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Background: Imbalance in tryptophan (TRP) metabolism and its
neuroactive metabolites, serotonin and kynurenine (KYN), is a
known pathogenic mechanism underlying neurocognitive impair-
ment. Gut microbiota plays an important role in TRP metabolism,
and the production of these neuroactive molecules affects neuro-
cognitive function. Although both HIV infection and normal aging
independently induce gut dysbiosis and influence TRP metabolism,
their interactive effects on compositional/functional changes in gut
microbiota and consequent alterations in TRP metabolites remain
largely undetermined.

Methods: Older people living with HIV infection (PLWH, aged
50–70 years, n = 22) were enrolled in this cross-sectional pilot study.
Metagenomic analysis of fecal microbiome using 16S Ribosomal
ribonucleic acid gene sequencing and metabolomics analysis of
plasma using mass spectrometry with a reverse-phase iquid
chromatography tandem mass spectrometry were performed. Statis-
tical analyses included the univariate linear regression and Spearman
correlation analyses.

Results: Age-associated changes in plasma levels of key neuroac-
tive TRP metabolites, serotonin and KYN, were seen in PLWH.
Specifically, we observed age-dependent decreases in serotonin and
increases in KYN and KYN-to-TRP ratio, indicative of dysfunc-

tional TRP metabolism. Furthermore, the gut dysbiosis seen in older
PLWH is characterized by a reduction of Firmicutes/Bacteroidetes
ratio and butyrate-producing microbial families Lachnospiraceae and
Lactobacillaceae. Of importance, correspondent with gut dysbiosis,
increasing age was significantly associated with decreased plasma
butyrate levels, which in turn correlated positively with serotonin
and negatively with KYN/TRP ratio.

Conclusions: Age-dependent gut microbial dysbiosis distin-
guished by a decrease in butyrogenic potential is a key pathogenic
feature associated with the shift in TRP metabolism from serotonin
to KYN in older PLWH.
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INTRODUCTION
In the era of Combination Antiretroviral Therapy,

there has been a dramatic increase in the number of older
people living with HIV (PLWH).1–3 In the United States,
more than 50% of the 1.3 million people with HIV are older
than 50 years, and by the year 2030, it is estimated that this
will increase to 70%. Although AIDS-defining illnesses
have decreased, the prevalence of HIV-associated non-
AIDS conditions remains high, particularly in aging
individuals with long-standing HIV infection, indicating
the onset of accelerated aging in PLWH.4–6 Some of the
significant comorbid conditions that develop during the
normal course of the aging process, such as neurological,
cardiovascular, hepatic, and physical frailty, are observed
at a relatively earlier age in PLWH.2,7,8 In particular, in
relation to premature aging and neurological defects in
PLWH, neurocognitive impairment has been reported to be
present at higher rates in individuals older than 50
years.9–12

Several studies have documented the role of gut-
derived metabolites in altering neurobiological functions.
In this regard, metabolites derived from tryptophan (TRP)
metabolism, ie, serotonin and kynurenine (KYN) function
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as neuroactive signaling molecules that affect neurocogni-
tive function.13–15 Indeed, dysregulated TRP metabolism is
observed in various neurological disease conditions asso-
ciated with aging and HIV-1 infection.16–19 Serotonin [5-
hydroxytryptamine (5-HT)], one of the well-studied neu-
roactive TRP metabolites, is primarily synthesized and
stored in enterochromaffin cells (ECs), a specialized sub-
type of an intestinal epithelial cell.14,20,21 The 5-HT
biosynthesis occurs through the Trp hydroxylase 1 enzyme,
which produces 5-hydroxytryptophan, which is further
metabolized into 5-HT.22 A decline in 5-HT levels has
been observed during normal aging and in individuals with
HIV-1 infection.23,24 TRP metabolism also yields neuro-
active metabolite KYN, which contributes negatively to
neurocognitive outcomes.17,25 The rate of TRP metabolism
along the KYN pathway is dependent on the expression and
activity of indoleamine 2,3-dioxygenase (IDO).26 Apart
from exerting negative effects on neurobiological function,
KYN and its derivatives also contribute to peripheral
inflammation and oxidative stress.27 Systemic TRP and
KYN levels change along with an increase in KYN-to-TRP
ratio on aging and in age-related diseases and in HIV-
infected individuals.28–30

There is gathering evidence that the gut microbiome
participates in the regulation of not only the gastrointes-
tinal and peripheral physiology but also the central
nervous system function by modulating signaling path-
ways along the microbiota–gut–brain axis.31,32 Accord-
ingly, there is increasing emphasis on understanding the
microbial management of TRP metabolism and production
of neuroactive metabolites, ie, 5-HT and KYN that can
affect neurological functions. Of importance, gut micro-
bial dysbiosis and dysfunctional TRP metabolism both
occur during the course of aging and HIV-1 infection.33–35

Hence, understanding the interactive effects between
aging and HIV-1 infection on the compositional and
functional features of gut microbial dysbiosis that corre-
late with alterations in the levels of neuroactive TRP
metabolites could provide relevant clinical insights into
adverse neurocognitive processes that develop in older
PLWH. Hence, this cross-sectional pilot study examined
the status of neuroactive TRP metabolites, particularly
serotonin and KYN, in association with gut microbial
compositional and functional changes in older (aged
50–70 years) PLWH.

METHODS

Study Population
This was a cross-sectional pilot study of PLWH

managed at the HIV Care Clinic at the University of
Louisville. All procedures were in accordance with the
ethical standards of the Helsinki Declaration (1964, 2008
amendment) of the World Medical Association and were
approved by the University of Louisville Institutional
Review Board (IRB# 08.0188). The HIV group included
patients (n = 22) with an established diagnosis of HIV. All
HIV-positive patients were on antiretroviral therapy (ART)

and had controlled viral load (HIV RNA , 400
copies/mL). Trained personnel collected clinical data from
patient medical records and entered these data into a
secure, web-based data management system hosted by the
University of Louisville.

Sample Collection
Fecal and blood samples were collected under

University of Louisville IRB-approved protocol (IRB #
08.0188) for metagenomic and metabolomic studies,
respectively. Participants were informed about the fecal
sample collection before their visit and thus were able to
provide both fecal material and blood sample at the same
time during the visit. Both fecal and blood/plasma
samples were collected concurrently in the morning
(between 9 and 11 AM) and subsequently stored in aliquots
at 280°C. Fecal samples were collected using stool
nucleic acid collection and preservation system kit as
per manufacturer’s instructions (Norgen Biotek Corp.,
Thorold, Canada) and later processed for metagenomic
analyses as described further. The plasma samples were
used to perform analysis of (1) TRP metabolites, includ-
ing TRP, serotonin, and KYN, and (2) short chain fatty
acid—butyrate, as detailed further. All participants
enrolled in the study provided self-reported diet history
and completed the “Food Frequency Questionnaire” at the
time of enrollment. The study subjects with current
antibiotic and/or probiotic use at the time of enrollment
were excluded from the study.

Quantitative Analysis of TRP Metabolites
The quantitative metabolomics profiling on plasma

samples was performed. In brief, butyrate levels were
detected using a reverse-phase liquid chromatography
(LC) tandem mass spectrometry (MS) custom assay as
described earlier.36 Ice-cold methanol–precipitated
plasma samples were centrifuged at 13000g for
20 minutes. The 3-nitrophenylhydrazine reagent was
added to 50 mL of supernatant and incubated for 2 hours.
BHT stabilizer and water were mixed with samples before
LC-MS injection. TRP metabolites were detected by
combining the direct injection mass spectrometry
(MxP500 kit (BIOCRATES Life Sciences AG, Innsbruck,
Austria) with a reverse-phase LC-MS/MS Kit (BIO-
CRATES Life Sciences AG, Innsbruck, Austria).37

Plasma samples were dried with nitrogen, reprivatized
with 5% solution of phenyl isothiocyanate, and metabo-
lites were extracted with the addition of 300 mL methanol
containing 5 mM ammonium acetate. Mass spectrometric
analysis for butyrate was performed on an ABSciex 4000
(Arc Scientific, Boston, MA) and for TRP metabolites on
API5500 Qtrap tandem mass spectrometry instrument
(Applied Biosystems/MDS Analytical Technologies, Fos-
ter City, CA). A targeted profiling scheme was used to
quantitatively screen for metabolites using multiple reac-
tion monitoring, neutral loss, and precursor ion scan.
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The 16S Ribosomal ribonucleic acid (rRNA)
Gene Sequencing

The 16S rRNA gene sequencing methods were adapted
from those developed for the Human and Earth Microbiome
Projects.38–40 In brief, the fecal samples obtained from older
PLWH study participants were used to extract total bacterial
genomic DNA using the MagAttract PowerSoil Kit (Qiagen,
Redwood City, CA). The 16Sv4 region was amplified by
polymerase chain reaction and sequenced on the MiSeq
platform (Illumina, San Diego, CA) using a 2 · 250-bp
paired-end protocol, yielding paired-end reads that overlap
almost completely.41 In addition, the sequence reads were
demultiplexed, denoised using the Deblur algorithm,42 and
assigned into operational taxonomic units at a similarity of
97% using the latest current SILVA database43 containing
only sequences from the v4 region of the 16S rRNA gene to
determine taxonomies using usearch70 “usearch_global”
function.44 Biome file was generated for phylogeny informa-
tion by aligning the centroid sequences with Multiple
Alignment using Fast Fourier Transform45 and creating a
tree through FastTree.46 The biome file was summarized,
recording the number of reads per sample, and merged with a
file that was generated for the overall read statistics, to
produce a final summary file with readings, statistics, and
taxonomy information.

Statistical Analyses
Descriptive statistics were calculated to describe the

study samples with means and standard deviations
(mean 6 SD) for continuous variables and frequencies and
percentages for all categorical variables. Correlations between
parameters measured were calculated using age as a contin-
uous variable in the univariate linear regression analysis.

Correlations between metabolites were calculated by
Spearman correlation analysis. The significance level a was
set at 0.05. Graphpad Prism software, version 8.03, was used
to analyze all data sets.

RESULTS

Clinical Characteristics and Demographics of
Older Adults Living With HIV

A total of 22 older PLWH with a median age of 56
years (mean 6 SD 57.50 6 4.02, range 52–69) were enrolled
in a cross-sectional pilot study. Table 1 outlines the main
characteristics of the study population. There were 20 men
(90.91%) and 2 women (9.09%) with no prominent history of
antibiotic and probiotic use. The evaluation of alcohol
drinking was performed using Alcohol Use Disorders Iden-
tification Test criteria, and 17 participants (77%)
showed minimal to no social drinking habits for alcohol,
whereas 5 participants (23%) reported heavy alcohol drink-
ing. All the participants were on ART and virally suppressed
with a viral load less than 400 copies/mL (mean 6 SD
150.00 6 215.75). The CD4+ T-cell count was
602.82 6 437.68 cells/mL, and the CD8+ T-cell count was
913.49 6 416.90 cells/mL (Table 1).

Age-dependent Alterations in Neuroactive
TRP Metabolites in Older Adults Living
With HIV

Disruptions in TRP metabolism have been linked to
various neurological disorders.15,47 In particular, neuroactive
TRP metabolites, serotonin (5-hydroxytryptamine) and KYN,
have been implicated in HIV-associated neurological disor-
ders.18,48,49 However, the effect of age on serotonin and KYN
changes in HIV-infected population remains largely undeter-
mined. Hence, we measured the plasma levels of serotonin
and KYN in our older HIV-infected study population. The
plasma levels of serotonin, KYN, and TRP were detected
using LC-MS/MS method and documented in Table 1. A
univariate linear regression analysis was performed between
age and these metabolites to evaluate the age-associated
changes in PLWH. A significant age-dependent decline was
observed in plasma serotonin levels (Fig. 1A; r2 = 20.253
and P = 0.020) in PLWH. By contrast, KYN was significantly
increased in association with increasing age (Fig. 1B;
r2 = 0.381 and P = 0.002). In addition, the plasma KYN/
TRP ratio, which is reflective of the TRP-degrading enzyme
IDO activity, was increased in an age-dependent manner in

TABLE 1. Demographic and Clinical Characteristics of PLWH

Samples n = 22

Demographics

Age, yrs 57.50 6 4.02

Ethnicity/racial distribution, n (%)

Non-Hispanic White 10 (45)

Non-Hispanic African American 10 (45)

Hispanic White 2 (9)

Hispanic African American 0 (0)

Sex

Male 20

Female 2

AUDIT-C (alcohol measure)

AUDIT-C score (0–4) 17 (77%)

AUDIT-C score (5–7) 5 (23%)

HIV infection history

CD4+ T-cell counts (cells/mL) 602.82 6 437.68

CD8+ T-cell counts (cells/mL) 913.49 6 416.90

CD4+/CD8+ T-cell ratio 1.34 6 3.10

No. of participants with HIV viral load (.20 copies/mL)
VL: 150.00 6 215.75

5

No. of participants with HIV viral load (,20 copies/mL) 17

Anti-Retroviral treatment (n) 22

Neuromodulators (mM)

Butyrate 0.840 6 0.219

Serotonin 0.153 6 0.199

Kynurenine 1.623 6 0.639

Tryptophan 71.45 6 18.22

Kynurenine/tryptophan ratio 0.0241 6 0.011

Serotonin/tryptophan ratio 0.0029 6 0.004

Summary of study cohort characteristics including age, race, sex, and CD4 T-cell
counts were appropriately shown as numbers (n), percentages (%), or mean 6 SD.

AUDIT-C, Alcohol Use Disorders Identification Test criteria.
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PLWH (Fig. 1D; r2 = 0.228 and P =0.024). Concurrently,
plasma 5-HT to TRP (5-HT/TRP) ratio decreased with an
increase in age (Fig. 1E; r2 = 2 0.195 and P = 0.044), also
potentially indicating an increase in IDO activity. In comparison,
our data demonstrated no age-dependent change in plasma TRP
levels (Fig. 1C; r2 =2 0.001 and P = 0.849). These data indicate
that the net rate of TRP catabolism is not changing in an age-
dependent fashion in our study population of PLWH. However,
the proportion of TRP being catabolized along the 5-HT
pathway is potentially shifted more towards the KYN pathway
in an age-dependent fashion in PLWH. As a result, there is an
increase in KYN and KYN/TRP ratio and a decrease in 5-HT
and 5-HT/TRP ratio but no net change in the total pool of TRP.
Taken together, the data show the development of age-
dependent changes in the TRP metabolism and consequent
imbalance of TRP-derived neuroactive metabolites in PLWH.

Gut Dysbiosis in Older Adults Living With HIV
is Marked by Age-dependent Compositional
and Functional Changes in the Microbiome

Because gut dysbiosis is known to affect TRP metabo-
lism,13,50 gut microbial dysbiosis was assessed in our study
cohort of older PLWH. Using 16S rRNA gene sequencing
strategy as detailed in the Methods, metagenomics analysis was
performed on fecal samples. The data obtained provided detailed
taxonomic information of the fecal microbial composition up to
the bacterial genera level. A total of 321,491 high-quality
mapped reads were obtained from the 22 older PLWH samples,
with an average of 10,716 reads per sample, which were
clustered into 2327 rarefied operational taxonomic units with
97% similarity. The taxonomy-based analysis demonstrated the
presence of 8 phyla in the study population with Firmicutes

FIGURE 1. Age-dependent alteration in tryptophan metabolites in older PLWH: the metabolomic profiling of plasma serotonin,
KYN, and tryptophan levels was performed using LC-MS/MS mass spectrometry. The graphs showing age-dependent correlation
with plasma levels of (A) serotonin; (B) KYN; (C) TRP; (D) KYN/TRP ratio, and (E) SER/TRP ratio in older PLWH were plotted, and
the linear regression coefficient (r2) and statistical significance (P , 0.05) were denoted. SER, serotonin.

FIGURE 2. Phyla composition profile of older
PLWH: a stack bar graph depicted the distribution
of bacterial phyla based on percent relative
abundance among 22 older PLWH. The taxo-
nomic assignments of phyla were defined during
16S rRNA gene sequencing using the SILVA
database. Each color represents the same phylum
among all study participants.
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(mean 61%), Bacteroidetes (mean 22%), and Verrucomicrobiota
(mean 5%) as the predominant phyla and Proteobacteria (mean
4%), Actinobacteriota (mean 3%), Euryarchaeota (mean 3%),
Fusobacteriota (mean 1%), Desulfobacterota (mean 1%) as
the minor phyla (less than 5% relative abundance) (Fig. 2).

An examination of the 2 major bacterial phyla,
Firmicutes and Bacteroidetes, revealed a significant age-
dependent change in their relative abundance. Specifically,
the univariate linear regression analysis showed that
increasing age is significantly and negatively associated
with Firmicutes (Fig. 3A; r2 = 20.197 and P = 0.038) and
positively associated with Bacteroidetes (Fig. 3B;

r2 = 0.206 and P = 0.033). Furthermore, the ratio of
Firmicutes/Bacteroidetes (F/B), a well-known marker of
gut microbial dysbiosis, showed a significant age-
dependent decline (Fig. 3C; r2 = 20.253 and P = 0.016),
indicating temporal shifts in gut microbial composition in
older adults with HIV infection. In addition, racial differ-
ences in the study were noted with White study participants
showing an age-dependent decrease in F/B ratio
(r2 = 20.453 and P = 0.016). It is interesting to note that
although the F/B ratio changed, there was no significant
age-dependent change in species richness and evenness, as
denoted by the alpha diversity measures—Shannon index

FIGURE 3. Aging in PLWH is marked by gut dysbiosis: percentage relative abundance of Firmicutes and Bacteroidetes phyla was
calculated from 16S rRNA gene sequencing. Linear regression graphs documenting the correlation between age and (A) Firmi-
cutes phylum (B) Bacteroidetes phylum; (C) F/B ratio and microbial diversity indicators (D) Simpson index; and (E) Chao-1 index
were shown. The regression coefficient (r2) and statistical significance (P , 0.05) were denoted on each graph. F, Summary bar
graph showing significant (P ,0.05) age correlation with bacterial families was plated using regression coefficient.
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and Chao-1 index (Figure 3D; r2 = 0.035 and P = 0.401 and
Fig. 3E; r2 = 0.047 and P = 0.331).

Furthermore, characterization of age-dependent micro-
bial changes at the bacterial family level revealed that there is
(1) a decrease in Lactobacillaceae and Lachnospiraceae
families belonging to the Firmicutes phylum and (2) increase
in Marinifilaceae and Rikenellaceae families from Bacteroi-
detes phylum (Fig. 3F). In addition, the Methanobacteriaceae
family from the Euryarchaeota phylum, 3 unknown families
belonging to Firmicutes, and the Synergistaceae family from
Synergistota phylum were also increased along with age in
older PLWH (Fig. 3F).

After the determination of the age-dependent composi-
tional changes in the microbial communities, the functional
consequence of dysbiosis was evaluated. Because bacterially
derived short-chain fatty acids, particularly butyrate, can
significantly affect host TRP metabolism,51 plasma butyrate
levels were assessed by LC-MS/MS. The data showed that
butyrate levels significantly decreased in the PLWH popula-
tion with an increment in age (Fig. 4A; r2 = 20.180 and
P = 0.048). In additionally, in accordance with the loss of
plasma butyrate levels, a significant age-dependent decrease
in the largest butyrate-producing bacterial family, Lachno-
spiraceace (Fig. 4B; r2 =20.330 and P = 0.005), and butyrate
synthesis–promoting family—Lactobacillaceae (r2 = 20.239
and P = 0.021) was observed.

Microbial Compositional and Functional
Dysbiosis Correlates With Age-Dependent
Alterations in Neuroactive TRP Metabolites,
5-HT, and KYN in Older Adults Living
With HIV

In relevance to the known effects of microbial-derived
butyrate on the generation of TRP metabolites, Spearman
correlation analysis was performed to examine the relation-
ship between the levels of butyrate and TRP metabolites
(Table 2) in older PLWH. The data demonstrated that the
decrease in plasma butyrate levels significantly correlates
with decreasing serotonin levels and conversely with increas-
ing KYN/TRP, further suggesting that functional deficits of
metabolites are linked to gut microbial dysbiosis in
older PLWH.

Next, we examined the correlation of the butyrate-
producing bacterial genera with the neuroactive TRP metab-
olites serotonin and KYN (Table 3). Linear regression

analysis of the acquired metagenomics sequencing data and
serotonin showed that Lachnoclostridium and Lachnospir-
aceae_FCS020_group genera belonging to the Lachnospir-
aceae family, Holdemanella sp. and Turicibacter sp.
belonging to the Erysipelatoclostridiaceae family were
directly associated with serotonin levels.52–56 In additionally,
Lagilactobacillus sp. and Lacticaseibacillus sp. from the
Lactobacillaceae family known to support the growth of
butyrate producers57,58 were also positively associated with
serotonin levels (Table 3).

Of interest, Tyzzerella sp. belonging to the Lachnospir-
aceae family that plays a role in regulating serotonin release
through tryptamine production (one of the TRP metabolites)13

was found to be positively correlated with serotonin in these
older PLWH study cohort (Table 3). Conversely, a decrease
in Allisonella sp., butyrate-producing genera belonging to the
Veillonellaceae family, correlated with an increase in KYN in
older PLWH59 (Table 3).

In addition, Staphylococcus sp. and Pyramidobacter sp.
that were found in higher abundance in neurological disor-
ders60,61 showed a direct correlation with KYN. Furthermore,
the Ruminococcus_gnavus_group genera that convert TRP to
tryptamine using enzyme TRP decarboxylase were negatively
correlated with KYN13,62 (Table 3).

Overall, these data implicate that age-associated
decrease in butyrate-producing bacteria (compositional
change) and consequent decline in butyrate levels (functional
change) influence age-dependent decrease in 5-HT and
increase in KYN levels in older adults living with HIV.

DISCUSSION
In the post-Combination Antiretroviral Therapy era,

HIV+ adults are surviving and reaching advanced age with
near-normal life expectancy. Yet, they live with a chronic
viral infection, which may remain latent, but which continues
to affect organ systems such as the gut and brain. There is

FIGURE 4. Age-associated loss of butyrate
levels and butyrate-producing family in
older PLWH: Linear regression analysis was
used to determined age-dependent
changes in (A) plasma butyrate levels and
(B) percentage relative abundance of Lach-
nospiraceae family in older PLWH.

TABLE 2. Spearman Correlation Analysis

Serotonin (5-HT) Kynurenine KYN/TRP

Butyrate r = 0.421 r = 20.295 r = 20.522

P = 0.05 NS P = 0.013

r: Spearman coefficient; statistically significant at P # 0.05.
NS, not significant.
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evidence of greater than expected cognitive deficits in older
HIV+ adults and premature decline in learning memory,
suggesting premature cognitive aging and/or neurodegenera-
tion. In this regard, dysregulation of TRP metabolism is an
important clinical feature of both aging and HIV infection,
contributing to the development of neurodegenerative dis-
eases and loss of neurological function infection.16–19 Pre-
clinical and clinical studies have demonstrated that
compositional changes in the gut microbiome can influence
cognitive function.63 Moreover, there is gathering evidence
for the microbial regulation of TRP metabolism and the
generation of neuroactive molecules such as serotonin and
KYN that can affect neurocognitive outcomes.31–35 Hence,
this pilot study examined the potential interactive effects of
HIV infection and aging in the context of compositional and
functional changes in the gut microbiome and its correlation
with alterations in TRP metabolism.

Important findings regarding the changes in gut micro-
bial composition and function in this pilot study population of
older PLWH were (1) the age-dependent decline in Lachno-
spiraceae and Lactobacillus families that host several
butyrate-producing genera and (2) consequent loss of the
butyrogenic potential demonstrated by an incremental loss of
plasma butyrate levels with increasing age. Of note, low
abundance of butyrate-producing bacteria has also been
observed in HIV-infected individuals who were relatively
younger with an average age of 32.5 years.64

Significantly, along with a decrease in butyrate levels,
there was a concomitant age-dependent decline in 5-HT
levels. In this regard, it is noteworthy that gut microbiome-
derived butyrate affects TRP metabolism and increases the
production of the neurotransmitter 5-HT. It has been demon-
strated that gut bacteria–derived butyrate induces mRNA
expression of TRP hydroxylase—the rate-limiting enzyme in
5-HT biosynthesis in intestinal ECs, thereby increasing 5-HT
production51; moreover, butyrate also stimulates 5-HT release
from ECs.65 Taken together, our data suggest that the change
in gut microbial composition (dysbiosis) and consequent loss

of its butyrogenic potential could be a significant mechanism
involved in the age-dependent decline in the 5-HT bio-
synthetic TRP-hydroxylation pathway and loss of 5-HT levels
in older PLWH.

Notably, in contrast to the decrease in plasma 5-HT
levels, there was an age-dependent increase in the KYN levels
and KYN: TRP (KYN/TRP) ratio in the older PLWH. Our
findings further extend the earlier studies that have indepen-
dently examined the effects of either HIV infection or aging
and have observed a link between gut dysbiosis and altered
TRP metabolism and an increase in KYN/TRP ratio.28,35,66,67

The increase in metabolic intermediates such as KYN
implicates a shift of the TRP metabolism more towards the
TRP oxidation pathway involving an increase in the IDO
enzyme activity.26 Moreover, KYN/TRP ratio has been
demonstrated to be a reliable marker of IDO activity that
regulates the initial and rate-limiting step in TRP oxidation
and its conversion to KYN.68,69 Accordingly, our data
suggest that in the older PLWH, there is an age-related
increase in the IDO activity and a resultant shift to the TRP
oxidation pathway, increasing KYN levels and KYN: TRP
(KYN/TRP) ratio in an age-dependent manner. Of impor-
tance, because IDO activity is downregulated by butyrate
produced by the commensal bacteria,54 our data indicate that
the age-associated functional changes in the gut microbiome
and loss of butyrogenic potential is directly or indirectly
linked to the enhancement of the oxidative conversion of TRP
to KYN in older PLWH. Furthermore, HIV infection is often
associated with increase in circulating levels of inflammatory
cytokines such as interleukin-6 and interferon-gamma.70,71

Because these inflammatory cytokines are known to stimulate
IDO activity, which converts TRP metabolism toward KYN
pathway, future studies investigating the relationship between
age-associated increase in KYN/TRP ratio and chronic
inflammation are warranted. Observational data suggest that
KYN/TRP ratio is a marker for inflammaging and is involved
in the onset of age-related diseases. In this regard, studies in
elderly individuals have demonstrated an increased KYN/

TABLE 3. Gut Microbial Genera Associated With Alterations in Tryptophan Metabolites 5-HT and Kynurenine in Older PLWH

Metabolite

Taxonomic Classification Regression Coefficient Significance

Phylum Family Genera r2 P

Serotonin (5-HT) Firmicutes Lachnospiraceae Lachnoclostridium sp. 0.4142 0.0016

Lachnospiraceae_FCS020_group sp. 0.2535 0.02

Tyzzerella sp. 0.5389 0.0002

Erysipelatoclostridiaceae Holdemanella sp. 0.4045 0.0019

Turicibacter sp. 0.2729 0.0151

Lactobacillaceae Lagilactobacillus sp. 0.5741 ,0.0001

Lacticaseibacillus sp. 0.2349 0.026

Kynurenine Firmicutes Veillonellaceae Allisonella sp. 20.3703 0.0027

Lachnospiraceae Ruminococcus_gnavus_group sp. 20.1843 0.0462

Staphylococcaceae Staphylococcus sp. 0.2923 0.0094

Synergistota Synergistaceae Pyramidobacter sp. 0.2025 0.0356

Linear regression analysis was performed, and regression coefficients and statistical significance (P-value) were shown for each bacterial genus.
Summary table documenting direct (r2) and inverse (- r2) relationship between gut bacterial genera with serotonin and kynurenine. Linear regression analysis was performed and

regression coefficients and statistical significance (p-value) were shown for each bacterial genera.
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TRP ratio to be linked with increased risk of cardiovascular
disease,72,73 reduced cognitive performance,17 increased
frailty,74 and mortality.72,75 Hence, the current findings
suggest that the pathogenic role of age-dependent gut
microbial dysbiosis, leading to loss of butyrogenic potential
and alterations in TRP metabolism, could be explored in
clinically relevant age-related diseases.

We acknowledge that our study findings have certain
limitations. In particular, the study was a pilot cross-sectional
study conducted to establish a conceptual framework to
determine metagenomics and metabolomics parameters that
would be clinically relevant for the examination of the older
PLWH population. Further studies using a larger study cohort
will be required to validate the initial findings made in this
study. Because our study population predominantly consisted
of men, a similar investigation in women will provide better
insight into the age-associated changes in TRP metabolism in
PLWH. In addition, only univariate analyses have been
performed without the adjustment for covariates such as
sex, alcohol use, and CD4/CD8 T-cell status. However, the
regression coefficients are sufficiently high to support the
suggested outcomes.

The findings from this pilot study have begun to
address the significant aspects of the age-dependent compo-
sitional and functional changes in the gut microbiome that are
relevant for the regulation of serotonin synthesis and the
control of the KYN pathway and the development of neuro-
cognitive impairment in older PLWH. Overall, the data
suggest that the progressive loss of butyrogenic potential is
a significant pathogenic feature of age-associated gut micro-
bial dysbiosis that adversely affects TRP metabolism. Of
importance, the data also provide a clinical rationale for
targeting the gut dysbiosis–mediated loss of butyrogenic
potential to favorably modulate the TRP metabolism in
older PLWH.
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