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Abstract

The prevalence of overweight and obesity is greatest amongst Black women in the U.S.,

contributing to disproportionately higher type 2 diabetes prevalence compared to White

women. Insulin resistance, independent of body mass index, tends to be greater in Black

compared to White women, yet the mechanisms to explain these differences are not

completely understood. The gut microbiome is implicated in the pathophysiology of obesity,

insulin resistance and cardiometabolic disease. Only two studies have examined race differ-

ences in Black and White women, however none characterizing the gut microbiome based

on insulin sensitivity by race and sex. Our objective was to determine if gut microbiome pro-

files differ between Black and White women and if so, determine if these race differences

persisted when accounting for insulin sensitivity status. In a pilot cross-sectional analysis,

we measured the relative abundance of bacteria in fecal samples collected from a subset of

168 Black (n = 94) and White (n = 74) women of the National Growth and Health Study

(NGHS). We conducted analyses by self-identified race and by race plus insulin sensitivity

status (e.g. insulin sensitive versus insulin resistant as determined by HOMA-IR). A greater

proportion of Black women were classified as IR (50%) compared to White women (30%).

Alpha diversity did not differ by race nor by race and insulin sensitivity status. Beta diversity

at the family level was significantly different by race (p = 0.033) and by the combination of

race plus insulin sensitivity (p = 0.038). Black women, regardless of insulin sensitivity, had a

greater relative abundance of the phylum Actinobacteria (p = 0.003), compared to White

women. There was an interaction between race and insulin sensitivity for Verrucomicrobia

(p = 0.008), where among those with insulin resistance, Black women had four fold higher

abundance than White women. At the family level, we observed significant interactions

between race and insulin sensitivity for Lachnospiraceae (p = 0.007) and Clostridiales

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0259889 January 19, 2022 1 / 18

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Price CA, Jospin G, Brownell K, Eisen JA,

Laraia B, Epel ES (2022) Differences in gut

microbiome by insulin sensitivity status in Black

and White women of the National Growth and

Health Study (NGHS): A pilot study. PLoS ONE

17(1): e0259889. https://doi.org/10.1371/journal.

pone.0259889

Editor: Brenda A. Wilson, University of Illinois

Urbana-Champaign, UNITED STATES

Received: April 26, 2021

Accepted: October 28, 2021

Published: January 19, 2022

Copyright: © 2022 Price et al. This is an open

access article distributed under the terms of the

Creative Commons Attribution License, which

permits unrestricted use, distribution, and

reproduction in any medium, provided the original

author and source are credited.

Data Availability Statement: Data from this study

are available at datadryad https://doi.org/10.25338/

B8CK7D.

Funding: Supported by the Eunice Kennedy Shriver

National Institute of Child Health and Human

Development [2 K12 HD051958] Building

Interdisciplinary Research Careers in Women’s

Health at UC Davis; Eunice Kennedy Shriver

National Institute of Child Health and Human

Development grant Race, stress and dysregulated

https://orcid.org/0000-0003-0661-0136
https://doi.org/10.1371/journal.pone.0259889
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259889&domain=pdf&date_stamp=2022-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259889&domain=pdf&date_stamp=2022-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259889&domain=pdf&date_stamp=2022-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259889&domain=pdf&date_stamp=2022-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259889&domain=pdf&date_stamp=2022-01-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259889&domain=pdf&date_stamp=2022-01-19
https://doi.org/10.1371/journal.pone.0259889
https://doi.org/10.1371/journal.pone.0259889
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.25338/B8CK7D
https://doi.org/10.25338/B8CK7D


Family XIII (p = 0.01). Our findings suggest that the gut microbiome, particularly lower beta

diversity and greater Actinobacteria, one of the most abundant species, may play an impor-

tant role in driving cardiometabolic health disparities of Black women, indicating an influence

of social and environmental factors on the gut microbiome.

Introduction

Type 2 diabetes (T2D) prevalence in Blacks is almost twice that of Whites [1]. It is expected

that almost half of Black women in the U.S. will develop diabetes [2]. This risk is greater in

Black women than Black men and other race/ethnicities [3], in part due to Black women hav-

ing a high prevalence of overweight and obesity [4]. Obesity promotes increased inflammation

and insulin resistance. Greater insulin resistance is reported in Black women compared to

White women in some [5, 6], but not all studies [7–9], even when matched for BMI. However,

the mechanisms contributing to the progression of insulin resistance in Black women are not

well-understood [7, 10, 11]. Ancestral genetic differences have been linked to insulin resistance

in Black individuals [12, 13], but the recognition of race as a social construct highlights social

determinants of health as important mediators [14].

Understanding the etiology of insulin resistance development in Black women requires an

interdisciplinary approach that integrates the social determinants of health (e.g. environmental

factors) with physiological outcomes. One such approach is the understanding the role of the

gut microbiome in the pathway of cardiometabolic disease development. The gut microbiome

is influenced largely by environmental and social factors, such as diet and psychological stress

[15–17], and is linked to the development of insulin resistance and T2D [18–20].

The three most predominant gut bacteria species at the phylum level are Firmicutes, Bacter-
oidetes, and Actinobacteria [21–24]. Greater Firmicutes and Actinobacteria but lower Bacteroi-
detes characterize microbial communities in obesity and T2D [25–27]; although this finding is

not consistent amongst studies [28]. At the genus level Ruminococcus, Blautia (of the Firmi-
cutes phylum) and Fusobactria (of the Fusiobacteria phylum) and are positively associated with

T2D, whereas Bifidobacteria and Bacteroides (of the Actinobacteria and Bacteroidetes phylum,

respectively) appear to be protective against T2D [19]. Lower gut bacteria diversity, both

within sample (alpha diversity) and diversity within populations (beta diversity), is also associ-

ated with lower metabolic health and insulin resistance [29–31].

Bacteria diversity differs amongst ethnic groups [32]. Despite advances in microbiome

research, few studies have examined the role of gut bacteria in T2D health disparities affecting

specific populations [33]. Three studies in men and women of African-decent examined the

microbiome in the context of obesity [34], high blood pressure [35] and colorectal cancer [36].

Although study design and outcomes were variable amongst these studies, together they sug-

gest associations between Bacteroidetes with race and glucose tolerance, regardless of body

weight. One study observed a greater ratio of Firmicutes to Bacteroidetes in Blacks versus other

race and ethnicities [36]. However unlike the previous studies in healthy participants, this

study was conducted in a small sample of colorectal cancer patients. There are no studies

examining the role of the microbiome with insulin resistance in Black women.

The majority of microbiome studies in Black women have focused on the vaginal micro-

biome in relation to fertility and reproductive health [37–39]. To our knowledge, only three

studies have examined gut bacteria from fecal samples of Black women [40–42]. Of these, only

one compared bacteria profiles between overweight, pre- and post-menopausal, Black and
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White women. This study found a greater relative abundance of Bacteroides, a genus within

the Bacteroidetes phylum [41]. Comparisons between Black women in the U.S. versus lean

Ghanaian women found Bacteroides and family Lachnospiraceae to be higher in U.S. Black

women [40]. This was also accompanied by differences in beta diversity between groups and

lower alpha diversity in U.S. Black women. Carson and colleagues observed racial differences

in bacteria beta diversity (between race groups) but no differences for within sample alpha

diversity [41]. Similar findings were observed in postmenopausal Black and White women

[42]. Only one study has linked beta diversity, Bacteroidetes or Lachnospiraceae to obesity and

insulin resistance in Black women, however this study compared ethnic differences (U.S.-liv-

ing vs Ghana-living). No studies in the U.S. have investigated these relationhips by sex and

race differences to help explain racial disparities in health.

The gut microbiome may provide us greater insight into furthering our understanding of

obesity and type 2 diabetes risk in Black women. Given the paucity of literature on this topic,

we collected fecal samples from Black and White women of the National Growth and Health

Study (NGHS) to explore whether or not gut bacteria profiles differed by race and insulin sen-

sitivity status. We hypothesized that we would identify gut bacteria profiles, specifically lower

Firmicutes to Bacteroidetes ratio and lower alpha diversity that would be associated with

greater insulin resistance in Black women.

Methods

Study participants

This report includes results from a subset of participants (n = 320) from the National Heart,

Lung and Blood (NHLBI) Growth and Health Study (NGHS) at baseline of the 20-year follow

up cohort. The original NGHS examined risk factors for cardiovascular disease in socioeco-

nomically-diverse Black and White girls from childhood (ages 9–10) through young adult-

hood. Participants were recruited from three regions of the U.S.: Western Contra Costa

County in California, Cincinnati, OH and Washington, D.C. who self-identified their race as

Black or White. Building on longitudinal data from participants recruited from Western Con-

tra Costa County site (n = 887), the current follow-up NGHS cohort assesses their health at

ages 37 to 43 years. Participant eligibility and study protocol is described elsewhere. Briefly,

participants were eligible to enroll in the study if, at the time of enrollment, they were: 1. Not

currently pregnant, 2. Had not given birth, experienced a miscarriage, or had an abortion in

the past three months, 3. were not currently living abroad and 4. were not institutionalized or

in prison. A total of 624 women (73%) of eligible participants enrolled in this study. Partici-

pants who provided written consent for protocol number 2013-11-5774 were enrolled.

Informed consent was obtained during the in-person visit for local participants. For partici-

pants who had relocated farther than 65 miles from Berkeley, CA, consent forms were mailed

and signed consent forms were returned to study staff by mail. This study was approved by the

Institutional Review Board at the University of California, Berkeley.

Participants characteristics

Body weight was measured during the follow-up annual in-person visit at either their home or

local clinic. The visit protocol is described elsewhere, but briefly included completion of con-

sents, anthropometric measures and blood draw appointment scheduling. Blood draws were

collected for the measurement of fasting glucose and insulin concentrations. Insulin sensitivity

was determined by HOMA-IR: glucose (mg/dL) x insulin (uU/mL)/405. HOMA-IR cutpoint

was based on the 75% percentile HOMA-IR values of normal weight Black and White women

with BMI <25 kg/mg2, per recommended cutpoint criteria [43, 44]. Participants with a
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HOMA-IR<2.5 were characterized as insulin sensitive; HOMA-IR� 2.5 characterized insulin

resistance.

Fecal sample analysis for gut microbiome profiles

A total of 320 women provided fecal samples for the current analysis. All study participants

were given the choice to complete a stool sample using a Ubiome collection kit (UBiome, San

Francisco, CA). Participants were eligible to complete a stool sample after they enrolled in the

study, completed their consent forms with study staff, and completed the baseline survey. Sam-

ples were collected between March 2019 and September 2019.

During the visit, remote or in-person, each participant was provided a Ubiome sample kit

that was labeled with their unique kit ID and specific instructions for use. The “Stool Kit Instruc-

tion Insert” provided both written and visual instructions on how to use the Ubiome stool sample

it. Study staff also reviewed the instructions in detail with the participants and answered any ques-

tions. Participants were instructed on sample collection hygiene and sterility including avoiding

contamination of collection swab to anything other than the fecal sample (e.g. fingers, hair, floor,

etc.), and avoiding the use of chlorinated pool or hot tub, or engaging in sexual activity less than 8

hours prior to sample collection. Participants were also asked by study staff if they had taken anti-

biotics recently. If antibiotics were taken, the participant was instructed to wait three months

from the date that they ended their antibiotic course to permit gut microbiome recovery before

collecting the sample. Research suggests that gut microbiome mostly recovers between 1 to 1.5

months [45, 46]. Participants were also asked to disclose if they had any gastrointestinal condi-

tions, as inflammatory bowel syndrome, inflammatory bowel disease [47] as well as other condi-

tions that can influence the gut microbiome. After completing the sample, participants used a

pre-packaged envelope to send their sample directly to Ubiome for processing.

Processing of UBiome fecal samples have been previously described [48]. Briefly, samples

were lysed by bead-beading and DNA was extracted in a class 1000 room using guanidine thio-

cyanate silica column-based purification method. Universal primers containing Illumina tags

and barcodes were used for polymerase chain reaction (PCR) amplification of 16S rRNA

genes. PCR products were pooled, column purified, and size-selected through microfluidic

DNA fractionation [49]. Sequencing was performed in a pair-end modality on the Illumina

NexSeq 500 platform rendering 2 x 150 bp pair-end sequences.

After quality control of the raw sequence files, to ensure each sample had paired end reads

information, 258 samples were processed using the dada2 1.14.1 [50], in R v3.6.3 allowing for

2 expected errors, 0 Ns and a minimum Q score of 2. Taxonomy was inferred using the DECI-

PHER package and the silva 132 database. Taxonomic ranks were as follows: kingdom, phy-

lum, class, order, family, genus and species. After removal of standard contaminant taxa, we

filtered the data to only include taxa with a prevalence greater than 5%. Taxonomic reduction

(tip_glom from phyloseq) was performed by collapsing taxa closer than 0.1 on a phylogenetic

tree built using FastTree (v 2.1.10). The final analysis included 168 participant samples an

additional prevalence filtering of 30%.

Data from this study are available at datadyrad [51].

Statistical analysis

Descriptives: A univariate analysis determined unequal distribution for BMI, fasting glucose,

fasting insulin and HOMA-IR. To test for differences between groups in these outcomes, we

used nonparametric statistical analysis with Wilcoxon test. Difference in age was determined

by general linear model. Differences in distribution of insulin sensitivity status between race

groups were determined by chi-square test.
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Microbiota analyses: Our analyses focused on identifying potential differences in gut health

based on phylum and family relative abundance, and diversity measures (alpha and beta). The

data manipulation and statistical analysis of bacteria taxonomy, such as alpha and beta diver-

sity, was done using phyloseq 1.30.0 [52] and plotted using ggplot2.

Alpha diversity, a measure of diversity within each sample, was measured by three mea-

sures: Shannon Index, Simpson, or Chao. The dataset was rarefied to 10,000 reads and non-

normally distributed variables were log-transformed. Some samples were discarded through

rarefaction set at 10,000 reads for the alpha diversity measures. Shannon and Simpson Indices

both weigh relative microbial community richness based on amplicon sequence variant (ASV)

and evenness of representation within a sample [53, 54]. The Chao Index determines richness

calculating the expected diversity of ASV based on the presence of all species present within a

sample [55]. To measure beta diversity, a measure of diversity between groups, we used the

principal coordinate analysis (PCoA) from Bray-Curtis dissimilarity distances available

through the phyloseq R package.

Microbiota analyses by race and insulin resistance: To determine differences in alpha diver-

sity and taxonomy by race, we used a general linear model with tukey post-test for compari-

sons between groups by race (Black vs White). Based on prior studies demonstrating the

significant effect of BMI on bacteria profiles, all models included BMI as a covariate. A second

model included both BMI and insulin sensitivity status as covariates (insulin sensitive (IS) or

insulin resistant (IR)) and tested for an interaction between race and insulin sensitivity status

(race�HOMA-IR status). Post-hoc analyses tested for differences between groups categorized

by race and insulin sensitivity classification (Black insulin sensitive (IS Black); Black insulin

resistant (IR Black); White insulin sensitivity (IS White); White insulin resistant (IR White)).

All reported p-values include adjustments for BMI. Differences in relative abundance at the

phylum level were adjusted for Bonferroni corrections based on 7 observations at the phylum

level and 30 observations at the family level.

Results

Participant characteristics are listed in Table 1. Women were of similar age, however BMI and

fasting insulin were significantly greater in Black women (p = 0.0002 and p = 0.0002, respec-

tively). Insulin sensitivity, estimated by HOMA-IR, was significantly lower in Black women

compared to White women (p = 0.0002). The distribution of insulin sensitivity status between

race groups were significantly different (p = 0.03). Both groups had a greater proportion of

Table 1. Participant characteristics.

All White Black

(n = 168) (n = 74) (n = 94)

mean ± SD or % (n) mean ± SD or % (n) mean ± SD or % (n) prace

Age 39.1 ± 1.1 39.0 ± 0.92 39.1 ± 1.1 0.30

BMI (mg/kg2) 31.3 ± 8.8 29.0 ± 8.0 33.2 ± 9.0 0.0002

Fasting glucose (mg/dL) 95.0 ± 30.1 92.0 ± 14.4 97.4 ± 38.0 0.25

Fasting insulin (mg/dL) 11.9 ± 8.9 9.8 ± 6.5 13.5 ± 10.1 0.0002

HOMA-IR 3.0 ± 2.9 2.4 ± 2.1 3.4 ± 3.4 0.0002

Insulin sensitive (%/n) 61(103) 70 (52) 54 (51) 0.034

Insulin resistant (%/n) 39 (65) 30 (22) 46 (43)

prace = p-value determined by general linear model with race as categorical variable.

https://doi.org/10.1371/journal.pone.0259889.t001
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insulin sesntive versus insulin resistant women. However, 46% of Black women were insuln

resistance while only 30% of White women were insulin resistant (Table 1).

After sequence quality control, sample selection and rarefaction, a total of 168 samples

(n = 94 Black and n = 74 White women) remained with 332 taxa at the phylum, family and

genus levels. However, after filtering for prevalence of bacteria, only 57 taxa remained: 7 phyla,

30 families and 20 genera. Here, we report only diversity measures, phylum and family relative

abundances. Data at the genus level was undetected in several samples resulting in low yield

and insufficient sample size for comparison.

Bacteria differences at the phylum level

Seven phyla were detected in our participants: Actinobacteria, Firmicutes, Bacteroidetes, Fuso-

bacteria, Epsilonbacteraeota, Verrucomicrobria, and Proteobacteria. The two most abundant

phyla in our sample were Firmicutes and Bacteroidetes, constituting 55% and 34% of total bac-

teria in all participants. However, there were no differences in the relative abundance of Firmi-
cutes or Bacteroidetes, nor the Firmicutes/Bacteriodetes ratio by race (p = 0.85, p = 0.09, and

p = 0. 16, respectively). Including HOMA-IR in the model and testing for an interaction with

race did not improve these outcomes. The interactions between race and insulin sensitivity sta-

tus did not reach significance for Firmicutes (p = 0.10) or Bacteroidetes (p = 0.07).

Black women in our sample had approximately twice the proportion of Actinobacteria
(6.8%) compared with White women (3.2%) (p = 0.003; p = 0.02 after Bonferroni corrections,

Fig 1). Race differences remained significant after adjusting for insulin sensitivity status

(p = 0.006, or p = 0.04 after Bonferroni). There was no interaction between race and insulin

sensitivity status in this model (p = 0.50).

The relative abundance of the phyla Verrucomicrobia and Proteobacteria represented a

mean of 3.1% and 3.6% of all phyla, respectively. There were no race differences in Proteobac-
teria (p = 0.22). BMI significantly contributed to the variability between groups for Proteobac-
teria (BMI, p-0.02); removing BMI from the model resulted in a p-value of 0.08. We also did

not observe differences by race alone for Verrucomicrobia (p = 0.22). Adding insulin sensitivity

status to the model improved the statistical values for race comparisons (p = 0.07), but this did

not reach significance. We observed a significant race x insulin sensitivity status interaction

(p = 0.008) for Verrucomicrobia. There was a 4 fold higher level of Verrucomicrobia in Black

women with insulin resistance vs White women with insulin resistance (4.1% vs. 1.2%,

p = 0.02; p = 0.14 after multiple corrections). We did not observe any statistically significant

differences in the relative abundance of Fusobacteria or Epsiolobacteria between groups. Phy-

lum distribution by race and insulin sensitivity status is depicted in Fig 2.

Fig 1. Comparison of relative abundance of bacteria in fecal samples by phylum in White and Black women. Relative abundance was

measured by 16S rRNA gene PCR and sequencing.

https://doi.org/10.1371/journal.pone.0259889.g001
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Race comparisons of bacteria at the family level

We detected 30 different taxa at the family level (Fig 3) and only 20 taxa at the genus level. We

found that due to low yield of bacteria at the genus level, differences were statistically signifi-

cant at the family level but not at the genus level. Therefore, only family was included in the

final analysis.

We did not observe any significant differences by race for any of the bacteria we identified

at the family level. Although we did not observe any differences by race alone for families Clos-
tridiales Family XIII (p = 0.45) and Lachnospiraceae (p = 0.85), there were significant interac-

tions between race and insulin sensitivity status for these two families (Clostridiales Family
XIII (p = 0.01) and Lachnospiraceae (p = 0.007) (Fig 4)). There was twice the relative abun-

dance of Clostridiales Family XIII in insulin sensitive Black women in comparison with insulin

sensitive White women, although this did not reach significance (p = 0.07). There were no dif-

ferences by race amongst insulin resistant women. Lachnospiraceae tended to be greater in

insulin sensitive Black women as compared with insulin resistant Black women (p = 0.06). We

did not observe differences amongst White women (p = 0.59). Inclusion of insulin sensitivity

status in the model did not change significance values for race-only comparisons in either fam-

ily (Family XIII (p = 0.15) and Lachnospiraceae (p = 0.64)).

Gut bacteria diversity

Beta diversity by race at the phylum and family levels are depicted in the principal coordinate

analysis (PCoA) plots in Fig 5A and 5B. Differences in beta diversity by race at the phylum

level did not reach significance (p = 0.066). However, at the family level, beta diversity was

Fig 2. Relative abundance of bacterial phylum in fecal samples by race and insulin sensitivity status. Relative abundance was measured by

16S rRNA gene PCR and sequencing.

https://doi.org/10.1371/journal.pone.0259889.g002
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significantly different by race (p = 0.033). Fig 6 depicts PCoA plots when participants were cat-

egorized based on both race and insulin sensitivity status (IS or IR). Including insulin sensitiv-

ity status in the model resulted in significant differences in beta diversity at the phylum level

(p = 0.038). This was likely due to differences by race amongst insulin sensitive individuals

(p = 0.02). In contrast, at the family level, significant differences in beta diversity were observed

only amongst insulin resistant individuals (p = 0.035).

Alpha diversity by Shannon Index, Simpson, or Chao did not differ between Black and

White women (p = 0.17, p = 0.23, p = 0.23). Adding additional adjustments for age and insulin

sensitivity did not change the results (Shannon Index, p = 0.20; Simpson, p = 0.27; or Chao,

p = 0.22).

Discussion

To our knowledge, this is the first investigation to report differences in gut bacteria by insulin

sensitivity status in Black versus White women, and only the third study examining gut micro-

biota between Black and White women in the US. Our study is also the largest conducted to

date and the first to focus on premenopausal Black and White women. Since few studies have

characterized microbial communities in women with and without insulin resistance, we

Fig 3. Family abundance by race. Bar graph of the % abundance of 30 identified bacterial families in 168 Black (n = 94) and White (n = 74) women.

https://doi.org/10.1371/journal.pone.0259889.g003
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Fig 4. Relative abundance of A) Lachnospiraceae and B) Clostridales Family XIII in fecal samples by race and insulin sensitivity status. Statistical

significance determined by a general linear model testing for race x HOMA-IR interaction; significance p<0.05. Relative abundance was

measured by 16S rRNA gene PCR and sequencing.

https://doi.org/10.1371/journal.pone.0259889.g004

Fig 5. Principal coordinate analysis (PCoA) of relative abundance of bacteria in fecal samples by A) phylum and B) family in White and Black

women.

https://doi.org/10.1371/journal.pone.0259889.g005
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sought to explore the gut microbiome as one potential mechanism explaining disproportion-

ately higher insulin resistance in Black women. Indeed, in our sample as well, there was a

higher proportion of Black women with insulin resistance compared to White women (46%

vs. 30%). Our analyses found that the gut microbiome differed both by race alone and when

stratified by insulin sensitivity status, at the phylum and family levels. Specifically, we found

significant differences in beta diversity and Actinobacteria by race, that were further explained

by insulin sensitivity status.

Findings independent of obesity

Consistent with epidemiological findings [56], Black women in our cohort presented higher

BMI as compared with White women. Therefore, in order to determine race differences

Fig 6. Race comparisons of beta diversity of bacteria by insulin sensitivity status. Principal coordinate analysis (PCoA) of relative

abundance of taxa at the phylum level amongst A) insulin sensitive women (n = 101) and B) insulin resistant individuals (n = 64).

Principal component of analysis (PCoA) of relative abundance of taxa at the family level amongst C) insulin sensitive women (n = 101)

and D) insulin resistant individuals (n = 63). Relative abundance was measured by 16S rRNA gene PCR and sequencing.

https://doi.org/10.1371/journal.pone.0259889.g006
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independent of obesity, all analyses included adjustments for BMI. An important finding in

our study is the significantly greater relative abundance of phylum Actinobacteria in Black

women. Our finding supports previous research demonstrating greater Actinobacteria in

obese compared to lean individuals [57]. However, this is in contrast to a study by Yang and

colleagues that found Actinobacteria to be lower in relative abundance in the oral microbiome

of Blacks compared to Whites [58]. These opposing results may simply reflect differences in

the type of biospecimen collected (e.g. oral vs fecal) [59].

Further analyses in our study found that when comparing race differences based on insulin

sensitivity status, the presence of greater Actinobacteria in Black women as compared with

White women was only observed amongst insulin resistant individuals; there were no racial

differences amongst insulin sensitive women. This suggests differential pathways through

which Actinobacteria either contributes to the development of insulin resistance or is a charac-

teristic of insulin resistance in Black women.

Obesity remains a predominant driver of cardiometabolic disease, and there is evidence

that greater Actinobacteria characterizes the obese state in Black and White adults [57]. How-

ever, in our study, adjusting for BMI did not affect any observed differences by race and insu-

lin sensitivity status, indicating that other factors (e.g. inflammation, diet, psychosocial,

discrimination) may explain our observations. Currently, only one study has examined social

factors as they relate to race differences in the microbiome and found that in young, healthy,

Black women Bifidobacterium [the predominant genus under the Actinobacteria phylum] was

positively associated with psychological stress [41]. This deserves further examination.

Potential role of inflammation

A greater HOMA-IR score in Black women in our cohort was likely associated with greater

inflammation [5, 60]. We predicted that greater HOMA-IR values in NGHS Black women

may be associated with a greater relative abundance of Gram-negative bacteria that derive the

production and secretion of pro-inflammatory endotoxin, lipopolysaccharide (LPS). Increases

in LPS are caused by a reduction in intestinal barrier function in which tight junctions are

damaged, resulting in leakage of LPS from Gram-negative bacteria [61]. However, Actinobac-
teria is a Gram-positive bacteria and some recent studies have found a beneficial role of this

phylum in maintaining intestinal barrier function, thereby preventing an increase in circulat-

ing LPS [62]. This is in contrast to other studies that linked greater Actinobacteria to insulin

resistance [63], as well as a reduction in proteins responsible for maintaining intestinal barrier

function [25]. There are also positive associations between Actinobacteria and inflammatory

cytokines TNF-alpha, IL-1b and IL-6 [25]. These cytokines are commonly elevated in Black

men and women [5, 64, 65], thus the greater relative abundance of Actinobacteria in Black

women in our study may be promoting inflammation and insulin resistance in this group.

Family differences (Lachnospiraceae and Clostridiales Family XIII)

In order to assess the gut microbiome beyond just the phylum level, we analyzed taxa at the

family level as well. Interestingly, only two families, Lachnospiraceae and Clostridiales Family
XIII (both from the Firmicutes phylum) showed significant interactions by race and insulin

sensitivity. The interactions for Clostridiales Family XIII appear to be driven by race differ-

ences only in the insulin sensitive group, whereas differences in Lachnospiraceae appear to be

driven by insulin sensitivity status only in Black women. We observed a lower relative abun-

dance of Lachnospiraceae in insulin resistant compared to insulin sensitive Black women, but

there were no differences by insulin sensivity status in White women. A previous study in Gha-

nian women found that lower relative abundance of Lachnospiraceae corresponded to greater
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insulin levels and HOMA-IR [40]. Lachnospiraceae is a short-chain fatty acid (SCFA)-produc-

ing bacteria belonging to the Firmicutes phylum [66, 67]. Increased SCFA production is linked

to obesity, insulin resistance [68] and hepatic fat accumulation [28]. This relationship seems to

be largely driven by the SCFA acetate [69]. Butyrate (another SCFA), on the other hand, is

thought to be anti-obesogenic, improve insulin sensitivity [70] and protect against of visceral

fat accumulation [66]. Interestingly, obesity is and insulin resistance tends to be more preva-

lent amongst Black women [5, 6], although visceral fat is lower [5, 7]. There may be a link

between low Lachnospiraceae and greater weight-gain and insulin resistance in Black women,

possibly driven by an increased production of acetate. Lachnospiraceae’s role in protecting

against visceral fat remains unclear in Black women, since this populations tends to have lower

visceral fat, regardless of insulin sensitivity status [7]. Clostridiales Family XIII on the other

hand, only differed by race amongst women who were classified as insulin sensitive. This was

an unexpected finding given the associations between low relative abundance of Clostridiales
Family XIII and insulin resistance [31]. However, its role in the development of insulin resis-

tance has not yet been identified. A longitudinal analysis will help us to better understand the

potential roles of Lachnospiraceae and Clostridiales Family XIII in the development of insulin

resistance in Black and White women.

Alpha and beta diversity

Beta diversity differed between Black and White women, corrorborating findings from smaller

studies [40–42]. Importantly, race or ethnic differences in beta diversity may reflect differences

in fiber intake. In Black and White postmenopausal women, differences in beta diversity disap-

peared after a flaxseed diet-controlled intervention [42]. In a study comparing U.S. Black

women to Ghanaian Black women, divergent beta diversity reflected significant differences in

fiber intake (lower in U.S.Black women) [40]. These studies demonstrate that race/ethnic dif-

ferences in gut microbiome profiles are likely a reflection of environmental influences such as

diet, rather than genetics.

Previous studies have demonstrated lower alpha diversity with obesity and insulin resis-

tance [30, 31]. Alpha diversity, that is diversity within each individual, is in some cases seen an

indicator of gut health. Therefore, we hypothesized that alpha diversity would be lower in

Black women as compared to White women, coinciding with greater prevalence of insulin

resistance in the Black women in our cohort. Surprisingly, we did not observe any differences

in alpha diversity, but our results support previous studies compared Black and White women

of similar sample size and BMI [41]. Prior studies demonstrating negative associations

between alpha diversity and features of cardiometabolic disease did not examine potential sex

differences. The opposing result displayed by our study and that of Carson et al. [41] empha-

size the importance of investigating both race and sex differences in order to better understand

the role of gut bacteria in promoting or preventing insulin resistance in diverse populations.

Characterizing the gut microbiome in Black women has the potential to better our under-

standing of the development of cardiometabolic disease health disparities in this population.

Here, we have demonstrated in a cross-sectional analysis that microbial communities differ by

race and insulin sensitivity status, suggesting a role of gut bacteria in the pathogenesis of insu-

lin resistance development in women of different race and ethnicities. However, we should not

be remiss in noting that profiling gut bacteria by race and ethnicity should not be interpreted

as a reflection of genetic ancesteral or inherent differences. Race is a social construct. Thus,

our findings that gut bacteria differ in Black and White women highlights the potential impact

of social determinants of health on gut bacteria. As researchers have pointed out, the strong

influence of race and ethnicity in the Human Microbiome Project must be re-framed in the
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context of the historic and sociocultural influences rather than simply instrinsic biological dif-

ferences based soley on race or ethnicity [71]. Possible explanations for race differences will

need to be further explored in future studies that include social, environmental and behavioral

factors such as diet and psychological stress, as well as examination of pro-inflammatory mark-

ers. All of these factors have been shown to alter the gut microbiome.

Study strengths

Strengths of our study include the use of fecal samples collected from Black and White women

in the National Health and Growth Study (NGHS) and the ability to examine microbiome dif-

ferences based on insulin sensitivity. This pilot study was not without limitations. First, sam-

ples were only collected at one time point, thus a longitudinal analysis we not possible.

Secondly, examination of lower taxonomy can be more informative in understanding the

mechanisms through which gut bacteria may affect metabolic pathways; for example, by link-

ing specific bacteria to the metabolites they produce [18, 35, 72]. Characterization of the gut

microbiome at the family and genus levels and their associated metabolites before and after the

transition of insulin resistance would uncover the role of gut bacteria in the mechanisms of

insulin resistance development in Black women. Snyder and colleagues have conducted a thor-

ough multi-omics study to identify microbial, metabolite and other molecular signatures spe-

cific to the development of insulin resistance [20], although analyses by sex or race/ethnicity

were not conducted. A third limitation is the use of HOMA-IR to characterize individuals as

insulin sensitive or insulin resistance. This simple metric of insulin sensitivity is often utilized

in population studies due to its feasibility [73], compared to other more informative metrics

like the oral glucose tolerance test, or the gold standard, hyperinsulinemic euglycemic clamp.

HOMA-IR is not ideal for the determination of whole-body insulin sensitivity in Blacks [7,

74], thus a longitudinal follow-up study in NGHS women should consider inclusion of an oral

glucose tolerance test to understand the potential link between race differences in glucose reg-

ulation and gut bacteria. Clinical studies utilizing techniques like the clamp method to mea-

sure hepatic insulin sensitivity should consider including stool collection to explore the

connection between gut bacteria and race/ethnic differences in tissue-specific insulin resis-

tance (e.g. hepatic, muscle or adipose). Hepatic and whole body insulin resistance tend to be

higher in Blacks [75–77], but evidence for adipose insulin resistance is inconclusive [78, 79].

Hepatic insulin resistance may be lower in Black as compared with white women [75] and the

gut-liver axis may prove to be one mechanism by which reduced insulin sensitivity is more

prevalent in this group [75–77, 80]. Lastly, we did not adjust for the effects of diet, psychologi-

cal stress, geographical location, or inflammation, which may link racial/ethnic and cultural

differences to environmental factors driving differences in microbial communities.

Conclusion

Our pilot study demonstrates race differences in beta diversity at the family level, plus greater

abundance of Actinobacteria (phylum) and lower Lachnospiraceae (family) abundance in insu-

lin resistant Black women. A follow-up longitudinal investigation is needed in order to better

understand the significance of these findings with the inclusion of social determinants of

health as potential mediators. Since this is a cross sectional study, we cannot determine causal

directions or bidirectionality of the relationships observed. However, it is possble that social

and environmental factors associated with Black race contribute to a unique microbiota pro-

file, that in turn contributes to inflammation and insulin resistance, independent of obesity.

PLOS ONE Microbiome in Black and White women of NGHS

PLOS ONE | https://doi.org/10.1371/journal.pone.0259889 January 19, 2022 13 / 18

https://doi.org/10.1371/journal.pone.0259889


Author Contributions

Conceptualization: Candice A. Price, Barbara Laraia, Elissa S. Epel.

Data curation: Candice A. Price, Guillaume Jospin, Kristy Brownell, Jonathan A. Eisen, Bar-

bara Laraia, Elissa S. Epel.

Formal analysis: Candice A. Price, Guillaume Jospin, Elissa S. Epel.

Funding acquisition: Barbara Laraia, Elissa S. Epel.

Investigation: Candice A. Price, Kristy Brownell, Barbara Laraia, Elissa S. Epel.

Methodology: Guillaume Jospin, Jonathan A. Eisen, Barbara Laraia, Elissa S. Epel.

Project administration: Candice A. Price, Kristy Brownell, Barbara Laraia, Elissa S. Epel.

Resources: Guillaume Jospin, Jonathan A. Eisen, Elissa S. Epel.

Software: Guillaume Jospin, Jonathan A. Eisen.

Supervision: Jonathan A. Eisen, Barbara Laraia, Elissa S. Epel.

Visualization: Candice A. Price, Guillaume Jospin.

Writing – original draft: Candice A. Price.

Writing – review & editing: Candice A. Price, Guillaume Jospin, Jonathan A. Eisen, Barbara

Laraia, Elissa S. Epel.

References
1. Cowie CC, Rust KF, Ford ES, Eberhardt MS, Byrd-Holt DD, Li C, et al. Full accounting of diabetes and

pre-diabetes in the U.S. population in 1988–1994 and 2005–2006. Diabetes Care. 2009; 32(2):287–94.

https://doi.org/10.2337/dc08-1296 PMID: 19017771

2. Narayan KM, Boyle JP, Thompson TJ, Sorensen SW, Williamson DF. Lifetime risk for diabetes mellitus

in the United States. JAMA. 2003; 290(14):1884–90. https://doi.org/10.1001/jama.290.14.1884 PMID:

14532317

3. Robbins JM, Vaccarino V, Zhang H, Kasl SV. Excess type 2 diabetes in African-American women and

men aged 40–74 and socioeconomic status: evidence from the Third National Health and Nutrition

Examination Survey. J Epidemiol Community Health. 2000; 54(11):839–45. https://doi.org/10.1136/

jech.54.11.839 PMID: 11027198

4. Flegal KM, Carroll MD, Kit BK, Ogden CL. Prevalence of obesity and trends in the distribution of body

mass index among US adults, 1999–2010. JAMA. 2012; 307(5):491–7. https://doi.org/10.1001/jama.

2012.39 PMID: 22253363

5. Hyatt TC, Phadke RP, Hunter GR, Bush NC, Munoz AJ, Gower BA. Insulin sensitivity in African-Ameri-

can and white women: association with inflammation. Obesity (Silver Spring). 2009; 17(2):276–82.

https://doi.org/10.1038/oby.2008.549 PMID: 19039315

6. Haffner SM, D’Agostino R, Saad MF, Rewers M, Mykkanen L, Selby J, et al. Increased insulin resis-

tance and insulin secretion in nondiabetic African-Americans and Hispanics compared with non-His-

panic whites. The Insulin Resistance Atherosclerosis Study. Diabetes. 1996; 45(6):742–8. https://doi.

org/10.2337/diab.45.6.742 PMID: 8635647

7. Allister-Price C, Craig CM, Spielman D, Cushman SS, McLaughlin TL. Metabolic markers, regional adi-

posity, and adipose cell size: relationship to insulin resistance in African-American as compared with

Caucasian women. Int J Obes (Lond). 2019; 43(6):1164–73.

8. Hannon TS, Bacha F, Lin Y, Arslanian SA. Hyperinsulinemia in African-American adolescents com-

pared with their American white peers despite similar insulin sensitivity: a reflection of upregulated beta-

cell function? Diabetes Care. 2008; 31(7):1445–7. https://doi.org/10.2337/dc08-0116 PMID: 18417751

9. Lee S, Guerra N, Arslanian S. Skeletal muscle lipid content and insulin sensitivity in black versus white

obese adolescents: is there a race differential? J Clin Endocrinol Metab. 2010; 95(5):2426–32. https://

doi.org/10.1210/jc.2009-2175 PMID: 20219892

10. Sumner AE. "Half the dsylipidemia of insulin resistance" is the dyslipidemia [corrected] of insulin-resis-

tant Blacks. Ethn Dis. 2009; 19(4):462–5. PMID: 20073149

PLOS ONE Microbiome in Black and White women of NGHS

PLOS ONE | https://doi.org/10.1371/journal.pone.0259889 January 19, 2022 14 / 18

https://doi.org/10.2337/dc08-1296
http://www.ncbi.nlm.nih.gov/pubmed/19017771
https://doi.org/10.1001/jama.290.14.1884
http://www.ncbi.nlm.nih.gov/pubmed/14532317
https://doi.org/10.1136/jech.54.11.839
https://doi.org/10.1136/jech.54.11.839
http://www.ncbi.nlm.nih.gov/pubmed/11027198
https://doi.org/10.1001/jama.2012.39
https://doi.org/10.1001/jama.2012.39
http://www.ncbi.nlm.nih.gov/pubmed/22253363
https://doi.org/10.1038/oby.2008.549
http://www.ncbi.nlm.nih.gov/pubmed/19039315
https://doi.org/10.2337/diab.45.6.742
https://doi.org/10.2337/diab.45.6.742
http://www.ncbi.nlm.nih.gov/pubmed/8635647
https://doi.org/10.2337/dc08-0116
http://www.ncbi.nlm.nih.gov/pubmed/18417751
https://doi.org/10.1210/jc.2009-2175
https://doi.org/10.1210/jc.2009-2175
http://www.ncbi.nlm.nih.gov/pubmed/20219892
http://www.ncbi.nlm.nih.gov/pubmed/20073149
https://doi.org/10.1371/journal.pone.0259889


11. Stein E, Kushner H, Gidding S, Falkner B. Plasma lipid concentrations in nondiabetic African American

adults: associations with insulin resistance and the metabolic syndrome. Metabolism. 2007; 56(7):954–

60. https://doi.org/10.1016/j.metabol.2007.02.008 PMID: 17570258

12. Gower BA, Fernandez JR, Beasley TM, Shriver MD, Goran MI. Using genetic admixture to explain

racial differences in insulin-related phenotypes. Diabetes. 2003; 52(4):1047–51. https://doi.org/10.

2337/diabetes.52.4.1047 PMID: 12663479

13. Higgins PB, Fernandez JR, Goran MI, Gower BA. Early ethnic difference in insulin-like growth factor-1

is associated with African genetic admixture. Pediatr Res. 2005; 58(5):850–4. https://doi.org/10.1203/

01.PDR.0000182583.92130.08 PMID: 16183814

14. Fuller-Rowell TE, Homandberg LK, Curtis DS, Tsenkova VK, Williams DR, Ryff CD. Disparities in insu-

lin resistance between black and white adults in the United States: The role of lifespan stress exposure.

Psychoneuroendocrinology. 2019; 107:1–8. https://doi.org/10.1016/j.psyneuen.2019.04.020 PMID:

31055182

15. Rothschild D, Weissbrod O, Barkan E, Kurilshikov A, Korem T, Zeevi D, et al. Environment dominates

over host genetics in shaping human gut microbiota. Nature. 2018; 555(7695):210–5. https://doi.org/10.

1038/nature25973 PMID: 29489753

16. Stearns JC, Zulyniak MA, de Souza RJ, Campbell NC, Fontes M, Shaikh M, et al. Ethnic and diet-

related differences in the healthy infant microbiome. Genome Med. 2017; 9(1):32. https://doi.org/10.

1186/s13073-017-0421-5 PMID: 28356137

17. Jumpertz R, Le DS, Turnbaugh PJ, Trinidad C, Bogardus C, Gordon JI, et al. Energy-balance studies

reveal associations between gut microbes, caloric load, and nutrient absorption in humans. Am J Clin

Nutr. 2011; 94(1):58–65. https://doi.org/10.3945/ajcn.110.010132 PMID: 21543530

18. Hartstra AV, Bouter KE, Backhed F, Nieuwdorp M. Insights into the role of the microbiome in obesity

and type 2 diabetes. Diabetes Care. 2015; 38(1):159–65. https://doi.org/10.2337/dc14-0769 PMID:

25538312

19. Gurung M, Li Z, You H, Rodrigues R, Jump DB, Morgun A, et al. Role of gut microbiota in type 2 diabe-

tes pathophysiology. EBioMedicine. 2020; 51:102590. https://doi.org/10.1016/j.ebiom.2019.11.051

PMID: 31901868

20. Zhou W, Sailani MR, Contrepois K, Zhou Y, Ahadi S, Leopold SR, et al. Longitudinal multi-omics of

host-microbe dynamics in prediabetes. Nature. 2019; 569(7758):663–71. https://doi.org/10.1038/

s41586-019-1236-x PMID: 31142858

21. Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano GAD, Gasbarrini A, et al. What is the Healthy

Gut Microbiota Composition? A Changing Ecosystem across Age, Environment, Diet, and Diseases.

Microorganisms. 2019; 7(1).

22. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut microbial gene cata-

logue established by metagenomic sequencing. Nature. 2010; 464(7285):59–65. https://doi.org/10.

1038/nature08821 PMID: 20203603

23. Murphy EF, Cotter PD, Healy S, Marques TM, O’Sullivan O, Fouhy F, et al. Composition and energy

harvesting capacity of the gut microbiota: relationship to diet, obesity and time in mouse models. Gut.

2010; 59(12):1635–42. https://doi.org/10.1136/gut.2010.215665 PMID: 20926643

24. Gaike AH, Paul D, Bhute S, Dhotre DP, Pande P, Upadhyaya S, et al. The Gut Microbial Diversity of

Newly Diagnosed Diabetics but Not of Prediabetics Is Significantly Different from That of Healthy Nondi-

abetics. mSystems. 2020; 5(2).

25. Kim SJ, Kim SE, Kim AR, Kang S, Park MY, Sung MK. Dietary fat intake and age modulate the compo-

sition of the gut microbiota and colonic inflammation in C57BL/6J mice. BMC Microbiol. 2019; 19

(1):193. https://doi.org/10.1186/s12866-019-1557-9 PMID: 31429703

26. Schwiertz A, Taras D, Schafer K, Beijer S, Bos NA, Donus C, et al. Microbiota and SCFA in lean and

overweight healthy subjects. Obesity (Silver Spring). 2010; 18(1):190–5. https://doi.org/10.1038/oby.

2009.167 PMID: 19498350

27. Turnbaugh PJ, Ley Ruth E., Mahowald Michael A., Magrini Vincent, Mardis Elaine R.& Gordon Jeffrey I.

An obesity-associated gut microbiome with increased capacity for energy harvest. Nature. 2006:1027–

31. https://doi.org/10.1038/nature05414 PMID: 17183312

28. Larsen N, Vogensen FK, van den Berg FW, Nielsen DS, Andreasen AS, Pedersen BK, et al. Gut micro-

biota in human adults with type 2 diabetes differs from non-diabetic adults. PLoS One. 2010; 5(2):

e9085. https://doi.org/10.1371/journal.pone.0009085 PMID: 20140211

29. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human gut microbes associated with

obesity. Nature. 2006; 444(7122):1022–3. https://doi.org/10.1038/4441022a PMID: 17183309

PLOS ONE Microbiome in Black and White women of NGHS

PLOS ONE | https://doi.org/10.1371/journal.pone.0259889 January 19, 2022 15 / 18

https://doi.org/10.1016/j.metabol.2007.02.008
http://www.ncbi.nlm.nih.gov/pubmed/17570258
https://doi.org/10.2337/diabetes.52.4.1047
https://doi.org/10.2337/diabetes.52.4.1047
http://www.ncbi.nlm.nih.gov/pubmed/12663479
https://doi.org/10.1203/01.PDR.0000182583.92130.08
https://doi.org/10.1203/01.PDR.0000182583.92130.08
http://www.ncbi.nlm.nih.gov/pubmed/16183814
https://doi.org/10.1016/j.psyneuen.2019.04.020
http://www.ncbi.nlm.nih.gov/pubmed/31055182
https://doi.org/10.1038/nature25973
https://doi.org/10.1038/nature25973
http://www.ncbi.nlm.nih.gov/pubmed/29489753
https://doi.org/10.1186/s13073-017-0421-5
https://doi.org/10.1186/s13073-017-0421-5
http://www.ncbi.nlm.nih.gov/pubmed/28356137
https://doi.org/10.3945/ajcn.110.010132
http://www.ncbi.nlm.nih.gov/pubmed/21543530
https://doi.org/10.2337/dc14-0769
http://www.ncbi.nlm.nih.gov/pubmed/25538312
https://doi.org/10.1016/j.ebiom.2019.11.051
http://www.ncbi.nlm.nih.gov/pubmed/31901868
https://doi.org/10.1038/s41586-019-1236-x
https://doi.org/10.1038/s41586-019-1236-x
http://www.ncbi.nlm.nih.gov/pubmed/31142858
https://doi.org/10.1038/nature08821
https://doi.org/10.1038/nature08821
http://www.ncbi.nlm.nih.gov/pubmed/20203603
https://doi.org/10.1136/gut.2010.215665
http://www.ncbi.nlm.nih.gov/pubmed/20926643
https://doi.org/10.1186/s12866-019-1557-9
http://www.ncbi.nlm.nih.gov/pubmed/31429703
https://doi.org/10.1038/oby.2009.167
https://doi.org/10.1038/oby.2009.167
http://www.ncbi.nlm.nih.gov/pubmed/19498350
https://doi.org/10.1038/nature05414
http://www.ncbi.nlm.nih.gov/pubmed/17183312
https://doi.org/10.1371/journal.pone.0009085
http://www.ncbi.nlm.nih.gov/pubmed/20140211
https://doi.org/10.1038/4441022a
http://www.ncbi.nlm.nih.gov/pubmed/17183309
https://doi.org/10.1371/journal.pone.0259889


30. Ahmad A, Yang W, Chen G, Shafiq M, Javed S, Ali Zaidi SS, et al. Analysis of gut microbiota of obese

individuals with type 2 diabetes and healthy individuals. PLoS One. 2019; 14(12):e0226372. https://doi.

org/10.1371/journal.pone.0226372 PMID: 31891582

31. Allin KH, Tremaroli V, Caesar R, Jensen BAH, Damgaard MTF, Bahl MI, et al. Aberrant intestinal micro-

biota in individuals with prediabetes. Diabetologia. 2018; 61(4):810–20. https://doi.org/10.1007/s00125-

018-4550-1 PMID: 29379988

32. Brooks AW, Priya S, Blekhman R, Bordenstein SR. Gut microbiota diversity across ethnicities in the

United States. PLoS Biol. 2018; 16(12):e2006842. https://doi.org/10.1371/journal.pbio.2006842 PMID:

30513082

33. Findley K, Williams DR, Grice EA, Bonham VL. Health Disparities and the Microbiome. Trends Micro-

biol. 2016; 24(11):847–50. https://doi.org/10.1016/j.tim.2016.08.001 PMID: 27712950

34. Mai V, McCrary QM, Sinha R, Glei M. Associations between dietary habits and body mass index with

gut microbiota composition and fecal water genotoxicity: an observational study in African American

and Caucasian American volunteers. Nutr J. 2009; 8:49. https://doi.org/10.1186/1475-2891-8-49 PMID:

19845958

35. Walejko JM, Kim S, Goel R, Handberg EM, Richards EM, Pepine CJ, et al. Gut microbiota and serum

metabolite differences in African Americans and White Americans with high blood pressure. Int J Car-

diol. 2018; 271:336–9. https://doi.org/10.1016/j.ijcard.2018.04.074 PMID: 30049487

36. Hester CM, Jala VR, Langille MG, Umar S, Greiner KA, Haribabu B. Fecal microbes, short chain fatty

acids, and colorectal cancer across racial/ethnic groups. World J Gastroenterol. 2015; 21(9):2759–69.

https://doi.org/10.3748/wjg.v21.i9.2759 PMID: 25759547

37. Wells JS, Chandler R, Dunn A, Brewster G. The Vaginal Microbiome in U.S. Black Women: A System-

atic Review. J Womens Health (Larchmt). 2020; 29(3):362–75. https://doi.org/10.1089/jwh.2019.7717

PMID: 32109181

38. Fettweis JM, Brooks JP, Serrano MG, Sheth NU, Girerd PH, Edwards DJ, et al. Differences in vaginal

microbiome in African American women versus women of European ancestry. Microbiology (Reading).

2014; 160(Pt 10):2272–82. https://doi.org/10.1099/mic.0.081034-0 PMID: 25073854

39. Nelson DB, Shin H, Wu J, Dominguez-Bello MG. The Gestational Vaginal Microbiome and Spontane-

ous Preterm Birth among Nulliparous African American Women. Am J Perinatol. 2016; 33(9):887–93.

https://doi.org/10.1055/s-0036-1581057 PMID: 27057772

40. Dugas LR, Bernabe BP, Priyadarshini M, Fei N, Park SJ, Brown L, et al. Decreased microbial co-occur-

rence network stability and SCFA receptor level correlates with obesity in African-origin women. Sci

Rep. 2018; 8(1):17135. https://doi.org/10.1038/s41598-018-35230-9 PMID: 30459320

41. Carson TL, Wang F, Cui X, Jackson BE, Van Der Pol WJ, Lefkowitz EJ, et al. Associations Between

Race, Perceived Psychological Stress, and the Gut Microbiota in a Sample of Generally Healthy Black

and White Women: A Pilot Study on the Role of Race and Perceived Psychological Stress. Psychosom

Med. 2018; 80(7):640–8. https://doi.org/10.1097/PSY.0000000000000614 PMID: 29901485

42. McCann SE, Hullar MAJ, Tritchler DL, Cortes-Gomez E, Yao S, Davis W, et al. Enterolignan Production

in a Flaxseed Intervention Study in Postmenopausal US Women of African Ancestry and European

Ancestry. Nutrients. 2021; 13(3).

43. Reaven GM. The insulin resistance syndrome. Curr Atheroscler Rep. 2003; 5(5):364–71. https://doi.

org/10.1007/s11883-003-0007-0 PMID: 12911846

44. Nakai Y, Nakaishi S, Kishimoto H, Seino Y, Nagasaka S, Sakai M, et al. The threshold value for insulin

resistance on homeostasis model assessment of insulin sensitivity. Diabet Med. 2002; 19(4):346–7.

https://doi.org/10.1046/j.1464-5491.2002.00712_3.x PMID: 11943012

45. Ferrer M, Mendez-Garcia C, Rojo D, Barbas C, Moya A. Antibiotic use and microbiome function. Bio-

chem Pharmacol. 2017; 134:114–26. https://doi.org/10.1016/j.bcp.2016.09.007 PMID: 27641814

46. Palleja A, Mikkelsen KH, Forslund SK, Kashani A, Allin KH, Nielsen T, et al. Recovery of gut microbiota

of healthy adults following antibiotic exposure. Nat Microbiol. 2018; 3(11):1255–65. https://doi.org/10.

1038/s41564-018-0257-9 PMID: 30349083

47. Bull MJ, Plummer NT. Part 1: The Human Gut Microbiome in Health and Disease. Integr Med (Encini-

tas). 2014; 13(6):17–22. PMID: 26770121

48. Almonacid DE, Kraal L, Ossandon FJ, Budovskaya YV, Cardenas JP, Bik EM, et al. 16S rRNA gene

sequencing and healthy reference ranges for 28 clinically relevant microbial taxa from the human gut

microbiome. PLoS One. 2017; 12(5):e0176555. https://doi.org/10.1371/journal.pone.0176555 PMID:

28467461

49. Bousse L, Mouradian S, Minalla A, Yee H, Williams K, Dubrow R. Protein sizing on a microchip. Anal

Chem. 2001; 73(6):1207–12. https://doi.org/10.1021/ac0012492 PMID: 11305653

PLOS ONE Microbiome in Black and White women of NGHS

PLOS ONE | https://doi.org/10.1371/journal.pone.0259889 January 19, 2022 16 / 18

https://doi.org/10.1371/journal.pone.0226372
https://doi.org/10.1371/journal.pone.0226372
http://www.ncbi.nlm.nih.gov/pubmed/31891582
https://doi.org/10.1007/s00125-018-4550-1
https://doi.org/10.1007/s00125-018-4550-1
http://www.ncbi.nlm.nih.gov/pubmed/29379988
https://doi.org/10.1371/journal.pbio.2006842
http://www.ncbi.nlm.nih.gov/pubmed/30513082
https://doi.org/10.1016/j.tim.2016.08.001
http://www.ncbi.nlm.nih.gov/pubmed/27712950
https://doi.org/10.1186/1475-2891-8-49
http://www.ncbi.nlm.nih.gov/pubmed/19845958
https://doi.org/10.1016/j.ijcard.2018.04.074
http://www.ncbi.nlm.nih.gov/pubmed/30049487
https://doi.org/10.3748/wjg.v21.i9.2759
http://www.ncbi.nlm.nih.gov/pubmed/25759547
https://doi.org/10.1089/jwh.2019.7717
http://www.ncbi.nlm.nih.gov/pubmed/32109181
https://doi.org/10.1099/mic.0.081034-0
http://www.ncbi.nlm.nih.gov/pubmed/25073854
https://doi.org/10.1055/s-0036-1581057
http://www.ncbi.nlm.nih.gov/pubmed/27057772
https://doi.org/10.1038/s41598-018-35230-9
http://www.ncbi.nlm.nih.gov/pubmed/30459320
https://doi.org/10.1097/PSY.0000000000000614
http://www.ncbi.nlm.nih.gov/pubmed/29901485
https://doi.org/10.1007/s11883-003-0007-0
https://doi.org/10.1007/s11883-003-0007-0
http://www.ncbi.nlm.nih.gov/pubmed/12911846
https://doi.org/10.1046/j.1464-5491.2002.00712%5F3.x
http://www.ncbi.nlm.nih.gov/pubmed/11943012
https://doi.org/10.1016/j.bcp.2016.09.007
http://www.ncbi.nlm.nih.gov/pubmed/27641814
https://doi.org/10.1038/s41564-018-0257-9
https://doi.org/10.1038/s41564-018-0257-9
http://www.ncbi.nlm.nih.gov/pubmed/30349083
http://www.ncbi.nlm.nih.gov/pubmed/26770121
https://doi.org/10.1371/journal.pone.0176555
http://www.ncbi.nlm.nih.gov/pubmed/28467461
https://doi.org/10.1021/ac0012492
http://www.ncbi.nlm.nih.gov/pubmed/11305653
https://doi.org/10.1371/journal.pone.0259889


50. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP. DADA2: High-resolution

sample inference from Illumina amplicon data. Nat Methods. 2016; 13(7):581–3. https://doi.org/10.

1038/nmeth.3869 PMID: 27214047

51. Price CA, Guillaume Jospin, Kristy Brownell, Jonathan A, Eisen, Barbara Laraiaet al. National Growth

and Health Study (NGHS) Microbiome, Dryad, Dataset. 2021.

52. McMurdie PJ, Holmes S. phyloseq: an R package for reproducible interactive analysis and graphics of

microbiome census data. PLoS One. 2013; 8(4):e61217. https://doi.org/10.1371/journal.pone.0061217

PMID: 23630581

53. Shannon CE. The mathematical theory of communication. 1963. MD Comput. 1997; 14(4):306–17.

PMID: 9230594

54. Simpson EH. Measurement of Diversity. Nature. 1949; 163(4148):688.

55. Chao A, Bunge J. Estimating the number of species in a stochastic abundance model. Biometrics.

2002; 58(3):531–9. https://doi.org/10.1111/j.0006-341x.2002.00531.x PMID: 12229987

56. Centers for Disease Control and Prevention USDoHaHS. Table 26. Normal weight, overweight, and

obesity among adults aged 20 and over, by selected characteristics: United States, selected years

1988–1994 through 2013–2016. Health, United States. 2018:1–9.

57. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE, et al. A core gut microbiome

in obese and lean twins. Nature. 2009; 457(7228):480–4. https://doi.org/10.1038/nature07540 PMID:

19043404

58. Yang Y, Zheng W, Cai Q, Shrubsole MJ, Pei Z, Brucker R, et al. Racial Differences in the Oral Micro-

biome: Data from Low-Income Populations of African Ancestry and European Ancestry. mSystems.

2019; 4(6). https://doi.org/10.1128/mSystems.00639-19 PMID: 31771977

59. Russo E, Bacci G, Chiellini C, Fagorzi C, Niccolai E, Taddei A, et al. Preliminary Comparison of Oral

and Intestinal Human Microbiota in Patients with Colorectal Cancer: A Pilot Study. Front Microbiol.

2017; 8:2699. https://doi.org/10.3389/fmicb.2017.02699 PMID: 29375539

60. Wu H, Ballantyne CM. Metabolic Inflammation and Insulin Resistance in Obesity. Circ Res. 2020; 126

(11):1549–64. https://doi.org/10.1161/CIRCRESAHA.119.315896 PMID: 32437299

61. Caricilli AM, Saad MJ. The role of gut microbiota on insulin resistance. Nutrients. 2013; 5(3):829–51.

https://doi.org/10.3390/nu5030829 PMID: 23482058

62. Binda C, Lopetuso LR, Rizzatti G, Gibiino G, Cennamo V, Gasbarrini A. Actinobacteria: A relevant

minority for the maintenance of gut homeostasis. Dig Liver Dis. 2018; 50(5):421–8. https://doi.org/10.

1016/j.dld.2018.02.012 PMID: 29567414

63. Demmer RT, Breskin A, Rosenbaum M, Zuk A, LeDuc C, Leibel R, et al. The subgingival microbiome,

systemic inflammation and insulin resistance: The Oral Infections, Glucose Intolerance and Insulin

Resistance Study. J Clin Periodontol. 2017; 44(3):255–65. https://doi.org/10.1111/jcpe.12664 PMID:

27978598

64. Slopen N, Lewis TT, Gruenewald TL, Mujahid MS, Ryff CD, Albert MA, et al. Early life adversity and

inflammation in African Americans and whites in the midlife in the United States survey. Psychosom

Med. 2010; 72(7):694–701. https://doi.org/10.1097/PSY.0b013e3181e9c16f PMID: 20595419

65. Stowe RP, Peek MK, Cutchin MP, Goodwin JS. Plasma cytokine levels in a population-based study:

relation to age and ethnicity. J Gerontol A Biol Sci Med Sci. 2010; 65(4):429–33. https://doi.org/10.

1093/gerona/glp198 PMID: 20018825

66. Zhang J, Song L, Wang Y, Liu C, Zhang L, Zhu S, et al. Beneficial effect of butyrate-producing Lachnos-

piraceae on stress-induced visceral hypersensitivity in rats. J Gastroenterol Hepatol. 2019; 34(8):1368–

76. https://doi.org/10.1111/jgh.14536 PMID: 30402954

67. Vacca M, Celano G, Calabrese FM, Portincasa P, Gobbetti M, De Angelis M. The Controversial Role of

Human Gut Lachnospiraceae. Microorganisms. 2020; 8(4). https://doi.org/10.3390/

microorganisms8040573 PMID: 32326636

68. Saad MJ, Santos A, Prada PO. Linking Gut Microbiota and Inflammation to Obesity and Insulin Resis-

tance. Physiology (Bethesda). 2016; 31(4):283–93. https://doi.org/10.1152/physiol.00041.2015 PMID:

27252163

69. den Besten G, van Eunen K, Groen AK, Venema K, Reijngoud DJ, Bakker BM. The role of short-chain

fatty acids in the interplay between diet, gut microbiota, and host energy metabolism. J Lipid Res. 2013;

54(9):2325–40. https://doi.org/10.1194/jlr.R036012 PMID: 23821742

70. Gao Z, Yin J, Zhang J, Ward RE, Martin RJ, Lefevre M, et al. Butyrate improves insulin sensitivity and

increases energy expenditure in mice. Diabetes. 2009; 58(7):1509–17. https://doi.org/10.2337/db08-

1637 PMID: 19366864

71. Nieves Delgado A, Baedke J. Does the human microbiome tell us something about race? Humanit Soc

Sci Commun. 2021; 8(97).

PLOS ONE Microbiome in Black and White women of NGHS

PLOS ONE | https://doi.org/10.1371/journal.pone.0259889 January 19, 2022 17 / 18

https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
http://www.ncbi.nlm.nih.gov/pubmed/27214047
https://doi.org/10.1371/journal.pone.0061217
http://www.ncbi.nlm.nih.gov/pubmed/23630581
http://www.ncbi.nlm.nih.gov/pubmed/9230594
https://doi.org/10.1111/j.0006-341x.2002.00531.x
http://www.ncbi.nlm.nih.gov/pubmed/12229987
https://doi.org/10.1038/nature07540
http://www.ncbi.nlm.nih.gov/pubmed/19043404
https://doi.org/10.1128/mSystems.00639-19
http://www.ncbi.nlm.nih.gov/pubmed/31771977
https://doi.org/10.3389/fmicb.2017.02699
http://www.ncbi.nlm.nih.gov/pubmed/29375539
https://doi.org/10.1161/CIRCRESAHA.119.315896
http://www.ncbi.nlm.nih.gov/pubmed/32437299
https://doi.org/10.3390/nu5030829
http://www.ncbi.nlm.nih.gov/pubmed/23482058
https://doi.org/10.1016/j.dld.2018.02.012
https://doi.org/10.1016/j.dld.2018.02.012
http://www.ncbi.nlm.nih.gov/pubmed/29567414
https://doi.org/10.1111/jcpe.12664
http://www.ncbi.nlm.nih.gov/pubmed/27978598
https://doi.org/10.1097/PSY.0b013e3181e9c16f
http://www.ncbi.nlm.nih.gov/pubmed/20595419
https://doi.org/10.1093/gerona/glp198
https://doi.org/10.1093/gerona/glp198
http://www.ncbi.nlm.nih.gov/pubmed/20018825
https://doi.org/10.1111/jgh.14536
http://www.ncbi.nlm.nih.gov/pubmed/30402954
https://doi.org/10.3390/microorganisms8040573
https://doi.org/10.3390/microorganisms8040573
http://www.ncbi.nlm.nih.gov/pubmed/32326636
https://doi.org/10.1152/physiol.00041.2015
http://www.ncbi.nlm.nih.gov/pubmed/27252163
https://doi.org/10.1194/jlr.R036012
http://www.ncbi.nlm.nih.gov/pubmed/23821742
https://doi.org/10.2337/db08-1637
https://doi.org/10.2337/db08-1637
http://www.ncbi.nlm.nih.gov/pubmed/19366864
https://doi.org/10.1371/journal.pone.0259889


72. Magne F, Gotteland M, Gauthier L, Zazueta A, Pesoa S, Navarrete P, et al. The Firmicutes/Bacteroi-

detes Ratio: A Relevant Marker of Gut Dysbiosis in Obese Patients? Nutrients. 2020; 12(5). https://doi.

org/10.3390/nu12051474 PMID: 32438689

73. Stumvoll M1 MA, Pimenta W, Jenssen T, Yki-Järvinen H, Van Haeften T, Renn W, et al. Use of the oral

glucose tolerance test to assess insulin release and insulin sensitivity. Diabetes Care. 2000; 23(3):295–

301. https://doi.org/10.2337/diacare.23.3.295 PMID: 10868854

74. Pisprasert V, Ingram KH, Lopez-Davila MF, Munoz AJ, Garvey WT. Limitations in the use of indices

using glucose and insulin levels to predict insulin sensitivity: impact of race and gender and superiority

of the indices derived from oral glucose tolerance test in African Americans. Diabetes Care. 2013; 36

(4):845–53. https://doi.org/10.2337/dc12-0840 PMID: 23223406

75. Ellis AC, Alvarez JA, Granger WM, Ovalle F, Gower BA. Ethnic differences in glucose disposal, hepatic

insulin sensitivity, and endogenous glucose production among African American and European Ameri-

can women. Metabolism. 2012; 61(5):634–40. https://doi.org/10.1016/j.metabol.2011.09.011 PMID:

22071009

76. Goedecke JH, Keswell D, Weinreich C, Fan J, Hauksson J, Victor H, et al. Ethnic differences in hepatic

and systemic insulin sensitivity and their associated determinants in obese black and white South Afri-

can women. Diabetologia. 2015; 58(11):2647–52. https://doi.org/10.1007/s00125-015-3720-7 PMID:

26232099

77. Goedecke JH, Levitt NS, Evans J, Ellman N, Hume DJ, Kotze L, et al. The role of adipose tissue in insu-

lin resistance in women of African ancestry. J Obes. 2013; 2013:952916. https://doi.org/10.1155/2013/

952916 PMID: 23401754

78. Miller BV, Patterson BW 3rd, Okunade A, Klein S. Fatty acid and very low density lipoprotein metabo-

lism in obese African American and Caucasian women with type 2 diabetes. J Lipid Res. 2012; 53

(12):2767–72. https://doi.org/10.1194/jlr.P030593 PMID: 23048205

79. Bello O, Mohandas C, Shojee-Moradie F, Jackson N, Hakim O, Alberti K, et al. Black African men with

early type 2 diabetes have similar muscle, liver and adipose tissue insulin sensitivity to white European

men despite lower visceral fat. Diabetologia. 2019; 62(5):835–44. https://doi.org/10.1007/s00125-019-

4820-6 PMID: 30729259

80. Ryan AS, Nicklas BJ, Berman DM. Racial differences in insulin resistance and mid-thigh fat deposition

in postmenopausal women. Obes Res. 2002; 10(5):336–44. https://doi.org/10.1038/oby.2002.47

PMID: 12006632

PLOS ONE Microbiome in Black and White women of NGHS

PLOS ONE | https://doi.org/10.1371/journal.pone.0259889 January 19, 2022 18 / 18

https://doi.org/10.3390/nu12051474
https://doi.org/10.3390/nu12051474
http://www.ncbi.nlm.nih.gov/pubmed/32438689
https://doi.org/10.2337/diacare.23.3.295
http://www.ncbi.nlm.nih.gov/pubmed/10868854
https://doi.org/10.2337/dc12-0840
http://www.ncbi.nlm.nih.gov/pubmed/23223406
https://doi.org/10.1016/j.metabol.2011.09.011
http://www.ncbi.nlm.nih.gov/pubmed/22071009
https://doi.org/10.1007/s00125-015-3720-7
http://www.ncbi.nlm.nih.gov/pubmed/26232099
https://doi.org/10.1155/2013/952916
https://doi.org/10.1155/2013/952916
http://www.ncbi.nlm.nih.gov/pubmed/23401754
https://doi.org/10.1194/jlr.P030593
http://www.ncbi.nlm.nih.gov/pubmed/23048205
https://doi.org/10.1007/s00125-019-4820-6
https://doi.org/10.1007/s00125-019-4820-6
http://www.ncbi.nlm.nih.gov/pubmed/30729259
https://doi.org/10.1038/oby.2002.47
http://www.ncbi.nlm.nih.gov/pubmed/12006632
https://doi.org/10.1371/journal.pone.0259889

