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Background: HIV-1 infection and hazardous levels of alcohol consumption
have been independently linked to gut dysbiosis affecting beneficial butyrate-
producing bacteria. However, sex-based differences in the composition and
function of gut microbiome of People With HIV (PWH) with a history of heavy
alcohol drinking remain undetermined, which is the focus of this study.
Methods: Cross-sectional study examining structural and functional features
of the gut microbiome in PWH between men and women with a history of
hazardous alcohol drinking recruited at St. Petersburg, Russia. 16S rDNA
sequencing information was used for metataxonomic, Phylogenetic Investigation
of Communities by Reconstruction of Unobserved States (PICRUSt2) and Linear
Discriminant Analysis Effect Size (LEfSe) analyses. Group-wise comparisons
were done using Mann-Whitney U-test. Further, linear and logistic regression
models were used to evaluate the association between sex and measures of
gut microbial dysbiosis and Firmicutes/Bacteroidota (F/B) ratio, respectively.
Data were adjusted for confounding covariates particularly, HIV-viral load, Anti-
retroviral Therapy (ART) and alcohol usage.

Results: Metataxonomic analysis demonstrated that women depicted
significantly higher microbial diversity (Operational Taxonomic Units, OTUs
and Shannon Index), higher percent relative abundance (%RA) of Firmicutes,
lower %RA of Bacteroidota and higher F/B ratio. Importantly, logistic regression
revealed that women had twice the odds of having F/B ratio > 1. Notably, women
demonstrated significantly higher %RA of butyrate-producing bacterial families,
i.e., Lachnospiraceae, Oscillospiraceae, Rikenellaceae and Marinifilaceae and
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genera. Correspondingly, significantly greater expression of bacterial genes
involved in butyrate synthesis in women was demonstrated by PICRUSt2
analysis. Additionally, women depicted lower %RA of pathobiont, Prevotellaceae
particularly, Prevotella_9 genus.

Conclusion: Overall, we observed significant sex-based differencesin the relative
abundances of beneficial bacterial communities such as butyrate producers and
potential pathogenic Prevotella community in the gut microbiome of PWH with
a history of heavy alcohol consumption. The observed sex-based differences
are clinically relevant and could inform therapeutic strategies with evidence-

based probiotics.
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Introduction

Hazardous alcohol drinking is common among people with HIV
(PWH) (Duko et al., 2019; Williams et al., 2016; Molina et al., 2014).
Pathological changes as a result of both HIV-1 infection and heavy
alcohol drinking share several salient features. Particularly, heavy
alcohol drinking and HIV-1 infection are known to be independently
associated with alterations in the structural and functional features of
the gut microbiome leading to dysbiosis (Yan et al., 2021; Chen et al.,
2011; Dillon et al., 2017). In the context of HIV-1 infection alone, gut
dysbiosis is characterized by a total decrease in microbial diversity due
to a decrease in beneficial bacteria and an increase in opportunistic
pathogens (Dillon et al., 2017; McHardy et al., 2013). Additionally, a
clinical study published by our group highlights changes in the gut
microbiome composition driven by loss of beneficial butyrate-
producing bacterial communities associated with age as a consequence
of HIV-1 infection alone in older participants with HIV between the
ages of 50-70 years (Ghare et al., 2022). Similar to HIV infection,
heavy alcohol drinking is also associated with shifts in the gut
microbiome composition (Hartmann et al., 2015; Day and Kumamoto,
2022; Mutlu et al., 2012). Further, both pre-clinical and clinical work
have observed alcohol-mediated reduction in the relative abundances
of beneficial butyrate-producing bacterial communities (Singhal et al.,
2021; Litwinowicz and Gamian, 2023). However, the combinatorial
effects of both hazardous alcohol drinking and HIV-1 infection in the
same population remain largely undetermined.

Earlier work has estimated combined prevalence of Alcohol Use
Disorder (AUD) among PWH is 29.8%, with higher occurrence in
men than women (Duko et al., 2019). Furthermore, it has been well
established that sex is a significant determinant of differences in the
structural features of the gut microbiome in healthy individuals (Kim
etal., 2020; Mueller et al., 2006; Ding and Schloss, 2014; Koliada et al.,
2021; Takagi et al., 2019; Yoon and Kim, 2021). In the context of HIV
infection, sex-based differences in the gut microbiome are only
beginning to be identified. However, in men with HIV infection,
sexual behavior seems to be an important determinant of gut
microbial dysbiosis. In this regard, gut microbial dysbiosis marked by
a significant enrichment in Prevotella is observed in men who have
sex with men (MSM) compared to non-MSM individuals (Vujkovic-
Cvijin et al., 2020; Rocafort et al., 2024). Further, with regards to heavy
alcohol consumption, pre-clinical studies demonstrate sex-based
differences in the gut microbiome between male and female mice
subjected to chronic and chronic-binge ethanol exposure models
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(Dominguez-Pino et al., 2024; Pacheco et al., 2025). However, clinical
studies demonstrating sex-based differences in the gut microbiome
between men and women with AUD are limited (Koutromanos et al.,
2024, 2025; Grodin et al., 2024). Moreover, the combinatorial effects
of HIV-1 infection and heavy alcohol consumption on the differences
in the gut microbiome between men and women have not been
examined. In view of this, studying the interactive effects of heavy
alcohol drinking and HIV-1 infection on the gut microbiome, with a
focus on sex-dependent differences, is clinically relevant for
understanding disease progression in men and women and developing
effective, targeted therapies for PWH. To obtain specific insights in the
potential sex-based differences, the current study examined the
structural and functional features of the gut microbiome in PWH with
a history of heavy alcohol consumption between men who are
predmoninantly reported to have sex with women (MSW) and
women. We pursued a cross-sectional analysis of 202 PWH with a
history of heavy alcohol drinking (men = 143, women = 59) from St.
Petersburg, Russia. Specifically, we profiled the fecal microbiome of
these study participants employing 16S rRNA gene sequencing along
with predictive analysis of functional characteristics of the gut
microbiome using PICRUSt2. Our analysis unraveled critical
sex-based differences in gut microbiome composition with a particular
focus on beneficial butyrate-producing bacteria and inflammophilic
pathogenic Prevotella bacteria. Additionally, this study demonstrates
the sex-based differences in predicted functional characteristics of
butyrate-producing bacteria in expressing genes involved in the four
major butyrate-producing pathways in humans.

Materials and methods
Study design and participants

Study participants (N = 202) were recruited from the “The Studying
Partial-agonists for Ethanol and Tobacco Elimination in Russians with
HIV (St PETER HIV)” trial. This was a four-arm randomized, double-
blinded, placebo-controlled, clinical trial among 400 PWH who are daily
smokers with risky alcohol use recruited from HIV clinical care sites in
St. Petersburg, Russia between July 2017 and December 2019. All
participants were between 24 and 67 years old; HIV-positive; experienced
> five heavy drinking days [HDD] defined by the National Institute on
Alcohol Abuse and Alcoholism [NIAAA] at-risk drinking levels (risky
drinking) (Alcoholism NIoAAa, 2024a) in the past 30 days; smoked an
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average of 21.3 cigarettes per day in the past 30 days, and had a
willingness to reduce alcohol, smoking or both. Exclusion criteria
included lack of fluency in Russia, pregnancy or planning to become
pregnant; breastfeeding; took smoking cessation medications in the past
30 days; had cognitive impairment resulting in an inability to provide
informed consent; unstable psychiatric illness; history of seizures; or
known allergy to study medications. This study was approved by
Institutional Review Boards at Boston University Medical Campus (IRB#
H-3668), Vanderbilt University Medical Center (IRB# 171584), and First
Pavlov State Medical University (IRB# Case 32/17-H). Participant safety
data was reviewed by a Data Safety and Monitoring Board every
6 months. All study participants provided written informed consent.

Participant assessments and biologic
specimen collection

Participants completed baseline questionnaires from the St
PETER HIV trial which included the following items: demographics,
30-day alcohol and cigarette timeline follow back (TLFB), Alcohol Use
Disorder Identification Test (AUDIT), anti-retroviral therapy (ART)
use and adherence, and other substance use. Additionally, a modified
food frequency questionnaire, and survey items focused on recent
antibiotic use and probiotic use. Participants also provided blood
samples for CD4 cell count, HIV RNA, and Phosphatidylethanol
(PEth) levels, biomarker of alcohol consumption. The participants in
this study provided a fecal sample within 30 days of baseline
examination, and had no use of antibiotics, probiotics, or prebiotics in
3 months prior to baseline examination.

Alcohol assessment

Alcohol consumption patterns were assessed by total grams of
alcohol in the past 30 days, which was converted to number of drinks
per week using the following formula (there is 14 grams of alcohol in
a standard drink; Alcoholism NIoAAa, 2024b):

1 7
Drinks per week = grams of alcohol per month x I X 0

Drinks per week = grams of alcohol per month x 671()

Gut microbiome assessment

Fecal samples were used to perform 16S rRNA gene sequencing.
The sequencing method was adapted from the NIH-Human
Microbiome Project and the Earth Microbiome Project (Human
Microbiome Project Consortium, 2012a; Human Microbiome Project
Consortium, 2012b; Thompson et al., 2017). Briefly, total genomic DNA
is extracted using the Qiagen MagAttract PowerSoil DNA Kit (Qiagen,
Redwood City, CA). The 16S rDNA V4 region was amplified by PCR
and sequenced on the MiSeq platform (Illumina, San Diego, CA; RRID:
SCR_016379) using the 2x250 bp paired-end protocol, yielding
paired-end reads that overlap almost completely (Caporaso et al., 2012).
Resulting reads are denoised using the Deblur algorithm (Amir et al.,
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2017) following the default workflow and the length limit set to 252 bp.
The generated representative sequences are mapped against an
optimized version of the latest current SILVA Database (Quast et al.,
2013) (RRID: SCR_006423) containing only sequences from the v4
region of the 16S rRNA gene to determine taxonomies using usearch70
‘usearch_global’ function (Edgar, 2010), specifying the identity threshold
to 97%. Phylogeny information contained in the biom file is generated
by aligning the centroid sequences with MAFFT (Katoh and Toh, 2010)
(RRID: SCR_011811) and creating a tree via FastTree (Price et al., 2010)
(RRID: SCR_015501). The biom file was summarized, recording the
number of reads per sample, and merged with a file to produce a final
summary file with read statistics and taxonomy information.

Inferred metagenomics (PICRUSt2 analysis)

Phylogenetic Investigation of Communities by Reconstruction of
Unobserved States (PICRUSt2; RRID: SCR_022647) was used for
predictive analysis of butyrate synthesizing pathways in the gut
microbiome of study participants in this cohort (Douglas et al., 2020).
Default settings of the q2-PICRUSt2 plugin, which utilizes sequence
and gene data information generated in the form of QIIME2
(Quantitative Insights Into Microbial Ecology) output (Bolyen et al.,
2019) with Deblur denoising algorithm. The 16S rRNA gene data were
used along with information pertaining to the copy numbers of
butyrate synthesizing genes present within each sequenced archaeal
and bacterial taxonomic group in the Integrated Microbial Genomes
(IMG) database. The sequence placement with the reference genome
database was completed using the SEPP (SATé-enabled phylogenetic
placement) pipeline (Mirarab et al., 2012) of the q2-PICRUSt2 plugin.
The output file contains normalized values corresponding to the
contribution of bacterial genome in a particular sample toward
expression of a specific Kyoto Encyclopedia of Genes and Genomes
ID (KEGG Ortholog ID; RRID: SCR_012773) (Douglas et al., 2020).

Statistical analyses

Descriptive statistics were used to characterize the demographic and
clinical characteristics of the study population. Sex-based differences in
gut microbiome composition were evaluated using Mann-Whitney
U-tests. These statistical tests were performed using GraphPad Prism,
version 10.1.1 (270). Separate multiple linear regression models were
created to evaluate unadjusted and adjusted association between sex and
measures of gut microbial composition and dysbiosis such as, alpha
diversity metrics (Operational Taxonomic Units, OTUs and Shannon
Index), F/B ratio, percent relative abundances (%RA) of total butyrate-
producing genera and pathobiont family Prevotellaceae. Adjusted models
included covariates: age, log10 of HIV viral load, CD4 count, opioid use
and drinks per week in the last 30 days. SAS statistical software version
9.4 was used in the analysis. Logistic regression analysis was performed
in Python version 3.11.5 using the statsmodel.api library (Seabold SaJP,
2010) to evaluate the effect of sex on F/B ratio. Odds ratio measure was
calculated by exponentiating the regression coeflicient obtained in the
model; the confidence intervals were obtained by exponentiating the
lower and upper bounds of confidence interval for the regression
coefficient. SciKit learn library in Python (Fabian Pedregosa et al., 2011)
was used to evaluate the predictive accuracy of the model.
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Results

Clinical characteristics and demographics
of people with HIV (PWH) with a history of
heavy alcohol drinking

This cross-sectional study involved 202 PWH with a history of
heavy alcohol drinking, whose median age was 38 years
(mean + SD = 38.8 + 6.3 years). The main characteristics of the
population are enlisted in Table 1. Of the 202 study participants, 143
were male (71%) and 59 were female (29%) with no documented use
of antibiotic, prebiotic or probiotic 3 months prior to enrollment. With
regards to sexual behavior, only 12.59% men reported to have sex with
men (MSM) and 5.08% women reported to have sex with women
(WSW). Further, 142 participants (70.3%) were ART compliant.
Amount of alcohol consumed by participants was measured as number
of drinks per week ranging from 4.9 to 108.9 over the last 30 days.

Sex-based differences in gut microbial
diversity in PWH with a history of heavy
alcohol drinking

To evaluate the combinatorial effects of heavy alcohol drinking
and HIV-1 infection on the compositional drifts in the gut
microbiome, fecal samples of study participants were processed to
sequence the bacterial 16S rRNA marker gene. Gut microbiome
diversity was assessed by alpha diversity indices, OTUs and Shannon
Index. Comparisons between men and women without adjusting for
covariates showed that women demonstrated significantly greater
OTUs (microbial mass; p < 0.01; Figure 1A) and Shannon Index
(evenness; p < 0.0001; Figure 1B). These sex-based differences in gut
microbial diversity continued to remain statistically significant even
when adjusted for covariates such as age, log10 of HIV viral load,
current ART usage, CD4 count, opioid use and number of drinks
consumed per week over 30 days (Supplementary Table 1). Next, beta
diversity assessed by Principal Co-ordinate Analysis (PCoA) showed
significantly distinct clusters between men and women along the PC1
axis as depicted in Figure 1C. Overall, there were sex-based differences

10.3389/fmicb.2025.1632949

in gut microbial diversity in terms of abundance as measured by alpha
diversity and composition as indicated by beta diversity.

Further, examination of the top 10 most abundant phyla
demonstrated sex-based differences in their distribution, with women
depicting significantly higher %RA of Firmicutes, Desulfobacteriota,
Actinobacteriota, Fusobacteriota and lower %RA of Bacteriodota
compared to men (Figure 2A). Importantly, women showed significantly
higher F/B ratio compared to their male counterparts (Figure 2B).
Further, logistic regression analysis was employed to evaluate the effect
of sex on F/B ratio. The data revealed that women had 104% higher odds
of having F/B ratio greater than 1 compared to men (Figure 2C,
P-value = 0.055, model accuracy = 0.82). Additionally, taxonomic
analysis of bacterial families demonstrated that in comparison to men,
women had significantly greater %RA of Marinifilacea, Rikenellacea,
Bacteriodacea,  Leptotrichiacea, — Barnesiellacea,  Oscillospiracea,
Tannerallacea, Desulfovibrionacea, Lachnospiracea and Victivallacea and
%RA of Prevotellacea,

Succinivibrionacea (Supplementary Table 2). This further corroborated

significantly lesser Selenomonadacea,
the sex-based differences in bacterial diversity and gut dysbiosis
observed in this study population.

Sex-based differential abundance of
beneficial butyrate-producing bacteria is a
hallmark feature of gut dysbiosis in PWH
with a history of heavy alcohol drinking

Since both heavy alcohol drinking and HIV-1 infection have been
independently linked to loss of beneficial butyrate-producing bacteria
(Dillon et al., 2017; Johnson and Byrareddy, 2022; Du et al., 2022),
we examined the sex-based distribution of butyrate-producing
families in our study cohort. Our analysis showed that women
harbored significantly greater %RA of butyrate-producing families
Oscillospiracea and Lachnospiracea that belong to the Firmicutes
phylum and Marinifilacea and Rikenellacea that belong to the
Bacteriodota phylum (Figure 2D).

For further detailing of the microbiome at the genus level of
taxonomy, we employed an in-house database of butyrate-producing
bacterial genera (Singhal et al., 2021; Aakarsha, 2025) and performed

TABLE 1 Demography and clinical characteristics of study subjects: summary of study cohort metadata including age, sex, CD4 T-cell counts, HIV viral
load, current ART usage, amount of alcohol consumed and sexual behavior.

Demographics Median (IQR) Mean + SD

Male Female Female Significance

(p-value)

No. of samples 143 59 143 59
Age (years) 39 (35-43) 37 (35-41) 39.1+6.2 382+6.4 0.356
CD4 T-cell count 361 (209-549) 345 (194-501) 391.4 +240.1 374.1 £ 256.2 0.648
HIV viral load (log10) 2.176 (2.176-4.446) 2.176 (2.176-4.684) 33+1.35 327 +1.52 0.69
Is the participant on ART medication? Yes (%) NA NA 101 (70.6%) 41 (69.5%) 0.872
Total grams of alcohol (30 days) 924.4 (597.1-1,411) 647.2 (476-980) 1,203 +942.6 903.7 + 808.3 0.0007
Total number of drinks per week (30 days) 15.41 (9.95-23.52) 10.79 (7.93-16.33) 20.0 +15.7 15.1+13.5 0.034
Sexual behavior (Men who have sex with Women, NA NA 123 (86.01%) 55(93.22%)
MSW)

Data shown as mean + SD. Mann-Whitney U-test was performed to evaluate sex-based differences for all the clinical characteristics.
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Sex-based differences in gut microbial diversity: Bar graphs showing unadjusted Mann—-Whitney U-test comparison in PWH between men and women
having a history of heavy alcohol drinking for alpha diversity metrics (A) OTUS and (B) Shannon Index. Statistical analysis shown as **p < 0.01;

***p < 0.001; ****p < 0.0001; (C) PCoA plot depicting unadjusted Weighted Bray-Curtis Beta Diversity analysis showing sex-based clustering of the
microbiome composition.
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FIGURE 2

Sex-based differences in gut microbiome compositional changes from phyla to genera levels of taxonomy: Bar graphs depicting unadjusted Mann—
Whitney U-test analysis for (A) %RA of bacteria at the phyla level; (B) ratio of %RA of Firmicutes to Bacteroidota phyla (F/B ratio); (C) Odds of having F/B
ratio >1 in women compared to men; figure represents Ors and 95% Cis; graphs showing (D) higher %RA of butyrate-producing families; (E) LEfSe
analysis depicting enrichment of higher number of butyrate-producing genera and (F) higher %RA of total butyrate-producing genera in women
compared to men. Statistical analysis shown as **p < 0.01, ***p < 0.001, ****p < 0.0001.
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a LEfSe analysis. The data demonstrated a greater number of
butyrate-producing genera were enriched in women compared to
men (Figure 2E). Moreover, %RA of total butyrate-producing genera
was also observed to be significantly greater in women (Figure 2F;
P <0.001). Importantly, when adjusted for covariates considered in
this study, women continued to harbor significantly greater
%RA of total butyrate-producing genera compared to men
(Supplementary Table 1). Taken together, these data demonstrated
that there are sex-based differences in butyrate-producing bacteria in
this study cohort.

Following metataxonomic analysis, inferred metagenomics
analysis of the sex-based differences in the butyrate synthesizing genes
was performed by PICRUSt2, employing the butyrate genes inventory
(Singhal et al., 2021; Douglas et al., 2020; Vital et al., 2017; Vital et al,,
2014). Corresponding to sex-based differences in total butyrate-
producing bacteria, the data demonstrated that women have
significantly greater abundance of genes involved in butyrate synthesis
through four major pathways namely Acetyl-CoA, Glutarate,
4-Aminobutyrate and Lysine (Figures 3A,B).

Sex-based differences in percent relative
abundance of Prevotellaceae in PWH with
a history of hazardous alcohol
consumption

In the context of HIV infection induced gut microbial dysbiosis,
in addition to loss of beneficial butyrate-producing bacteria (Dillon
etal.,, 2017), higher abundance of Prevotellaceae has also been reported
(Lozupone et al., 2013). However, sex-based differences in the relative
abundance of Prevotellaceae family in PWH warrants examination. In
our study population, women depicted significantly lesser %RA of
Prevotellaceae in comparison to their male counterparts (Figure 4A;
p<0.0001). Importantly, this observation remained statistically
significant even after adjusting for confounding factors considered in
this study (Supplementary Table 1). Among Prevotellaceae family,
Prevotella_9 was the most predominant genus that showed significant
difference between men and women, with women depicting
significantly lesser %RA (Figure 4B; p < 0.0001).

Overall, our observations suggest that although the cohort
comprises of PWH with a history of heavy alcohol drinking, there are
salient features that characterize sex-based differences in the structure
and function of their gut microbiome.

Discussion

HIV-1 infection continues to be a serious public health challenge
(Nikolopoulos and Tsantes, 2022; Seyler et al., 2018; Bekker et al.,
2023). Among PWH, hazardous alcohol drinking is prevalent and is
known to exacerbate HIV pathogenesis and associated comorbidities
(Crane et al., 2017; Justice et al, 2016). Additionally, sex is an
important determinant of health that can influence the
pathophysiology of HIV infection (Scully, 2018; Moran et al., 2022).
In this regard, Center for Disease Control and Prevention (CDC)
reported that prevalence of newly diagnosed cases of HIV-1 infection
is four times higher in men than women (Prevention CfDCa, 2023).
Moreover, excessive alcohol consumption is also observed at higher
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rates in men compared to women (Kezer et al., 2021; Wilsnack et al.,
2009). However, studies examining the combinatorial effects of HIV-1
infection and heavy alcohol consumption among men and women are
scarce (Duko et al., 2019). The present study investigates the sex-based
differences gut microbiome changes in PWH who have a history of
hazardous alcohol drinking.

A growing body of evidence has shown that gut microbiota plays
an important role in disease pathogenesis. Earlier work has
demonstrated that HIV-1 infection and heavy alcohol drinking can
independently lead to gut microbial dysbiosis, microbial translocation
and systemic inflammatory responses (Mutlu et al., 2012; Calleja-
Conde et al., 2021; Mutlu et al., 2014; Nowak et al., 2015). With
regards to combinatorial effects of heavy alcohol drinking and HIV-1
infection, current literature merely surmises that they have an additive
detrimental effect on gut microbial dysbiosis (Yan et al., 2021; Molina
et al,, 2018). Additionally, evaluation of gut microbiome changes in
healthy individuals showed that there are inherent sex-based
differences in bacterial composition (Kim et al., 2020; Mueller et al.,
2006; Ding and Schloss, 2014; Koliada et al., 2021; Takagi et al., 2019).
Hence, research characterizing the sex-based alterations in the
structure and function of the gut microbiome as a consequence of
heavy alcohol drinking in PWH is needed. In this regard, the present
study showed significant differences in gut microbial diversity and
composition with higher percent relative abundances of butyrate
producing beneficial bacteria and lower percent relative abundance of
pathobionts in women compared to men.

In our population, a significant difference in gut microbial
diversity was observed between men and women. Specifically, alpha
diversity measured as OTUs and Shannon Index was significantly
greater in women than men. Sex-based differences in the microbial
alpha diversity have also been reported in cohort of individuals
without HIV-1 infection and/or heavy alcohol drinking (Sinha et al.,
2019); however, the observed degree of difference in the alpha
diversity is significantly lower compared to our study population.
Hence, the present data implicate that both HIV-1 infection and
hazardous alcohol drinking have a negative impact on the gut
microbiome that further exacerbates the inherent sex-based
differences in the gut microbial diversity. Moreover, at the phyla level,
in the present study, percent relative abundances (%RA) of Firmicutes,
Desulfobacterota, and Fisobacteriota phyla were significantly higher in
women while that of Bacteroidota phylum was lower in women
compared to men. Notably, these sex-based differences at the phyla
level were also observed in a population involving healthy individuals
from a country in the European continent namely Ukraine, albeit at a
significantly lesser degree. Furthermore, the population from Ukraine
demonstrated 31% higher odds of women having F/B ratio greater
than 1 compared to men (Koliada et al., 2021). Similar calculations
involving patients from our study cohort demonstrated that women
have twice the odds of having F/B ratio greater than 1 compared to
men. Since F/B ratio is considered as a marker of gut microbial
dysbiosis (Stojanov et al., 2020), our data indicates that there is a
pronounced effect of the combination of hazardous alcohol drinking
coupled with HIV-1 infection.

The beneficial contributions of butyrate-producing bacterial
communities to the health and maintenance of the human gut have
been discussed in detail (Singh et al., 2022). Therefore, we utilized an
in-house well-substantiated repository of butyrate-producing genera
to delineate sex-based differences in the %RA of individual as well as
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FIGURE 3

Sex-based differences in butyrate synthesizing bacterial genes and pathways: inferred metagenomics analysis using PICRUSt2. (A) Heatmap

demonstrating the differences in predictive functional profile. Red color signifies low expression or absent and green color signifies high expression or
present and (B) Bar graphs depicting unadjusted Mann-Whiteny U-test comparison of relativized gene expression from the four major butyrate
synthesizing pathways. Statistical analysis shown as *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. HADH - 3-hydroxyacyl-CoA dehydrogenase;
Hbd — p-hydroxybutyryl-CoA dehydrogenase; Thl or AtoB — Thiolase; Ptb — Phosphate butyryltransferase; Buk — butyrate kinase; OXCT — 3-oxoacid
CoA transferase; OXCT-A or scoA — 3-oxoacid CoA-transferase subunit A; OXCT-B or scoB — 3-oxoacid CoA-transferase subunit B; echA, crt, CroR -

or GedA — glutaconyl-CoA decarboxylase (a, p subunits).

crotonase; gbd — 4-hydroxybutyratedehydrogenase; GABA-T or puuE — 4-aminobutyrate transaminase; AbfD or Isom — 4-hydroxybutyryl-CoA
dehydratase; POP2-4-aminobutyrate-pyruvate transaminase; AbfH, 4hbD — 4-hydroxybutyrate dehydrogenase; 4Hbt, cat2, abfT — butyryl-CoA:4-
hydroxybutyrate CoA transferase; L2Hgdh — 2-hydroxyglutarate dehydrogenase; GctA — glutaconate CoA transferase (a); GetB — glutaconate CoA
transferase (B); Gdc or gadB, gadA, GAD - Glutamate decarboxylase; Gdh, GHD2 — Glutamate dehydrogenase; AtoD - butyryl-CoA:acetoacetate CoA
transferase (« subunit); AtoA — butyryl-CoA:acetoacetate coA transferase ( subunit); KamA - lysine-2,3-aminomutase; KamD - B-lysine-5,6-
aminomutase a; KamE - B-lysine-5,6-aminomutase p; Kdd — 3,5-diaminohexanoate dehydrogenase; Kce — 3-keto-5-aminohexanoate cleavage
enzyme; Kal — 3-aminobutyryl-CoA ammonia lyase; ccrA — crotonyl-CoA reductase; ter2 — enoyl-acyl-carrier protein reductase; Bcd — butyryl-CoA
dehydrogenase (including electron transfer protein a, p subunits); But — butyryl-CoA:acetate CoA transferase; estA — putative tributyrin esterase; Ged

total butyrate-producing genera in our cohort (Singhal et al., 2021).
Our analyses demonstrated significant sex-based differences with
higher abundance of several individual and total butyrate-producing
genera in women compared to men. Further, the PICRUSt2 analysis
indicated that in comparison to men, women depicted significantly
higher relativized expression of bacterial genes belonging to all four
major pathways involved in butyrate synthesis namely, acetyl-CoA,
4-Aminobutyrate, glutarate and lysine. In addition to sex-based
differences in putative bacterial gene expression, our PICRUSt2
analysis also revealed that among the 4 butyrate synthesizing
pathways, acetyl-CoA was the most abundantly utilized pathway by
the gut bacteria to produce butyrate. Since men in this cohort drink
more alcohol (number of drinks per week, Table 1) than women, this
data is in line with our earlier preclinical study where mice exposed to
chronic alcohol had a significant reduction in butyrate-producing
bacteria, specifically the abundance of acetyl-CoA utilizing bacteria,
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suggesting the role of alcohol in altering the butyrate community in
men (Singhal et al., 2021).

Besides loss of beneficial bacteria, HIV-associated gut microbial
dysbiosis can also be marked by an increase in pathogenic bacteria. A
prominent HIV-associated microbiome alteration observed by several
groups is an increase in the genus Prevotella (Lozupone et al.,, 2013;
Mutlu et al., 2014; Dillon et al., 2014; Vazquez-Castellanos et al., 2015).
Importantly, along with HIV status, influence of sexual orientation has
been observed to play a major role in the enrichment of Prevotella in
the gut microbiome. In this regard, studies on US-based populations
have shown that fecal and rectal microbiomes from HIV-infected men
having sex with men (MSM) are enriched in Prevotella. It is important
to note that Prevotella-rich microbiome was present in MSM
regardless of their HIV infection status (Neff et al., 2018; Noguera-
Julian et al., 2016). In contrast, men from our Russian study cohort
who are predominantly men having sex with women (MSW; ~90%,
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Sex-based differences in gut microbial pathobionts: Bar graphs depicting unadjusted Mann—Whitney U-test comparison of sex-based differences in
(A) %RA of Prevotellaceae family and (B) Prevotella_9 genus among PWH with a history of hazardous alcohol drinking. Statistical analysis shown as
***%p < 0.0001.

Table 1) depicted a Prevotella-rich microbiome (~36.25%RA).
Further, with regards to sex-based differences in the gut microbiome,
men had a significantly greater increase in %RA of Prevotellaceae than
women even after adjustment for the HIV viral load and alcohol use.
Hence, the enrichment of Prevotellaceae observed in our MSW
population was not influenced by HIV viral load, alcohol use and
sexual orientation (MSM), and needs further investigation. Moreover,
our study also suggests that there is a need to consider diverse
populations and geographical contexts when evaluating
HIV-associated microbiome changes.

We acknowledge that our study has certain limitations. Only a
cross-sectional investigation was performed to establish a conceptual
framework to determine the combinatorial effect of heavy alcohol
consumption and HIV-1 infection on gut microbiome changes that
would be clinically relevant for disease pathogenesis. Since the
incidence of HIV-1 infection is predominantly seen in men compared
to women, our cohort with small sample size also reflects a similar
distribution where the cohort consists of approximately 3 times
higher proportion of male participants (n =143) than female
(n =59). Hence, further studies using a larger study cohort in a
longitudinal setting will be required to validate the initial findings
made in this study and support a potential causal role for sex-based
imbalance in gut microbiome composition with decreased butyrate-
producing bacteria and increased pathobionts (e.g., Prevotellaceae)
in HIV pathogenesis. Considering the qualitative nature of some of
the measures, e.g., alcohol consumption assessed by self-report, the
data analysis has been adjusted for clinically relevant cofactors such
as logl10 of HIV-viral load, CD4-count, opioid use and number of
drinks consumed per week. Interestingly, results remain significantly
different in the context of sex, when adjusted for confounding factors.
Moreover, our study lacks the comparative assessment with healthy
controls and/or groups consisting of only PWH or only heavy alcohol

drinkers, which would allow further delineation of sex-specific gut
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microbiome differences among PWH with a history of heavy alcohol
consumption. However, several studies have documented the
microbiome changes independently in the context of HIV infection
and heavy alcohol consumption. In addition, it is difficult to know
whether the findings from the study are specific to the geographical
region (Russia) or can represent PWH who are heavy alcohol
drinkers elsewhere. Therefore, these findings should be replicated in
cross-cohort collaborations so that we can better understand the
sex-dependent microbiome changes and comment further on the
generalizability of these findings. Lastly, we recognize that the
inferred metagenomics results presented through PICRUSt2 warrants
further validation with confirmatory assessments such as gene
expression through qPCR. Since our focus was the only on the
delineation of differences in the structural features of the gut
microbiome in this study cohort, future studies will delve further into
characterization of the functional consequences such as plasma
butyrate levels that mirror the sex-based compositional differences of
the gut microbiome.

In summary, the present work identified significant sex-based
differences in the gut microbiome of PWH who have a history of
heavy alcohol consumption. Specifically, these differences were
observed in the relative abundances of beneficial butyrate-producing
bacteria and the potential pathogenic Prevotella. Despite successful
viral suppression in PWH through ART, persistent gut microbial
dysbiosis has been observed to significantly contribute to chronic
inflammation and various comorbidities (Pinto-Cardoso et al., 2025;
Ishizaka et al., 2024). This highlights the clinical need of addressing
gut dysbiosis to improve the long-term health outcomes for
PWH. Importantly, these data have the potential to support the future
development and clinical trials of evidence-based probiotics to
address the specific gut microbial changes observed in men and
women, to improve gut health and mitigate the associated
comorbidities in this vulnerable population.

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1632949
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Rao et al.

Data availability statement

The data presented in this study has been deposited to the NCBI
repository (https://www.ncbinlm.nih.gov/) under BioProject ID
PRJNA1353104 and BioSample ID: SAMN52927815.

Ethics statement

The studies involving humans were approved by Boston
University Medical Campus (IRB# H-3668), Vanderbilt University
Medical Center (IRB# 171584), First Pavlov State Medical
University (IRB# Case 32/17-H). The studies were conducted in
accordance with the local legislation and institutional requirements.
The participants provided their written informed consent to
participate in this study.

Author contributions

AR: Conceptualization, Methodology, Writing - review & editing,
Formal Analysis, Writing — original draft. SG: Writing - review &
editing, Writing - original draft, Formal Analysis, Conceptualization,
Methodology. VG: Writing - review & editing. KH: Writing - review
& editing, Methodology. JP: Writing - review & editing, Methodology.
KS-A: Writing - review & editing, Data curation. JS: Writing - review
& editing, Funding acquisition. GP: Methodology, Writing - review &
editing. DC: Methodology, Writing - review & editing. EB: Writing -
review & editing, Data curation. EK: Data curation, Writing - review
& editing. DL: Data curation, Writing - review & editing. EZ:
Writing - review & editing, Data curation. CM: Supervision, Writing —
review & editing. HT: Writing — review & editing, Supervision. MF:
Formal Analysis, Writing - review & editing, Conceptualization,
Funding acquisition, Supervision. SB: Methodology, Writing - review
& editing, Supervision, Funding acquisition, Conceptualization,
Formal Analysis.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was supported
by the National Institutes of Health (SSB: RO1AA024405,
P50AA024337, P20GM113226; MSF/JHS: RO1AA025859; MSF/SSB:
U01AA026222).

References

Aakarsha V. Rao, Ph.D. (2025). Integration of multi-omics datasets evaluating
structural and functional features of the gut microbiome in people with HIV (PWH)
[PhD dissertation]. Louisville, KY: University of Louisville.

Alcoholism NIoAAa. (2024a). Drinking levels defined 2023. Available online at:
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-
binge-drinking (Accessed June 17, 2024).

Alcoholism NIoAAa. (2024b) The healthcare professional’s Core resource on alcohol.
Knowledge. Impact. Strategies. Available online at: https://www.niaaa.nih.gov/health-
professionals-communities/core-resource-on-alcohol/basics-defining-how-much-
alcohol-too-much.

Amir, A., McDonald, D., Navas-Molina, J. A., Knpylnva, E., Morton, J. T., Zech Xu, Z.,
et al. (2017). Deblur rapidly resolves single-nucleotide community sequence patterns.
mSystems 2:¢00191-16. doi: 10.1128/mSystems.00191-16.

Frontiers in Microbiology

10.3389/fmicb.2025.1632949

Acknowledgments

This work has been documented as a part of Aakarsha V. Rao’s
PhD dissertation titled “Integration of multi-omics datasets evaluating
structural and functional features of the gut microbiome in People
With HIV (PWH)” submitted to the Graduate School, University of
Louisville in May 2025. This work is a culmination of international
collaborations from institutions in USA and Russia. Credit is due to
all the authors as they have been part of this project from patient and
sample recruitment, sample processing, data processing and analysis,
manuscript writing and review and project funding.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1632949/
full#supplementary-material

Bekker, L.-G., Beyrer, C., Mgodi, N., Lewin, S. R., Delany-Moretlwe, S., Taiwo, B., et al.
(2023). HIV infection. Nat. Rev. Dis. Prim. 9:42. doi: 10.1038/s41572-023-00452-3

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C.,
Al-Ghalith, G. A,, et al. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852-857. doi:
10.1038/s41587-019-0209-9

Calleja-Conde, J., Echeverry-Alzate, V., Biihler, K. M., Durédn-Gonzélez, P,
Morales-Garcia, J., Segovia-Rodriguez, L., et al. (2021). The immune system through the
Lens of alcohol intake and gut microbiota. Int. J. Mol. Sci. 22. doi: 10.3390/ijms22147485

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer, N.,

et al. (2012). Ultra-high-throughput microbial community analysis on the Illumina
HiSeq and MiSeq platforms. ISME J. 6, 1621-1624. doi: 10.1038/isme;j.2012.8

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1632949
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1632949/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1632949/full#supplementary-material
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/alcohol-health/overview-alcohol-consumption/moderate-binge-drinking
https://www.niaaa.nih.gov/health-professionals-communities/core-resource-on-alcohol/basics-defining-how-much-alcohol-too-much
https://www.niaaa.nih.gov/health-professionals-communities/core-resource-on-alcohol/basics-defining-how-much-alcohol-too-much
https://www.niaaa.nih.gov/health-professionals-communities/core-resource-on-alcohol/basics-defining-how-much-alcohol-too-much
https://doi.org/10.1128/mSystems.00191-16.
https://doi.org/10.1038/s41572-023-00452-3
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.3390/ijms22147485
https://doi.org/10.1038/ismej.2012.8

Rao et al.

Chen, Y., Yang, E, Lu, H., Wang, B., Chen, Y,, Lei, D, et al. (2011). Characterization
of fecal microbial communities in patients with liver cirrhosis. Hepatology 54, 562-572.
doi: 10.1002/hep.24423

Crane, H. M., McCaul, M. E., Chander, G., Hutton, H., Nance, R. M., Delaney, J. A.
C., et al. (2017). Prevalence and factors associated with hazardous alcohol use among
persons living with HIV across the US in the current era of antiretroviral treatment.
AIDS Behav. 21, 1914-1925. doi: 10.1007/s10461-017-1740-7.

Day, A. W,, and Kumamoto, C. A. (2022). Gut microbiome dysbiosis in alcoholism:
consequences for health and recovery. Front. Cell. Infect. Microbiol. 12:840164. doi:
10.3389/fcimb.2022.840164

Dillon, S. M., Kibbie, J., Lee, E. J., Guo, K., Santiago, M. L., Austin, G. L., et al. (2017).
Low abundance of colonic butyrate-producing bacteria in HIV infection is associated
with microbial translocation and immune activation. AIDS 31, 511-521. doi:
10.1097/qad.0000000000001366

Dillon, S. M., Lee, E. ], Kotter, C. V., Austin, G. L., Dong, Z., Hecht, D. K, et al. (2014).
An altered intestinal mucosal microbiome in HIV-1 infection is associated with mucosal
and systemic immune activation and endotoxemia. Mucosal Immunol. 7, 983-994. doi:
10.1038/mi.2013.116

Ding, T., and Schloss, P. D. (2014). Dynamics and associations of microbial community
types across the human body. Nature 509, 357-360. doi: 10.1038/nature13178

Dominguez-Pino, M., Mellado, S., Cuesta, C. M., Grillo-Risco, R., Garcfa-Garcia, E,
and Pascual, M. (2024). Metagenomics reveals sex-based differences in murine fecal
microbiota profiles induced by chronic alcohol consumption. Int. J. Mol. Sci. 25. doi:
10.3390/ijms252312534

Douglas, G. M., Maffei, V. ]., Zaneveld, J. R., Yurgel, S. N., Brown, J. R,, Taylor, C. M.,
et al. (2020). PICRUSt2 for prediction of metagenome functions. Nat. Biotechnol. 38,
685-688. doi: 10.1038/541587-020-0548-6

Du, Y, Li, L., Gong, C., Li, T, and Xia, Y. (2022). The diversity of the intestinal
microbiota in patients with alcohol use disorder and its relationship to alcohol
consumption and cognition. Front. Psych. 13:1054685. doi: 10.3389/fpsyt.2022.1054685

Duko, B., Ayalew, M., and Ayano, G. (2019). The prevalence of alcohol use disorders
among people living with HIV/AIDS: a systematic review and meta-analysis. Subst.
Abuse Treat. Prev. Policy 14:52. doi: 10.1186/s13011-019-0240-3

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460-2461. doi: 10.1093/bioinformatics/btq461

Fabian Pedregosa, G. V., Gramfort, A., Michel, V., Thirion, B., Grisel, O., Blondel, M.,
et al. (2011). Scikit-learn: machine learning in Python. The. J. Mach. Learn. Res. 12,
2825-2830. doi: 10.5555/1953048.2078195

Ghare, S., Singhal, R., Bryant, V., Gautam, S., Tirumala, C. C., Srisailam, P. K., et al.
(2022). Age-associated gut dysbiosis, marked by loss of butyrogenic potential, correlates
with altered plasma tryptophan metabolites in older people living with HIV. J. Acquir.
Immune Defic. Syndr. 89, $56-s64. doi: 10.1097/qai.0000000000002866

Grodin, E. N., Burnette, E. M., Rodriguez, C., Fulcher, J. A., and Ray, L. A. (2024). The
gut microbiome in alcohol use disorder and alcohol-associated liver disease: a systematic
review of clinical studies. Alcohol Clin Exp Res (Hoboken). 48, 1221-1242. doi:
10.1111/acer.15338

Hartmann, P, Seebauer, C. T, and Schnabl, B. (2015). Alcoholic liver disease: the gut
microbiome and liver cross talk. Alcohol. Clin. Exp. Res. 39, 763-775. doi: 10.1111/acer.12704

Human Microbiome Project Consortium (2012a). A framework for human
microbiome research. Nature 486, 215-221. doi: 10.1038/nature11209

Human Microbiome Project Consortium (2012b). Structure, function and diversity
of the healthy human microbiome. Nature 486, 207-214. doi: 10.1038/nature11234

Ishizaka, A., Koga, M., Mizutani, T., Suzuki, Y., Matano, T., and Yotsuyanagi, H.
(2024). Sustained gut dysbiosis and intestinal inflammation show correlation with
weight gain in person with chronic HIV infection on antiretroviral therapy. BMC
Microbiol. 24:274. doi: 10.1186/512866-024-03431-0

Johnson, S. D., and Byrareddy, S. N. (2022). HIV-associated dysbiosis and immune
recovery during antiretroviral therapy. Clin. Transl. Discov. 2:¢58. doi: 10.1002/ctd2.58

Justice, A. C., McGinnis, K. A., Tate, J. P,, Braithwaite, R. S., Bryant, K. J., Cook, R. L.,
et al. (2016). Risk of mortality and physiologic injury evident with lower alcohol
exposure among HIV infected compared with uninfected men. Drug Alcohol Depend.
161, 95-103. doi: 10.1016/j.drugalcdep.2016.01.017.

Katoh, K., and Toh, H. (2010). Parallelization of the MAFFT multiple sequence
alignment program. Bioinformatics 26, 1899-1900. doi: 10.1093/bioinformatics/btq224

Kezer, C. A., Simonetto, D. A., and Shah, V. H. (2021). Sex differences in alcohol

consumption and alcohol-associated liver disease. Mayo Clin. Proc. 96, 1006-1016. doi:
10.1016/j.mayocp.2020.08.020

Kim, Y. S., Unno, T,, Kim, B. Y,, and Park, M. S. (2020). Sex differences in gut
microbiota. World ] Mens Health. 38, 48-60. doi: 10.5534/wjmh.190009

Koliada, A., Moseiko, V., Romanenko, M., Lushchak, O., Kryzhanovska, N.,
Guryanov, V., et al. (2021). Sex differences in the phylum-level human gut microbiota
composition. BMC Microbiol. 21:131. doi: 10.1186/512866-021-02198-y

Koutromanos, I, Legaki, E., Dovrolis, N., Vassilopoulos, E., Stem, A., Vasiliou, V., et al.
(2025). Integrating gut microbiome and neuroplasticity genomics in alcohol use disorder
therapy. Hum. Genomics 19:78. doi: 10.1186/s40246-025-00793-y

Frontiers in Microbiology

10.3389/fmicb.2025.1632949

Koutromanos, I., Legaki, E., Gazouli, M., Vasilopoulos, E., Kouzoupis, A., and
Tzavellas, E. (2024). Gut microbiome in alcohol use disorder: implications for health
outcomes and therapeutic strategies-a literature review. World ] Methodol. 14. doi:
10.5662/wjm.v14.i1.88519

Litwinowicz, K., and Gamian, A. (2023). Microbiome alterations in alcohol use
disorder and alcoholic liver disease. Int. J. Mol. Sci. 24. doi: 10.3390/ijms24032461

Lozupone, C. A., Li, M., Campbell, T. B., Flores, S. C., Linderman, D., Gebert, M. J.,
etal. (2013). Alterations in the gut microbiota associated with HIV-1 infection. Cell Host
Microbe 14, 329-339. doi: 10.1016/j.chom.2013.08.006.

McHardy, I. H., Li, X., Tong, M., Ruegger, P,, Jacobs, J., Borneman, J,, et al. (2013). HIV
infection is associated with compositional and functional shifts in the rectal mucosal
microbiota. Microbiome 1:26. doi: 10.1186/2049-2618-1-26

Mirarab, S., Nguyen, N., and Warnow, T. (2012). SEPP: SATé-enabled phylogenetic
placement. Pac. Symp. Biocomput., 247-258. doi: 10.1142/9789814366496_0024

Molina, P. E., Bagby, G. J., and Nelson, S. (2014). Biomedical consequences of alcohol
use disorders in the HIV-infected host. Curr. HIV Res. 12, 265-275. doi:
10.2174/1570162x12666140721121849

Molina, P. E., Simon, L., Amedee, A. M., Welsh, D. A., and Ferguson, T. E. (2018).
Impact of alcohol on HIV disease pathogenesis, comorbidities and aging: integrating
preclinical and clinical findings. Alcohol Alcohol. 53, 439-447. doi: 10.1093/alcalc/agy016

Moran, J. A., Turner, S. R., and Marsden, M. D. (2022). Contribution of sex differences
to HIV immunology, pathogenesis, and cure approaches. Front. Immunol. 13:905773.
doi: 10.3389/fimmu.2022.905773

Mueller, S., Saunier, K., Hanisch, C., Norin, E., Alm, L., Midtvedt, T., et al. (2006).
Differences in fecal microbiota in different European study populations in relation to
age, gender, and country: a cross-sectional study. Appl. Environ. Microbiol. 72,
1027-1033. doi: 10.1128/aem.72.2.1027-1033.2006.

Mutlu, E. A, Gillevet, P. M., Rangwala, H., Sikaroodi, M., Naqvi, A., Engen, P. A,, et al.
(2012). Colonic microbiome is altered in alcoholism. Am. J. Physiol. Gastrointest. Liver
Physiol. 302, G966-G978. doi: 10.1152/ajpgi.00380.2011

Mutly, E. A., Keshavarzian, A., Losurdo, J., Swanson, G., Siewe, B., Forsyth, C., et al.
(2014). A compositional look at the human gastrointestinal microbiome and immune
activation parameters in HIV infected subjects. PLoS Pathog. 10:e1003829. doi:
10.1371/journal.ppat.1003829

Neff, C. P, Krueger, O., Xiong, K., Arif, S., Nusbacher, N., Schneider, J. M., et al.
(2018). Fecal microbiota composition drives immune activation in HIV-infected
individuals. EBioMedicine 30, 192-202. doi: 10.1016/j.ebiom.2018.03.024

Nikolopoulos, G. K., and Tsantes, A. G. (2022). Recent HIV infection: diagnosis and
public health implications. Diagnostics (Basel). 12. doi: 10.3390/diagnostics12112657

Noguera-Julian, M., Rocafort, M., Guillén, Y., Rivera, J., Casadella, M., Nowak, P, et al.
(2016). Gut microbiota linked to sexual preference and HIV infection. EBioMedicine 5,
135-146. doi: 10.1016/j.ebiom.2016.01.032

Nowak, P, Troseid, M., Avershina, E., Barqasho, B., Neogi, U., Holm, K., et al. (2015).
Gut microbiota diversity predicts immune status in HIV-1 infection. AIDS 29,
2409-2418. doi: 10.1097/qad.0000000000000869

Pacheco, B., da Silva, C., Nascimento-Silva, E. A., Zaramela, L. S., da Costa, B. R. B,
Rodrigues, V. E, et al. (2025). Drinking pattern and sex modulate the impact of ethanol
consumption on the mouse gut microbiome. Physiol. Genomics 57, 179-194. doi:
10.1152/physiolgenomics.00031.2024

Pinto-Cardoso, S., Chavez-Torres, M., Lépez-Filloy, M. Avila-Rios, S.,
Romero-Mora, K., and Peralta-Prado, A. (2025). Patterns of immune recovery in people
living with HIV who initiated antiretroviral therapy as late presenters. BMC Infect. Dis.
25:917. doi: 10.1186/s12879-025-11318-2

Prevention CfDCa. (2023) Estimated HIV incidence and prevalence in the
United States, 2017-2021. HIV surveillance supplemental report. Availalbe online at:
https://stacks.cdc.gov/view/cdc/149080/cdc_149080_DS1.pdf (Accessed October
28,2025).

Price, M. N, Dehal, P. S., and Arkin, A. P. (2010). FastTree 2--approximately maximum-
likelihood trees for large alignments. PLoS One 5:¢9490. doi: 10.1371/journal.pone.0009490

Quast, C., Pruesse, E., Yilmaz, P, Gerken, J., Schweer, T., Yarza, P, et al. (2013). The
SILVA ribosomal RNA gene database project: improved data processing and web-based
tools. Nucleic Acids Res. 41, D590-D596. doi: 10.1093/nar/gks1219

Rocafort, M., Gootenberg, D. B., Luévano, J. M., Paer, J. M., Hayward, M. R,,
Bramante, J. T, et al. (2024). Hiv-associated gut microbial alterations are dependent on
host and geographic context. Nat. Commun. 15:1055. doi: 10.1038/s41467-023-44566-4

Scully, E. P. (2018). Sex differences in HIV infection. Curr. HIV/AIDS Rep. 15,
136-146. doi: 10.1007/s11904-018-0383-2

Seabold SaJP. (2010). Statsmodels: econometric and statistical modeling with Python.
Austin, TX, USA: SciPy conference.

Seyler, L., Lacor, P, and Allard, S. D. (2018). Current challenges in the treatment of
HIV. Pol. Arch. Intern. Med. 128, 609-616. doi: 10.20452/pamw.4357

Singh, V,, Lee, G., Son, H., Koh, H., Kim, E. S., Unno, T., et al. (2022). Butyrate producers,
"the sentinel of gut": their intestinal significance with and beyond butyrate, and prospective
use as microbial therapeutics. Front. Microbiol. 13:1103836. doi: 10.3389/
fmicb.2022.1103836

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1632949
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1002/hep.24423
https://doi.org/10.1007/s10461-017-1740-7.
https://doi.org/10.3389/fcimb.2022.840164
https://doi.org/10.1097/qad.0000000000001366
https://doi.org/10.1038/mi.2013.116
https://doi.org/10.1038/nature13178
https://doi.org/10.3390/ijms252312534
https://doi.org/10.1038/s41587-020-0548-6
https://doi.org/10.3389/fpsyt.2022.1054685
https://doi.org/10.1186/s13011-019-0240-3
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.5555/1953048.2078195
https://doi.org/10.1097/qai.0000000000002866
https://doi.org/10.1111/acer.15338
https://doi.org/10.1111/acer.12704
https://doi.org/10.1038/nature11209
https://doi.org/10.1038/nature11234
https://doi.org/10.1186/s12866-024-03431-0
https://doi.org/10.1002/ctd2.58
https://doi.org/10.1016/j.drugalcdep.2016.01.017.
https://doi.org/10.1093/bioinformatics/btq224
https://doi.org/10.1016/j.mayocp.2020.08.020
https://doi.org/10.5534/wjmh.190009
https://doi.org/10.1186/s12866-021-02198-y
https://doi.org/10.1186/s40246-025-00793-y
https://doi.org/10.5662/wjm.v14.i1.88519
https://doi.org/10.3390/ijms24032461
https://doi.org/10.1016/j.chom.2013.08.006.
https://doi.org/10.1186/2049-2618-1-26
https://doi.org/10.1142/9789814366496_0024
https://doi.org/10.2174/1570162x12666140721121849
https://doi.org/10.1093/alcalc/agy016
https://doi.org/10.3389/fimmu.2022.905773
https://doi.org/10.1128/aem.72.2.1027-1033.2006.
https://doi.org/10.1152/ajpgi.00380.2011
https://doi.org/10.1371/journal.ppat.1003829
https://doi.org/10.1016/j.ebiom.2018.03.024
https://doi.org/10.3390/diagnostics12112657
https://doi.org/10.1016/j.ebiom.2016.01.032
https://doi.org/10.1097/qad.0000000000000869
https://doi.org/10.1152/physiolgenomics.00031.2024
https://doi.org/10.1186/s12879-025-11318-2
https://stacks.cdc.gov/view/cdc/149080/cdc_149080_DS1.pdf
https://doi.org/10.1371/journal.pone.0009490
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/s41467-023-44566-4
https://doi.org/10.1007/s11904-018-0383-2
https://doi.org/10.20452/pamw.4357
https://doi.org/10.3389/fmicb.2022.1103836
https://doi.org/10.3389/fmicb.2022.1103836

Rao et al.

Singhal, R., Donde, H., Ghare, S., Stocke, K., Zhang, J., Vadhanam, M., et al. (2021).
Decrease in acetyl-CoA pathway utilizing butyrate-producing bacteria is a key pathogenic
feature of alcohol-induced functional gut microbial dysbiosis and development of liver
disease in mice. Gut Microbes 13:1946367. doi: 10.1080/19490976.2021.1946367

Sinha, T., Vich Vila, A., Garmaeva, S., Jankipersadsing, S. A., Imhann, E, Collij, V.,
etal. (2019). Analysis of 1135 gut metagenomes identifies sex-specific resistome profiles.
Gut Microbes 10, 358-366. doi: 10.1080/19490976.2018.1528822.

Stojanov, S., Berlec, A., and Strukelj, B. (2020). The influence of probiotics on the
Firmicutes/Bacteroidetes ratio in the treatment of obesity and inflammatory bowel
disease. Microorganisms 8. doi: 10.3390/microorganisms8111715

Takagi, T., Naito, Y., Inoue, R., Kashiwagi, S., Uchiyama, K., Mizushima, K., et al.
(2019). Differences in gut microbiota associated with age, sex, and stool consistency in
healthy Japanese subjects. J. Gastroenterol. 54, 53-63. doi: 10.1007/s00535-018-1488-5

Thompson, L. R., Sanders, J. G., McDonald, D., Amir, A., Ladau, J., Locey, K. J., et al.
(2017). A communal catalogue reveals earth's multiscale microbial diversity. Nature 551,
457-463. doi: 10.1038/nature24621.

Vazquez-Castellanos, J. F, Serrano-Villar, S., Latorre, A., Artacho, A., Ferrus, M. L.,
Madrid, N, et al. (2015). Altered metabolism of gut microbiota contributes to chronic
immune activation in HIV-infected individuals. Mucosal Immunol. 8, 760-772. doi:
10.1038/mi.2014.107

Frontiers in Microbiology

11

10.3389/fmicb.2025.1632949

Vital, M., Howe, A. C., and Tiedje, J. M. (2014). Revealing the bacterial butyrate synthesis
pathways by analyzing (meta)genomic data. MBio 5:¢00889. doi: 10.1128/mBi0.00889-14

Vital, M., Karch, A., and Pieper, D. H. (2017). Colonic butyrate-producing communities
in humans: an overview using omics data. mSystems 2. doi: 10.1128/mSystems.00130-17

Vujkovic-Cvijin, I, Sortino, O., Verheij, E., Sklar, J., Wit, E. W., Kootstra, N. A, et al.
(2020). HIV-associated gut dysbiosis is independent of sexual practice and correlates with
noncommunicable diseases. Nat. Commun. 11:2448. doi: 10.1038/s41467-020-16222-8.

Williams, E. C,, Hahn, J. A,, Saitz, R, Bryant, K,, Lira, M. C., and Samet, ]. H. (2016). Alcohol
use and human immunodeficiency virus (HIV) infection: current knowledge, implications,
and future directions. Alcohol. Clin. Exp. Res. 40, 2056-2072. doi: 10.1111/acer.13204

Wilsnack, R. W., Wilsnack, S. C., Kristjanson, A. E,, Vogeltanz-Holm, N. D., and
Gmel, G. (2009). Gender and alcohol consumption: patterns from the multinational
GENACIS project. Addiction 104, 1487-1500. doi: 10.1111/j.1360-0443.2009.02696.x

Yan, J., Ouyang, ], Isnard, S., Zhou, X., Harypursat, V., Routy, J.-P, et al. (2021).
Alcohol use and abuse conspires with HIV infection to aggravate intestinal Dysbiosis
and increase microbial translocation in people living with HIV: a review. Front.
Immunol. 12:12. doi: 10.3389/fimmu.2021.741658

Yoon, K., and Kim, N. (2021). Roles of sex hormones and gender in the gut microbiota.
] Neurogastroenterol Motil. 27, 314-325. doi: 10.5056/jnm20208

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1632949
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1080/19490976.2021.1946367
https://doi.org/10.1080/19490976.2018.1528822.
https://doi.org/10.3390/microorganisms8111715
https://doi.org/10.1007/s00535-018-1488-5
https://doi.org/10.1038/nature24621.
https://doi.org/10.1038/mi.2014.107
https://doi.org/10.1128/mBio.00889-14
https://doi.org/10.1128/mSystems.00130-17
https://doi.org/10.1038/s41467-020-16222-8.
https://doi.org/10.1111/acer.13204
https://doi.org/10.1111/j.1360-0443.2009.02696.x
https://doi.org/10.3389/fimmu.2021.741658
https://doi.org/10.5056/jnm20208

	Sex differences in beneficial and pathogenic bacteria in People With HIV (PWH) with a history of heavy alcohol drinking
	Introduction
	Materials and methods
	Study design and participants
	Participant assessments and biologic specimen collection
	Alcohol assessment
	Gut microbiome assessment
	Inferred metagenomics (PICRUSt2 analysis)
	Statistical analyses

	Results
	Clinical characteristics and demographics of people with HIV (PWH) with a history of heavy alcohol drinking
	Sex-based differences in gut microbial diversity in PWH with a history of heavy alcohol drinking
	Sex-based differential abundance of beneficial butyrate-producing bacteria is a hallmark feature of gut dysbiosis in PWH with a history of heavy alcohol drinking
	Sex-based differences in percent relative abundance of Prevotellaceae in PWH with a history of hazardous alcohol consumption

	Discussion

	References

