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Abstract

Background The association between gut microbial metabolites and immunologic non-response among people
living with HIV (PLHIV) receiving antiretroviral therapy (ART) has not been well established. We aimed to character-
ize gut microbial metabolites among HIV-infected men who have sex with men (MSM) with different immunologic
responses.

Methods We recruited HIV-infected MSM from Guangzhou Eighth People’s Hospital and HIV-uninfected MSM
(healthy controls, HC) from a local MSM community-based organization in Guangzhou between June and October
2021. HIV-infected MSM were grouped into good immunological responders (GIR) (CD4+T cell count> 350 cells/pl)
and poor immunological responders (PIR) (CD4+T cell count <350 cells/pl) after 24 months of ART treatment. Online
questionnaires and stool samples were collected. Microbial metabolites in stool were obtained through ultra-perfor-
mance liquid chromatography coupled to a tandem mass spectrometry (UPLC-MS/MS) system. Differential metabo-
lites were identified and analyzed using the Kruskal-Wallis test, followed by pairwise comparisons with the Wil-
coxon rank-sum test. The least absolute selection and shrinkage operator was used to select potential metabolites
biomarkers.

Results A total of 51 HC, 56 GIR, and 42 PIR were included. No statistically significant differences were observed

in the median time since HIV diagnosis and ART duration between GIR and PIR. Among the 174 quantified metabo-
lites, 81 significantly differed among HC, GIR, and PIR (P < 0.05). Among differential metabolites, indole-3-propionic
acid significantly decreased from HC (11.39 nmol/g) and GIR (8.16 nmol/g) to PIR (6.50 nmol/g). The pathway analysis
showed that tryptophan metabolism differed significantly between GIR and PIR (P < 0.05). Four potential metabolites
biomarkers (dimethylglycine, cinnamic acid, 3-hydroxyisovaleric acid, and propionic acid) that distinguish GIR and PIR
were identified, and the corresponding area under the curve based on potential biomarkers was 0.773 (95% C/-
0.675-0.871).
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Conclusions This study identified significant differences in gut microbial metabolites among HIV-infected MSM
with different immunologic responses. These results indicate the potential of gut microbial metabolites as novel dis-

ease progression markers and therapeutic targets.

Keywords People living with HIV, Immunologic response, Metabolites, Men who have sex with men, China

Background

With the wide use of antiretroviral therapy (ART),
AIDS has become a manageable chronic disease [1]. The
CD4+T cell counts and HIV viral load are routinely used
to monitor ART responses and HIV disease progres-
sion. However, about 10-40% of people living with HIV
(PLHIV) fail to restore their CD4+ T cell count to a satis-
factory level despite full virologic suppression for several
years, a condition known as immunologic non-response
[2]. Existing studies found that the mortality rate among
immunologic non-responders was significantly higher
than that of immunologic responders [3, 4].

Increasing evidence shows that the gut microbiota pro-
file in PLHIV differs from that of HIV-uninfected indi-
viduals [5, 6], and the changes in gut microbiota may
affect the recovery of immune function in PLHIV [7, 8]. It
is widely recognized that the significant biological effects
of gut microbiota are primarily mediated by microbial
metabolites [9]. Previous studies have demonstrated that
short-chain fatty acids play a crucial role in regulating the
function of immune cells [10, 11]. Additionally, recent
studies have identified several altered metabolites in
PLHIV undergoing ART [12, 13]. The underlying mech-
anisms of immunologic non-response among PLHIV
are likely multifactorial, including aberrant immune
activation, inadequate thymic output, reduced hemat-
opoiesis of bone marrow, and HIV reservoirs [2, 14—16].
Metabolomics, which involves the large-scale analysis of
small molecule metabolites in biological specimens, has
emerged as a promising diagnostic tool in detection of
metabolic biomarkers for various diseases, including can-
cer [17], cardiovascular disease [18], and diabetes [19].
Applying metabolomics to investigate potential biomark-
ers associated with immunologic non-response in PLHIV
is valuable for identifying novel disease progression
markers and therapeutic targets.

Men who have sex with men (MSM) are dispropor-
tionately affected by HIV worldwide [20]. A systematic
review of 38 low- and middle-income countries showed
that MSM have a 19.3 times higher risk of HIV infection
than the general population [21]. In many countries, new
HIV infections are predominately found among MSM
[22]. While some studies have investigated the role of
gut microbial metabolites in immune recovery among
PLHIV initiating ART [23-25], their findings have been
inconsistent, and these studies did not strictly control sex

and sexual orientation. Previous research has indicated
that MSM exhibit a distinct fecal microbiome compared
to non-MSM, independent of HIV infection status [26,
27]. These reports raise questions about whether earlier
observations of HIV-related alterations in the gut micro-
biota may have captured microbial variations related to
MSM or a combined effect of both. Given the significant
burden of HIV among MSM, our study aimed to investi-
gate variations in gut microbial metabolites among HIV-
infected MSM with different immunologic responses
after ART.

Methods

Study design and participants

HIV-infected MSM with an HIV viral load <20 copies/
ml after more than 24 months of ART were recruited
from the Guangzhou Eighth People’s Hospital between
June and October 2021. All field questionnaire surveys
and biological samples collections (including blood and
stool samples) were conducted in the morning. Partici-
pants were stratified into good immunological respond-
ers (GIR) and poor immunological responders (PIR)
depending on the recovery of CD4+T cell count (>350
and < 350 cells/pl respectively) [28, 29]. The inclusion cri-
teria were (1) biologically male, (2) 18-50 years of age,
(3) having had sex with men, (4) CD4+ T cell count <350
cells/pl at ART initiation, and (5) having received ART
for at least 24 months. HIV-uninfected MSM (Healthy
Controls, HC) were enrolled through a local MSM com-
munity-based organization in Guangzhou.

The China Health and Nutrition Survey indicates that
the dietary patterns in China are currently transition-
ing from traditional to Western dietary patterns [30].
Different dietary patterns, such as vegetarian diet and
ketogenic diet, can profoundly alter the composition
and function of the gut microbiome [31]. Participants
were excluded if they: (1) had a history of using antibi-
otics, probiotics, prebiotics, or symbiotics in the past
six months; (2) had undergone gastrointestinal surgery;
(3) adhered to special diet habits, including vegetarian-
ism, low-carbon diet, and ketogenic diet in the past six
months; (4) had active inflammatory diseases that may
influence gut microbiota, such as inflammatory bowel
disease, hypertension, diabetes, malignant tumor, and
others.
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For the HC group, an initial screening was conducted
via an online questionnaire covering various topics such
as demographic characteristics, sexual orientation, health
history, dietary habits, and bowel habits. Additionally,
participants were required to take a rapid, on-site HIV
test [SD Bioline HIV/Syphilis Duo test (Standard Diag-
nostics)] using a finger stick blood sample. Only those
with a negative HIV test result were included in the study.
For the GIR and PIR groups, data were obtained from
medical records, including self-reported HIV acquisition
route, CD4+T cell count, CD8+T cell count, HIV viral
load, biochemical indices, the date of HIV diagnosis, and
ART initiation date. Furthermore, demographic charac-
teristics, sexual orientation, dietary habits, bowel habits,
and other relevant lifestyle factors were collected through
a field questionnaire. Missing values were imputed using
the median for continuous variables and the mode for
categorical variables.

This study received ethics approval from the Ethics
Review Board of the School of Public Health (Shenzhen),
Sun Yat-sen University (SYSU-SPH2020047). Signed
informed consent was obtained from each participant at
enrollment. To protect participants’ privacy, identifying
information including name, phone number, address, and
ID number were not collected.

Measures

Targeted metabolomic analysis of stool samples was
performed by Metabo-Profile Biotechnology (Shang-
hai, China) according to the methodology described
in previous studies [32]. Fresh stool samples were col-
lected in sterile tubes from each participant. Within 4 h,
the stool samples were transferred to the laboratory in
an ice bath, and stored at —80 °C. To identify microbial
metabolites that potential to play active roles in immu-
nologic response, we targeted a panel of metabolites
that participate in multiple metabolic pathways related
to host-gut microbiota co-metabolism [33]. Each stool
sample (approximately 5 mg) was homogenized with
25 pl of water and zirconium oxide beads for 3 min.
Then, 120 pl of methanol containing an internal stand-
ard was added. The sample was centrifuged at 18,000xg
for 20 min after homogenizing for another 3 min. The
supernatant (20 pl) was transferred to a 96-well plate, and
following procedures were performed on the Eppendorf
epMotion Workstation (Eppendorf Inc., Humburg, Ger-
many). In each well, 20 pl of freshly prepared derivative
reagents were added, and the plate was sealed and deri-
vatized (30 °C for 60 min). After derivatization, 330 pl of
ice-cold 50% methanol solution was added to dilute the
sample. The plate was then stored at —20 °C for 20 min,
followed by 4000xg centrifugation at 4 °C for 30 min.
Finally, 135 pl of the supernatant was transferred to a
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new 96-well plate, with 10 pl of internal standard added
to each well. Aliquots of metabolite extracts were mixed
to prepare the pooled quality control (QC) sample, which
was prepared along with the study samples and run after
every 10 study samples.

Microbial metabolites were quantitated in ultra-per-
formance liquid chromatography coupled with tandem
mass spectrometry (UPLC_MS/MS) system (ACQUITY
UPLC-Xevo TQ-S; Waters Corp., Milford, MA, USA).
We used HPLC columns, including an ACQUITY HPLC
BEH C18 1.7 pm VanGuard precolumn (2.1 mm X5 mm)
and an ACQUITY HPLC BEH C18 1.7 um analytical col-
umn (2.1 mmX100 mm), for chromatographic separa-
tion of stool samples. The column temperature was set
at 40 °C, and the sample manager temperature was main-
tained at 10 °C. The mobile phases consisted of solvent
A (water with 0.1% formic acid) and solvent B (acetoni-
trile/IPA, 70:30). The gradient conditions were as follows:
0-1 min (5% B), 1-11 min (5-78% B), 11-13.5 min (78—
95% B), 13.5—-14 min (95-100% B), 14—16 min (100% B),
16-16.1 min (100-5% B), and 16.1-18 min (5% B). The
flow rate was 0.40 ml/minute, and the injection volume
was 5.0 pl. The mass spectrometer settings were as fol-
lows: capillary: 1.5 kV (ESI+), 2.0 kV (ESI-), source tem-
perature: 150 °C, desolvation temperature: 550 °C, and
desolvation gas flow: 1000 L/h. Details of MRM transi-
tions for 3-NPH derivatized metabolites, along with
their linearity range, precision, and accuracy, are listed
in Table S1. The raw data generated by UPLC_MS/MS
were processed by TMBQ software (v1.0, Metabo-Profile,
Shanghai, China) for peak integration, calibration, and
quantitation as described elsewhere [32].

Statistical analysis

The sociodemographic and clinical characteristics of par-
ticipants were presented as frequency (%) for categorical
variables and median [interquartile range (IQR)] for con-
tinuous variables. Principal component analysis (PCA)
was performed to identify structure in the distribution
of microbial metabolites across different groups. The P
value in PCA was calculated using permutational mul-
tivariate analysis of variance (PERMANOVA) with dis-
tance matrices. Differential metabolites among the three
groups were assessed by the Kruskal-Wallis test. Pair-
wise comparisons of differential metabolites between the
groups were evaluated using the Wilcoxon rank-sum test
and presented in volcano plots. All P-values were FDR-
corrected using the BH method. Metabolomics data often
exhibit high dimensionality and multicollinearity. The
least absolute selection and shrinkage operator (LASSO)
is a regularization technique for managing overfitting
and performing variable selection. It adds the L1 norm
of the coeflicients as a penalty term to the loss function,
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thereby constraining the coefficients [34]. LASSO has
been applied in various metabolomics data analyses to
perform necessary data reduction prior to building the
model [35, 36]. A previous study, using multiple machine
learning methods to identify disease-related metabolic
biomarkers, demonstrated that the LASSO regression
model exhibited the best predictive performance, while
linear regression and ridge regression models performed
poorly [37]. All significantly altered metabolites were
screened using LASSO with tenfold cross-validation
to define the A parameter that resulted in the minimum
mean squared error of the regression model, employing
the “glmnet” package in R [38]. Metabolites with a non-
zero B-coefficient in at least one of the ten LASSO mod-
els were included for further analysis. Logistic models
were built for metabolite selection in the LASSO method,
and receiver operating characteristic (ROC) curves were
conducted to illustrate the performances of models.
Statistical differences were determined at P<0.05. Sen-
sitivity analysis was conducted to investigate whether
rectal douching is associated with altered gut microbi-
ota metabolites. All statistical analyses were performed
using R version 4.2.1 (R Core Team, Vienna, Austria). To
explore the functions of significantly altered metabolites
for each paired group, pathway analysis was performed
using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) Database in MetaboAnalyst 5.0 (University of
Alberta, Edmonton, Canada).

Results

Participants’ characteristics

A total of 149 participants were included in our study,
including 51 HC, 56 GIR, and 42 PIR. Most of them
were single (88.59%, 132/149) and homosexual (85.23%,
127/149). Additionally, 30.20% (45/149) reported rec-
tal douching in the past 3 months. Participants in the
HC group were younger than those in the GIR and PIR
groups. PIR were more likely to report having no male
sexual partners and using condoms in the past 6 months.
No significant differences in BMI (P=0.386), sexual ori-
entation (P=0.478), rectal douching (P=0.223), def-
ecation frequency (P=0.055), and stool form (P=0.673)
were found among HC, GIR, and PIR. Time since HIV
diagnosis and ART duration were similar between PIR
and GIR. PIR reported lower CD4+T cell count and
CD8+T cell count, as well as more advanced WHO
stage (Table 1). No significant differences were observed
between PIR and GIR regarding hepatitis B virus (HBV)
co-infection rates (P=0.114), and no individuals reported
co-infections with hepatitis C virus (HCV) or cytomeg-
alovirus (CMV). Among the HIV-infected MSM who
reported their baseline ART regimens (97.95%, 96/98),
all regimens included nucleoside reverse transcriptase
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inhibitors (NRTIs), and the majority of participants
(86.46%, 83/96) received a combination of NRTIs and
non-nucleoside reverse transcriptase inhibitors (NNR-
T1s) (Table S2).

Metabolite profiling

A total of 174 metabolites were quantified from stool
samples of the 149 included participants. Unsupervised
scatter plots generated by PCA scores revealed discern-
ible distinctions in metabolite profiles among HC, GIR,
and PIR, subsequently confirmed by PERMANOVA
(P=0.005) (Fig. 1). No significant differences were found
between MSM who experienced rectal douching in the
previous 3 months and those who did not (Figure S1).

Altered metabolites and metabolic pathways

A total of 81 differential metabolites were identified
among HC, GIR, and PIR (Fig. 2; Table S3). Notably,
indole-3-propionic acid significantly decreased from HC
and GIR to PIR, suggesting a potential role in immune
regulation. A totlal of 88 metabolites were differentially
abundant (P<0.05) (Fig. 3A; Table S4) between GIR and
HC, with 72 remaining significant after FDR adjust-
ment (Pppp<0.05). When PIR was compared with HC,
53 metabolites (21 increased and 32 decreased) were
significantly altered (P<0.05) (Fig. 3B; Table S5), and 30
metabolites (9 increased and 21 decreased) remained sig-
nificant after FDR adjustment (Prpr<0.05). When PIR
was compared with GIR, 18 metabolites (7 increased
and 11 decreased) were significantly altered (P<0.05)
(Fig. 3C, Table S6), while none remained significant after
FDR adjustment.

Pathway analysis showed that differential metabo-
lites between PIR and HC were enriched in primary
bile acid biosynthesis, glutathione metabolism, arginine
biosynthesis, arginine and proline metabolism, alanine,
aspartate and glutamate metabolism, and glyoxylate
and dicarboxylate metabolism (Fig. 4B). These meta-
bolic pathways were also altered between HC and GIR
(Fig. 4A). The significantly enriched pathways in PIR
compared with GIR were included (1) butanoate metabo-
lism, (2) alanine, aspartate, and glutamate metabolism,
(3) glycine, serine, and threonine metabolism, (4) tryp-
tophan metabolism, (5) synthesis and degradation of
ketone bodies (Fig. 4C).

Potential metabolites biomarkers related to immunological
non-response

Using significantly altered metabolites (P<0.05 for the
comparison between PIR and GIR, Prpp<0.05 for the
other two paired comparisons), we selected 11 metabo-
lites as markers to classify GIR from HC using LASSO
regression, including cinnamic acid, hydrocinnamic
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Table 1 Demographics and clinical characteristics of HIV-infected and HIV-uninfected MSM
Overall HC GIR PIR Pvalue
N 149 51 56 42
Age, Mean (SD) 3207 (7.37) 27.66 (4.84) 3245 (6.63) 36.93 (7.74) <0.001"
BMI, Mean (SD) 21.67 (2.85) 21.93(299) 21.83(3.11) 21.16 (2.26) 0.386
Marriage, N (%) 0.001"
Single 132 (88.59) 51(100.00)  50(89.29) 31(73.81)
Married 7(4.70) 0(0.00) 1(1.79) 6(14.29)
Divorce 10 (6.71) 0(0.00) 5(8.93) 5(11.90)
Sexual orientation, N (%) 0478
Homosexual 127 (85.23) 47 (92.16) 45 (80.36) 35(83.33)
Bisexual 14 (9.40) 2(3.92) 7 (12.50) 5(11.90)
Uncertain 8(5.37) 2(3.92) 4(7.14) 2(4.76)
Number of male sexual partners in the previous 6 months, N (%) <0.001"
0 60 (40.27) 5(9.80) 28 (50.00) 27 (64.29)
1 47 (31.54) 18 (35.29) 18 (32.14) 1(26.19)
>2 42 (28.19) 28 (54.90) 10(17.86) 4(9.52)
Sex role in the previous 6 months, N (%) <0.001"
Receptive only 32(2148) 14 (27 45) 4 (25.00) 4(9.52)
Insertive only 27(18.12) 15 (29.41) 8(14.29) 4(9.52)
Insertive and receptive 30(20.13) 17 (33.33) 6(10.71) 7(16.67)
Not applicable® 60 (40.27) 5(9.80) 28 (50.00) 27 (64.29)
Frequency of condom use in the previous 6 months, N (%) <0001
Sometimes 29 (19.46) 20(39.22) 7(12.50) 2(4.76)
Always 60 (40.27) 26 (50.98) 21(37.50) 13 (30.95)
Not applicable? 60 (40.27) 5(9.80) 28 (50.00) 27 (64.29)
Rectal douching in the previous 3 months, N (%) 0.223
Yes 45 (30.20) 20(39.22) 14 (25.00) 11 (26.19)
No 104 (69.80) 31(60.78) 42 (75.00) 31(73.81)
Defecation frequency in the past month, N (%) 0.055
2-3 times per day 49 (32.89) 13 (25.49) 22(39.29) 14 (33.33)
1 time per day 91 (61.07) 31 (60.78) 33 (58.93) 27 (64.29)
2-3 times per day 9 (6.04) 7(13.73) 1(1.79) 1(2.38)
Stool form in the past month, N (%) 0673
Separate hard lumps 2(1.34) 1(1.96) 1(1.79) 0(0.00)
Lumpy and sausage like 8(5.37) 3(5.88) 3(5.36) 2(4.76)
A sausage shape with cracks in the surface 33(22.15) 12 (23.53) 12 (21.43) 9(21.43)
Like a smooth, soft sausage or snake 62 (4161) 15(2941) 25 (44.64) 22 (52.38)
Soft blobs with clear-cut edges 35(23.49) 17 (33.33) 1(19.64) 7(16.67)
Mushy consistency with ragged edges 9 (6.04) 3(5.88) 4(7.14) 2(4.76)
Baseline WHO stage, N (%) 0.004"
Il 2 (2.04) 2(3.57) 0 (0.00)
I 89 (90.82) 54 (96.43) 35(83.33)
I\ 7(7.14) 0(0.00) 7(16.67)
Time since HIV diagnosis, year, Median (IQR) 4.25(3.00,6.15) 4.20(2.95,6.70) 445 (3.02,5.70) 0.530
ART duration, y, Median (IQR) 3.90 (2.55, 5.40) 4.05 (2.85,6.00) 3.65(2.42,4.88) 0219
Baseline CD4+T cell count (cells/ul), Median (IQR) 153.50 (37.50, 274.00) 248.00 (163.75, 306.00) 36.00 (18.25,100.25) <0.001"
Baseline CD8+T cell count (cells/ul), Median (IQR) 695.00 (470.25, 1096.00) 924.00 (566.50, 1206.00)  596.00 (390.50, 751.75)  <0.001"
Latest CD4+T cell count (cells/ul), Median (IQR) 392.50(211.75,536.75) 527.50 (440.75, 595.25) 19150 (132.75,23525)  <0.001"
Latest CD8+T cell count (cells/ul), Median (IQR) 707.00 (551.00, 926.25) 736.50 (583.75,941.00) 675.50 (416.50,904.00) 0.160

HC healthy controls, GIR good immunological responders, PIR poor immunological responders, BVl body mass index, IQRinterquartile range, WBC white blood cell,
PLT platelet, Hb hemoglobin, Scr serum creatinine, TG triglyceride, TC total cholesterol, Glu glucose, AST aspartate aminotransferase, ALT alanine aminotransferase, TBIL

total bilirubin, SD standard deviation
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Table 1 (continued)
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2 If, over the past 6 months, the participants did not have any male sexual partners, the specific sexual roles and frequency of condom use during that time were

categorized as unknown
* Showed significant differences between different groups
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Fig. 1 Principal component analysis for HC, GIR, and PIR groups. HC, healthy controls; PIR, poor immunological responders; GIR, good

immunological responders; PC, principal components

acid, azelaic acid, pyroglutamic acid, 3-hydroxybutyric
acid, 3-hydroxyisovaleric acid, glutamic acid, adipic acid,
phthalic acid, hyocholic acid and aspartic acid (Fig. 5A).
PIR was classified from HC by 6 metabolite mark-
ers, including azelaic acid, pipecolic acid, pyroglutamic
acid, cinnamic acid, hydrocinnamic acid, and indole-
3-propionic acid (Fig. 5B). To distinguish PIR from
GIR, 4 metabolites were identified, including dimeth-
ylglycine, cinnamic acid, 3-hydroxyisovaleric acid, and
propionic acid (Fig. 5C). Screening of metabolite selec-
tion via LASSO regression is shown in the supplement
(Figures S2-7).

Immunologic response status discrimination

with metabolites biomarkers

The area under the curve (AUC) was 0.956 [95% confi-
dence interval (CI) 0.918-0.994] for the GIR-HC model
(Fig. 5A), 0.836 (95% CI: 0.753-0.919) for the PIR-HC
model (Fig. 5B), and 0.773 (95% CI: 0.675-0.871) for
PIR-GIR model (Fig. 5C).
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Fig. 2 Z-score heatmap of 81 significantly altered metabolites among HC, GIR, and PIR. Significance of altered metabolites were determined using
the Kruskal-Wallis test with a cut-off of P<0.05. HC, healthy controls; PIR, poor immunological responders; GIR, good immunological responders
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Fig. 3 Volcano plots of significantly altered metabolites between groups. The significant metabolites highlighted in the volcano plot were defined
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between two groups. log2FC represents the magnitude and direction of concentration change (upregulation or downregulation). The P value tests
whether the difference in metabolite concentration between two groups is statistically significant. A Compared to HC, a 88 metabolites showed
significant differences, with 39 up-regulated and 49 down-regulated in the GIR group. B Compared to HC, 53 metabolites showed significant
differences, with 21 up-regulated and 32 down-regulated in the PIR group. C Compared to GIR, 18 metabolites showed significant differences,

with 7 up-regulated and 11 down-regulated in the PIR group. HC, healthy controls; PIR, poor immunological responders; GIR, good immunological
responders
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Fig. 5 Metabolite markers for pairwise discriminations of HC, GIR, and PIR groups. A Receiver operating characteristic (ROC) analysis for the 11
metabolite markers discriminating GIR from HC. B ROC analysis for the 6 metabolite markers discriminating PIR from HC. C ROC analysis for the 4
metabolite markers discriminating PIR from GIR. HC, healthy controls; PIR, poor immunological responders; GIR, good immunological responders;
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Discussion

We observed significant differences in gut microbial
metabolites among GIR, PIR, and HC. Specifically, we
identified 88, 53, and 18 significantly altered metabo-
lites when comparing GIR vs. HC, PIR vs. HC, and PIR
vs. GIR, respectively. Furthermore, 11, 6, and 4 metab-
olites in each paired comparison were selected using
LASSO regression. Our results showed that the selected
metabolites can accurately differentiate different immu-
nologic responses in HIV-infected MSM. These find-
ings provide new insights into the metabolomic profiles

of immunologic response among HIV-infected MSM
and offer potential metabolites-related treatment strat-
egies for PIR.

Metabolites have the potential to regulate immunologic
responses among HIV-infected MSM. The decreasing
trend of indole-3-propionic acid from HC to GIR to PIR
was observed in our study. Tryptophan was lower in PIR
compared with GIR. The tryptophan metabolism differed
between PIR and GIR, indicating the biological relevance
of the altered metabolisms. This finding is consistent
with our previous study on gut microbiota composition
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in HIV patients. Our 16S rRNA sequencing results
revealed that the abundance of Bifidobacterium was sig-
nificantly higher in HC compared to both GIR and PIR
[39]. Bifidobacterium is known to produce indole-3-lactic
acid, a metabolite that plays a crucial role in regulating
tryptophan metabolism [40]. This suggests a potential
link between the reduced abundance of Bifidobacterium
in HIV-infected MSM and alterations in tryptophan
metabolism. A previous study also showed the level of
indole-3-propionic acid was lower in PLHIV compared
to HIV-uninfected individuals. However, no signifi-
cant difference was observed between the two groups of
PLHIV who experienced different increases in CD4+T
cell counts in the first 2 years after ART initiation [24].
Additionally, tryptophan was proven to increase CD4+T
cell levels in HIV-infected patients after ART initiation
[41-43]. Another cohort study also reported metabolites
associated with tryptophan metabolism in both HIV-
infected and uninfected participants [44]. Indole-3-pro-
pionic acid, a product of tryptophan metabolism, shows
anti-inflammatory properties [45]. Moreover, it plays a
crucial role in preserving the integrity of mucosal bar-
rier in the intestine [46]. Disruption of the gastrointesti-
nal barrier is a hallmark of many chronic inflammatory
diseases, including HIV infection [47]. A reduction in
indole-3-propionic acid levels may reflect gut microbial
dysbiosis and persistent inflammation in PLHIV [48, 49].

Importantly, we identified four novel metabolite mark-
ers related to immunologic response in HIV-infected
MSM. Our study showed that propionic acid and cin-
namic acid were depleted in PIR compared with GIR,
which may imply the immunomodulatory properties.
Consistent with this finding, our previous 16S rRNA
sequencing data revealed that the relative abundance of
Megamonas, a known producer of propionic acid, was
significantly higher in GIR than in PIR [39]. A previous
study reported elevated levels of propionic acid in PLHIV
when compared to HIV-uninfected subjects [50]. Animal
models have shown that propionic acid can significantly
increase gut-associated Treg cells, subsequently reduc-
ing systemic immune responses and improving autoim-
mune disease symptoms [51]. A study on db/db mice
has shown that cinnamic acid significantly increased
the gene and protein expression of tryptophan metabo-
lism while reducing serotonin levels, suggesting that cin-
namic acid may regulate tryptophan metabolism [52].
This potential mechanism corroborates the observed
changes in indole-3-propionic acid and tryptophan in
this study. Furthermore, cinnamic acid was reported to
significantly improve mitochondrial function. Evidence
suggests that mitochondrial metabolism determines the
differentiation, survival, and function of immune T cells.
Targeting mitochondrial dysfunction was reported to
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restore the function of exhausted CD8+T cells in HIV
infection [53]. In contrast, the levels of dimethylglycine
and 3-Hydroxyisovaleric acid were higher in PIR than in
GIR. A study on HIV-infected women who received ART
showed a depletion of dimethylglycine in participants
with higher CD4+T cell count [54]. A large prospec-
tive cohort study reported a positive linear relationship
between dimethylglycine and C-reactive protein levels.
This cohort study also suggested high plasma dimeth-
ylglycine levels may be related to the regulation of lipid
and energy metabolism [55]. A pediatric HIV-infected
cohort study also showed higher cerebrospinal fluid lev-
els of 3-hydroxyisovaleric acid in HIV-infected individu-
als. This may be due to increased disruption of intestinal
wall in PIR compared to GIR, resulting in malabsorption,
which leads to a cascade of metabolic effects, including
increased lactose levels, transketolase deficiency, and
3-methylcrotonyl-CoA carboxylase deficiency [56].

Therapeutic interventions targeting the aforemen-
tioned differential metabolites, including tryptophan-
related products and the four metabolic biomarkers,
may potentially reverse the presence or level of abnor-
mal metabolites in PLHIV, thereby promoting immune
response. Numerous experimental therapies targeting
tryptophan metabolism are currently under investigation
as novel cancer treatments. Epacadostat, a highly selec-
tive and orally bioavailable Indoleamine 2,3-dioxygenase
1 inhibitor, is currently undergoing phase 3 clinical tri-
als following positive results from multiple phases 1 and
2 clinical studies [57]. A large cohort study showed that
after 2 weeks of multiple sclerosis immunotherapy sup-
plemented with propionic acid, Treg cell levels signifi-
cantly increase while Th1 and Th17 cell levels decreased
[51]. However, further animal models and clinical stud-
ies are needed to evaluate whether these metabolites can
effectively regulate the level of CD4+T cell counts in
PLHIV.

Our analysis also confirmed significant differences in
butanoate metabolism, alanine, aspartate, and glutamate
metabolism, and glycine, serine, and threonine metabo-
lism between GIR and PIR. Butyrate plays a crucial role
in the maintenance of the intestinal epithelial barrier, and
mediating the effects of the gut microbiome on systemic
and local immunity [58]. Previous evidence revealed
a reduction of butyrate-producing gut microbiota in
patients with inflammatory bowel diseases [59]. Stud-
ies showed that CD4 count was directly associated with
alanine, and inversely correlated with glutamine concen-
trations in PLHIV [60]. Growing evidence shows gluta-
mate receptors play an important role in T cell-mediated
immunity and T cell development [61, 62]. As a substrate
for the synthesis of purine and pyrimidine nucleotides,
aspartate is crucial for the proliferation of lymphocytes
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[63]. Besides, aspartate enhances the intestinal immune
responses by promoting the production of interleukin-
1b in M1 macrophages [64]. Previous studies have also
shown that glycine and serine metabolism is one of the
most significantly associated metabolic pathways with
HIV [24]. Glycine is necessary for facilitating the activ-
ity of glycine-gated chloride channels in leukocytes and
macrophages. This activation has the potential to reduce
cellular calcium levels, thereby inhibiting the production
of cytokines and superoxide, and displaying anti-inflam-
matory properties [65].

Additionally, PIR in this study had lower CD4+T and
CD8+T cell counts and were more likely to be classified
as WHO stage IV. PLHIV with low CD4+T cell counts
or an AIDS-defining event, regardless of their CD4+T
cell count at diagnosis, are classified as late presenters.
Late HIV diagnosis significantly reduces life expectancy
while increasing healthcare costs, the risk of HIV-related
comorbidities, and HIV transmission [66]. It is urgent to
strengthen public health efforts to improve timely HIV
diagnosis and treatment.

No significant differences in metabolite profiles were
found between the two groups, regardless of whether
rectal douching was performed in the previous 3 months.
To date, no other studies have investigated the relation-
ship between rectal douching and the gut microbiota
or its metabolites. However, our study did not explore
issues related to rectal douching behavior, which can vary
in terms of frequency, types of devices, or types of fluid
used. A systematic review indicated that rectal douching
was associated with an increased risk of HIV infection
among MSM [67]. More studies are needed to explore
the relationship between rectal douching and health
outcomes.

Our study had several notable strengths. Firstly, pre-
vious studies focused on exploring the differences in
metabolites between HIV-infected and HIV-uninfected
individuals, whereas the association of microbial metabo-
lites and various immunologic responses in HIV-infected
MSM has not been elucidated. Secondly, previous studies
did not set sexual behavior as a screening criterion, while
studies showed MSM have significantly different gut
microbiota compared to non-MSM individuals [26, 68].
Our study is one of the first studies to compare micro-
bial metabolites among HIV-infected MSM with poor
immunological response, HIV-infected MSM with good
immunological response, and HIV-uninfected MSM.
Our study also includes healthy MSM as controls, with a
large sample size and stringent inclusion criteria, ensur-
ing more reliable results.

Several limitations should be considered. First, this is
a cross-sectional study, which may not fully reflect the
complex changes in the dynamic relationship between
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metabolites and immunologic response in HIV-infected
MSM during ART. Longitudinal studies and mechanism
experiments are needed to further explore the role of
differential metabolites in the process of immunologic
response. Second, we included only MSM from China
and excluded individuals with a history of gastrointes-
tinal surgery or special dietary habits, which may limit
the generalizability of our study results. More studies are
needed to explore altered gut microbiota metabolites that
affect immune responses in non-MSM populations, such
as women and heterosexual men, as well as to explore the
potential impacts of special diets and gastrointestinal sur-
gery. Third, potential confounding factors, including ART
regimens, sexual behavior characteristics (such as fre-
quency of sexual activity and number of sexual partners),
co-infections, differences in recruitment sources between
HC and HIV-infected MSM, recent food intake, alcohol
consumption, and smoking status, may have influenced
the metabolic profiles observed in this study. However,
the comprehensive exclusion criteria, along with the
similarity in gender, sexual orientation, and BMI across
the three groups, the lack of significant differences in co-
infection with HBV and HCV between the GIR and PIR
groups, and the fact that most PLHIV received ART regi-
mens including NRTTIs, help mitigate the potential con-
founding effects of individual differences. Further studies
are needed to reduce the influence of these confound-
ing factors on the investigation of distinct gut microbial
metabolites in PLHIV with varying immune responses.
Fourth, missing values for demographics and clini-
cal characteristics of HIV-infected and HIV-uninfected
MSM were imputed with the median for continuous vari-
ables and the mode for categorical variables, which may
not accurately reflect the actual situation. However, in
this study, only a very small number of participants had
missing values, so the impact on the results is minimal.
Fifth, this study used targeted metabolomics profiling,
which may not adequately reflect the altered metabolites
among HC, GIR, and PIR. Lastly, further mechanistic
studies and clinical trials are warranted for the validation
of selected biomarkers.

Conclusions

Our study proposed a novel perspective on the rela-
tionship between altered gut microbiota metabolites
and immunologic response in HIV-infected MSM
with suppressed viral load. Notably, dimethylglycine,
cinnamic acid, 3-hydroxyisovaleric acid, and propi-
onic acid were identified as key metabolites related
to different immunologic responses. Furthermore,
we demonstrate immunologic response is associated
with indole-3-propionic acid and tryptophan, possibly
attributed to the altered tryptophan metabolism. These
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findings highlight the potential of utilizing metabo-
lites as biomarkers for disease progression after ART
initiation in HIV-infected MSM and provide insight
for future investigations into HIV treatment strate-
gies. In addition, longitudinal studies and mechanism
experiments are needed to further explore the role of
differential metabolites in the process of immunologic
response, establish causality, and determine their pre-
dictive value.
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