M. Absolute Quantification of Matrix Metabolites Reveals the
Dynamics of Mitochondrial Metabolism. Cell 2016, 166, 1324–1337. [CrossRef]

146. Smith, C.A.; O’Maille, G.; Want, E.J.; Qin, C.; Trauger, S.A.; Brandon, T.R.; Custodio, D.E.; Abagyan, R.; Siuzdak, G. METLIN: A
metabolite mass spectral database. Ther. Drug Monit. 2005, 27, 747–751. [CrossRef]

147. Kind, T.; Liu, K.-H.; Lee, D.Y.; DeFelice, B.; Meissen, J.K.; Fiehn, O. LipidBlast in silico tandem mass spectrometry database for
lipid identification. Nat. Methods 2013, 10, 755–758. [CrossRef]

148. Zhao, S.; Guo, Y.; Sheng, Q.; Shyr, Y. Advanced Heat Map and Clustering Analysis Using Heatmap3. BioMed Res. Int. 2014, 2014,
986048. [CrossRef]

149. Virtanen, P.; Gommers, R.; Oliphant, T.E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;
Bright, J.; et al. SciPy 1.0: Fundamental algorithms for scientific computing in Python. Nat. Methods 2020, 17, 261–272. [CrossRef]

150. Harris, C.R.; Millman, K.J.; van der Walt, S.J.; Gommers, R.; Virtanen, P.; Cournapeau, D.; Wieser, E.; Taylor, J.; Berg, S.;
Smith, N.J.; et al. Array programming with NumPy. Nature 2020, 585, 357–362. [CrossRef]

151. Hunter, J.D. Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 2007, 9, 90–95. [CrossRef]
152. Pedregosa, F.; Varoquaux, G.; Gramfort, A.; Michel, V.; Thirion, B.; Grisel, O.; Blondel, M.; Prettenhofer, P.; Weiss, R.;

Dubourg, V.; et al. Scikit-learn: Machine Learning in Python. J. Mach. Learn. Res. 2011, 12, 2825–2830.

http://doi.org/10.1111/liv.14163
http://doi.org/10.1038/srep45176
http://doi.org/10.1155/2019/1484598
http://www.ncbi.nlm.nih.gov/pubmed/31885541
http://doi.org/10.1177/1756284819878046
http://www.ncbi.nlm.nih.gov/pubmed/31598135
http://doi.org/10.1097/MCG.0000000000000347
http://www.ncbi.nlm.nih.gov/pubmed/26447961
http://doi.org/10.1007/s10620-019-05699-z
http://doi.org/10.1053/jhep.2003.50048
http://doi.org/10.1097/MPG.0000000000001422
http://doi.org/10.1371/journal.pone.0063388
http://doi.org/10.1177/1756283X16645055
http://doi.org/10.5005/jp-journals-10018-1233
http://doi.org/10.1126/science.aat9076
https://apps.who.int/iris/handle/10665/67205
http://doi.org/10.1371/journal.pone.0099256
http://doi.org/10.1007/s10620-007-0184-8
http://doi.org/10.1016/j.cell.2016.07.040
http://doi.org/10.1097/01.ftd.0000179845.53213.39
http://doi.org/10.1038/nmeth.2551
http://doi.org/10.1155/2014/986048
http://doi.org/10.1038/s41592-019-0686-2
http://doi.org/10.1038/s41586-020-2649-2
http://doi.org/10.1109/MCSE.2007.55

	Introduction 
	Results 
	Goal of the Study 
	Clinical and Biochemical Analysis of Study Cohort 
	Metabolic Syndrome Participants Showed Systemic Inflammation That Correlated with Dyslipidemia 
	Metabolomics Revealed Altered Fecal Metabolites in Metabolic Syndrome Participants 

	Discussion 
	Conclusions 
	Limitation of the Study 
	Methods 
	Participants 
	Clinical Visit 
	Intestinal Permeability Assay 
	Fecal Metabolomics 
	Statistical Analysis 

	References

