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ABSTRACT

Background: Gut microbiota alteration has been implicated in HIV infection and metabolic disorders. The relation-
ship between gut microbiota and diabetes has rarely been studied in HIV-infected individuals, who have excess
risk of metabolic disorders.
Methods: Our study during 2015-2016 enrolled predominantly African Americans and Hispanics in the Women's
Interagency HIV Study. We studied 28 women with long-standing HIV infection under antiretroviral therapy and
20 HIV-uninfected, but at high risk of infection, women (16 HIV+ and 6 HIV- with diabetes). Fecal samples were
analyzed by sequencing prokaryotic16S rRNA gene. Plasma metabolomics profiling was performed by liquid
chromatography-tandem mass spectrometry.
Findings: No significant differences in bacterial - or B-diversity were observed by diabetes or HIV serostatus (all
P> .1). Relative abundances of four genera (Finegoldia, Anaerococcus, Sneathia, and Adlercreutzia) were lower in
women with diabetes compared to those without diabetes (all P <.01). In women with diabetes, plasma levels
of several metabolites in tryptophan catabolism (e,g., kynurenine/tryptophan ratio), branched-chain amino
acid and proline metabolism pathways were higher, while glycerophospholipids were lower (all P<.05). Results
were generally consistent between HIV-infected and HIV-uninfected women, and no significant modification ef-
fects by HIV serostatus were observed (all Piyerqction > 0.05). Anaerococcus, known to produce butyrate which is
involved in anti-inflammation and glucose metabolism, showed an inverse correlation with kynurenine/trypto-
phan ratio (r = —0.38, P<.01).
Interpretation: Among women with or at high risk for HIV infection, diabetes is associated with gut microbiota
and plasma metabolite alteration, including depletion of butyrate-producing bacterial population along with
higher tryptophan catabolism.
Fund: NHLBI (K0O1HL129892, RO1HL140976) and FMF.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

chronic metabolic disorders in HIV-infected individuals might be due to
complicated interactions of chronic HIV infection, long-term ART, fac-

Metabolic disorders such as insulin resistance and diabetes have
been of significant concern in HIV-infected people with successful anti-
retroviral therapy (ART) [1]. Prior studies have shown that excess risk of
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tors unrelated to HIV infection, and the underlying inflammatory pro-
cess. Understanding of this pathophysiology remains incomplete.
Emerging evidence from animal and human studies has suggested
an important role of gut microbiota in the development of type 2 diabe-
tes mellitus [2-5]. Multiple observational studies with populations of di-
verse age, seX, and race/ethnicity suggested that Roseburia and
Faecalibacterium prauznitzii were less abundant in individuals with
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Research in context

Evidence before this study

Gut microbiota, especially butyrate-producing bacteria which is in-
volved in anti-inflammation, have been associated with diabetes in
general population. Few studies have examined this relationship in
HIV-infected individuals who have chronic immune activation and
inflammation. Recent evidence from a study of European men
(mostly men who have sex with men) showed that HIV-infected
individuals with diabetes had reduced microbial composition
along with increased tryptophan catabolism which reflects high
levels of inflammation and immune activation.

Added value of this study

In the present study, we assessed the associations of gut microbi-
ota and broad spectrum of metabolite profiles with diabetes in mi-
nority HIV-infected women and women at high risk for HIV
infection. In women with diabetes, we observed reduced abun-
dance of four bacterial genera (Finegoldia, Anaerococcus,
Sneathia, and Adlercreutzia) and increased concentrations of
plasma metabolites in tryptophan catabolism, branched-chain
amino acid and proline metabolism. Butyrate producing
Anaerococcus was inversely associated with tryptophan catabo-
lism, providing clues about bacteria-mediated metabolic
pathways.

Implications of all the available evidence

This study and previous studies consistently showed altered gut
microbiota and related metabolite changes in HIV-infected individ-
uals with diabetes. These data suggest a potential link between re-
duced butyrate-producing bacteria and increased tryptophan
catabolism in the development of diabetes in the context of HIV in-
fection, possibly through inflammation and immune activation.

diabetes, compared to those without diabetes [2,3]. It has been sug-
gested that butyrate, a short-chain fatty acid produced by Roseburia
and F. prauznitzii, may have a protective effect in the development of
type 2 diabetes [6-8]. Moreover, previous studies have found that gut
microbiota and some related metabolites (e.g., tryptophan-kynurenine
metabolites) are altered in HIV-infected individuals [9-11], though con-
comitant influences remain to be unraveled such as HIV infection, low
CD4+ T-cell counts, high viral load, ART treatment and sexual behavior
[12-15]. Several studies on gut microbiota reported lower bacterial di-
versity in HIV infected individuals with no ART, low CD4+ counts, or
high viral loads [16-18]. The higher relative abundance of Prevotella in
untreated HIV-infected has been observed in multiple studies [13-15],
while a recent study suggested that the increase in Prevotella was asso-
ciated with sexual preference, men who have sex with men (MSM), but
was not driven by HIV infection [12].

Although gut microbiota and related metabolites have been impli-
cated in diabetes and HIV infection, few studies have investigated the
relationship between gut microbiota and diabetes in the context of
HIV infection. One recent study reported that HIV-infected individuals
with diabetes had reduced microbial diversity along with increased
tryptophan catabolism, endothelial dysfunction and inflammation com-
pared to HIV-infected only and healthy controls [19]. However, the ma-
jority of the HIV-infected participants included in the study were MSM
[19] which might have different gut microbiota patterns [12]. Therefore,
in this study, we aimed to examine the associations of gut microbiota
and plasma metabolite profiles with diabetes among HIV-infected

women and women with high risk of HIV infection from the Women's
Interagency HIV Study (WIHS).

2. Methods
2.1. Study participants

The WIHS is an ongoing prospective cohort study established in
1994 to investigate the progression of HIV in women, with a comparison
HIV-negative group with high-risk behaviors for HIV infection including
injection drug use, sexually transmitted disease, unprotected sex with
34 men or protected sex with >5 men, or having exchanged sex for
drugs, money, or shelter [20]. Details on study design and methods
have been described previously [20]. Every 6 months, WIHS participants
undergo a core visit with a comprehensive physical examination, provid-
ing biological specimens, and completing interviewer-administered
questionnaires. In this study, 50 women from the WIHS Bronx site pro-
vided fecal samples in 2015-2016 and we included 48 samples for anal-
yses, excluding one sample of very low reads in 16S rRNA gene
sequencing of the gut microbiome (497 total read counts) and one sam-
ple from the sole HIV-infected woman not receiving ART. All individuals
provided informed consent, and the studies were approved by the Insti-
tutional Review Board of Albert Einstein College of Medicine.

2.2. Fecal sample collection

Fecal samples were collected using a home-based self-collection kit
that was distributed to participants during their core WIHS visit. The
kit had all of the materials needed, including a pre-addressed envelope
that the participants used to return the specimen to our lab at Albert
Einstein College of Medicine. Fecal samples were self-collected using a
disposable paper in an inverted hat shape that goes over the toilet
seat to catch the fecal samples. Fecal samples were deposited in a collec-
tion tube containing 4 ml of RNAlater (a nucleic acid stabilizer that pre-
serves the microbiome composition for up to 14 days at room
temperature [21]) (QIAGEN, Valencia, CA), which was placed into a
bag with absorbent/desiccator material and shipped via mail to our
lab within 2 days for immediate processing and storage at —80 °C. At
the time of fecal sample collection, participants also completed a ques-
tionnaire regarding antibiotic use, gastrointestinal medications, com-
mercial probiotics, steroids, drugs stimulating or suppressing immune
system in the last 6 months.

3. DNA extraction, PCR amplification and high-throughput
sequencing

Genomic DNA was extracted with the DNeasy PowerLyzer
PowerSoil DNA Isolation Kit (QIAGEN, Valencia, CA), following the
manufacturer's instructions. PCR amplification was performed on the
16S rRNA gene V4 hypervariable region using the primers
16SV4_515F (GTGYCAGCMGCCGCGGTA) and 16SV4_806R (GGAC
TACHVGGGTWTCTAAT), with a 12-bp unique Golay barcoding
[22,23]. PCR reactions were performed with an initial denaturation
of 95 °C for 5 min, followed by 15 cycles of 95 °C for 1 min, 55 °C
for 1 min, and 68 °C for 1 min, followed by 15 cycles of 95 °C for
1 min, 60 °C for 1 min, and 68 °C for 1 min, a final extension for
10 min at 68 °C on a GeneAmp PCR System 9700 (Applied Biosystems,
Foster City, CA). The PCR products were purified using a QIAquick Gel
Extraction Kit (QIAGEN) and quantified using a Qubit 2.0 Fluorometic
High Sensitivity dsDNA Assay (Life Technologies). KAPA LTP Library
Preparation Kit (KAPA Biosystems, Wilmington, MA) was used on
the purified PCR products according to the manufacturer's protocol
and the size integrity of the amplicon with Illumina indices was vali-
dated with a 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA) at the Genomics Core at Albert Einstein College of Medicine.
High-throughput amplicon sequencing was conducted on a MiSeq
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(Illumina, San Diego, CA. RRID:SCR_016379) using 2 x 300 paired-end
fragments at the Albert Einstein College of Medicine Sequencing Core.

4. Bioinformatics analysis

[llumina reads were preprocessed to remove bases that fell below
PHRED quality score of 25 using prinseq [24]. Processed reads were
then demultiplexed using sample specific barcode combinations using
novobarcode [25]. Paired end reads were merged using pandaseq with
default settings [26]. OTU clustering and quality filtering was performed
using the Quantitative Insights Into Microbial Ecology (QIIME) software
package, version 1.9 [27]. USEARCH [28] was used to remove sequenc-
ing noise and sequence chimeras. Sequences were demultiplexed and
clustered into operational taxonomic units (OTUs) with a minimum
cluster similarity of 97% using UCLUST [28]. Sequences were assigned
using UCLUST with the Greengenes 13.8 microbial database [29]. The
resulting biom table was rarefied to 7500 reads per sample and statisti-
cal analyses were performed after collapsing OTUs at the genus level. To
characterize functional contents of microbiota, PICRUSt was imple-
mented to predict the abundance of KEGG orthologs [30] and the buty-
rate pathway in KEGG was visualized to be integrated with differential
abundance by diabetes status using R/pathview [31,32].

5. Targeted metabolomics analysis

Blood was drawn into CPT tube containing sodium citrate as antico-
agulant at least 8 h of fasting at the core WIHS visit. The tube was gently
inverted 8 times at room temperature and centrifuged at 1500g for
20 min within 6 h of blood draw. The plasma aliquot was stored at
—380 °C. Targeted metabolomics profiling were performed on stored fro-
zen plasma specimens that had been collected at the semiannual core
study visit closest to the stool sample collection, using the AbsoluteIDQ
p180 kit (BIOCRATES Life Sciences AG, Innsbruck, Austria). This targeted
method simultaneously measures 188 metabolites with liquid chroma-
tography and flow injection analysis-mass spectrometry, and the de-
tailed assay procedures have been described previously [33,34]. The
current analysis included 130 metabolites, passing the quality control
criteria of coefficient of variation <30% and low rate of out of detection
range (25%): 20 amino acids, 6 biogenic amines, 12 acylcarnitines, 78
glycerophospholipids, and 14 sphingolipids.

6. Assessment of HIV infection, diabetes, and other variables

Demographic, clinical, and laboratory variables were collected using
standardized protocols at semi-annual core study visits [35]. HIV infec-
tion was ascertained by enzyme-linked immunosorbent assay and con-
firmed by Western blot. HIV-specific parameters included CD4+ T-cell
counts, HIV-1 viral load, and detailed information on ART. Diabetes
was defined based upon standardized data from semiannual visits:
fasting plasma glucose 2126 mg/dl, HbA1C 26.5%, or self-report of diabe-
tes medication use.

7. Data statement

The datasets analyzed in the current study are not publicly available
but are available upon request after approval from the WIHS.

7.1. Statistical analysis

Characteristics of the study sample by diabetes status and HIV
serostatus were summarized as counts and percentages for categorical
variables, and medians and interquartile ranges for continuous vari-
ables. The characteristics were compared by diabetes status or HIV
serostatus using the Fisher's exact test for categorical variables and the
Mann-Whitney U test for continuous variables. The a-diversity of mi-
crobiota was performed using three measures (observed richness at

the OTU level, Chao 1 index and Shannon index in the genus level)
and each was compared by diabetes status in a linear regression
adjusting for age and HIV status. p-diversity measures (Bray-Curtis, un-
weighted UniFrac [36], and weighted UniFrac [37]) were estimated for
dissimilarity of microbial community compositions between samples.
Principal coordinates analysis (PCoA) for 3-diversity was used to exam-
ine the clusters of samples by diabetes status and HIV serostatus. Per-
mutational multivariate ANOVA (PerMANOVA) was performed to test
the association of B-diversity with diabetes, adjusting for age and HIV
serostatus. The differential abundance of each genus or upper hierarchy
by diabetes was tested using a linear regression on arcsin transformed
relative abundance, adjusting for age and HIV status or adjusting for
age stratified by HIV status. False discovery rate corrected P-value was
calculated using Benjamini and Hochberg's method [38]. The metabolite
concentration by diabetes status was tested using the Mann-Whitney U
test and the Spearman correlation between metabolites and relative
abundance of genus was calculated. Predicted relative abundance of
KEGG orthologs by PICRUSt was compared by diabetes status using t-
test. All statistical tests were two-sided and were conducted using R
(version 3.3.2) [39] with the phyloseq [40] and vegan [41] packages.

8. Results
8.1. Characteristics of study population

Table 1 shows the characteristics of study participants by diabetes
status and HIV serostatus. There was no significant difference in race/
ethnicity by diabetes status and HIV serostatus. Women with diabetes
tended to be older (P = .06 [Mann-Whitney U test]) and have higher
BMI (P = .06 [Mann-Whitney U test]) among HIV-uninfected women.
For glycemic traits, women with diabetes tended to have higher glucose
and hemoglobin Alc levels irrespective of HIV serostatus. Half of
women with diabetes took antidiabetic medications, mostly metformin
(8 out of 11). Antibiotic use in the past 6 months was more frequent
among HIV-infected women compared to HIV-uninfected women

Table 1
Characteristics of study subjects with diabetes and without diabetes.
HIV+ HIV-
Diabetes No Diabetes Diabetes No Diabetes
Number of 16 12 6 14
individuals
Age 52 (51-55) 51 (42-60) 53 (52-57) 49 (42-51)
Race
Black 11 (69) 8 (67) 2(33) 10 (71)
Hispanic 3(19) 1(8) 2(33) 3(21)
Other 2(13) 3(25) 2 (33) 1(7)
BMI (kg/m?) 32 (30-38) 31(27-37) 33(33-37) 26(22—-32)
Antibiotic 10 (71) 6 (55) 1(25) 4(33)
Any antidiabetic 7 (43.8) - 4 (66.7) -
medication
Glucose (mg/dl) 105 (94-115) 96 (87-105) 109 (96-124) 94 (88-99)
Hemoglobin 6.2 (6.0-6.5) 5.8 (5.7-6.0) 6.3 (5.9-6.8) 5.6(5.5-5.8)
A1C (%)
Hepatitis C 5(31) 3(25) 2(33) 1(7)
infection
HIV-specific characteristics
Current ART 16 (100) 12 (100) - -
Cumulative years  12.5(8.0-15.9) 4.8 (3.9-9.6) - -
of ART
CD4 counts 810 (629-1124) 678 (578-955) - -
Viral load <20(20-30.2) <20(20—20) - -
(copies/ml)
Undetectable viral 10 (62.5) 11 (91.7) - -
load (<20
copies/ml)

Data are presented as count (%) for categorical variables or median (IQR) for continuous
variables.
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(P = .06 [Fisher's exact test]). All the HIV-infected participants were cur-
rently receiving highly active ART, and HIV-infected participants with
diabetes were taking ART longer than the HIV-infected women without
diabetes (P = .006 [Fisher's exact test]). Most HIV-infected women (25/
28) had suppressed viral load (< 40 copies/ml) and high CD4 counts (24
women with >500 counts). There were no significant differences in CD4
counts and viral load between women with and without diabetes (P >
.13 [Mann-Whitney U test]).

8.2. Comparisons of microbial diversity and composition

A total of 1084 operational taxonomic units (OTUs) were found with
a 97% similarity cutoff, after rarefication at 7500 counts. At the phylum
level, Firmicutes, Bacteroidetes, Actinobacteria, and Fusobacteria were
found in all participants, having median microbial abundances of 52%,
35%,2.9%, and 0.8%, respectively (Fig. S1). At the genus level, 147 genera
were identified with median relative abundance of 0.43% (IQR =
0.1-0.88%), and 91 genera showed at least 0.1% average relative
abundance.

The microbiota profiles of our sample population were ordinated by
principal coordinate analysis (PCoA) with the Bray-Curtis dissimilarity
at genus level. The plot of the first and second principal coordinates in
Fig. 1(a), explaining 15.2% and 8.7% of the total variance, showed no sep-
aration by diabetes status or HIV serostatus. In addition, PerMANOVA
tests based on various sample-to-sample distances (Bray-Curtis, un-
weighted and weighted UniFrac) found no significant differences in mi-
crobiota profiles by age, HIV serostatus, diabetes status, or metformin
use (all P> .10, R? < 0.04, Table S1). Significant differences in Bray-
Curtis dissimilarity and weighted UniFrac were observed by antibiotic

use (P =.05,0.01, Table S1, Fig. S2). The within-sample microbial diver-
sity for each measure (observed OTU richness, Chao 1 index and Shan-
non index in genus level) was not significantly different by age, HIV,
diabetes, antibiotic use, or metformin use (all P> .12 [linear regression],
Fig. 1(b), Table S2).

8.3. Differentially abundant genera by diabetes

The differential abundance analysis identified four genera
(Finegoldia, Anaerococcus, Sneathia, and Adlercreutzia) that were signifi-
cantly associated with diabetes status (P < .05; FDR corrected P-value
<.1 for Finegoldia and Anaerococcus. Table 2). These analyses adjusted
for HIV status and age, examining 91 genera with at least 0.01% average
relative abundance. These four differentially abundant genera were less
abundant in women with diabetes compared to those without diabetes
(Fig. 2). The four genera did not show statistically significant associa-
tions with HIV serostatus (Table S3). In the analysis stratified by HIV sta-
tus (Table 2), Finegoldia and Anaerococcus showed significantly inverse
association with diabetes in both HIV-infected and HIV-uninfected
women, whereas there were suggestive but non-significant interactions
between HIV infection and diabetes in relation to Sneathia and
Adlercreutzia (Pyyxpiabetes = -09, 0.06, respectively). For those four gen-
era that were differentially abundant by diabetes, we further examined
the potential influences of antidiabetic medication use, antibiotic use
and hepatitis C infection. No significant associations of four genera
with these factors were observed (Table S4-S6), except for Sneathia
which showed a nominal significant association with antibiotic use
(Table S6). Sensitivity analyses indicated that the four genera exhibited
consistent associations with diabetes after excluding the women with
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Table 2

Differentially abundant genera by diabetes status.
Family Genus All* HIV+ HIV- PhivsDiabetes

3 (SE) P B (SE) P {3 (SE) P

Tissierellaceae Finegoldia —0.010 (0.003) <0.001° —0.013 (0.004) 0.003 —0.005 (0.002) 0.038 0.133
Peptoniphilaceae Anaerococcus —0.012 (0.004) 0.002° —0.012 (0.005) 0.026 —0.012 (0.005) 0.039 0.967
Leptotrichiaceae Sneathia —0.015 (0.005) 0.010 —0.022 (0.008) 0.015 —0.002 (0.004) 0.601 0.090
Coriobacteriaceae Adlercreutzia —0.008 (0.003) 0.010 —0.004 (0.003) 0.287 —0.016 (0.005) 0.009 0.057

Data are adjusted for age.
2 Additionally adjusted for HIV serostatus.
" FDR corrected P-value <.1.
¢ P for interaction by HIV serostatus on the association with diabetes status.

antibiotic use, metformin use, or hepatitis C infection, respectively, or
adjusting for antibiotic use or hepatitis C infection (Table S7-S8).

8.4. Associations of metabolites with diabetes and bacterial genera

Plasma levels of 12 metabolites showed nominal significant associa-
tions with diabetes status (P < .05 [Mann-Whitney U test]; all FDR
corrected P-value >.1. Fig. 3). In the women with diabetes compared
to those without diabetes, we found higher concentrations of seven
amino acids or biogenic amines (kynurenine/tryptophan ratio as a
marker for kynurenine pathway activation, ADMA, proline, alanine, iso-
leucine, leucine, and valine) and elevated valerylcarnitine in
acylcarnitines classes, while octadecadienylcarnitine in acylcarnitines
and three glycerophospholipids (PC ae C34:3, PC ae C36:5 and PC ae
(38:5) showed lower concentrations. To further investigate the engage-
ment between metabolites and gut microbiome in relation to diabetes,
we examined the correlations between the four diabetes-associated
gut microbial genera and these 12 metabolites (Fig. S3). Anaerococcus
was inversely correlated with kynurenine/tryptophan ratio and valine
(r= —0.38, —0.3, P = .007, 0.04 [P-value for Spearman correlation]),
and Adlercreutzia was inversely correlated with proline and alanine
(r=—037, —0.32, P = .01, 0.03 [P-value for Spearman correlation]).
On the other hand, all four diabetes-associated microbial genera
showed some positive correlations with diabetes-associated
glycerophospholipids (r = 0.12-0.36 for all three glycerophospholipids
and r = 0.29-0.36 with P > .05 [P-value for Spearman correlation]).
Across all metabolites, four diabetes-associated microbial genera tended
to be positively correlated with glycerophospholipids (Fig. S4), though it
should be noted that these glycerophospholipids are highly correlated
with each other.

Of the pathways involved with the aforementioned metabolites, we
then compared the microbial functional contents related to the path-
ways, predicted by PICRUSt, between women with diabetes and
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without diabetes (Table S9). Only Enoyl-CoA hydratase in butyrate
pathway (K01692) and carbamoyl-phosphate synthase (K01955) in al-
anine, aspartate and glutamate metabolism showed nominally signifi-
cant differences (P = .03, 0.006 [t-test]). In the butyrate pathway, a
higher proportion of enzymes were decreased in diabetes, but most en-
zymes did not show statistically significant differences (Fig. S5).

9. Discussion

In this study of women with, or at high risk for HIV infection, we
found no significant differences in the composition and the diversity
of microbial communities between women with and without diabetes.
These findings are generally consistent with most previous studies
that examined the relationship between gut microbiota and diabetes
in HIV-uninfected populations [2,42,43]. When examining HIV infection
in relation to microbial diversity, our study did not find significant asso-
ciations, while many previous studies found such differences by HIV in-
fection to be statistically significant [12,13,16]. However, it should be
noted that most previously reported alterations in microbial diversity
were observed in newly HIV-infected, untreated patients, or MSM, com-
pared to HIV-uninfected controls [12,16,19]. In our study, participants
had long standing HIV-infection and ART use. Consistent with this, a
prior study reported that individuals with chronic untreated HIV infec-
tion, but not those under long-term ART, had greater overall microbial
diversity compared to HIV negative controls [14]. Another study com-
paring HIV-infected individuals who were receiving suppressive ART
with HIV-uninfected individuals found no significant differences in
alpha-diversity although clustering in beta-diversity was observed
[44]. It still remains unclear how chronic HIV infection and long-term
ART use influence overall gut microbial diversity.

At the genus level, we found that relative abundances of two genera,
Finegoldia and Anaerococcus, were significantly lower in women with
diabetes compared to those without diabetes, and the results were
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Fig. 2. Relative abundance of four bacterial genera by diabetes status. A bar represents the mean relative abundances and an error bar represents 1 standard error of relative abundances.
The topmost P-value is the significance level of differential abundances between the women with diabetes and without diabetes, tested by a linear regression adjusting for age and HIV
serostatus, and P-values in the second line are the significance levels of differential abundances between the women with diabetes and without diabetes, tested by linear regressions

adjusting for age among HIV+ (left) and among HIV- (right).



J.-Y. Moon et al. / EBioMedicine 37 (2018) 392-400

Kynurenine/Tryptophan ADMA
P =0.007 P=0.03
P=0.19 P=0.03 g - P=0.16 P=0.34
© [ — [ — [ — | —
o o
S oS ]
s
o
= < R R =
£S S <o 7
> O =
x aC o]
o~ o
Q
o -
paf
s J S J
<] x &° L& x x & , &
S 8 S 8 S S S0 &
& & & F & F
B B S S
Isoleucine Leucine
8 P=0.005 3 _ P=003
P=0.005 P=0.72 - P=0.09 P=0.36
[ — — — | —
=8 -
2 =
: 28 I
s = ral =
5 9 £
= o
2 3
o a9 4
2 o | o
N
= « & ¢ : 3 0 - « & v s
O o &g & S & 8¢ &
F & F F
< < S B
Octadecadienylcarnitine PC ae C34:3
s P =0.005 P=0.02
E P=0.08 P=0.03 P=0.1 P=028
= ] [ — [ — < - [ o— [ —
o X —
£ 2 =
= o J_ =, |
g 3
I3 ® ®
° b < 1
> ™
8 o °
89 8
8@ O
8 a
@ — =9
jot
o o
S . o e = ) o ©
=~ ] x . s x ANy - LA
& S S & S T ¢ &0
& & ¢ & F &
S S S S

397
Proline Alanine
o
g - P =0.002 o P=0.007
P=0.05 P=0.02 8 7 P=0.31 P=0.02
o [ — — — [ —
Q& 7 T n
= - T
= = 0
28 I I s -
2 £
58 - BiS 53 -
o ¥ < v
o | .
o o |
w
o - O © e - © N4
o P Qo XS o P Qo
TP A P O Ty A T O
< & > & < & < &
< < < <
Valine Valerylcarnitine
P=0.004 - P=004
P=0.02 P=02 e P=0.04 P=051
8 _ — = — —
N T = T
Y )
sg 1T oo [ L
ER i £o
@ € -
£g g AC
s+ >3
S 2
< ©
o
2 >
o
8~ o0 o o - <) O
oo K Yo X o o X' o NS
@Q@‘ x\\d\m" 6#‘\ %\o\o? ~2§§§ @6@0 ~$§§ ®®v§
F & & & & & & &
< S < <
PC ae C36:5 PC ae C38:5
© — P=002 o _ P=0.006
P =004 P=024 - P=0.006 P=032
[ — — [ — | —
S © =T £%°7 =5
= S aC
n 0
8 T 2“7
ST O
3 8~ -
6} (&)
o o~ o
~
e = o ] e = e R
o P Qo XS oo P Qo NS
quo\\ @o\rz? épo\‘ ~2>0-<§’ ~z§§e‘\ ®<)<3° %fq?e\‘ @o\é’
e & o B F & o &
< 8 < B

Fig. 3. Metabolic concentration levels by diabetes status. A bar represents the mean concentrations (ratio for kynurenine/tryptophan ratio) and an error bar represents 1 standard error of
concentrations (ratio for kynurenine/tryptophan ratio). The topmost P-value is the significance level of differential concentrations between the women with diabetes and without diabetes
[Mann-Whitney U test], and P-values in the second line are the significance levels of differential concentrations between the women with diabetes and without diabetes [Mann-Whitney U
test], among HIV+ (left) and among HIV- (right). All P for interaction of diabetes status and HIV serostatus >.18 [linear regression].

consistent for HIV-infected and HIV-uninfected individuals. Although
there was little direct a priori evidence linking Finegoldia and
Anaerococcus with diabetes, Anaerococcus is known to produce butyrate,
a product of bacterial fermentation, which is involved in anti-
inflammation, insulin sensitivity improvement, and diabetes ameliora-
tion [45-47]. The potential involvement of Anaerococcus in anti-
inflammation is further supported by our results showing an inverse
correlation between Anaerococcus and kynurenine/tryptophan ratio,
an indicator of tryptophan catabolism. Tryptophan is catabolized into
kynurenine through indoleamine 2,3-dioxygenase (IDO) which is an
enzyme induced in many types of immune cells in response to inflam-
mation and immune activation, while transcription of IDO can be
down-regulated by sodium butyrate [10,48-51]. In our study, we also
found higher kynurenine/tryptophan ratio in diabetes, which is consis-
tent with previous findings [19].

Indeed, two butyrate-producing gut microbes, Faecalibacterium and
Roseburia, have been reported to be decreased in people with diabetes
[2,3], and Roseburia was lower in metformin-untreated people with di-
abetes compared to those without diabetes [4]. In our study, we ob-
served that Faecalibacterium was marginally reduced in women with

diabetes (P = .07 [linear regression]), but Roseburia did not differ by di-
abetes status (P = .53 [linear regression]). In addition, PICRUSt analysis
revealed a higher proportion of enzymes homologous to those for buty-
rate metabolism which were decreased in diabetes, although most of
these orthologs did not show statistically significant differences, given
the relatively small sample size of current analysis. In addition, a previ-
ous study reported beneficial effects on glucose metabolism by
transplanting butyrate-producing bacteria Clostridium butyricum
CGMCC0313.1 to diabetes mouse models [52]. These data suggest a ben-
eficial role of butyrate-producing gut microbes in patients with diabe-
tes. Further investigation is needed to examine the butyrate-
producing microbes observed in this study (e.g., Anaerococcus) and
their relationships with diabetes, especially in HIV-infected individuals.

In addition, another two genera, Sneathia and Adlercreutzia, showed
suggestive inverse associations with diabetes in our study, with poten-
tial effect modifications by HIV infection. Interestingly, the HIV+
group without diabetes showed significantly higher relative abundance
of Sneathia while the other three HIV/diabetes status groups showed
lower and similar relative abundance of this genus. This may help illus-
trate why the inverse association between Sneathia and diabetes has
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been observed only in HIV+ groups. The genus Sneathia is one of the
bacteria transmitted during vaginal delivery [53] and the disruption of
natural transmission of the maternal microbiome to the newborn may
be associated with type 1 diabetes, asthma, and obesity [54-57]. How-
ever, no previous studies have examined the relationship between
HIV infection and Sneathia. Our study suggested an inverse association
between the Adlercreutzia genus and diabetes in HIV-uninfected indi-
viduals, while a previous study reported that the Adlercreutzia genus
was decreased in fecal samples of HIV infected individuals with diabe-
tes, compared to healthy controls and those with HIV infection only
[19]. Although the potential effect modification by HIV infection needs
further investigation, the suggestive association between Adlercreutzia
and diabetes was supported by the inverse correlation between this
genus and plasma proline observed in this study, elevated proline levels
associated with diabetes in this and other studies [58,59] and potential
involvement of this genus in the peroxisome proliferator-activated re-
ceptor gamma (PPAR-gamma) pathway [60-62]. However, our results
should be interpreted with caution, because of the relatively small sam-
ple size. Future studies with larger sample sizes are warranted to clarify
the associations between these genera and diabetes in the context of
HIV infection.

One unique feature of this current study is the inclusion of women
either with HIV-infection or at high risk for HIV-infection, who were
of African American (65%) or Hispanic (29%) racial/ethnic backgrounds.
Previous studies of the gut microbiota and diabetes focused primarily on
Europeans or Chinese without HIV-infection [2-4]. The participants in a
previous study on diabetes with HIV infection were Europeans, mostly
men (88%) and MSM (75%), and had a relatively shorter time on stable
ART (25.4 months (IQR = 13.2-37.7) for HIV infected with diabetes).
Prior healthy control groups included convenience samples such as hos-
pital staff, unlike our comparison group comprising a population based
sample at high risk for HIV-infection [19]. In addition, dietary choices,
access to health care, and overall health status of our study participants
might be different from other studies due to demographic differences
and exposure to HIV-infection [63]. These factors may influence micro-
biota compositions in relation to diabetes. HIV infection, including effec-
tive viral suppression by ART, might contribute to microbial dysbiosis,
affecting the disruption of immune response and resulting in increased
morbidity and mortality [6,9,13,64].

Our study has several limitations. The sample size is relatively
small and multiple tests were performed in this study, and only two
significant genera passed FDR correction. In the metabolomics analy-
sis, although the associations between metabolites and diabetes did
not pass FDR correction, many significant metabolites observed in
our study (e.g. kynurenine/tryptophan ratio [19], branched-chain
amino acids [65], proline [58,59]) have been previously reported to
be associated with diabetes in HIV or non HIV populations. Thus,
these results are unlikely to be false positive findings. In addition,
our study did not collect information on dietary intake which has
been closely related to the microbial communities [66-68]. Our
plasma metabolomics does not cover the full spectrum of metabolites
and especially short chain fatty acids were not measured (e.g., butyric
acid). In addition, due to high sodium sulfate content in the samples
collected with RNAlater, our fecal samples were not useful for meta-
bolomics assay [69].

In summary, this study suggests decreased relative abundances of
four gut microbial genera and related metabolite changes associated
with diabetes in women with, or at high risk for HIV-infection. In partic-
ular, a known butyrate-producing bacterial genus had lower relative
abundance, correlating with higher tryptophan catabolism, in diabetes.
These findings suggest a potential interrelationship between gut micro-
biota, diabetes and HIV infection through inflammation and immune ac-
tivation. Further studies with larger sample sizes and metagenomics
data are needed to investigate specific microbes and their functional
role in diabetes along with metabolic profiles in the context of HIV-
infection.
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