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HIV infection has been associated with alterations in gut microbiota and related microbial metabolite
production. However, the mechanisms of how these functional microbial metabolites may affect HIV im-
munopathogenesis and comorbidities, such as cardiovascular disease and other metabolic diseases, remain
largely unknown. Here we review the current understanding of gut microbiota and related metabolites
in the context of HIV infection. We focus on several bacteria-produced metabolites, including tryptophan
catabolites, short-chain fatty acids and trimethylamine-N-oxide (TMAO), and discuss their implications in
HIV infection and comorbidities. We also prospect future studies using integrative multiomics approaches
to better understand host–microbiota–metabolites interactions in HIV infection, and facilitate integrative
medicine utilizing the microbiota in HIV infection.
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The human gastrointestinal microbiota, as a complex community of microorganisms, exerts a unique role in
maintaining intestinal immune homeostasis, as well as in the induction, instruction and functionality of the whole
host immune system. Interactions between host and bacteria occur primarily through evolutionarily conserved
chemical dialogs that involve a multitude of metabolites and pathways [1–3]. In recent years, a lot of studies
discovered the relationship between intestinal bacteria composition alternation (dysbiosis), bacterial metabolites,
and human chronic diseases/disorders [4], such as diabetes [5–7], obesity [8,9], inflammatory bowel diseases (IBD) [10–

12], periodontal disease [13], atherosclerosis, cardiovascular disease (CVD) [14–16], rheumatic diseases [17], and so
on.

Previous studies suggested that HIV infection has an impact on the gut microbiome composition and then may
affect microbial products/metabolites categories and concentrations. HIV infection has been linked with alterations
of the enteric microbiome and distinct microbial metabolites, especially the increased bacterial populations in the
intestinal tract [18,19]. Although the exact mechanisms remain unclear, the alterations of microbiota and microbial
metabolites might be associated with the changes in the epithelium and mucosal immune system/landscape of the
intestine caused in HIV infection, accompanying translocation of microbial products and possibly microorganisms
themselves, which leads to dramatic alteration in the structural and immunological properties of this important
organ system [18,20–25].

During the early stages of infection, HIV replicates in gut-related lymphoid tissue, resulting in rapid and
substantial loss of lamina propria CD4+ T cells, including T helper (Th) 17 and Th22 cells, which play critical
roles in modulating interaction with intestinal bacteria [25]. Rapid depletion of CD4+ T cells quickly leads to several
immunological effects, mucosal barrier dysfunction, chronic inflammation, immune dysfunction, pronounced
changes in the gut microbiome composition and subsequently altered microbial products, and then to disturbances
of host–microbiome homeostasis [26–30]. It is proposed that microbial products also play important roles in HIV
disease progression, because HIV preferentially infects activated T cells, while translocation of microbial products
such as lipopolysaccharide to blood may result in systemic activation of T cells [31–33].

Due to the key interaction effect between features of HIV pathogenesis, gut microbiome and microbial
metabolites, it is critical to thoroughly understand the impact of HIV infection on changes of gut microbiome
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diversity/composition and microbial metabolites; potential effect of treatment/clinical intervention on the gut
microbiota and microbial metabolites; and integrative analysis of metabolome and microbiome.

Gut microbiome alteration in HIV infection
A number of studies have investigated gut microbiome alteration associated with HIV, although the relationship
between HIV infection and the overall microbial community diversity (e.g., α- and β- diversity) remains uncer-
tain [34]. Some studies reported loss of α-diversity in untreated HIV-infected patients, recent infected individuals,
or those having special sexual performance (e.g., men who have sex with men [MSM]), compared with uninfected
controls [35–37], while other studies did not find such results [29,38–40]. One very recent study which conducted
a meta-analysis of 22 studies (n = 1032) indicated that HIV status was associated with a decrease in measures
of α-diversity but not in MSM, and women displayed increased α-diversity compared with men who have sex
with women (MSW) [41]. Differential clustering for HIV-positive patients have been reported in many studies
using β-diversity indices, such as weighed/unweighted Unifrac distance and Bray–Curtis distance, compared with
uninfected controls [28,38,42,43]. However, for β-diversity indices, the differential clustering trend has not been
consistently observed, as several studies reported no clear separation by HIV infection status [40,44].

Lots of efforts have been made to investigate alternations in the gut microbiota taxonomic bacterial composition
during HIV infection. At phyla level, several studies revealed that the relative abundances of Firmicutes in HIV-
positive patients were lower than in HIV-negative individuals, while the relative abundances of Actinobacteria and
Proteobacteria increased [42,43,45,46]. It is worth noting that these alternations lie on plenty of factors, not only the
disease-specific characteristics (e.g., treated/untreated patients; short-term/long-term antiretroviral therapy [ART]
use) but also other factors such as age, geography, sexual practices, diet, demographic background, exercise and so
on [47–49]. A well-known example is the relationship between HIV infection and Prevotella. Earlier studies observed
higher relative abundance of Prevotella in HIV-infected individuals compared with HIV-uninfected controls;
however, several recent studies revealed that the enriched Prevotella was more strongly associated with sexual
behaviors, MSM, rather than HIV infection itself [28,35,50,51]. Published studies on HIV infection and alteration in
gut microbiome have been well-summarized in review articles by Ribeiro et al. and Liu et al. [19,52]

Gut microbiota-related metabolites in HIV infection
HIV infection elicits subsequent changes in enteric microbiota and alters microbial metabolites production. The
alternation of microbial metabolites holds the ability to influence critical aspects of the host health status, HIV
progression and multiple HIV comorbidities. Recent studies have reported that HIV infection may lead to metabolic
changes associated with gut microbiota alterations, which is distinct from those induced in other diseases [53]. In
this section, we focus on several well-documented microbial metabolites to sketch the overview of recent advances
(Figure 1).

Tryptophan catabolism
Tryptophan is a pivotal amino acid in the protein synthesis as well as the serotonin and melatonin biosynthesis,
and also plays an important role in kynurenine pathway [54,55]. It is known that the rate of tryptophan catabolism,
indicated by kynurenine-to-tryptophan (KYN/TRP) ratio, is increased in HIV infection and is linked to disease
progression [56]. In previous studies, lots of efforts have been made to investigate the gut microbiota-associated
tryptophan metabolism in HIV-infected patients. For example, Vujkovic-Cvijin et al. noted that progressive HIV-
infected patients are enriched with bacterial communities that catabolize tryptophan by their capacity to produce the
rate-limiting enzyme indoleamine 2,3-dioxygenase 1 (IDO-1) [29]. These HIV-associated microbiota alternations
might influence immunity by emulation of the human kynurenine pathway. In the kynurenine pathway, tryptophan
is catabolized into kynurenine and several downstream metabolites (e.g., kynurenic acid, anthranilic acid), mainly
regulated by IDO-1, which is induced by Th1-type cytokines (e.g., interferon-γ) during inflammation and immune
activation [57]. Vujkovic-Cvijin et al. [29] identified 140 genera that significantly contribute to tryptophan catabolism,
a few of which encode the genetic machinery that performs the same tryptophan catabolism as human IDO-1.
Kynurenine derivatives have been shown to impair mucosal immunity, resulting in increased bacterial translocation
and higher mortality [58]. Increased levels of tryptophan catabolites, especially 3-hydroxyanthranilic acid, are
directly interfaced with the biased balance of Th17 to Treg cells which further results in immune suppression,
bacterial translocation and systemic inflammation [56]. These findings were further supported by metabolomics
analysis in gut bacteria through detecting the kynurenine sub-product 3-hydroxyanthranilate [53]. Nevertheless,
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Figure 1. Gut microbial metabolites in host physiology pathology.
SCFA: Short-chain fatty acid; TMA: Trimethylamine; TMAO: Trimethylamine-N-oxide.

Vázquez-Castellanos et al. reported that the IDO1 gene or its expression was not found in the metagenomic
and metatranscriptomic datasets from HIV-infected individuals [59]. Further studies are needed to address the
mechanisms of tryptophan catabolism and host–microbiota interaction in the context of HIV infection.

The relationship between tryptophan catabolism and the comorbidities of HIV infection has also been reported.
Recent data based on two large HIV cohorts indicated that HIV-infected individual had lower plasma tryptophan
and higher kynurenic acid-to-tryptophan (KYNA/TRP) ratio compared with those without HIV infection; more
interestingly, lower tryptophan and higher kynurenic acid-to-tryptophan (KYNA/TRP) ratio were associated with
progression of carotid artery atherosclerosis in HIV infection [55]. Consistently, Siedner et al. found an association
between the decreased plasma KYN/TRP ratio over 6 months of ART treatment and carotid artery intima media
thickness (cIMT) [60]. The positive associations of KYN/TRP ratio with carotid artery subclinical atherosclerosis [61–

63] and CVD risk [64–67] were also observed in non-HIV populations. In addition, among women with or at high risk
for HIV infection, diabetes is associated with gut microbiota and plasma metabolites alteration; several metabolites
in tryptophan catabolism, as well as the KYN/TRP ratio were higher in women with diabetes compared with
those without diabetes [40]. Another study indicated that the combination of HIV infection and type 2 diabetes
was associated with reduced gut microbiota diversity and increased plasma KYN/TRP ratio [68]. Nevertheless, for
HIV comorbidities, the potential contributions and impacts of gut microbiota need to be further explored in large
prospective studies powered for clinical end points.

The other interesting tryptophan catabolites worth noting are indole metabolites, a large group of gut bacteria-
derived compounds. Ample evidence indicates that indoles derived from gut microbiota metabolism have significant
biological effects that may contribute to the etiology of metabolic, cardiovascular and psychiatric diseases [69]. In
progressive HIV infection, gut microbiota has a reduced ability to produce tryptophan-derived indole metabolites,
which are associated with IL-22 produced by innate lymphocytes, and the loss of these lymphocytes increases the
destruction of the epithelial barrier and exacerbates the overgrowth of pathogens [70–73].

Short-chain fatty acids
Short-chain fatty acids (SCFAs) are the main fermentation products of gut microbiota from dietary fibers. Acetate
(two carbons), propionate (three carbons) and butyrate (four carbons) are three most abundantly produced SCFAs.
Interesting links have been found between gut microbiota, SCFAs and the host’s physiology.
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Butyrate is one of the most well-known predominant SCFAs and a high proportion of SCFA literature focused
on this metabolite. Butyrate plays key roles in regulating intestinal homeostasis, an energy source for epithelial cells,
a signaling molecule that modulates intestinal immune cell responses [74]. Several species under Firmicutes phylum
are known as butyrate producers, which hold the ability to produce butyrate as a byproduct of fiber fermentation [74–

76]. Previous studies indicated that, in both untreated [18,37,43] and treated [28,42,77] HIV-infected patients, a lot
of the bacterial genera which related with butyrate producing (e.g., the well-known dominant butyrate producer:
Roseburia, Coprococcus, Faecalibacterium, Eubacterium) were reduced, in association with altered SCFA profiles,
compared with HIV-uninfected controls. However, not all of the species under Firmicutes phylum are decreased
during HIV infection. For example, the increase of family Erysipelotrichaceae, associated with other inflammatory
disorders, in the mucosa and stool samples of untreated and treated HIV-infected patients was observed in several
studies [26,29,50]. Serrano-Villar et al. investigated the effects of prebiotics on microbial dysbiosis in the context of
HIV infection and identified Faecalibacterium prausnitzii and Lachnospira were strongly correlated with butyrate
abundance [78]. Dillon et al. found lower relative abundance of total butyrate-producing bacterial species in HIV-
infected individuals compared with HIV-uninfected controls; and interestingly, Roseburia intestinalis which was
inversely correlated with systemic markers of microbial translocation and immune activation, was depleted in the
colonic mucosa of HIV-infected individuals [79]. In another study of HIV-infected women, one butyrate producer,
Anaerococcus, was found to be inversely associated with tryptophan catabolism [40].

Besides butyrate, widely known gut microbiota-produced SCFA also include propionate and acetate, which have
been also suggested to interact with host metabolism. Propionate can reduce the biosynthesis of cholesterol [80],
providing protection against CVD [81]. Dialister is one of the most well-known propionate producers [82]. In
animal models, butyrate and propionate have been documented to suppress weight gain with high fat diet-induced
obesity, and acetate has been reported to reduce appetite via a central homeostatic mechanism [83,84]. Another
study indicated that acetate acts on parasympathetic activity and support glucose-stimulated insulin secretion
in a rodent model [85]. Peptococcus was reported as an acetate producer, and it also has the ability to produce
butyrate [82]. Taken together, these findings have suggested a beneficial role of microbiota-produced SCFAs in
gut, but most results were from animal studies or small human studies. Future studies with large sample sizes
are needed to systemically investigate SCFAs in different human biospecimens (e.g., plasma, urine, and fecal) in
relation to HIV infection. The mechanisms of how these SCFAs interact with HIV infection and their roles in gut
microbiome–nutrition–physiology axis in HIV-infected patients remain largely unknown.

Trimethylamine-N-oxide
Trimethylamine-N-oxide (TMAO) is known as a gut microbiota-dependent choline metabolite. As the main
precursor of TMAO, trimethylamine (TMA) is produced by certain intestinal bacteria such as Desulfovibrio spp.,
as a waste product of carnitine and choline metabolism [16]. It has been reported that TMAO production varied
according to individual’s diversity of the gut microbiota and higher Firmicutes to Bacteroidetes abundance was
observed accompanied with higher TMAO production [86]. Recent studies have revealed a strong relationship
between TMAO and increased risk for atherogenesis and CVD [87–89]. At the mechanistic level, TMAO was found
to contribute atherogenesis by changing calcium signaling, cholesterol and bile acid metabolism, fostering activation
of inflammatory pathways and promoting foam cell formation [90].

A few studies have evaluated circulating TMAO levels among HIV-infected individuals but the results are
controversial. Haissman et al. [91] reported a significant association between plasma TMAO and CD4 cell counts
and a higher ratio of TMAO to its precursors, carnitine and betaine, in ART-treated patients compared with those
without ART use, suggesting a potential role of ART in TMAO metabolism. However, many other studies did not
find significant differences in TMAO levels between HIV-infected and uninfected individuals, and there were no
significant associations of TMAO levels with HIV-related parameters (e.g., ART use, CD4 cell counts) [78,92,93].
One study indicated that there was no significant difference between the homolog gene of the cutC (Choline TMA
Lyase) and cutD genes (Choline TMA−Lyase activating protein) in the metagenomes and metatranscriptomes of
HIV- and HIV+ individuals [59]. Of note, these existing studies did not examine intestinal bacteria that can produce
TMA, and the relationship between gut microbiota and circulating TMAO levels is unknown in the context of
HIV infection. Future studies with gut microbiota data will help better understand the relationships among HIV
infection, TMA-producing bacteria and TMAO.

Although the potential influences of HIV infection and ART on TMAO levels remain unclear, a number of
recent studies have suggested potential associations between TMAO and various aspects of CVD in HIV-infected
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individuals [92–95]. In our prior work in two HIV cohorts, plasma TMAO levels were found to be positively
correlated with serum biomarkers of monocyte activation and inflammation, and associated with progression
of carotid atherosclerosis [96]. In addition, one earlier report showed an inverted U-shaped association between
plasma TMAO levels and the presence of coronary artery stenosis in HIV-infected men [92]. In ART-experienced
HIV-infected individuals, one study reported that circulating TMA levels, but not TMAO levels, were positively
correlated with a number of coronary plaque features [93]. It has been suggested that TMAO could increase platelet
hyper-reactivity, which is linked with cardiometabolic diseases and potential risks of thrombosis [97]. However,
in both treated and untreated patients with HIV infection, there was no correlation between TMAO levels and
platelet-hyperactivity [91]. Thus, further studies are needed to analyze the TMAO metabolic pathways, to clarify
the relationship between TMAO and CVD risk in HIV-infected individuals.

Other gut microbiota-related metabolites
In the early stage of HIV epidemic, HIV wasting syndrome was characterized by the otherwise unexplained weight
loss, malnutrition and diarrhea. Cunningham-Rundles et al. indicated that critical micronutrient deficiencies
accompany with HIV disease, but the pathogenesis is still poorly understood [98]. Recent study revealed that the
HIV-associated gut microbiota is unable to catabolize three amino acids, proline, phenylalanine and lysine, which
is not evident in other infections or diseases [53]. This may contribute to nutritional deficits, including the wasting
syndrome typically observed in advanced HIV-infected patients.

McHardy et al. investigated metagenomic functional capacity of rectal microbiota through 16S data between
untreated HIV-infected patients and healthy control individuals [37]. There was an enrichment of genes and
pathways involved in seleno compound metabolism, glutathione metabolism, siderophore biosynthetic, and folate
biosynthesis in microbiome of HIV-infected individuals, and a depletion of genes involved in fructose/mannose
metabolism, amino acid production and metabolism, and CoA biosynthesis. Notably, these functions did not
appear in the HIV-infected individuals fully restored with ART.

In HIV-infected individuals, risk of bacterial pneumonia and tuberculosis is obviously increased, even in those
with ART use. Cribbs et al. [99] investigated the metabolomic profile of bronchoalveolar lavages in HIV-infected
patients as well as the correlation with lung bacteria, cystine, 3,5-dibromo-L-tyrosine and complex carbohydrates
were significantly over-represented, indicated that HIV infection may change inflammatory and oxidative metabolic
pathways in the lung associated with infections, such as the linoleate pathway. HIV infection also suppresses the
Th1 T-cell subset or the glycerophospholipids synthesis pathway linked with alterations in surfactant [99]. Although,
antiretroviral (ARV) treatment has improved the prognosis of HIV infection remarkably, it has also complicated
the therapeutic management of TB, due to the interference between antituberculous drugs and ARV protease
inhibitors/non-nucleoside reverse-transcriptase inhibitors, the accompanied immune restoration [100]. Further
studies are needed to reveal the accompanied metabolomic alternations.

Potential effects of treatments & clinical interventions on gut microbiota & related
metabolites
ART is combination of ARV drugs to maximally suppress the HIV virus and stop the progression of HIV disease.
ART also prevents onward transmission of HIV. Vazquez-Castellanos et al. employed Shotgun metagenomics
sequencing to compare stool samples from ART-treated, virally suppressed HIV-infected individuals with uninfected
individuals, and suggested an altered functional profile: enrichment of genes encoding factors contributing to
Lipopolysaccharide (LPS) biosynthesis, bacterial translocation and inflammation; loss of genes involved in amino
acid metabolism and energy processes [42]. ART treatment, however, did not recover reduced α-diversity, whose
bacterial richness is associated with immune dysfunction despite the fact that immune responders still displayed
decreased intestinal bacterial richness [35]. This is in line with a recent study which found the continuous decrease
of α-diversity in microbiome with ART-experienced patients [43].

Several studies have revealed that ART may have an impact on heme catabolism through inhibiting uridine
glucuronyl transferases (UGT), hepatic enzymes, which are necessary for the disposal of bilirubin [45,101]. This
might explain the lack of bilirubin in untreated HIV-infected patients, accumulation of bilirubin and biliverdinin
gut microbiome from ART-experienced patients, and the link of ART with hyperbilirubinemia [45,102]. Biliverdin has
been reported to reduce HIV viral infectivity and constitutes an important anti-inflammatory molecule [45,102,103].
Hence, immune recovery is suggested to be associated with accumulated biliverdin in the gut bacterial of HIV-
infected patients [45].
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Fecal microbial transplantation is another clinical intervention using the transfer of fecal bacteria isolated from a
healthy donor into the recipients in order to improve gut microbial diversity and healthier metabolic environment.
This therapy displays significant effect in the treatment of patients with Clostridium difficile infection (CDI) [104].
Success of fecal microbial transplantation treatment in HIV infection is still lacking. However, pilot clinical trials
(PROOV IT I and PROOV IT II) which are aimed to examine the impact of probiotics on the gut microbiome in
HIV-infected, ART-naive or ART-experienced participants with poor CD4 recovery are currently in progress, and
results from these studies will likely guide future avenues for microbiome studies in HIV-infected individuals with
marked gut inflammation [105].

Integrative analysis of metabolome & microbiome
Developments in the next-generation high-throughput sequencing technologies, accompanied with progress in
advanced multiomics bioinformatical/statistical algorithms, allow the rapid, cost-effective and comprehensive eval-
uation of gut microbiome and the functional perspective [106–108]. These efforts have dramatically advanced our
understanding of host–microbiome homeostasis and the role of microbiota in human chronic diseases. Currently,
the sequence based approaches include: marker gene amplicon (e.g., 16S rRNA) sequencing plus bioinformat-
ics functional prediction pipeline and reference genomes database (e.g., PICURSt and KEGG) [109]; shotgun
metagenomics sequencing, which allows one to directly profile the total gene content of the microbiota without
amplification bias; meta-transcriptome (RNA-seq), which direct sequence the cDNA and have the potential to
measure the active microorganisms and their effector molecules/genes/proteins [108]. However, as the final down-
stream products of genes and proteins, the metabolites are not applicable for sequence-based approaches. Targeted
and untargeted metabolomics, based on gas chromatography mass spectrometry (GC–MS), liquid chromatography
mass spectrometry (LC–MS) and nuclear magnetic resonance (NMR) have been widely used to identify metabolites
that may play as functional mediators linking the microbiota and host chronic diseases. The integrated multiomics
analyses, which combined complementary technologies together and connected direct measurements of the func-
tional metabolites with the community structure of the microbiome as well as the genomic genes and functional
pathways, hold the potential to improve our understanding of the complicated host–microbiota interactions, and
provide deeper insight to mechanisms of functional changes during HIV progression (Figure 2).

The integrated multiomics analysis is still in its developing stage, although some powerful
bioinformatical/statistical algorithms and tools have showed promising potentials. The main stream approaches
include Univariate and Multivariate Correlation-Based Approaches, Interaction-Based Community Networks,
Topological Metabolic Models and Community Metabolic Models [110–113]. Other developing approaches include
probabilistic graph models (e.g., Bayesian network models) and multispecies constraint-based models, which are
complicated by determining the correct compartmentalization of species within a biological system, as well as
choosing an optimal community objective function [114,115].

For integrated multiomics approaches applied in human cohort studies, the current trend is developing standard,
powerful and visualizable bioinformatical/statistical algorithms and pipelines that could integrate the multiomics
data accurately, realistically and effectively. Beside prolonged follow-up periods and increasing the study sample size,
the study of bacterial microbiome could be extended to other microorganisms, such as fungal, parasitic, and viral
(entero) pathogens. In addition, meta-transcriptome or proteomic approaches could also be applied, which may
provide a better and clearer functional portrayal of influences and impacts of HIV infection, ART, and immune
recovery on microbiota composition and related metabolites [19].

Few studies have used integrative approaches to investigate both gut microbiota and metabolites in HIV-
infected individuals. Vesterbacka et al. found richer gut microbiota with distinct metabolic profile in HIV-infected
elite controllers compared with progressor patients [73]. The distinct microbiota metabolic profile favored fatty
acid metabolism, peroxisome proliferator-activated receptors-signaling and lipid biosynthesis protein pathways,
combined with a decrease in carbohydrate metabolism and secondary bile acid synthesis [73]. These data suggested
that HIV-induced changes in gut microbial communities are associated with metabolic alterations, which in turn,
may contribute to clinical outcomes.

Conclusion & future perspective
In summary, during the past decade, the developments of high-throughput technologies and advanced
bioinformatics/statistical algorithms provided us unprecedented resolution to track the alterations in microbiota
metabolism and their impacts on host health. However, further integrated multiomics studies are still needed to
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improve our understanding of host–microbiota interactions, alterations in microbiota metabolism and possible
mechanisms of functional changes during HIV infection.

One of the remaining challenges is to identify novel microbial metabolites, especially the discovery of key micro-
bial metabolites that may indicate specific disease states, or that distinguish closely related disease conditions [71].
These metabolites could also be useful to identify individuals at risk for comorbidities (e.g., CVD) in HIV infection.

Furthermore, much work remains to fully characterize the impact of dietary components on changes in the
microbial metabolites during HIV infection. Diet has a profound influence on the relationship between the
intestinal microbiota and the host metabolite profiles [116]. The complex diet metabolism is dependent on multiple
factors and could be affected by host genetic factors, host health status, diet quality and habits [117], as well as
diverse microbial communities present in the gastrointestinal tract. Diet metabolism by gut microbiota produces
small-molecule metabolites that could interfere with physiological processes such as immune homeostasis, energy
metabolism, vascular function and neurological behavior [118,119]. However, the effects of dietary supplements on
the gut microbial metabolites in HIV infection have been explored only to a limited extent.

Although our understanding of how HIV infection interacts with microbiota and microbial metabolites is
advancing rapidly, there is only limited information available at the mechanism level or causation inference. As
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aforementioned, current evidence indicates that gut microbiota, microbiota-dependent metabolic pathways and
microbial metabolites are not mere actors that are influenced by HIV infection [108,114], but rather they are
influencing the whole health status and disease progression. In addition, the impact of HIV infection on these
microbiota-related metabolites is also related to critical aspects of HIV comorbidities, such as CVD, diabetes,
inflammation and lung infections [108].

Deeper insights gained from integrated multiomics studies would presumably open the door to novel therapeutic
approaches including probiotics, tailoring diet modulations and fecal microbiota transplantation, which hold the
potential to modify gut microbiome composition toward a beneficial direction and to treat infectious diarrhea in
the late stages of HIV infection [120,121]. For the known beneficial microbial metabolites, there will be more options
such as selectively increasing the abundance of the specific gut microbiota that can produce beneficial metabolites,
or by engineering endogenous gut microbiota to produce metabolites in high levels. These interventions are based
on the modulation of either bacterial species or the bacterial biosynthetic enzymes related to producing the target
metabolites [71]. These may inform future efforts and help work toward integrative medicine utilizing the microbiota
in HIV infection.

Executive summary

Gut microbiome alteration in HIV infection
• HIV infection has been associated with alternations in gut microbiota, which may affect microbial metabolite

production.
Gut microbiota-related metabolites in HIV infection
• Alternations in tryptophan metabolism are observed during HIV infection, which have been associated with

atherosclerosis and cardiovascular risk.

• Short-chain fatty acids (SCFAs) are the main fermentation products of gut microbiota from dietary fibers, which
may play beneficial roles in regulating intestinal homeostasis.

• Trimethylamine-N-oxide (TMAO) is known as a gut microbiota-dependent choline metabolite. Recent studies
have revealed potential associations between TMAO and various aspects of cardiovascular disease (CVD) in
HIV-infected individuals.

• Treatments such as antiretroviral therapy (ART) could affect many aspects of microbial functional profiles, while it
did not recover reduced gut microbiome diversity.

Integrative analysis of metabolome & microbiome
• The developing integrated multiomics analyses hold promising potentials which allow rapid, cost-effective, and

comprehensive evaluation of gut microbiome and the functional perspective.
Future perspective
The remaining challenges include:
• Identifying the novel biomarker microbial metabolites that may indicate specific disease states, or distinguish

closely related disease condition.

• Fully characterizing the impact of dietary components on changes in the microbial metabolites during HIV
infection.

• Understanding how HIV infection interacts with microbiota and microbial metabolites at mechanism levels.

• Novel therapeutic approaches including probiotics, tailoring diet modulations and fecal microbial
transplantation, etc.
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