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Purpose: To examine the association of short-chain fatty acids (SCFAs), gut microbiota and obesity in individual twins and to control
for genetic and shared environmental effects by studying monozygotic intrapair differences.
Patients and Methods: The study recruited 20 pairs of monozygotic twins. Body composition measurements were performed by
using the multi-frequency bioelectrical impedance technique. SCFAs were extracted from feces and quantified by gas chromatography-
mass spectrometer. Gut microbiota was evaluated by 16S rRNA gene sequencing.
Results: Fecal SCFAs were negatively correlated with adiposity parameters including body mass index, visceral adipose tissue and
waist circumference (all P < 0.05). Metastat analysis showed that the top 5 relatively abundant bacterial taxa of viscerally obese and
non-obese groups were Bacteroides, Collinsella, Eubacterium rectale group, Lachnoclostridium, and Tyzzerella. Participants with
visceral obesity had lower abundance of Bacteroides and Collinsella compared to non-obese patients (P < 0.05). Among them, the
abundance of Collinsella was positively correlated with acetic acid concentrations (r = 0.63, P = 0.011). There were no significant
intrapair differences in each SCFA concentrations between the twins in our study (P > 0.05).
Conclusion: Low fecal concentrations of SCFAs were associated with visceral obesity, and the gut microbiota might be involved in
the underlying mechanism.
Keywords: twins, short-chain fatty acids, gut microbiota, obesity, visceral fat

Introduction
In the last decades, the prevalence of obesity has increased worldwide. Obesity has significant impacts on health,
psychosocial well-being, longevity, and quality of life.1,2 The human intestine contains approximately 1014 microorgan-
isms, collectively known as the gut microbiota.3 Numerous physiological and clinical studies have demonstrated that gut
microbiota plays a crucial role in the pathophysiology of metabolic diseases by regulating the energy intake, harvest, and
substrate metabolism.4,5 Accumulated data have suggested that an ecologically dysfunctional gut microbiome is closely
linked to the development of obesity.6 Short-chain fatty acids (SCFAs), consisting primarily of acetate, propionate, and
butyrate, are produced through bacterial fermentation of the fibers. SCFAs provide an extra energy source equivalent to
10% of the daily caloric intake. However, in contrast to being extra energy source and adipogenic factors, SCFAs have
been demonstrated to play a beneficial role in appetite regulation and lipid and glucose metabolism.7 So far, the role of
SCFAs in host energy metabolism has not been fully clarified.

Monozygotic (MZ) twins, originating from one zygote and inherit nearly identical genetic material, naturally pair up
and share a similar environment.8 Studies on twins intrapair differences are free from genetic and shared environment
confounding, highlighting the individual differences caused by environmental influences not shared.9 Twins research
began in the behavioral sciences and has expanded to several domains including nutrition and health. In recent years,
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researches arising from twins have begun to incorporate metabolomics analysis.10−13 The aim of this study is to examine
the association of SCFAs, gut microbiota and obesity in individual twins, and to control for genetic and shared
environmental effects by studying monozygotic intrapair differences.

Materials and Methods
Study Subjects
Twenty pairs of MZ twins who grew up in the same family and resided in Tongzhou District of Beijing were
finally enrolled in our study. The criteria for the inclusion of twins were aged 18–65, and free of heart disease,
liver or renal disease, diabetes mellitus, neoplastic disease, uncontrolled thyroid disease, psychiatric or neurolo-
gical disorders. They were excluded if they were pregnant, had reported drug/alcohol abuse, with a history of
diarrhea or intestinal infection in the last 3 months before enrollment in the study. Twin volunteers were
investigated in two ways. Firstly, the twins were divided into two groups according to the level of visceral
adipose tissue (VAT) in each pair, and the intrapair differences in obesity-related indexes and SCFAs in MZ twins
were studied. Secondly, all participants were considered as a whole and were divided into two groups based on
VAT above 100 cm2 and VAT below 100 cm2 to investigate the association between obesity, gut microbiota, and
SCFAs. Individuals with visceral fat exceeding 100cm2 were defined as visceral obesity. The study was complied
with the Helsinki Declaration for investigation of humans and it was approved by the Ethics Committee of Capital
Medical University, China (2021-LHKY-059-02). All subjects provided informed consents.

Clinical and Laboratory Measurements
Physical examinations were performed including body weight, body height, waist and hip circumference. Body
mass index (BMI) was calculated as weight divided by the square of height (kg/m2). VAT was measured by
a multi-frequency bioelectrical impedance analyzer (Inbody 770, Biospace Co. Ltd.). Venous blood samples were
collected in the morning following an overnight fast. An auto-biochemical analyzer (Roche/Hitachi Cobas C501,
Roche Diagnostic Corp, Indianapolis) was employed to determine plasma concentrations of triglycerides (TG),
total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL).
Fasting blood glucose (FBG) and fasting insulin (FINS) were examined using electrochemiluminescent immu-
noassay on the E601 module of the Roche Cobas 6000 (Burgess Hill, West Sussex, U.K.). HOMA-IR was
calculated using the following equation: HOMA-IR = insulin × glucose/22.5. Glycosylated hemoglobin
(HbA1c) concentrations were quantified using high-performance liquid chromatography (HPLC) with a D10 set
(Bio-RAD, Hercules, California). Fecal samples were collected and stored frozen at −80°C until further analysis
and then sent to Beijing Genomics Institute to extract DNA and identify the zygosity.

Quantification of Fecal SCFAs
For the extraction and quantification of SCFAs, the samples were firstly thawed at room temperature, then those
weighing 100 mg were homogenized in 100 μL of 15% phosphoric acid with 100 μL of 250 μL/mL isohexanoic
acid solution as IS and 400 μL ether (70 Hz for 1 min). Subsequently, the samples were centrifuged at 4°C for 10
min (12,000 rpm) and the supernatant was transferred into the vial prior to gas chromatography-mass spectrometer
(GC-MS) analysis. The GC was fitted with a capillary column Agilent HP-INNOWAX (30m × 0.25mm i.d. ×
0.25μm) (Agilent Technologies, Santa Clara, CA, USA) and helium was used as the carrier gas at 1 mL/min.
The splitter ratio was 10:1, the injection volume was 1ul, and the injector temperature was set at 250°C. The
temperature of the ion source, interface, and quadrupole were 230°C, 250°C, and 250°C, respectively. The column
temperature was initially 90°C, then increased to 120°C at 10°C/min, to 150°C at 5°C/min, and finally to 250°C at
25°C/min and kept at this temperature for 2 min (total run-time of 15 min). The detector was operated in electron
impact ionization mode (electron energy 70 eV) using full scan and single ion monitoring (SIM) mode. The
concentrations of acetic, propionic, butyric, isobutyric, valeric, isovaleric and caproic acids were determined using
standard curves.
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Microbiome Composition Analysis
Total genome DNA from fecal samples was monitored by Qubit® dsDNA HS Assay Kit. V3 and V4 hypervariable
regions of prokaryotic 16S rDNAwere selected for amplification, classification analysis and sequence alignment. Quality
control was carried out on a per-sample basis, discarding paired-ends with an overlap of less than 200nt and removing
chimeric sequences using denovo chimera detection in USEARCH. The effective sequences were used in final analysis.
Sequences were grouped into operational taxonomic units (OTUs) using the clustering program Vsearch software
(Version 1.9.6) against the UNITE ITS database (https://unite.ut.ee/) pre-clustered at 97% sequence identity. The
Ribosomal Database Program (RDP) classifier was used to assign taxonomic categories to all OTUs at a confidence
threshold of 0.8.

α diversity and β diversity of community were calculated with QIIME (Version 1.9.1) and displayed with R software
(Version 2.15.3). α diversity metrics (Shannon index and Chao1 index) were calculated on the rarefied OTU table using
the alpha_rarefaction. β diversity metrics (weighted and unweighted UniFrac distances) were calculated on the rarefied
OTU table with the beta_diversity. Principal coordinate analysis (PCoA) is used to show the visualization of β diversity.

Statistical Analysis
The data were analyzed using IBM SPSS version 26.0 for Windows (SPSS Inc., Chicago, IL, USA). The
normality of the distribution of continuous variables was tested by one-sample Kolmogorov–Smirnov test.
Parametric continuous variables were expressed as mean ± standard deviation, and nonparametric data were
shown as median and interquartile ranges. Categorical variables were presented as numbers and proportions.
Differences between groups were analyzed by Student t test or Wilcoxon test, as appropriate, for continuous
variables, and chi-square test for categorical variables. Paired t-tests were used for monozygotic intrapair
comparisons. The differences in abundance of microbial communities between groups were analyzed by
Metastat analysis. Pearson or Spearman correlation was respectively used to analyze the correlation between
continuous variables with a normal or skewed distribution. P values were adjusted in multiple testing followed by
the Benjamini-Hochberg correction. P < 0.05 was considered significant.

Results
Intrapair Difference of Clinical with Metabolic Variables of Twins
For the 12 males and 28 females enrolled in our study, the characteristics of twins according to the level of VAT in each
pair are shown in Table 1. The results showed that twins with higher VATwere more likely to have higher values of BMI,
body fat percentage and TG (All P < 0.05, Table 1). There were no statistically significant differences in the concentra-
tions of acetic acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, valeric acid and caproic acid between the
groups (P > 0.05, Table 1).

Correlation Analysis of SCFAs with Metabolic Parameters
To further explore the relationship between SCFAs and obesity, we conducted a correlation analysis among all
participants. It revealed that propionic acid was negatively correlated with body fat percentage (r = −0.30, P =
0.042), waist circumference (r = −0.42, P = 0.008), BMI (r = −0.32, P = 0.032), and VAT (r = −0.35, P = 0.026).
A negative relationship was observed between butyric acid and VAT (r = −0.31, P = 0.025); isobutyric and
isovaleric acid showed negative associations with BMI (r = −0.32, P = 0.037; r = −0.38, P = 0.046) (Figure 1).

Differences in Bacterial Diversity of Gut Microbiota in the Study Group
In this study, gut microbiota test results from eight volunteers were missing due to insufficient collection of fecal
samples; 32 fecal samples were included in the analysis. After data trimming and quality filtering, a data set was
generated for 16S microbial rDNA sequencing, with an average of 134,779 high-quality sequences per sample (mini-
mum, 80,836; maximum, 399,216). According to VAT of more than 100 cm2 and less than 100 cm2, all subjects were
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divided into two groups, namely group with visceral obesity and non-obese group. Chao1 and Shannon indexes were
used to assess α diversity and this study found no statistical differences in α diversity between the two groups (P > 0.05,
Figure 2). Furthermore, PCoA based on Bray-Curtis distance showed that there were no distinct heterogeneous structures
of bacterial community between groups (P > 0.05, Figure 3).

Differences in Bacterial Genera of Gut Microbiota According to Study Group
We then compared the gut microbial composition of fecal samples at genus level between groups with and without visceral
obesity. Metastat analysis showed that the top 5 relatively abundant bacterial taxa of two groups were Bacteroides, Collinsella,
Eubacterium rectale group, Lachnoclostridiumand Tyzzerella (Figure 4). At genus level, compared with non-obese partici-
pants, the abundance of Bacteroides, Collinsella were lower in visceral obese patients (P < 0.05, Figure 4).

Correlation Analysis of Gut Microbiome with SCFAs
Given the impact of obesity on the SCFAs and gut microbiota, we analyzed the correlations between SCFAs and the
relatively abundant bacterial genera associated with visceral obesity. The results showed that the abundance of 41 gut
microbiota species was correlated with the concentration of at least one SCFA (P < 0.05, Figure 5). Among them, the
abundance of Collinsella was positively correlated with acetic acid concentration (r = 0.63, P = 0.011, Figure 5).

Table 1 Clinical and Biochemical Characteristics of the Subjects

Variables Visceral Adipose Tissue P

Lower in Twins Higher in Twins

Number 20 20

Age(years) 48.5 (36.3,55) 48.5 (36.3,55)
Males/Females 6/14 6/14

Adiposity

VAT (cm2) 104.6 ± 48.1 118.0 ± 50.5 <0.001*
BFP (%) 31.9 ± 9.0 34.3 ± 9.2 <0.001*

BMI (kg/m2) 25.4 ± 4.7 25.9 ± 4.7 0.040*

WC (cm) 85.0 ± 9.2 90.4 ± 9.6 0.074
Blood chemistry

HDL (mmol/l) 1.4 ± 0.4 1.4 ± 0.3 0.690

LDL (mmol/l) 3.1 ± 0.8 3.3 ± 0.9 0.218
TC (mmol/l) 4.7 ± 1.2 5.3 ± 1.1 0.114

TG (mmol/l) 1.2 (0.7,1.6) 1.6 (0.9,2.0) 0.025*

FBG (mmol/l) 6.0 ± 1.9 6.5 ± 3.5 0.314
HbA1c (%) 5.9 ± 1.34 6.1 ± 1.6 0.421

HOMA-IR 2.5 (1.5,3.9) 2.6 (1.2,4.0) 0.370

FINS (ng/mL) 9.7 (6.0,14.6) 9.9 (5.5,14.1) 0.502
Fecal SCFAs

Acetic acid (ug/g) 1368.4 ± 709.6 1372.9 ± 514.6 0.631

Propionic acid (ug/g) 544.7 (358.7,926.2) 697.9 (471.1,1271.5) 0.100
Isobutyric acid (ug/g) 68.4 (29.2,92.8) 61.5 (18.5,132.2) 0.135

Butyric acid (ug/g) 825.4 (397.6,1925.4) 606.9 (423.5,1303.3) 0.881

Isovaleric acid (ug/g) 69.9 (25.2,98.4) 57.2 (12.0,134.0) 0.191
Valeric acid (ug/g) 33.0 (11.0,128.3) 79.14 (11.7,214.0) 0.073

Caproic acid (ug/g) 2.5 (0.9,33.4) 3.8 (0.9,11.9) 0.794

Notes: Continuous variables with normal distribution were presented as mean ± standard deviation; non-parametric variables were
documented as median (interquartile range). *Indicates a significant P value.
Abbreviations: VAT, visceral adipose tissue; BFP, body fat percentage; BMI, body mass index; WC, waist circumference; FBG, fasting
blood glucose; HbA1c, glycosylated hemoglobin; HDL, high-density lipoprotein cholesterol; SCFAs, short-chain fatty acids; FINS,
fasting insulin; LDL, low-density lipoprotein cholesterol; TC, total cholesterol; TG, triglyceride; HOMA-IR, homeostatic model
assessment of insulin resistance.
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Discussion
SCFAs play regulatory functions in the lipids, cholesterol and glucose metabolism, immune response and gut barrier
integrity. Our study showed that SCFAs in feces were negatively correlated with adiposity parameters such as BMI, VAT
and waist circumference, which is consistent with previous studies.14,15 SCFAs have been suggested to mediate the
activation of G protein-coupled receptors, such as GPR41 and GPR43, inhibit fat accumulation in adipose tissue and
accelerate the metabolism of unincorporated lipids as well as glucose in other tissues, leading to a subsequent improve-
ment in insulin sensitivity.16,17 The release of gut-derived satiety hormones like glucagon-like peptide-1 and peptide YY
have also been implicated in this action.18,19 SCFAs also play a role in the balance of fatty acid synthesis, fatty acid
oxidation, and lipolysis in the tissues of the body through peroxisome proliferator-activated receptors.20 Additionally,
SCFAs were also found to be anti diet-induced obesity.21 Dietary supplementation with acetate, propionate, butyrate or

Figure 2 Box-and-whisker plots of α diversity of gut microbiota in fecal samples of participants with visceral obesity (Group A) and non-obesity (Group B). α diversity was
estimated using (A) chao1 index as an estimate of community richness, (B) Shannon index as an estimate of community diversity.

Figure 1 Correlation analysis of SCFAs, clinical and blood chemistry parameters were displayed in the clustered heatmap. Red is a positive correlation and blue is a negative
correlation. The color intensity of the individual rectangles shows the magnitude of the correlation coefficient while the asterisks indicate if the associations are significantly.
*P < 0.05; **P < 0.01.
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their mixture can significantly inhibit the body weight gain induced by high-fat diet feeding.22 Our study confirmed the
positive effects of SCFAs on obesity.

Recent researches have demonstrated that changes in the gut microbiome are closely linked to metabolic
disorders such as obesity and type 2 diabetes,23–25 therefore, our study compared the composition of gut microbiota
in visceral obese and non-obese participants. Analysis of gut microbiota composition by 16S rRNA gene sequencing
revealed that participants with visceral obesity had lower abundance of Bacteroides and Collinsella compared to
non-obese patients. Previous studies have shown that in subjects with obesity, intestinal dysbiosis appears to be
related to the abundance of Bacteroides and the species Eubacterium rectale.26 Collinsella has been shown to be
associated with triglycerides and cholesterol,27 the gut microbial diversity is reconstituted and the relative abundance
of Collinsella is increased in obese mice after bariatric surgery.28 In terms of diet, whole grain diet and solventable
dietary fiber may enable the overgrowth of Collinsella.29,30 The treatment with human origin-probiotics has been
shown to ameliorate gut microbiome dysbiosis by enhancing SCFAs production.31,32 Our study also showed
a positive association between Collinsella and concentrations of acetic acid, suggesting that Collinsella may
influence VAT by regulating SCFAs. Similar to our study, several previous studies have confirmed the correlation
between SCFAs and gut microbiota such as Eubacterium_coprostanoligenes_group and Roseburia, therefore, we

Figure 3 Principal coordinate analysis (PCoA) score plots based on Bray-Curtis distances of fecal microbiota in participants with visceral obesity (Group A) and non-obesity
(Group B). P > 0.05.
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speculate that the mechanism by which the gut microbiome affects host physiology may be partly mediated by
SCFAs.

Monozygotic twins share 100% of their genomic sequence and are perfectly or closely matched for many
environmental factors. Using monozygotic twins as subjects can explore the potential modificatory effects of
obesity on the body under controlled genetic and shared familial environmental factors. Unfortunately, no
statistically significant intrapair differences were observed in SCFAs between monozygotic twins in this study.
In previous studies, the heritability estimates for VAT range from 42% to 57%.33,34 Similarly, the average intrapair
difference in VAT of MZ twins was only 14cm2 in this study, which may not be enough to cause significant
difference in short chain fatty acid concentration.

The major strength in our study is that we performed in MZ twins, who shared the same genetic background and grew
up in a similar environment, reducing confounding factors in the study. However, there were also several limitations in
our study. First, the sample size in the study was relatively small. Second, SCFAs were detected only in feces, not in the
serum. Our team has already performed the analysis of SCFAs in serum, and more valuable information is expected from
the analysis.

Conclusion
Low fecal concentrations of short-chain fatty acid were associated with visceral obesity, and the gut microbiota might be
involved in the underlying mechanism.
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