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Abstract: Epidemiological studies suggest a positive association between obesity and fecal short-chain
fatty acids (SCFAs) produced by microbial fermentation of dietary carbohydrates, while animal
models suggest increased energy harvest through colonic SCFA production in obesity. However,
there is a lack of human population-based studies with dietary intake data, plasma SCFAs,
gut microbial, and anthropometric data. In 490 Chinese adults aged 30-68 years, we examined the
associations between key plasma SCFAs (butyrate/isobutyrate, isovalerate, and valerate measured by
non-targeted plasma metabolomics) with body mass index (BMI) using multivariable-adjusted linear
regression. We then assessed whether overweight (BMI > 24 kg/m?) modified the association between
dietary-precursors of SCFAs (insoluble fiber, total carbohydrates, and high-fiber foods) with plasma
SCFAs. In a sub-sample (n = 209) with gut metagenome data, we examined the association between
gut microbial SCFA-producers with BMI. We found positive associations between butyrate/isobutyrate
and BMI (p-value < 0.05). The associations between insoluble fiber and butyrate/isobutyrate differed
by overweight (p-value < 0.10). There was no statistical evidence for an association between microbial
SCFA-producers and BMLI. In sum, plasma SCFAs were positively associated with BMI and that the
colonic fermentation of fiber may differ for adults with versus without overweight.
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1. Introduction

Overall and central obesity are major risk factors for a wide range of chronic diseases, including
cardiometabolic diseases [1-3]. As the prevalence of obesity has increased dramatically over the past
decades around the world [1], many studies have been conducted to identify the biological determinants
of obesity. Recent evidence has shown that the gut microbiota and microbiota-mediated metabolites
like short-chain fatty acids (SCFAs) influence diet-induced obesity [4,5]. SCFAs like butyrate are major
products of microbiota fermentation of dietary carbohydrates, especially soluble fiber and resistant
starch [4]. In human studies, fiber-rich diets and Mediterranean diets have been shown to be positively
associated with weight loss [6,7] and increased serum [8] and fecal SCFAs [9], respectively.

However, studies have yielded incongruent results for the SCFA-obesity association,
which involves various factors like diet and gut microbiota. Whereas several studies have demonstrated
that dietary SCFA supplementation may be beneficial to weight loss through appetite regulation [10,11]
and increases in lipid oxidation and energy expenditure [12], others have suggested that SCFA
production may promote obesity [5,13-15] through pathways including de novo lipogenesis [13] and
energy harvesting from diet by gut microbiota [5]. For example, a randomized, controlled study
showed that colonic delivery of SCFA propionate (i.e., oral supplementation of inulin-propionate
ester) reduced energy intake, weight gain, and intra-abdominal fat accretion in overweight adults [10].
In contrast, in a study of obesity-prone mice fed a macronutrient-matched and isoenergetic high-fat
diet, Isken et al. suggested that colonic SCFA production potentially outweighed the beneficial
effects of soluble fiber supplementation on diet-induced obesity via contribution to increased digested
energy [15]. Additionally, mouse model and in vitro assays suggest that the gut microbiome of mice
and humans with (versus without) obesity had increased capacity to harvest energy through colonic
fermentation of dietary carbohydrates and SCFA production [5,13].

There has been a lack of large population-based studies with large variation in dietary intake
and gut microbiota composition to examine the incongruent experimental results in free-living
people. Although a few community-based studies and case-control studies of fecal SCFAs in Western
human populations support positive associations between SCFAs with overall body mass and central
adiposity [16-20], few population-based studies have examined plasma SCFAs, which, in contrast to
fecal SFCAs, may better represent the fraction of SCFAs that enter the host blood stream as a potential
source of energy [21]. Therefore, we aimed to investigate the cross-sectional associations between
plasma SCFAs with two adiposity measures, body mass index (BMI) and waist-to-height ratio (WHtR)
in a socio-demographically diverse cohort of Chinese adults consuming a range of traditional and
Western diets. We also assessed whether overweight and abdominal obesity modified the association
between dietary precursors of SCFAs and plasma SCFAs. In a sub-sample with gut metagenome data,
we examined the association between gut microbial SCFA producers with BMI and WHtR.

2. Materials and Methods

2.1. Study Sample

We used data from the China Health and Nutrition Survey (CHNS), a population-based study
across 12 provinces and three megacities that varied substantially in geography, economics, customs,
social infrastructure, and health indicators, as previously described [22]. In 2015, we measured
non-targeted plasma metabolomics from 500 participants aged 3068 years from two adjacent southern
provinces, Hunan and Guizhou. All 500 adults had anthropometry and diet data, and were thus
eligible for the current study. We excluded participants if they were pregnant (1 = 1) or had missing
covariates (n = 9), resulting in an analysis sample of 490 adults, among which a subset of 209 adults
also had gut metagenome data (Figure S1). The study met the standards for the ethical treatment of
participants and was approved by the Institutional Review Boards of the University of North Carolina
at Chapel Hill and the National Institute for Nutrition and Health, Chinese Center for Disease Control
and Prevention. Informed consent was obtained for all participants.



Nutrients 2020, 12, 2127 3o0f15

2.2. Plasma Short-Chain Fatty Acids (SCFAs)

Fasting blood samples were collected using venipuncture by trained clinicians with
Ethylenediaminetetraacetic acid (EDTA) as an anticoagulant. The samples were immediately
centrifuged to prepare plasma and stored at —80 °C until analyzed. All sites followed the same protocol
for the collection, processing, and storage. The non-targeted metabolomics analysis was performed
using Metabolon platform (Durham, NC, USA) consisting of a Waters ACQUITY ultrahigh-performance
liquid chromatographer (LC, Milford, USA) coupled to a Thermo-Finnigan linear trap quadrupole
(LTQ) mass spectrometer (MS, San Jose, CA, USA) at Metabolon’s partner campus in China [23].
This platform was designed and optimized around relative quantitation. Long et al. provides more
detailed information on the Metabolon platform [24]. Briefly, plasma samples were extracted using
methanol solvent and analyzed in concert with several types of quality controls: a pooled sample of
each experimental sample served as a technical replicate; extracted water samples served as process
blanks; and a cocktail of quality control standards that were carefully chosen not to interfere with the
measurement of endogenous compounds were spiked into every analyzed sample, allowed instrument
performance monitoring and aided chromatographic alignment. Instrument variability was determined
by calculating the median relative standard deviation (RSD = 8%) for the internal standards that were
added to each sample prior to injection into the mass spectrometers. Overall process variability was
determined by calculating the median RSD (11%) for all endogenous metabolites (i.e., non-instrument
standards) present in 100% of the pooled matrix samples. Experimental samples were randomized
across the platform run with quality control samples spaced evenly among the injections. Signals
in the metabolomics data were extracted and matched to the chromatographic data, mass-to-charge
ratio, retention time/index in the Metabolon reference library of authenticated standards. We detected
three SCFAs among the 1108 matched compounds: butyrate/isobutyrate, valerate, and isovalerate.
Metabolon performed data normalizations by rescaling the area under the curve (AUC) of LC-MS
peak for each SCFA within each run-day (i.e., batch run) to a median of one. No samples were below
detection limits for butyrate/isobutyrate and isovalerate. The 136 samples below limit of detection for
valerate were imputed with the minimum detected value (median-normalized AUC = 0.09). We log,
transformed the abundance of these three SCFAs. As the total SCFAs was also of interest, we summed
up the raw AUC of all three SCFAs and log, transformed the total SCFAs after it was rescaled to a
median of one within each batch.

2.3. Anthropometry

Anthropometry data were collected during physical examination by trained examiners. Weight
was measured to the nearest 0.1 kg in light clothing using calibrated beam scales. Height was measured
without shoes to the nearest 0.1 cm using portable stadiometers. Waist circumference was measured to
the nearest 0.1 cm at midway between the lowest rib and iliac crest using non-elastic tape. We calculated
BMI as weight divided by squared height (kg/m?) and WHIR as waist circumference divided by height.
We defined overweight as BMI > 24 kg/m? and abdominal obesity as WHtR > 0.5, according to the
optimal cut-off points to indicate cardiovascular diseases risk in Chinese adults [25,26].

2.4. Diet

Individual dietary intake was recorded using three consecutive validated 24 h diet recalls by
trained interviewers [27], including foods consumed at restaurants and other locations away from
home. Household level food consumption was collected by calculating the changes in food inventory
across the same three-day period and allocated to each member based on the proportions consumed.
We estimated per capita daily intakes of nutrients based on a Chinese food composition table [27],
in which insoluble fiber was measured by the neutral detergent method. We created an a priori
high-fiber food group (Table S1) consisting of: whole grains (e.g., millet), legumes (e.g., soybean
curd), starchy roots (e.g., potato), vegetables (e.g., cabbage), mushrooms/seaweeds (e.g., Shitake
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mushroom), fruits (e.g., apple), and nuts/seeds (e.g., walnut). We grouped insoluble fiber, carbohydrate,
and high-fiber foods by tertiles to limit the influence of extreme consumers, allow for non-linearity of
relationships, and preserve statistical power. In an analysis of individual foods, we categorized those
consumed by more than (i.e., legumes, starchy roots, vegetables) and less than 50% of the sample (i.e.,
whole grains, mushrooms/seaweeds, fruits, nuts/seeds) by median and any/no intake, respectively.

2.5. Gut Metagenome

Stool samples were collected at home by participants who had been trained to use the QIAGEN
collection kit (QIAGEN, Hilden, Germany). Samples were frozen at —20 °C immediately upon collection
until processing. Stool DNA was extracted using TTANGEN DNA extraction kits (TTANGEN Biotech,
Beijing, China), and sequenced on an Illumina platform with 150 paired-end (PE) by Novogene
Bioinformatics Technology Co. Ltd., Tianjin, China in random order, so that batches were not related
to collection centers. After filtering human DNA from the sequencing reads, we annotated the reads
with MetaPhlAn2 based on the ChocoPhlAn pangenome database for taxonomic composition [28].
We selected 56 potential SCFA-producing microbiota species based on literature search (Table S2)
and calculated the total counts of the 56 selected species. We normalized and log;( transformed the

raw counts of each species and the total counts of selected species using the following formula [29]:

taxa j t f le i . g
log,, ( tofaﬁi;; lclgun(t)rlrff:r};;lé - X average number of taxa count per sample + 1). For analysis of specific

species, we dichotomized 27 rare species that present in less than 25% of the sample to yes/no detected
in the sample.

2.6. Other Covariates

Sociodemographic and behavioral information were collected using interviewer-administered
questionnaires. We estimated urbanization using a validated 12-component urbanization index
that includes population density, health infrastructure, and transportation [30]. We calculated per
capita household income by dividing household income by the number of household members.
We measured total physical activity in metabolic equivalents (METs) per week using seven-day recalls
of occupational, transportation, domestic, and leisure activities. We categorized urbanization index,
per capita household income, and physical activity by tertiles. We dichotomized educational attainment
by high school completion. We defined smokers as individuals who had ever smoked cigarettes and
alcohol consumers as individuals who drank alcohol during past year.

2.7. Statistical Analysis

We presented continuous variables as mean (standard deviation, SD) and categorical variables as
number (proportion). We compared the characteristics by overweight and abdominal obesity using
t-test for continuous variables and chi-square test for categorical variables.

To determine the associations between plasma SCFAs with BMI and WHtR, we used a linear
regression adjusting for the following covariates as guided by literature [4,31-36]: age, sex, batch
run, province, urbanization, education, income, energy intake, insoluble fiber intake, physical activity,
smoking, and alcohol intake.

To investigate whether overweight and abdominal obesity modified the association between
dietary precursors of SCFAs (insoluble fiber, total carbohydrates and high-fiber foods) with plasma
SCFAs, we assessed the interaction of each of these dietary precursors with overweight and abdominal
obesity in linear regression models of plasma SFCAs, using a Wald test at a nominal significance level of
p-value <0.10. In an exploratory analysis, we examined the interaction of each individual foods included
in the high-fiber food group with overweight and abdominal obesity in linear regression models of
plasma SCFAs. Then, in the sub-sample also containing gut metagenome data, we examined (1) the
association between the overall microbial SCFA producers (i.e., SCFA-producing species) with BMI and
WHIR using permutational multivariate analysis of variance (PERMANOVA) based on Bray-Curtis
distance with 999 permutations [37] and (2) the association between the total relative abundance
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of all microbial SCFA producers with BMI and WHtR using linear regression. In an exploratory
analysis, we examined each individual microbial SCFA producer using linear regression. For sensitivity,
we tested the associations between microbial SCFA producers and plasma SCFAs. All analyses were
adjusted for covariates described above. We corrected for multiple hypothesis testing for exploratory
analyses of individual high-fiber foods and specific taxa using false discovery rate (FDR) [38]. We
conducted sensitivity analysis by excluding participants who took antibiotics, pre/probiotics, or had
diarrhea, irritable bowel syndrome (IBS), or inflammatory bowel disease (IBD), because these factors
may affect the gut microbiome and therefore influence SCFA production and absorption. After
applying these exclusion criteria, 462 adults remained in the analysis sample, among which 192 had
gut metagenome data. We performed all statistical analyses in R 3.6.0 (R Core Team, Vienna, Austria).

3. Results

The prevalence of overweight and abdominal obesity was 48.8% and 65.2%, respectively, in our
analysis sample (Table 1). Adults with overweight were not different from those without overweight in
terms of age, sex, plasma SCFAs abundance, province, urbanization, education, income, diet, physical
activity, smoking, and alcohol intake. Adults with abdominal obesity were older, less physically active,
and had higher abundance of plasma butyrate/isobutyrate, isovalerate, and total SCFAs than those
without abdominal obesity.

We first examined the associations between plasma SCFAs and BMI and WHtR and found that
butyrate/isobutyrate was positively associated with BMI (p-value = 0.04) and WHtR (p-value = 0.003),
and isovalerate (p-value = 0.04) and total SCFAs (p-value = 0.03) were positively associated with WHtR
(Table 2). For example, a fold increase of butyrate/isobutyrate was associated with a 0.40 and a 0.01
unit increase in BMI (kg/m?) and WHIR, respectively.

Then, in models of plasma SFCAs, we tested the interaction between dietary precursors of SCFAs
with overweight (Figure 1, Table S3) and abdominal obesity (Figure 2, Table S4). We observed effect
modification of the association between insoluble fiber with butyrate/isobutyrate by overweight
(interaction p-value = 0.095); between insoluble fiber with butyrate/isobutyrate (interaction p-value =
0.063) by abdominal obesity; and between carbohydrate with valerate (interaction p-value = 0.052)
by abdominal obesity. Whereas the model estimated abundance of valerate was lower at high versus
low carbohydrate consumption in people without abdominal obesity, valerate abundance was slightly
higher at high versus low carbohydrate consumption in people with abdominal obesity. Moreover,
when consuming middle level of insoluble fiber, adults with abdominal obesity had higher abundance
of butyrate/isobutyrate and total SCFAs than those without abdominal obesity.
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Figure 1. The associations between dietary precursors of short-chain fatty acids (SCFAs) and plasma
(a) butyrate/isobutyrate, (b) valerate, (c) isovalerate, and (d) total SCFAs by overweight. Overweight:
BMI > 24 kg/mz. Vertical axes represent model predicted (marginal means) plasma SCFAs abundance.
Dietary intakes of insoluble fiber, total carbohydrates, and high-fiber foods were categorized by tertiles
to represent low, middle, and high intakes. Linear model was adjusted for age, sex, batch run, province,
urbanization, income, education, physical activity, total energy intake, alcohol, and ever smoking. For
analysis of total carbohydrates and high-fiber foods, insoluble fiber intake was additionally adjusted
in model. p-value for the interaction between each dietary precursor of SCFAs and overweight was
derived using a Wald test. p-value > 0.05 for all comparisons of plasma SCFA abundance at a given
level of a dietary precursor by overweight.
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Figure 2. The associations between dietary precursors of short-chain fatty acids (SCFAs) and plasma (a)
butyrate/isobutyrate, (b) valerate, (c) isovalerate, and (d) total SCFAs by abdominal obesity. Abdominal
obesity: waist-to-height ratio > 0.5. Vertical axes represent model predicted (marginal means) SCFAs
abundance. Dietary intakes of insoluble fiber, total and carbohydrate, and high-fiber foods were
categorized by tertiles to represent low, middle, and high intakes. Linear model was adjusted for
age, sex, batch run, province, urbanization, income, education, physical activity, total energy intake,
alcohol, and ever smoking. For analysis of total carbohydrate and high-fiber foods, insoluble fiber
intake was additionally adjusted in model. p-value for the interaction between each dietary precursor
of SCFAs and abdominal obesity was derived using a Wald test. *, p-value < 0.5; **, p-value < 0.01 for
comparisons of plasma SCFAs abundance at a given level of dietary precursor by abdominal obesity.
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Table 1. Characteristics of the metabolomics analysis sample by overweight and abdominal obesity.

8 of 15

Overweight ! Abdominal Obesity !
Without With Without With
1 (%) 251 (51.2%) 239 (48.8%) 170 (34.8%) 318 (65.2%)
Age, years 52.3 (9.0) 52.2 (9.1) 51.0 (8.8) 529 (9.1)*
Women, 1 (%) 155 (61.8%) 135 (56.5%) 100 (58.8%) 189 (59.4%)
Body mass index (BMI), kg/m? 21.8 (1.7) 26.6 (2.0) *** 21.1 (2.0) 25.5 (2.7) ***
Waist-to-height-ratio (WHIR) 0.5 (0.05) 0.6 (0.05) *** 0.5 (0.03) 0.6 (0.04) ***
Butyrate/isobutyrate 2 —-0.05 (0.7) —0.001 (0.8) -0.2(0.7) 0.04 (0.7) **
Valerate 2 -1.1(1.8) -1.1(1.7) -1.1(1.7) -1.0(1.8)
Isovalerate 2 0.07 (0.9) 0.1 (1.0) —-0.03 (0.9) 0.2(0.9)*
Total short-chain fatty acids (SCFAs) 2 0.04 (0.9) 0.09 (0.9) —-0.06 (0.9) 0.1(09)*
Hunan province 159 (63.3%) 145 (60.7%) 102 (60.0%) 200 (62.9%)
Urbanization index, 1 (%) 3
Low (39.2-64.2) 89 (35.5%) 84 (35.1%) 63 (37.1%) 110 (34.3%)
Middle (64.2-81.5) 77 (30.7%) 84 (35.1%) 51 (30.0%) 109 (34.3%)
High (81.5-99.6) 85 (33.9%) 71 (29.7%) 56 (32.9%) 99 (31.1%)
Completed high school education 85 (33.9%) 65 (27.2%) 52 (30.6%) 96 (30.2%)
Per capita household income, 1 (%) 4
Low (0-10 k yuan) 89 (35.5%) 74 (31.0%) 60 (35.3%) 102 (32.1%)
Middle (10-22.1 k yuan) 85 (33.9%) 79 (33.1%) 65 (38.2%) 99 (31.1%)
High (22.1-468 k yuan) 77 (30.7%) 86 (36.0%) 45 (26.5%) 117 (36.8%)
Total energy, 1000 kcal 5 1.9 (0.6) 1.9 (0.7) 1.9 (0.6) 1.9 (0.7)
Insoluble fiber intake, 1 (%) °
Low (1.5-8.2 g) 77 (30.7%) 87 (36.4%) 58 (34.1%) 105 (33.0%)
Middle (8.2-12.5 g) 88 (35.1%) 75 (31.4%) 57 (33.5%) 105 (33.0%)
High (12.5-69.7 g) 86 (34.3%) 77 (32.2%) 55 (32.4%) 108 (34.0%)
Carbohydrate intake, 1 (%) 5
Low (65.2-172 g) 83 (33.1%) 81 (33.9%) 55 (32.4%) 108 (34.0%)
Middle (172-248 g) 87 (34.7%) 76 (31.8%) 61 (35.9%) 101 (31.8%)
High (248-649 g) 81 (32.3%) 82 (34.3%) 54 (31.8%) 109 (34.3%)

High-fiber foods, 1 (%) °

Low (0-344 g) 87 (34.7%) 77 (32.2%) 61 (35.9%) 102 (32.1%)
Middle (344482 g) 85 (33.9%) 78 (32.6%) 55 (32.4%) 108 (34.0%)
High (482-1200 g) 79 (31.5%) 84 (35.1%) 54 (31.8%) 108 (34.0%)
Physical activity, n (%) 6 *
Low (0-50 METS/wk), 76 (30.3%) 84 (35.1%) 43 (25.3%) 117 (36.8%)
Middle (50-147 METS/wk) 82 (32.7%) 83 (34.7%) 58 (34.1%) 106 (33.3%)
High (147-1390 METS/wk) 93 (37.1%) 72 (30.1%) 69 (40.6%) 95 (29.9%)
Ever smoking, 1 (%) 100 (39.8%) 93 (38.9%) 74 (43.5%) 118 (37.1%)
Drank alcohol last year, 11 (%) 62 (24.7%) 64 (26.8%) 38 (22.4%) 87 (27.4%)

Continuous variables [mean (SD)] were tested by t-test and categorical variables [# (%)] were tested by chi-square
test. *, p-value < 0.05; **, p-value < 0.01; ***, p-value < 0.001 when comparing participants with versus without
overweight and abdominal obesity. ! Overweight: BMI > 24 kg/m?; abdominal obesity: waist-to-height ratio >0.5.
2 Plasma SCFAs were measured by non-targeted metabolomics, which only provided relative quantitation, rather
than absolute concentrations of SCFAs. The abundance for each SCFA was scaled to a median of one and log,
transformed. 3 Urbanization index encompasses 12 dimensions of urbanization, including population density,
health infrastructure, and transportation. Urbanization index was categorized by tertiles to represent low, middle,
and high levels of urbanization. 4 Per capita household income was estimated by dividing the household income
by the number of household members. Per capita household income was categorized by tertiles to represent low,
middle, and high levels of income. ® Dietary intakes were measured by 3-consecutive 24 h dietary recalls and
household food inventories. The intake of high-fiber foods was calculated as the sum of whole grains, legumes,
starchy roots, vegetables, mushrooms/seaweeds, fruits, nuts/seeds. Insoluble fiber, carbohydrate, and high-fiber
food score were categorized by tertiles to represent low, middle, and high intakes. ® Physical activity was estimated
by 7-day physical activity recalls in METS and was categorized by tertiles to represent low, middle, and high levels
of physical activity.
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Table 2. The associations between plasma short-chain fatty acids (SCFAs) with body mass index (BMI)
and waist-to-height ratio (WHtR).

BMI (n = 490) WHI{R (1 = 488)
Mean (SD) 3 (95% Confidence Interval)  p-Value {3 (95% Confidence Interval)  p-Value
Butyrate/isobutyrate —0.03 (0.75) 0.40 (0.01, 0.78) 0.04 0.01 (4 x 1073, 0.02) 0.003
Valerate -1.09 (1.75) -0.01 (-0.17, 0.16) 0.93 1x1073 (-2 x1073,4 x 1073) 0.48
Isovalerate 0.09 (0.94) 0.20 (-0.10, 0.52) 0.18 0.01 (3 x 1074, 0.01) 0.04
Total SCFAs 0.07 (0.89) 0.24 (-0.09, 0.56) 0.15 0.01 (8 x 1074, 0.01) 0.03

The mean (standard deviation, SD) for BMI (kg/m?) and WHIR was 24.01 (3.18) and 0.52 (0.06), respectively. Because

the plasma SCFA abundance was log, transformed, the linear model coefficients are interpreted as units of BMI and

WHIR associated with a fold increase in a SCFA. Model was adjusted for age, sex, batch run, province, urbanization,

income, education, physical activity, total energy intake, insoluble fiber intake, alcohol, and ever smoking.

In an exploratory analysis, we examined individual foods included in the high-fiber food group
and observed effect modification (interaction p-value < 0.10) of the associations between legumes
and fruits with valerate by overweight (Table S5); between whole grains and fruits with valerate,
and between nuts/seeds with butyrate/isobutyrate, isovalerate and total SCFAs by abdominal obesity
(Table S6). In general, consuming more of these fiber-rich foods tended to be associated with lower
SCFAs in adults with abdominal obesity. After adjusting for FDR, only the interaction between fruits
and abdominal obesity was nominally significant in the model of valerate (FDR-adjusted p-value = 0.07).

Finally, in the sub-sample with gut metagenome data, we tested the association between gut
microbial SCFA producers with BMI and WHtR. We found little statistical evidence of association
between the overall microbial SCFA producers with BMI (PERMANOVA R? = 0.008, Table 3) or
WHItR (PERMANOVA R? = 0.005). There was no statistical evidence of association between the total
relative abundance of microbial SCFA producers with BMI and WHtR either (p-value > 0.500). In an
exploratory analysis examining the specific microbial SCFA producers, we found a few species that
were associated with BMI and WHItR (Table S7) at p-value < 0.05. For example, Eubacterium hallii
and Eubacterium rectale were positively associated with BMI and WHtR. After adjusting for FDR, only
the negative association between Clostridium symbiosum with BMI remained statistically significant
(FDR adjusted p-value = 0.04). For sensitivity, we tested whether those species were associated with
plasma SCFAs. We found an association between the overall microbial SCFA producers with total
plasma SCFAs (PERMANOVA R? = 0.01, p-value = 0.03, Table S8), but not individual plasma SCFAs
(R? ranged 0.002-0.004, p-value > 0.05). We found no association between the total relative abundance
(p-value > 0.05) of microbial SCFA producers with plasma SCFAs, although a few specific species were
associated with butyrate/isobutyrate, valerate, isovalerate, and/or total plasma SCFAs (Table S9) at
p-value < 0.05, including Faecalibacterium prausnitzii. After adjusting for FDR, none of the association
between specific microbiota species and plasma SCFAs was statistically significant (FDR adjusted
p-value > 0.05).

Table 3. The associations between the overall and the total relative abundance of 56 microbial short-chain
fatty acid (SCFA) producers with body mass index (BMI) and waist-to-height-ratio (WHtR).

Overall ! Total 2
n Mean (SD) R? p-Value B (95% CI) p-Value
BMI 209 24.35 (3.21) 0.008 0.05 -0.04 (-1.7,1.61) 0.96
WHItR 208 0.53 (0.06) 0.005 0.30 0.00 (-0.03, 0.03) 0.78

The 56 microbial SCFA producers were selected from literature and the full list with references is in Table S2. The raw
counts of each species and the total counts of the 56 species were normalized and log; transformed [29]. Model
was adjusted for age, sex, province, urbanization, income, education, total energy, insoluble fiber intake, physical
activity, smoking, and alcohol intake. ! R? and p-value were calculated using permutational multivariate analysis of
variance (PERMANOVA) of all 56 species. 2 Linear regression was performed on the total relative abundance of the
56 species.
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In sensitivity analysis that restricted the sample to those who did not take antibiotics, pre/probiotics,
or had diarrhea, IBS, or IBD, although the statistical significance reduced a little due to decreased
sample size, the patterns of associations and parameter estimates remained similar for the associations
between plasma SCFAs with BMI and WHItR (Table S10); interactions of dietary precursors of SCFAs
with overweight (Figure S2, Table 511) and abdominal obesity in linear models of plasma SCFAs
(Figure S3, Table 512); and associations of the overall and total relative abundance of microbial SCFA
producers with BMI and WHtR (Table S13).

4. Discussion

In our population-based cohort of Chinese adults, we found positive associations between plasma
SCFAs and two adiposity measures, BMI and WHItR, independent of sociodemographic and behavioral
factors, including urbanization, diet, and physical activity. Butyrate/isobutyrate was positively
associated with BMI; and butyrate/isobutyrate, isovalerate, and total SCFAs were positively associated
with WHIR. Our results provide insights into the potential role of SCFAs in the etiology of obesity and
abdominal obesity.

Several cross-sectional studies have reported positive associations between fecal SCFAs levels and
obesity [16-20]. For example, a community-based study of 441 Colombian adults aged 18-62 years
demonstrated that higher fecal butyrate, acetate, propionate and total SCFAs were associated with
BMI, body fat, and waist circumference [17]. One hypothesis is that gut microbial dysbiosis in obesity
may lead to less efficient SCFA absorption and, therefore, more SCFA excretion [17,39]. However,
Rahat-Rozenbloom et al. [19] suggested that in 22 Canadian individuals aged >17 years, higher
fecal acetate, butyrate, and total SCFAs in people with (versus without) overweight was not due to
differences in diet or SCFAs absorption measured by the rectal dialysis bag method. Our findings
of positive associations between plasma SCFAs and adiposity measures may support their results
that higher SCFA excretion in higher body mass was not due to reduced SCFA absorption [19],
although studies using both circulating and fecal SCFAs are needed to fully elucidate this hypothesis.
Moreover, our findings show no difference in intakes of dietary precursors of SCFAs by overweight
and abdominal obesity, but potential effect medication of associations between dietary precursors
of SFCAs (e.g., insoluble fiber) and plasma SCFAs (e.g., butyrate/isobutyrate) by overweight and
abdominal obesity, indicating that colonic fermentation of dietary precursors of SCFAs may differ
for people with and without overweight, thereby leading to a different abundance of plasma SCFAs.
Although we focused on well-established dietary precursors like fiber and carbohydrates, our results
in butyrate/isobutyrate and isovalerate suggest that higher protein catabolism may be associated with
higher adiposity, given that isobutyrate and isovalerate are major fermentation products of amino acids
valine and leucine, respectively [40]. These branched-chain SCFAs function similarly to straight-chain
SCFAs (e.g., butyrate) when modulating glucose and lipid metabolism [41].

Additionally, our results are consistent with Goffredo et al. [13], which showed that plasma
concentrations of acetate, propionate, and butyrate were positively associated with body fat percentage
and changes in BMI in 84 adolescents. Conversely, in 12 normal weight and overweight adults aged
18-65 years, Boets et al. [42] found that the rate of appearance of plasma propionate and butyrate
measured by stable isotope dilution was lower in subjects with higher BMI. In 18 women who were
obese, Layden et al. [43] found a negative association between serum acetate and visceral adipose
tissue (although not BMI). These two studies had much smaller samples with less variation in BMI
than our study.

A potential reason for the positive relationship between SCFAs and obesity is that the gut
microbiota of individuals with obesity may have higher capacity to harvest energy through SCFA
production [5,13]. In fact, SCFAs are estimated to add about 10% of extra daily energy intake to adults
eating a westernized diet [14]. Goffredo et al. [13] found that plasma SCFAs were associated with
hepatic de novo lipogenesis and the gut microbiota of adolescents with obesity compared to their
lean counterparts had higher capacity to ferment the same amount of fructose in vitro. Additionally,
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Yang et al. showed that the fecal microbiota of people with (versus without) obesity produced
more propionate in response to in vitro fermentation of cereal grains [44]. Similarly, we found
that carbohydrate consumption tended to be negatively associated with plasma valerate in adults
without abdominal obesity, but tended to be positively associated with plasma valerate in adults
with abdominal obesity, indicating that adults with higher abdominal adiposity may have higher
potential for carbohydrate fermentation when consuming a carbohydrate-rich diet. The fact that
fruits, whole grains, and nuts/seeds consumption tended to be negatively associated with SCFAs in
adults with abdominal obesity in our study suggests that consuming these healthy fiber-rich foods
may help decrease energy harvesting via SCFA production in adults with excess abdominal adiposity.
Indeed, a double-blinded, randomized-controlled trial showed that fecal acetate, propionate and total
SCFAs were lower in prebiotic dietary fiber-treated group than placebo group after treatment [45].
We also found different patterns of associations between different dietary precursors of SCFAs and
plasma SCFAs. This may be because different gut microbiota compositions respond differently to
different sources of fermentable fibers [44,46].

Nevertheless, not all epidemiological studies that support positive associations between SCFAs and
adiposity measures also suggest the potential involvement of gut microbiota [13,16,17,19,20]. Whereas
a recent meta-analysis of case-control studies found no evidence of association between obesity and
phyla richness [16], other studies found that higher fecal SCFAs were associated with lower microbiota
diversity, as well as higher gut permeability, Firmicutes/Bacteriodetes ratio and cardiometabolic
disease-associated taxa [17,19]. While a study of 96 adolescent girls found no association between
microbiota phyla abundance and fecal SCFAs [20], a study 84 adolescent boys and girls found a
positive association between plasma SCFAs and obesity-related microbiota, including Faecalibacterium,
Streptococcus and Actinomyces [13]. Although our sub-sample analysis using gut metagenome data
showed that a few specific microbial SCFA producers were associated with BMI, WHtR, and plasma
SCFAs, only the negative association between Clostridium symbiosum and BMI reached statistical
significance after considering multiple testing (FDR adjusted p-value = 0.04). The relationships between
gut microbiota with SCFAs production and host adiposity are complicated given the convoluted
metabolic pathways and bacterial cross-feeding interactions [47]. It is possible that we lacked statistical
power to detect these associations, given that our sample comprised free-living people from a range of
rural and urban communities, providing more diversity in environments and behaviors, than previous
studies that were conducted in a single city or neighborhood [17,19].

The strengths of our study include the well-characterized, population-based cohort, high-quality
dietary data from three-consecutive 24-h recalls and household food inventories, and rich host factors
collected from standardized protocols, allowing us to control for a wide range of potential confounders.
Additionally, to our knowledge, we are the first study to examine the associations between plasma
SCFAs, gut metagenome, and adiposity measures in population-based adult cohort and our study is
relatively larger than previous epidemiological studies of SCFAs [16-20]. However, it is possible that
we lacked statistical power to test potential interactions between dietary precursors of SCFAs with
overweight and abdominal obesity in models of plasma SCFAs. After considering multiple testing,
none of the interactions reached statistical significance (FDR adjusted p-value > 0.05). Other limitations
of our study include the (1) cross-sectional design; (2) potential measurement error in diet and lack of
detailed information on fiber types to distinguish fermentable versus non-fermentable fiber; (3) selected
microbial SCFA producers may not comprehensively capture the SCFA-producing ability of the gut
microbiota; (4) lack of internal standards for SCFAs to determine the concentrations for SCFAs and
could not detect two major SCFAs (acetate and propionate) due to small molecular sizes. The fraction
of acetate:propionate:butyrate in the portal system is approximately 69:23:8 [48]. Since butyrate could
be undetectable in circulation because of rapid usage [49], we could not exclude the possibility that
we underestimated the abundance of plasma butyrate and other SCFAs. Lastly, our results in dietary
precursors of SCFAs may have limited generalizability with regard to other populations with different
dietary habits and dietary sources of fiber.
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5. Conclusions

Our study in a population-based cohort of Chinese adults suggests that plasma SCFAs may be
positively associated with BMI and WHtR, providing insights into the possible role of SCFAs in obesity
etiology. Our findings suggest differential associations between dietary precursors of SCFAs and
plasma SFCAs for adults with (versus without) overweight and abdominal obesity, indicating that
colonic fermentation of carbohydrates and SCFA production as a source of dietary energy may be differ
for adults with versus without overweight and abdominal obesity. However, we found little statistical
evidence for an association between the relative abundance of microbial SCFA producers with BMI
and WHtR. Further studies with longitudinal data and comprehensive measurement of SCFAs are
needed to replicate our results for relationship between plasma SCFAs and adiposity. Well-designed
randomized-controlled trails are also needed to clarity whether gut microbiota provide differential
energy harvests in people with different levels of body weight and adiposity.
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with body mass index (BMI) and waist-to-height ratio (WHtR); Table S11: Sensitivity analysis of the interaction
between dietary precursors of short-chain fatty acids (SCFAs) and overweight in models of SCFAs [% change
(95% CI)], corresponding to Figure S2; Table S12: Sensitivity analysis of the interaction between dietary precursors
of short-chain fatty acids (SCFAs) and abdominal obesity in models of SCFAs [% change (95% CI)], corresponding
to Figure S3; Table S13: Sensitivity analysis of the association between the overall and the total relative abundance
of 56 microbial short-chain fatty acid (SCFA) producers with body mass index (BMI) and waist-to-height-ratio
(WHItR).

Author Contributions: Conceptualization, Y.W.; methodology, YW., A.G.H., K.AM,, and P.G.-L.; formal analysis,
Y.W.,; investigation, J.Z., C.S., ZW., HW,, and B.Z; resources, P.G.-L., A AF, HW.,, and B.Z.; data curation, Y.W.,
S.S., and A.G.H.; writing—original draft preparation, Y.W.; writing—review and editing, YW., A.G.H., K.A M.,
PG.-L., A AF,M.CBT,SS., WS, CLA, HW,B.Z,].Z,CS., and ZW.,; supervision, PG.-L., A.G.H.,, KAM,;
project administration, P.G.-L., B.Z., A.A.E; funding acquisition, P.G.-L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the NIH and National Institute of Diabetes and Digestive and Kidney
Diseases (R01- DK104371). We are grateful to the Eunice Kennedy Shriver National Institute of Child Health
and Human Development (NICHD) for R01 HD30880 and the NIH Fogarty grant D43 TW009077 for financial
support for the CHNS data collection and analysis files from 1989 to 2015 and future surveys. We are also grateful
for funding from the NICHD to CPC at the UNC-CH (NIH grant P2C HD050924). Y.W. is grateful to the Sanofi
funding award 29230-50347-466001 for educational support. M.C.B.T. is supported by Ruth L. Kirschstein National
Research Service Awards (NRSA) Genetic Epidemiology of Heart, Lung, and Blood (HLB) Traits Training Grant
(GenHLB, T32HL129982).

Acknowledgments: We thank the National Institute for Nutrition and Health and Chinese Center for Disease
Control and Prevention. We are grateful to the participants in the China Health and Nutrition Survey. We also
wish to thank Guifeng Jin and Hsiao-Chuan Tien for database assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.


http://www.mdpi.com/2072-6643/12/7/2127/s1

Nutrients 2020, 12, 2127 13 of 15

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Aune, D.; Schlesinger, S.; Norat, T.; Riboli, E. Body Mass Index, Abdominal Fatness, and the Risk of Sudden
Cardiac Death: A Systematic Review and Dose—Response Meta-Analysis of Prospective Studies; Springer:
Berlin, Germany, 2018.

Yeh, T.-L.; Chen, H.-H.; Tsai, S.-Y.; Lin, C.-Y;; Liu, S.-].; Chien, K.-L. The Relationship between Metabolically
Healthy Obesity and the Risk of Cardiovascular Disease: A Systematic Review and Meta-Analysis. J. Clin.
Med. 2019, 8, 1228. [CrossRef] [PubMed]

Ashwell, M.; Gibson, S. Waist-to-height ratio as an indicator of ‘early health risk’: Simpler and more predictive
than using a ‘matrix’based on BMI and waist circumference. BMJ Open 2016, 6, €010159. [CrossRef] [PubMed]
Chambers, E.S.; Preston, T.; Frost, G.; Morrison, D.J. Role of gut Microbiota-Generated short-chain fatty acids
in metabolic and cardiovascular health. Curr. Nutr. Rep. 2018, 7, 198-206. [CrossRef] [PubMed]
Turnbaugh, PJ.; Ley, R.E.; Mahowald, M.A.; Magrini, V.; Mardis, E.R.; Gordon, J.I. An obesity-associated gut
microbiome with increased capacity for energy harvest. Nature 2006, 444, 1027. [CrossRef]

Hu, X.; Gao, J.; Zhang, Q.; Fu, Y,; Li, K; Zhu, S.; Li, D. Soy fiber improves weight loss and lipid profile in
overweight and obese adults: A randomized controlled trial. Mol. Nutr. Food Res. 2013, 57, 2147-2154.
[CrossRef] [PubMed]

Esposito, K.; Kastorini, C.-M.; Panagiotakos, D.B.; Giugliano, D. Mediterranean diet and weight loss:
Meta-analysis of randomized controlled trials. Metab. Syndr. Relat. Disord. 2011, 9, 1-12. [CrossRef]
Mueller, N.T.; Zhang, M.; Juraschek, S.P.; Miller, E.R.; Appel, L.J. Effects of high-fiber diets enriched with
carbohydrate, protein, or unsaturated fat on circulating short chain fatty acids: Results from the OmniHeart
randomized trial. Am. J. Clin. Nutr. 2020, 111, 545-554. [CrossRef]

De Filippis, E; Pellegrini, N.; Vannini, L.; Jeffery, L B.; La Storia, A.; Laghi, L.; Serrazanetti, D.I; Di Cagno, R.;
Ferrocino, I; Lazzi, C. High-level adherence to a Mediterranean diet beneficially impacts the gut microbiota
and associated metabolome. Gut 2016, 65, 1812-1821. [CrossRef]

Chambers, E.S.; Viardot, A.; Psichas, A.; Morrison, D.J.; Murphy, K.G.; Zac-Varghese, S.E.; MacDougall, K.;
Preston, T.; Tedford, C.; Finlayson, G.S. Effects of targeted delivery of propionate to the human colon on
appetite regulation, body weight maintenance and adiposity in overweight adults. Gut 2015, 64, 1744-1754.
[CrossRef]

Byrne, C.; Chambers, E.; Morrison, D.; Frost, G. The role of short chain fatty acids in appetite regulation and
energy homeostasis. Int. J. Obes. 2015, 39, 1331-1338. [CrossRef]

Chambers, E.S.; Byrne, C.S.; Aspey, K.; Chen, Y.; Khan, S.; Morrison, D.]J.; Frost, G. Acute oral sodium
propionate supplementation raises resting energy expenditure and lipid oxidation in fasted humans.
Diabetes Obes. Metab. 2018, 20, 1034-1039. [CrossRef]

Goffredo, M.; Mass, K.; Parks, E.J.; Wagner, D.A.; McClure, E.A ; Graf, J.; Savoye, M.; Pierpont, B.; Cline, G.;
Santoro, N. Role of gut microbiota and short chain fatty acids in modulating energy harvest and fat
partitioning in youth. J. Clin. Endocrinol. Metab. 2016, 101, 4367-4376. [CrossRef]

Brahe, L K.; Astrup, A.; Larsen, L. H. Is butyrate the link between diet, intestinal microbiota and obesity-related
metabolic diseases? Obes. Rev. 2013, 14, 950-959. [CrossRef] [PubMed]

Isken, F; Klaus, S.; Osterhoff, M.; Pfeiffer, A.F.; Weickert, M.O. Effects of long-term soluble vs. insoluble
dietary fiber intake on high-fat diet-induced obesity in C57BL/6] mice. ]. Nutr. Biochem. 2010, 21, 278-284.
[CrossRef]

Kim, K.N.; Yao, Y.; Ju, S.Y. Short chain fatty acids and fecal microbiota abundance in humans with obesity:
A systematic review and meta-analysis. Nutrients 2019, 11, 2512. [CrossRef] [PubMed]

La Cuesta-Zuluaga, D.; Mueller, N.T; Alvarez-Quintero, R; Velasquez-Mejia, E.P; Sierra, J.A,;
Corrales-Agudelo, V.; Carmona, ].A.; Abad, ].M.; Escobar, ].S. Higher fecal short-chain fatty acid levels are
associated with gut microbiome dysbiosis, obesity, hypertension and cardiometabolic disease risk factors.
Nutrients 2019, 11, 51. [CrossRef]

Schwiertz, A.; Taras, D.; Schiéfer, K.; Beijer, S.; Bos, N.A.; Donus, C.; Hardt, P.D. Microbiota and SCFA in lean
and overweight healthy subjects. Obesity 2010, 18, 190-195. [CrossRef] [PubMed]

Rahat-Rozenbloom, S.; Fernandes, J.; Gloor, G.B.; Wolever, T.M. Evidence for greater production of colonic
short-chain fatty acids in overweight than lean humans. Int. J. Obes. 2014, 38, 1525-1531. [CrossRef]


http://dx.doi.org/10.3390/jcm8081228
http://www.ncbi.nlm.nih.gov/pubmed/31443279
http://dx.doi.org/10.1136/bmjopen-2015-010159
http://www.ncbi.nlm.nih.gov/pubmed/26975935
http://dx.doi.org/10.1007/s13668-018-0248-8
http://www.ncbi.nlm.nih.gov/pubmed/30264354
http://dx.doi.org/10.1038/nature05414
http://dx.doi.org/10.1002/mnfr.201300159
http://www.ncbi.nlm.nih.gov/pubmed/23881774
http://dx.doi.org/10.1089/met.2010.0031
http://dx.doi.org/10.1093/ajcn/nqz322
http://dx.doi.org/10.1136/gutjnl-2015-309957
http://dx.doi.org/10.1136/gutjnl-2014-307913
http://dx.doi.org/10.1038/ijo.2015.84
http://dx.doi.org/10.1111/dom.13159
http://dx.doi.org/10.1210/jc.2016-1797
http://dx.doi.org/10.1111/obr.12068
http://www.ncbi.nlm.nih.gov/pubmed/23947604
http://dx.doi.org/10.1016/j.jnutbio.2008.12.012
http://dx.doi.org/10.3390/nu11102512
http://www.ncbi.nlm.nih.gov/pubmed/31635264
http://dx.doi.org/10.3390/nu11010051
http://dx.doi.org/10.1038/oby.2009.167
http://www.ncbi.nlm.nih.gov/pubmed/19498350
http://dx.doi.org/10.1038/ijo.2014.46

Nutrients 2020, 12, 2127 14 of 15

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Miranda, V.P.N.; dos Santos Amorim, P.R.; Bastos, R.R.; de Faria, E.R.; de Castro Moreira, M.E.; do Carmo
Castro Franceschini, S.; do Carmo Gouveia Peluzio, M.; de Luces Fortes Ferreira, C.L.; Priore, S.E. Abundance
of Gut Microbiota, Concentration of Short-Chain Fatty Acids, and Inflammatory Markers Associated with
Elevated Body Fat, Overweight, and Obesity in Female Adolescents. Mediat. Inflamm. 2019, 2019. [CrossRef]
[PubMed]

Brooks, A.W.,; Priya, S.; Blekhman, R.; Bordenstein, S.R. Gut microbiota diversity across ethnicities in the
United States. PLoS Biol. 2018, 16, €2006842. [CrossRef] [PubMed]

Popkin, B.M.; Du, S.; Zhai, F.; Zhang, B. Cohort Profile: The China Health and Nutrition Survey—Monitoring
and understanding socio-economic and health change in China, 1989-2011. Int. ]. Epidemiol. 2009, 39,
1435-1440. [CrossRef]

Evans, AM.; DeHaven, C.D.; Barrett, T.; Mitchell, M.; Milgram, E. Integrated, nontargeted ultrahigh
performance liquid chromatography/electrospray ionization tandem mass spectrometry platform for the
identification and relative quantification of the small-molecule complement of biological systems. Anal. Chem.
2009, 81, 6656—6667. [CrossRef]

Long, T.; Hicks, M.; Yu, H.-C.; Biggs, W.H.; Kirkness, E.F.; Menni, C.; Zierer, ].; Small, K.S.; Mangino, M.;
Messier, H. Whole-genome sequencing identifies common-to-rare variants associated with human blood
metabolites. Nat. Genet. 2017, 49, 568. [CrossRef] [PubMed]

Peng, Y.; Li, W.; Wang, Y.; Bo, ].; Chen, H. The cut-off point and boundary values of waist-to-height ratio
as an indicator for cardiovascular risk factors in Chinese adults from the PURE study. PLoS ONE 2015, 10,
€0144539. [CrossRef] [PubMed]

Zhou, B.-F. Predictive values of body mass index and waist circumference for risk factors of certain related
diseases in Chinese adults—Study on optimal cut-off points of body mass index and waist circumference in
Chinese adults. Biomed. Environ. Sci. BES 2002, 15, 83-96. [PubMed]

Du, S.; Neiman, A.; Batis, C.; Wang, H.; Zhang, B.; Zhang, ].; Popkin, B.M. Understanding the patterns and
trends of sodium intake, potassium intake, and sodium to potassium ratio and their effect on hypertension
in China. Am. J. Clin. Nutr. 2013, 99, 334-343. [CrossRef] [PubMed]

Truong, D.T.; Franzosa, E.A ; Tickle, T.L.; Scholz, M.; Weingart, G.; Pasolli, E.; Tett, A.; Huttenhower, C.;
Segata, N. MetaPhlAn2 for enhanced metagenomic taxonomic profiling. Nat. Methods 2015, 12, 902-903.
[CrossRef]

Jones, R.B.; Zhu, X.; Moan, E.; Murff, H.].; Ness, R.M.; Seidner, D.L.; Sun, S.; Yu, C.; Dai, Q.; Fodor, A.A.
Inter-niche and inter-individual variation in gut microbial community assessment using stool, rectal swab,
and mucosal samples. Sci. Rep. 2018, 8, 1-12. [CrossRef]

Jones-Smith, J.C.; Popkin, B.M. Understanding community context and adult health changes in China:
Development of an urbanicity scale. Soc. Sci. Med. 2010, 71, 1436-1446. [CrossRef]

Zou, J.; Chassaing, B.; Singh, V.; Pellizzon, M.; Ricci, M.; Fythe, M.D.; Kumar, M.V.; Gewirtz, A.T.
Fiber-mediated nourishment of gut microbiota protects against diet-induced obesity by restoring
IL-22-mediated colonic health. Cell Host Microbe 2018, 23, 41-53.e4. [CrossRef] [PubMed]

Inoue, Y.; Howard, A.G.; Thompson, A.L.; Gordon-Larsen, P. Secular change in the association between
urbanisation and abdominal adiposity in China (1993-2011). J. Epidemiol. Community Health 2018, 72, 484-490.
[CrossRef] [PubMed]

Yan, R; Li, W; Yin, L.; Wang, Y.; Bo, J.; Investigators, P.C.; Investigators, P.C.; Liu, L.; Liu, B.; Hu, B.
Cardiovascular diseases and risk-factor burden in urban and rural communities in high-, middle-, and
low-income regions of china: A large community-based epidemiological study. J. Am. Heart Assoc. 2017, 6,
€004445. [CrossRef] [PubMed]

Sun, S.; Wang, H.; Tsilimigras, M.C.; Howard, A.G.; Sha, W,; Du, S.; Sioda, M.; Fodor, A.; Gordon-Larsen, P.
Geographic variation profoundly impacts the reproducibility of the associations between host factors and
human gut microbiota in China. 2020. Manuscript submitted for publication.

Winglee, K.; Howard, A.G.; Sha, W.; Gharaibeh, R.Z; Liu, J.; Jin, D.; Fodor, A.A.; Gordon-Larsen, P. Recent
urbanization in China is correlated with a Westernized microbiome encoding increased virulence and
antibiotic resistance genes. Microbiome 2017, 5, 121. [CrossRef] [PubMed]

Ding, M.; Zeleznik, O.A.; Guasch-Ferre, M.; Hu, J.; Lasky-Su, J.; Lee, I.-M.; Jackson, R.D.; Shadyab, A.H.;
LaMonte, M.J.; Clish, C. Metabolome-wide Association Study with Habitual Physical Activity in Four
Prospective Cohort Studies. Am. ]. Epidemiol. 2019, 188, 1932-1943. [CrossRef] [PubMed]


http://dx.doi.org/10.1155/2019/7346863
http://www.ncbi.nlm.nih.gov/pubmed/31933541
http://dx.doi.org/10.1371/journal.pbio.2006842
http://www.ncbi.nlm.nih.gov/pubmed/30513082
http://dx.doi.org/10.1093/ije/dyp322
http://dx.doi.org/10.1021/ac901536h
http://dx.doi.org/10.1038/ng.3809
http://www.ncbi.nlm.nih.gov/pubmed/28263315
http://dx.doi.org/10.1371/journal.pone.0144539
http://www.ncbi.nlm.nih.gov/pubmed/26642201
http://www.ncbi.nlm.nih.gov/pubmed/12046553
http://dx.doi.org/10.3945/ajcn.113.059121
http://www.ncbi.nlm.nih.gov/pubmed/24257724
http://dx.doi.org/10.1038/nmeth.3589
http://dx.doi.org/10.1038/s41598-018-22408-4
http://dx.doi.org/10.1016/j.socscimed.2010.07.027
http://dx.doi.org/10.1016/j.chom.2017.11.003
http://www.ncbi.nlm.nih.gov/pubmed/29276170
http://dx.doi.org/10.1136/jech-2017-210258
http://www.ncbi.nlm.nih.gov/pubmed/29514924
http://dx.doi.org/10.1161/JAHA.116.004445
http://www.ncbi.nlm.nih.gov/pubmed/28167497
http://dx.doi.org/10.1186/s40168-017-0338-7
http://www.ncbi.nlm.nih.gov/pubmed/28915922
http://dx.doi.org/10.1093/aje/kwz171
http://www.ncbi.nlm.nih.gov/pubmed/31364705

Nutrients 2020, 12, 2127 15 of 15

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Anderson, M.J. Permutational multivariate analysis of variance (PERMANOVA). Wiley Statsref Stat. Ref.
Online 2014, 1-15. [CrossRef]

Benjamini, Y.; Hochberg, Y. Controlling the false discovery rate: A practical and powerful approach to
multiple testing. J. R. Stat. Soc. Ser. B (Methodol.) 1995, 57, 289-300. [CrossRef]

Vogt, ].A.; Wolever, TM. Fecal acetate is inversely related to acetate absorption from the human rectum and
distal colon. J. Nutr. 2003, 133, 3145-3148. [CrossRef]

Oliphant, K.; Allen-Vercoe, E. Macronutrient metabolism by the human gut microbiome: Major fermentation
by-products and their impact on host health. Microbiome 2019, 7, 91. [CrossRef]

Heimann, E.; Nyman, M.; Pélbrink, A.-K.; Lindkvist-Petersson, K.; Degerman, E. Branched short-chain fatty
acids modulate glucose and lipid metabolism in primary adipocytes. Adipocyte 2016, 5, 359-368. [CrossRef]
Boets, E.; Deroover, L.; Houben, E.; Vermeulen, K.; Gomand, S.V.; Delcour, J.A.; Verbeke, K. Quantification
of in vivo colonic short chain fatty acid production from inulin. Nutrients 2015, 7, 8916-8929. [CrossRef]
[PubMed]

Layden, B.T.; Yalamanchi, S.K.; Wolever, TM.; Dunaif, A.; Lowe, W.L., Jr. Negative association of acetate with
visceral adipose tissue and insulin levels. Diabetes Metab. Syndr. Obes. Targets Ther. 2012, 5, 49. [CrossRef]
[PubMed]

Yang, J.; Keshavarzian, A.; Rose, D.J. Impact of dietary fiber fermentation from cereal grains on metabolite
production by the fecal microbiota from normal weight and obese individuals. ]. Med. Food 2013, 16, 862-867.
[CrossRef] [PubMed]

Salazar, N.; Dewulf, E.M.; Neyrinck, A.M.; Bindels, L.B.; Cani, P.D.; Mahillon, J.; de Vos, W.M.; Thissen, ].-P;
Gueimonde, M.; de Los Reyes-Gavilan, C.G,; et al. Inulin-type fructans modulate intestinal Bifidobacterium
species populations and decrease fecal short-chain fatty acids in obese women. Clin. Nutr. 2015, 34, 501-507.
[CrossRef]

Baxter, N.T.; Schmidt, A.W.; Venkataraman, A.; Kim, K.S.; Waldron, C.; Schmidt, T.M. Dynamics of human
gut microbiota and short-chain fatty acids in response to dietary interventions with three fermentable fibers.
MBio 2019, 10, e02566-18. [CrossRef] [PubMed]

Rios-Covian, D.; Ruas-Madiedo, P.; Margolles, A.; Gueimonde, M.; de los Reyes-Gavilan, C.G.; Salazar, N.
Intestinal short chain fatty acids and their link with diet and human health. Front. Microbiol. 2016, 7, 185.
[CrossRef] [PubMed]

Cummings, J.; Pomare, E.; Branch, W.; Naylor, C.; Macfarlane, G. Short chain fatty acids in human large
intestine, portal, hepatic and venous blood. Gut 1987, 28, 1221-1227. [CrossRef] [PubMed]

Pryde, S.E.; Duncan, S.H.; Hold, G.L.; Stewart, C.S.; Flint, H.]. The microbiology of butyrate formation in the
human colon. FEMS Microbiol. Lett. 2002, 217, 133-139. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/9781118445112.stat07841
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.1093/jn/133.10.3145
http://dx.doi.org/10.1186/s40168-019-0704-8
http://dx.doi.org/10.1080/21623945.2016.1252011
http://dx.doi.org/10.3390/nu7115440
http://www.ncbi.nlm.nih.gov/pubmed/26516911
http://dx.doi.org/10.2147/DMSO.S29244
http://www.ncbi.nlm.nih.gov/pubmed/22419881
http://dx.doi.org/10.1089/jmf.2012.0292
http://www.ncbi.nlm.nih.gov/pubmed/24044495
http://dx.doi.org/10.1016/j.clnu.2014.06.001
http://dx.doi.org/10.1128/mBio.02566-18
http://www.ncbi.nlm.nih.gov/pubmed/30696735
http://dx.doi.org/10.3389/fmicb.2016.00185
http://www.ncbi.nlm.nih.gov/pubmed/26925050
http://dx.doi.org/10.1136/gut.28.10.1221
http://www.ncbi.nlm.nih.gov/pubmed/3678950
http://dx.doi.org/10.1111/j.1574-6968.2002.tb11467.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Sample 
	Plasma Short-Chain Fatty Acids (SCFAs) 
	Anthropometry 
	Diet 
	Gut Metagenome 
	Other Covariates 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

