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Abstract

Purpose Probiotic species of butyrate producers have been investigated for the potential in preventing and treating obesity
and overweight. However, Clostridium cochlearium has not been linked with any health benefits. We hypothesized that C.
cochlearium could be a promising new probiotic with health benefits in improving body weight control and insulin sensitivity.
Methods Productions of short-chain fatty acids (SCFAs) were characterized for C. cochlearium by NMR and GC-MS
analyses. Probiotic effects of C. cochlearium were evaluated through diet-induced obese (DIO) C57BL/6 mice. The influ-
ence of C. cochlearium administration on gut SCFAs was measured using GC-MS. LC-MS-based untargeted metabolomic
profiling and multivariate analysis were used to assess the serum metabolic alteration, identify biomarkers and pathways in
response to the C. cochlearium administration.

Results After 17 weeks of diet intervention, body weight gain of CC group (fed with a high-fat diet supplemented with
C. cochlearium) showed a 21.86% reduction from the high-fat diet (HF) control group (P <0.001), which was specifically
reflected on the significantly lowered fat mass (CC vs HF, 17.19 g vs 22.86 g, P <0.0001) and fat percentage (CC vs HF,
41.25% vs 47.10%, P <0.0001), and increased lean percentage (CC vs HF, 46.63% vs 43.72%, P <0.05). C. cochlearium
administration significantly reduced fasting blood glucose from week 8 (P <0.05 or 0.01), and eventually improved insu-
lin sensitivity (HOMA-IR, CC vs HF, 63.77 vs 143.13, P <0.05). Overall lowered levels of SCFAs were observed in the
gut content of CC group. Metabolomic analysis enabled the identification of 53 discriminatory metabolites and 24 altered
pathways between CC and HF groups. In particularly, most of the pathway-matched metabolites showed positive correla-
tions with body weight, which included glutamate, phenylalanine, ornithine, PCs, LPCs, AcCas, proline, 5,6-dihydrouracil,
pyroglutamic acid, and 1-pyrroline-4-hydroxy-2-carboxylate.

Conclusions The beneficial effects of C. cochlearium could be related to its ability to restore certain obesity-driven biomark-
ers and pathways, especially downregulating pathways related to specific amino acids, PCs, LPCs and AcCas. Further research
is warranted to investigate related metabolites and metabolic pathways. C. cochlearium may be developed as a promising
new probiotic for the prevention or alleviation of obesity and diabetes in human.

Keywords C. cochlearium - Body weight control - Insulin sensitivity - Metabolomic analysis - High-fat diet-induced obese
C57BL/6 mice

Introduction

Obesity has become a major public health issue. From
1975 to 2016, the worldwide prevalence of obesity has
04 Kequan Zhou been almost tripled to over 650 million. Together with
kzhou@wayne.edu overweight, the total number was more than 1.9 billion,
Department of Nutrition and Food Science, Wayne State accounting for 39% of adults [1]. Obesity and overweight
University, Detroit, MI 48202, USA are the primary risk factors for noncommunicable dis-

Byrdine F. Lewis College of Nursing and Health Professions, eases including type 2 diabetes, cardiovascular diseases,
Georgia State University, Atlanta, GA 30303, USA non-alcoholic fatty liver and certain types of cancers [1,
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2]. Lifestyle management and medical treatments are not
enough to combat obesity, and it is imperative to identify
new preventive and/or therapeutic strategies that are safe
and sustainable [3, 4].

Probiotics has shown a potential to be developed as a
safe nutritional strategy for obesity prevention and treat-
ment [5]. The human gut is colonized by as many as 10'*
bacterial cells, which tightly links the intake of nutrients
to the host health and diseases [6]. As live beneficial
microorganisms [7], probiotics play an important role in
restoring the gut microbial dysbiosis and downstream dys-
regulated pathways that are highly associated with obesity
and related metabolic syndrome [8]. Indeed, research has
identified some potential anti-obesity probiotics, such as
species of Lactobacillus, Bifidobacterium and Enterococ-
cus [9, 10], and newly uncovered species of Pediococcus,
Bacteroides, Akkermansia, Saccharomyces, Eubacterium,
Parabacteroides and Clostridium [5, 11, 12]. Of which,
butyrate-producing probiotics have attracted particular
interest because of recent findings showing that butyrate
supplement improved obesity-associated metabolic syn-
drome including insulin resistance and dyslipidemia [13].
Oral treatment of Eubacterium hallii, a butyrate producer,
also improved insulin sensitivity in db/db mice [12].

Butyrate-producing bacteria are widely distributed in
human colon, but belong to relatively fewer genera includ-
ing Anaerostipes, Butyrivibrio, Coprococcus, Eubac-
terium, Roseburia, Ruminococcus and Clostridium [14,
15]. Clostridium is a large genus of Gram-positive and
obligate anaerobic bacteria with diverse functions [16].
Although containing some human pathogens, such as dif-
ficile, botulinum and tetani, Clostridium species could be
used as probiotics as well [16, 17]. C. butyricum has been
found to improve not only non-antimicrobial-induced diar-
rhea and irritable bowel syndrome [18, 19], but also obe-
sity and diabetes [20, 21]. Previous studies showed that
C. cochlearium is an excellent butyrate producer as well
[22, 23]. C. cochlearium is also a common commensal
bacteria found in the gut of mammalian, such as mice,
rabbits and human without associating with any harmful
effects [24, 25]. Our preliminary data showed that dietary
treatment of C. cochlearium reduced body weight gain in
high-fat diet fed mice. Therefore, we hypothesized that
C. cochlearium could be a promising new and safe probi-
otic with health benefits in improving body weight control
and insulin sensitivity, potentially via butyrate production.
In this investigation, butyrate and other short chain fatty
acids (SCFAs) production of C. cochlearium was analyzed
using NMR and GC-MS methods. Serum metabolites of
mice were profiled by untargeted LC-MS metabolomic
analysis, which led to the identification of potential bio-
markers involving the mechanisms of probiotic benefits
of C. cochlearium.
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Methods
Preparation of C. cochlearium

C. cochlearium was purchased from ATCC (Manassas,
VA, USA). It was cultured under anaerobic conditions
with modified peptone yeast glucose (PYG) medium [12,
26, 27]. At the end of the exponential phase, bacterial
culture was collected and centrifuged to remove media.
The bacterial pellet was washed with sterile phosphate-
buffered saline and mixed with 25% glycerol in medium
to reach the final concentration of 10'° CFU/mL. Viabil-
ity was assessed using the most probable number analysis
by dilution to extinction and confirmed by microscopic
analysis. Bacteria were stored at — 20 °C and used within
1 week.

Animal experiment

The protocol was approved by the Institutional Animal
Care and Use Committee (IACUC) at the Wayne State
University. Thirty-six 6-week-old male C57BL/6 mice
were purchased from Charles River Laboratories (Wilm-
ington, MA, USA). Mice were housed under 12-h light/
dark cycle, controlled humidity (40% + 10%) and constant
temperature (24 ‘C+1 °C). After 1 week of acclimati-
zation, mice were randomly assigned into three groups
(n=12, 6 mice per cage). The experimental group (CC)
was treated with C. cochlearium (10° CFU/100 uL in ster-
ile water) by gavage of 200 pL/mouse/day, fed ad libitum
with high-fat diet. High-fat diet (HF) control and low-fat
diet (LF) control groups were treated with the same dose
of sterile water as the CC group. Mouse diets were pur-
chased from Research Diets Inc. (New Brunswick, NJ,
USA). The high-fat diet (D12492M) contained 5.24 kcal
per gram with 60% of calories from fat and 20% of calories
from carbohydrate, while the low-fat diet (D12450J) con-
tained 3.85 kcal per gram with 10% from fat and 70% from
carbohydrate. Besides, they possessed the same amounts
of cellulose, minerals, and vitamins.

The experimental lasted 17 weeks, food intake and
body weight were monitored weekly, the fasting blood
glucose was measured at weeks 5, 8, 12, 16. At week 12,
fecal pellets within 24-h were collected from each cage,
and fecal calories was measured on a Bomb Calorimeter
(Parr, Moline, IL). The net calorie absorption was cal-
culated by subtracting fecal calorie defecation (cal/day/
mouse) from food calorie intake (cal/day/mouse). At week
17, body composition was measured for fat and lean mass
using EchoMRI-100 analyzer (Houston, TX, USA). The
fasting blood glucose was measured with an Accu-check
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glucometer (Roche, Indianapolis, IN, USA), and the
fasting insulin was measured using the ultra-sensitive
mouse insulin ELISA kit (Crystal Chem, Doners Grove,
IL, USA). The homeostatic model assessment of insulin
resistance (HOMA-IR) was calculated as follows: [fasting
glucose (mg/dL) X fasting insulin level (WU/mL)]/405 [28].

At the end, the blood samples were collected under anes-
thesia through cardiac puncture, followed with coagulation
and centrifugation to obtain the supernatant serum. The
serum samples were stored at — 80 °C until metabolomic
analysis. The mice were finally euthanatized by exposing
to CO,. The gut content of cecum and colon was collected
and quenched immediately using liquid nitrogen, stored at
— 80 °C until use.

NMR-based characterization of C. cochlearium
fermentation medium

C. cochlearium and Escherichia coli (from ATCC, Manas-
sas, VA, USA) were both cultured in PYG medium (n=23).
Specifically, 0.1 mL (10° CFU) of seeds were inoculated into
10 mL of PYG and incubated under anaerobic condition for
C. cochlearium and aerobic conditions for E. coli. Then,
their fermented media and a blank PYG were centrifuged
to obtain clear supernatant. Samples were further prepared
with phosphate bufter (pH 7.4) containing 10% D,0O (Cam-
bridge Isotope Laboratories, Inc., Andover, MA, USA),
0.5 mM sodium salt of 3-trimethylsilylpropionic acid (TSP;
Sigma-Aldrich, St. Louis, MO, USA) and 1.5 mM NaNj,
(Sigma-Aldrich, St. Louis, MO, USA) [29]. The proton
NMR spectra were acquired on an Agilent DD2-600 MHz
NMR spectrometer (Santa Clara, CA, USA), with  in ppm
related to TSP and J in Hz. The pulse sequence water ES
was used to suppress water peak, and the number of scans
was 64.

GC-MS measurement of SCFAs in mouse gut
and bacterial media

The concentrations of short-chain fatty acids (SCFAs) in the
gut content of mice and culture media of C. cochlearium and
E. coli were determined through gas chromatography-mass
spectrometry (GC-MS) [30, 31]. The gut contents were
extracted with water containing 5 mM NaOH, in a ratio of
1 mg/50 pL. The culture media were centrifuged to obtain
supernatant. Prepared samples were further derivatized by pro-
pyl chloroformate (PCF) with a mixture of propanol/pyridine
(3:2, v/v), followed by extraction with hexane. The derivatized
SCFAs were measured on an Agilent 6890/5973 GC-MS sys-
tem (Palo Alto, CA, USA) equipped with a Thermo Scientific
TG-5MS capillary column (30.0 mx0.25 mm i.d., 0.25 pm
film; Waltham, MA, USA). The injection volume was 1 pL.
The carrier gas was helium with a flow rate at 2 mL/min.

The temperature program was as follows: 40 °C for 2 min,
increased to 130 °C at 10 °C/min, then increased to 165 °C
at 5 °C/min, and increased to 300 °C at 80 °C/min, held for
2 min. The selected ion monitoring (SIM) mode was applied.
The quantitative ions of acetate, propionate and butyrate were
m/z 61,75 and 71, and their retention times were 2.119, 3.309
and 4.741 min, respectively.

Untargeted LC-MS metabolomic analysis of mouse
serum

Serum samples were thawed on ice, and mixed with chilled
HPLC grade methanol (Merck Pvt., Mumbai, IN, USA) in
the ratio of 1:3 (v/v) to precipitate protein [32]. The mix-
tures were vortexed for 1 min, followed by centrifugation for
5 min at 17 G. The supernatants were carefully transferred
into autosampler vial and stored at 4 °C until use. A quality
control (QC) sample was prepared by pooling equal volume
of each serum, a blank sample was prepared using water, and
both were treated following the same procedure as serum
samples.

The metabolomic profiling of serum samples was per-
formed on a Dionex UltiMate 3000 RSLC UHPLC system
(Thermo Scientific, Waltham, MA, USA) coupled with a
quadrupole-orbitrap mass spectrometer (Q Exactive, HF
Hybrid; Thermo Scientific, Waltham, MA, USA), and
equipped with an ACQUITY UPLC BEH HILIC column
(130 A, 1.7 ym, 2.1 mm X 150 mm; Waters, Milford, MA,
USA). The mobile phase consisted of solvents A (10 mM
ammonium formate with 0.1% formic acid, v/v) and B (ace-
tonitrile with 0.1% formic acid, v/v). The gradient elution
was as follows: 0-0.5 min, 95% of B; 0.5-9.0 min, from
95 to 40% of B; 9.0-9.1 min, from 40 back to 95% of B;
9.1-10.0 min, 95% of B. The flow rate was 0.4 mL/min,
the column was kept at 30 °C, and the injection volume
was 2 pL. The mass spectrometry was operated in full scan
mode with a resolution of 240,000 full width at half maxi-
mum (FWHM) at 200 m/z. The data were acquired in both
positive and negative ionization modes with a mass range
of 70-1050 m/z.

Due to inadequate serum amounts for 2 mice in LF group,
2 in HF group and 3 in CC group, ultimately 29 serum sam-
ples were chemically profiled in a randomized order started
from the fifth injection. The QC samples were analyzed as
the first three injections, then every seventh injection. The
blank sample was run twice with the first one as the fourth
injection, while another one as the injection 26.

Metabolomic data analysis and biomarker
identification

The software Compound Discoverer 3.0 (CD; Thermo Sci-
entific, Waltham, MA, USA) was used to align, integrate and
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normalize the chromatographic peaks, and produce meta-
bolic features (m/z and retention time) based on the pooled
QC sample [33, 34]. The generated feature list was filtered to
remove those peaks presented in less than 50% of QC sam-
ples, had areas less than five times the background, and with
relative standard deviation (RSD) greater than 30% across
QC samples. To reduce the statistical influence of greatly
different variance of particular metabolites, the filtered data
were further normalized using Pareto scaling. Principal
component analysis (PCA), and an orthogonal partial least
squares-discriminant analysis (OPLS-DA) with permuta-
tion test were performed for data acquired in positive and
negative ionization modes, respectively, using the SIMCA-P
software (Version 14.0.1, Umetrics, Umea, Sweden). There-
after, discriminatory features between HF and CC groups
were generated based on the criteria that values of Variable
Importance in the Projection (VIP) equal to or more than
two, and two tailed Student’s 7 test P value <0.05.

Potential molecular formulas of metabolic features were
calculated according to their accurate masses and isotope
patterns. The database mzCloud, mzVault and ChemSpi-
der were searched to identify potential candidates, and
their hit accuracies were manually confirmed as well. Only
metabolites with high matches to the MS/MS libraries were
assigned the names of compounds. Identified differential
biomarkers were further uploaded to the platform Meta-
boAnalyst 5.0 (https://www.metaboanalyst.ca/MetaboAnal
yst/home.xhtml) for enrichment analysis, as well as path-
way searching through the Mus musculus (mouse) library
of Kyoto Encyclopedia of Genes and Genomes (KEGG).
Spearman’s rank correlations between 24 biomarkers hit
pathways and six phenotype variables were calculated for
CC and HF groups using the “psych” package in R (V 4.0.4),
and the result was presented in a heat map using the “pheat-
map” package.

Statistical analysis

Normal distribution was analyzed by Anderson—Dar-
ling, D’Agootino-Pearson, Shapiro—-Wilk, or Kolmogo-
rov—Smirnov in GraphPad Prism (V 7.00). The results of
body weight and composition (n=12 mice per group), fast-
ing blood glucose (n=12 mice per group), insulin resist-
ance (n=_8 mice per group), and energy homeostasis (n =2
cages per group) were presented as means + SEM. Statistical
comparisons between two groups were analyzed using Stu-
dent’s 7 test. Significance was indicated with * for P <0.05,
** for P<0.01, *** for P<0.001, and **** for P <0.0001.
SCFA concentrations of mouse gut content and bacterial fer-
mentation were also expressed as means + SEM (n =3 repli-
cates per group). Their statistical significance among three
groups was compared by one-way ANOVA and Tukey’s test
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(P <0.05), using the SPSS software for Windows (version
25,2017, IBM).

Results

C. cochlearium treatment improved body
composition

The initial body weights at week 1 were 22.75 g for LF
group, 23.59 g for CC groups, and 25.46 g for HF group.
As shown in Fig. 1, the LF control group showed the least
body weight gain throughout the dietary treatment. The C.
cochlearium treatment showed significantly lowered body
weight gain than the HF group did from week 2 to the end
of the dietary treatment (P <0.01). At the end of the treat-
ment, the averaged body weight gain of HF, CC and LF
groups were 25.75 g, 20.12 g and 7.78 g, respectively. The
HF and CC groups gained body weights 3.3 and 2.5 times
the gain of LF group due to the feeding of high-fat diet.
While the C. cochlearium supplementation reduced body
weight gain by 5.63 g, a 21.86% reduction compared to HF
group (P <0.001, Fig. 1). Eventually, the LF group exhib-
ited the lowest absolute body weight at week 17, while
the CC group was 7.55 g lower than HF group, a 14.74%
reduction (P <0.0001, Table 1). In terms of body composi-
tion (Table 1), the three groups showed similar lean mass
(19-21 g), however, the fat masses of HF and CC (22.86 g
and 17.19 g) were more than three times of the LF group
(5.74 g). Furthermore, C. cochlearium treatment resulted in
significantly lowered fat mass (P < 0.0001) and fat percent-
age (P <0.0001), while increased lean percentage (P < 0.05)
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Fig.1 Body weight (BW) gains of 17 weeks. Values are
means+SEM, n=12 mice per group. *P<0.05, **P<0.0l,

##%P <(0.001, and ****P<(0.0001 indicating significance between
CC and HF groups. CC the group treated with C. cochlearium and
fed with high-fat diet, HF high-fat diet control group, LF low-fat diet
control group
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Table 1 Body composition, insulin resistance and energy homeostasis of LF, HF and CC groups

Variable LF CC HF P value n
CCvs.LF CCvs. HF LF vs. HF

BW at week 17, g 30.53+0.80 43.67+1.20 51.22+0.68 Hopokok ok oAk 12

Fat mass, g 5.74+0.64 17.19+£0.64 22.86+0.57 ok hokokok oAk 12

Fat% 19.39+2.14 41.25+0.88 47.10+0.76 ok hokokok oAk 12

Lean mass, g 19.98 +0.91 19.34+0.44 21.19+0.40 0.5362 *E 0.2407 12

Lean% 66.99+2.13 46.63+0.82 43.72+0.74 oAk * oAk 12

Fat/Lean 0.30+0.04 0.89+0.03 1.08 +0.03 oAk ok ook 12

Insulin, pU/mL 57.07+6.35 140.01 +18.82 255.64+£36.57  Fk* * ok 8

HOMA-IR 22.39+2.79 63.77+£12.11 143.13£2590  ** * Howk 8

Food intake, cal/day/mouse 10,385.99 +200.20 10,660.97 +90.93 11,324.80+343.76 0.3376 0.2029 0.1422 2 (cages)

Fecal calories, cal/day/mouse 788.63 +1.94 112044 +18.38  1286.90+34.57  ** 0.0511 o 2 (cages)

Calorie absorption, cal/day/mouse ~ 9597.36 +198.26  9540.52+109.31 10,037.91+309.20 0.8252 0.2686 0.3532 2 (cages)

Data are expressed as means + SEM, and significance are indicated with *P <0.05, **P <0.01, ***P <0.001, and ****P <0.0001. CC refers to
the group treated with C. cochlearium and fed with high-fat diet; HF is high-fat diet control group, and LF is low-fat diet control group
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Fig.2 Fasting blood glucose at weeks 5, 8, 12 and 16. Values are
means + SEM, n=12 mice per group. *P <0.05 and **P <0.01 indi-
cating significance between CC and HF groups. CC the group treated
with C. cochlearium and fed with high-fat diet, HF high-fat diet con-
trol group, LF low-fat diet control group

than the CC group. The ratio of fat to lean mass of CC group
was reduced to 0.89 from 1.08 for the HF group (P <0.001).

C. cochlearium treatment improved insulin
sensitivity

At week 5 of the treatment, the CC group began to show a
trend of lowered fasting blood glucose than the HF group
(Fig. 2). The difference became significant at week 8 until
the end of experiment. At week 16, the fasting blood glu-
cose were 223.8 mg/dL for HF group, 175.1 mg/dL for CC,
and 162.6 mg/dL for LF. Meanwhile, the CC group had a
reduced insulin level of 140.01 uU/mL as compared to the
level of 255.64 uU/mL for HF group (P <0.05). Moreover,

the CC group had a significantly lowered HOMA-IR (63.77)
than the HF group did (P <0.05), suggesting an improved
insulin sensitivity by C. cochlearium treatment (Table 1).

Effects of C. cochlearium treatment on energy
homeostasis

Effects of C. cochlearium treatment on food intake and
fecal calories are included in Table 1. The averaged calo-
ries (cal/day/mouse) intake did not show significant differ-
ence between CC and LF, and CC and HF groups. The CC
group exhibited significantly higher fecal calories than the
LF group (P <0.01), while no significant difference from
the HF group. As for their net calorie absorption (calorie
intake minus calorie defecation), no significant difference
was observed among the three groups.

Chemical characterization of C. cochlearium
fermentation

The metabolites of C. cochlearium fermentation were pro-
filed by NMR and then GC-MS methods. E. coli is not a
butyrate producer [35], it was used as a negative control to
distinguish the metabolites of C. cochlearium. Supplemental
Fig. 1 exhibited water suppressed proton NMR for cultures
of C. cochlearium and E. coli in PYG medium. Enlarged and
annotated spectra are shown in Fig. 3a, b. Comparing to the
PYG control, it was evident that adenosine was consumed,
while adenine and acetate were generated by both bacteria.
In addition, E. coli produced ethanol, lactate and succinate.
It is worth noting that C. cochlearium excreted butyrate
and consumed glutamate. Figure 3c shows the quantitative
results of SCFASs in bacterial fermentation by GC-MS. Both
bacteria significantly produced acetate (P <0.05), while E.
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Fig.3 Chemical characteriza- a
tion for the fermentation of C. 6H: 5.6-8.7 Ppm
cochlearium and E. coli in PYG
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NMR spectra with chemi- i cul 7
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coli (637.27 pg/mL) more than doubled the amount C. coch-
learium produced (314.05 pg/mL). There was no significant
change for propionate. In particular, C. cochlearium was
able to generate butyrate up to 1106.29 pg/mL, while E.
coli showed no change for butyrate.

C. cochlearium treatment modified SCFAs of gut
content

As for the three SCFAs in mouse gut content, HF group pos-
sessed the highest concentrations among the three groups
(Fig. 4, P <0.05). CC group had the higher level of acetate
than LF, but no significant difference with LF on propionate
and butyrate.

C. cochlearium treatment altered serum metabolites
and pathways

LC-MS-based untargeted method was used to profile the
serum metabolomic modification caused by C. cochlearium
supplementation. A list of 5825 feature metabolites, includ-
ing 3492 positive and 2333 negative features, was generated
from the raw data processing and filtration.

Based on the analysis on features of the positive mode,
the LF group was distinctly separated from clusters of the
HF and CC groups in the unsupervised PCA scores plot
(Supplemental Fig. 2a), suggesting that the low-fat diet dis-
tinguished serum metabolic characterization of the LF group
from the metabolites of the high-fat diet groups (the HF and
CC groups). In addition, the CC group was largely separated
from the HF group by component three in the PCA scores
plot (Fig. 5a). In the supervised OPLS-DA plot (Fig. 5b),

6100- i
= e = LF
o
£ 80 CcC
3
Ts’ d = HF
3 60117
£
= 404
£
7}
<< 204 c
L ab b ab b
a
& 0 = [ I-I
Acetate Propionate Butyrate

Fig.4 Gut acetate, propionate and butyrate in CC, HF and LF groups.
The vertical bars represent SEM (n=3 replicates per group) for
each data point, and different letters represent significant differences
(P<0.05). CC the group treated with C. cochlearium and fed with
high-fat diet, HF high-fat diet control group, LF low-fat diet control

group

the HF and CC groups were significantly separated into two
clusters that were far away from each other. The model pre-
sented an R2X(Cum) at 0.566, a goodness-of-fit R* at 0.956,
and a goodness-of prediction Q* at 0.781. Permutation test
was further performed to validate the OPLS-DA model
(Fig. 5¢). As a result, all permutated blue 0 values to the
left were lower than the original point to the right (Axis
Y=0.781), and the blue regression line of Q*-points inter-
sected the left vertical axis below zero (— 0.574), suggesting
that the OPLS-DA separation was valid without overfitting
[36].

Features of the negative mode did not exhibit good sepa-
ration between the low-fat diet group and the high-fat diet
groups (Supplemental Fig. 2d). However, a trend of separa-
tion was observed between the CC and HF groups (Fig. 5d).
The OPLS-DA model of the negative mode showed a sig-
nificant group classification (Fig. 5e), and presented an
RZX(Cum) at 0.490, a goodness-of-fit R? at 0.768, and a good-
ness-of prediction Q% at 0.131. Although some permutated
blue Q%-values were higher than the original point (Axis
Y=0.131), the OPLS-DA model did not overfit the data con-
sidering that the blue regression line of Q*-points intersected
the vertical axis below zero (— 0.347) (Fig. 5f).

With the threshold VIP values >2 and P <0.05, 65 dis-
criminatory features were obtained from OPLS-DA analysis.
Of which, 51 were generated from the data of the positive
ionization mode and 14 from the negative mode (Supple-
mental Table 1). The enrichment analysis classified the 53
structurally identified metabolites into categories of amino
acids and peptides (9), acylcarnitines (7), glycerophospho-
cholines (5), benzamides (4), hydroxy acids (2), pyrimidines
(2), indoles (1), carboxylic acids (1), pyrrolines (1), organic
carbonic acids (1), TCA acids (1), fatty amides (1), and oth-
ers. Nine of these identified metabolites were up-regulated
by the C. cochlearium treatment while the others were
down-regulated. Among them, 24 identified biomarkers hit
24 pathways of mouse metabolism (Table 2). Correspond-
ingly, most of the matched pathways were down-regulated,
except for those related to arginine, LPC (18:2) and LPC
(22:6).

Correlations between probiotic effects and serum
biomarkers

The heat map (Fig. 6) summarized the 24 pathway-matched
biomarkers into two major clusters, which differentiated
the 21 down-regulated biomarkers (cluster A) from the 3
up-regulated ones (cluster B). The six phenotype variables
were also separated into two primary clusters, with body
lean percentage (cluster 1) as an opposite characterization to
the others (cluster 2). The insulin-related variables (cluster
2.1) were further clustered from the body mass-related vari-
ables (cluster 2.2).

@ Springer



2224 European Journal of Nutrition (2022) 61:2217-2229
a Positive mode_PCA_Pareto_CC-HF c« d Negative mode_PCA_Pareto_CC-HF cc
| mr
A
20000 4 15000 1
15000 =7 s
i Py s 10000 1 °
10000 - -
i @ cds cc| @HF11
i 5@ cC4 ® ® g 5000 HF_8 e " »
5000 7 ] CC 10 .’
i cce HF_3 - CcC9 HF_10
- o] (&) R ® 4 - o @ s o @ [ }
= ] HF1 @RCCl | HE11 @ ..HF,g = ccs HF2 (@HF6  @HF3
-5000 3 cc1 o HF_4
] P @10 -5000 ] -1 @ o
-10000 - oN2 @ - HF9 @ @HE_T
i HE 8 -10000 1
15000 ® @cc3
-20000 1 -15000
~25000 3 T T T T T T -20000 T T T T T T
40000 -30000  -20000  -10000 0 10000 20000 30000 40000 -30000  -20000  -10000 0 10000 20000 30000
1] 1]
b Positive mode_OPLS-DA_Pareto_CC-HF cc e Negative mode_OPLS-DA_Pareto_CC-HF cc
[ b [
HF 8
30000 | o
20000 | cc1
@2 @
20000 | o
s HF_8 10000 | deg
10000 @ ® (€] @2
% 6 HF1@ —@HFS6 = @cco @cc4 HF 6 @
g - 3
: 0 8 HF_7 7 0 A [ s
3 T @cs O g @ © O =" "=
e cC5 HF_10 1] HF_1 .. 7
= -10000 ] (e HE3 @ = 7 @@ @Hre
cco ooCC} HF 4 -10000 @CC HF1T  @HF_10
HF9
20000 1 - o
-20000 |
-30000 ]
-40000 . | | ‘ ‘ - ‘ . -30000 : : : ;
25000 -20000 -15000 -10000 -5000 0 5000 10000 15000 20000 -30000 -20000 ~10000 0 10000 20000
1.00654 * 1] 1.03834 * t[1]
c Positive mode_Permutation_OPLS-DA_CC-HF or f Negative mode_Permutation_OPLS-DA_CC-HF o
2
Intercepts: R2=(0.0, 0.856), Q2=(0.0, -0.574) ma Intercepts: R2=(0.0, 0.648), Q2=(0.0, -0.347) L RS
e m o= -0
B -f-0-06-- A
$-0o o
] ® .- ,
05 | -
l l -7 05 |
0
0
05 |
=
05 |
A
15 T
| |
2 T T T T T 15 T T T T T
02 0 02 04 06 08 1 02 0 02 04 06 08 1

200 permutations 1 components

Fig.5 Multivariate analysis of serum metabolites between CC and
HF groups (N=19). Principal component analysis (PCA) scores
plots (a and d), orthogonal partial least squares-discriminant analy-
sis (OPLS-DA) scores plots (b and e), and permutation validation of
OPLS-DA models (¢ and f) for data collected in positive and nega-

Discussion

The primary objectives of this study were to evaluate the
probiotic effects of C. cochlearium supplementation on DIO
mice, and to assess their potential mechanisms of actions via
chemical characterization. C. cochlearium administration
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200 permutations 1 components

tive ionization modes. Data were normalized by Pareto scaling. An
ellipse represents the 95% confidence interval using Hotelling's 77
statistics. CC the group treated with C. cochlearium and fed with
high-fat diet, HF high-fat diet control group

significantly reduced body weight gains and body fat on
mice. Body composition has been considered a more impor-
tant clinical factor, because the fat mass and distribution are
more associated with the metabolic disorders of obesity [37,
38]. A major one of these complications is impaired insu-
lin sensitivity [39]. C. cochlearium intake also significantly
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Table 2 Altered biomarkers and pathways by C. cochlearium treatment
Pathway Name Match Status Metabolite hit Regulation
Aminoacyl-tRNA biosynthesis 6/48 Glutamate, Glutamine, Arginine, Asparagine, Proline, Down or UP*
Phenylalanine
Arginine and proline metabolism 6/38 Glutamate, Arginine, Proline, Ornithine, S-Adenosyl-L- Down or UP*
methionine (AcCa), 1-Pyrroline-4-hydroxy-2-carboxylate
Arginine biosynthesis 4/14 Glutamate, Glutamine, Arginine, Ornithine Down or UP*
Alanine, aspartate and glutamate metabolism 3/28 Glutamate, Glutamine, Asparagine Down
Glutathione metabolism 3/28 Glutamate, Ornithine, 5-Oxoproline (Pyroglutamic acid) Down
Glyoxylate and dicarboxylate metabolism 3/32 Glutamate, Glutamine, cis-Aconitate Down
D-Glutamine and D-glutamate metabolism 2/6 Glutamate, Glutamine Down
Nitrogen metabolism 2/6 Glutamate, Glutamine Down
Butanoate metabolism 2/15 Glutamate, (R)-3-Hydroxybutanoate Down
Linoleic acid metabolism 1/5 Glutamate Down
Histidine metabolism 1/16 Glutamate Down
Porphyrin and chlorophyll metabolism 1/30 Glutamate Down
Purine metabolism 1/66 Glutamine Down
Pyrimidine metabolism 2/39 Glutamine, 5,6-Dihydrouracil Down
Pantothenate and CoA biosynthesis 1/19 5,6-Dihydrouracil Down
beta-Alanine metabolism 1/21 5,6-Dihydrouracil Down
Phenylalanine, tyrosine and tryptophan biosynthesis 1/4 Phenylalanine Down
Phenylalanine metabolism 1/12 Phenylalanine Down
Synthesis and degradation of ketone bodies 1/5 (R)-3-Hydroxybutanoate Down
Citrate cycle (TCA cycle) 1/20 cis-Aconitate Down
Mitochondrial L-carnitine shuttle - Acylcarnitine (AcCa) Down
Glycerophospholipid metabolism 2/36 1-Acyl-sn-glycero-3-phosphocholine (LPC), Phosphatidyl- ~ Down or UP*
choline (PC)
alpha-Linolenic acid metabolism 1/13 Phosphatidylcholine (PC) Down
Arachidonic acid metabolism 1/36 Phosphatidylcholine (PC) Down

“Pathways are up-regulated in terms of arginine, LPC(18:2) or LPC(22:6)

improved insulin sensitivity and reduced blood glucose lev-
els on mice.

Body weight change is a result of energy balance between
absorption and expenditure [40]. The differentiated body
weight gains and fat masses of the three groups could be
attributed to the modulated energy expenditures, given that
there was no difference on the net calorie absorption among
them. Diet-induced energy expenditure is different among
macronutrients with carbohydrate inducing 2—3 times more
energy expenditure than fat does [41], which may partly
explain the fact that the HF and CC groups stored more net
energy than the LF group did. However, the HF and CC
groups were consuming the same high-fat diet. Therefore,
the 22% body weight reduction by C. cochlearium supple-
mentation were achieved through increased energy expendi-
ture in other two forms: resting metabolic rate (RMR) and
physical activity [40]. C57BL/6 mice are susceptible to
develop obesity on a high-fat diet by lowering fat oxidation
[42]. Thus, C. cochlearium might stimulate fat oxidation
and increase energy expenditure, leading to reduced body
weight gain.

Probiotics may reduce body weight gain by modulating
the composition of gut microbiota, improving the mucosal
barrier function, and enhancing the host immunity [43,
44]. Nevertheless, these benefits need to be mediated by
the metabolites produced by probiotics. We showed that
C. cochlearium produced SCFAs, especially substantial
amount of butyrate as compared to other bacteria. In bacte-
ria, butyrate is mainly produced from pyruvate, 4-aminobu-
tyrate, glutarate and lysine [45]. Our result suggests that C.
cochlearium produces butyrate from glutamate [23].

SCFAs in the intestinal lumen are produced by the bac-
terial fermentation of undigested carbohydrates [46]. Gut
SCFAs have been considered one of the primary contributors
to the anti-obesity effect of probiotics [47, 48]. Among them,
butyrate has received the most attentions due to its beneficial
effects on intestinal homeostasis and cellular energy metabo-
lism [49]. Butyrate involves in lipid and glucose metabolism
by inhibiting histone deacetylase (HDAC) and subsequently
activating G protein-coupled receptors (GPRs). Activation
of GRPs also results in secretion of intestinal satiety hor-
mones, such as glucagon-like peptide-1 (GLP-1) and peptide
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Fig.6 Heatmap of Spearman correlations between mouse phenotype
variables and key serum biomarkers of CC and HF groups. *P <0.05
and **P<0.01 indicating correlation significance. CC the group
treated with C. cochlearium and fed with high-fat diet, HF high-fat
diet control group

YY (PYY), leading to reduced food intake and alleviated
obesity [49-51]. We showed that C. cochlearium was a solid
butyrate producer and its dietary supplementation reduced
obesity development on mice. We, therefore, hypothesized
that SCFAs, particularly butyrate, play a significant role in
anti-obesity activity of C. cochlearium. However, we did
not find the direct evidence supporting our hypothesis since
the CC group had actually lower levels of gut SCFAs. We
were not able to monitor the real-time gut SCFAs as they are
promptly absorbed once generated. We suspect that the C.
cochlearium might also stimulate the colonic utilization of
SCFAs and eventually lower their levels in the gut, resulting
in an anti-obesity activity [52]. This might also explain the
facts that decreased cecal and fecal SCFAs have been fre-
quently observed in lean mice and human, rather than their
obese counterparts [53-55].

C. cochlearium administration significantly altered the
serum metabolites on DIO mice according to the multi-
variate analysis. We identified 53 metabolites potentially
associated with the beneficial effects of C. cochlearium
supplementation. The category of amino acids and peptides
accounted for a major part (9 out of 53). Of which, glutamate
is a significant one as it has been previously associated with
obesity and related insulin resistance in human [56]. Our
study showed that C. cochlearium administration decreased
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serum glutamate, suggesting a potential role of glutamate in
mediating the anti-obesity effect of C. cochlearium. More
evidence is presented in Table 2 showing that a number of
glutamate-related biological pathways were also down-reg-
ulated by C. cochlearium. These pathways included aminoa-
cyl-tRNA biosynthesis (6/48), arginine and proline metabo-
lism (6/38), arginine biosynthesis (4/14), alanine, aspartate
and glutamate metabolism (3/28), glutathione metabolism
(3/28), and glyoxylate and dicarboxylate metabolism (3/32).

Phenylalanine and ornithine are two other amino acid
biomarkers related to obesity or diabetes. Serum phenyla-
lanine predicted the development of insulin resistance in
a 6-year follow-up of young adults [57]. Elevated plasma
ornithine concentration has been observed in both high-
fat diet-induced obese C57BL/6 mice and streptozotocin
(STZ) induced insulin deficient mice [58]. In our study,
serum levels of phenylalanine and ornithine were positively
correlated with mouse body weight, fat mass and fat/lean
ratio, or HOMA-IR (P <0.01; Fig. 6), suggesting an involve-
ment of these two amino acids in the probiotic activity of
C. cochlearium.

Our correlation test revealed that serum asparagine was
positively correlated obesity and insulin resistance, while
arginine had a negative association (Fig. 6). However, their
roles in obesity development remain controversial. Some
studies found that asparagine was elevated in obesity, while
others showed an opposite relationship [59]. Serum arginine
was increased in obese people, but arginine supplementation
improved endothelial function and insulin sensitivity in sub-
jects with metabolic syndrome [60]. Thus, more studies are
needed to clarify their role in obesity development.

There are four major groups of lipids detected in serum:
glycerophospholipids, glycerolipids, sphingolipids and non-
esterified fatty acids [61]. Lipidomic characterization has
established the connections between metabolic diseases and
alteration of bioactive lipids, such as glycerophospholipid
and sphingolipid [62]. Our metabolomic analysis showed
that C. cochlearium treatment significantly altered the serum
levels of two phosphatidylcholines (PCs), three lysophos-
phocholines (LPCs) and seven acylcarnitines (AcCas) that
are supposed to be at micro- to nano-molar in blood [63].

Phosphatidylcholines (PCs) play an essential role in
regulating the circulatory very low-density lipoproteins
(VLDLs) and HDLs [59]. Levels of serum PCs have been
positively correlated with obesity and insulin [64]. Cor-
respondingly, our study found that C. cochlearium sup-
plementation significantly reduced serum PC (38:3) and
PC (36:4). LPC is involved in inflammatory responses and
oxidative stress, primarily through the Toll-like receptors
and G protein-coupled receptors G2A [65]. Plasma LPCs
such as LPC (22:6) and LPC (20:3) were significantly
decreased in obese subjects [66]. In our study, serum levels
of LPC (22:6) and LPC (18:2) were also lower in the HF
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group compared with the CC group. However, serum LPC
(20:3) exhibited positive correlations with body weight,
fat mass, fat/lean ratio, and HOMA-IR (Fig. 6), which was
inconsistent with previous reports. The inconsistency was
also reported in a study showing that most plasma LPC
species were reduced in obesity, while other LPCs were
increased [67]. Thus, the links between LPCs and obesity
could be individualized. Current lipidomic studies focus
on the general profiling of LPC alteration, however, further
investigation is needed to elucidate roles of specific LPCs.

During the process of fatty acid oxidation (FAO), carni-
tine is required to assemble and shuttle free fatty acids into
the mitochondrial matrix, in the form of esterified carniti-
nes (acylcarnitines, AcCas) [68]. Hence, circulating AcCas
may reflect the level of FAO process. Increased levels of
plasma AcCas were associated with higher risks of obesity
and type 2 diabetes in humans [69]. We found that seven
AcCa species were unanimously down-regulated in the CC
group, and they were all positively associated with body
weight, fat mass and fat/lean ratio (Fig. 6). The results sug-
gest that C. cochlearium administration might stimulate
the FAO process, subsequently reducing body weight gain
and improving insulin sensitivity. It is worth noting that
five of the seven AcCa biomarkers identified in our study
were short-chain species, which was in accordance with
the previous observations that short-chain AcCas were
particularly elevated in diabetes subjects [68, 70].

In conclusion, our study demonstrated that dietary sup-
plementation of C. cochlearium attenuated body weight
gain and improved insulin sensitivity on high-fat diet
induced obese C57BL/6 mice. We identified 53 discrimi-
natory metabolites between CC and HF groups. Of which,
24 metabolites matched mouse metabolic pathways. Most
of these metabolites showed positive correlations with
body weight, which included glutamate, phenylalanine,
ornithine, PCs, LPCs, AcCas, proline, 5,6-dihydrouracil,
pyroglutamic acid, and 1-pyrroline-4-hydroxy-2-carboxy-
late. The results suggested that the beneficial effects of C.
cochlearium could be related to its ability to restore cer-
tain obesity-driven biomarkers and pathways, especially
downregulating pathways related to certain amino acids,
PCs, LPCs and AcCas. Further research is warranted to
investigate related metabolites and metabolic pathways.
C. cochlearium may be developed as a promising new
probiotic for the prevention or alleviation of obesity and
diabetes in human.
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