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Abstract
Background  Antiretroviral therapy (ART) has significantly improved the prognosis for people living with human 
immunodeficiency virus (PLWH). However, alterations in the gut microbiota of PLWH affect their metabolic 
environment and may contribute to chronic inflammation and premature aging, despite effective ART. Given that 
inflammation in the body have been shown to be risk factors for age-related diseases, elucidating changes in the gut 
microbiota and metabolic levels over time in individuals would be for understanding the dynamics in the body that 
lead to disease development.

Methods  The study assessed changes in blood markers, gut microbiota, and metabolic environment of PLWH on 
ART for four years, with participants divided into two groups based on median CD4 cell count (580/µL).

Results  The high-CD4 group was more obese than the low-CD4 group, but there was no significant difference in 
comorbidities, such as diabetes, hypertension, and dyslipidemia. An investigation of the alterations in gut microbiota 
over a 4-year period revealed a reduction in specific groups of bacteria that produce short-chain fatty acids (SCFAs) 
and an increase in the occurrence of Enterobacteriaceae. In addition, a decline in bacterial thiamine synthesis was 
predicted, and a decreased abundance of the Ruminococcus gauvreauii group, which relies on supplementation with 
thiamine from symbiotic bacteria, was observed. The abundance of Collinsella and Catenibacterium at baseline was 
positively correlated with the predicted number of thiamine-synthesizing pathway. The presence of Catenibacterium 
at follow-up was inversely correlated with the rate of increase in plasma levels of lipopolysaccharide-binding protein, 
an indicator of a leaky gut. In terms of assessing the diversity of gut microbiota, a trend towards an increase in 
opportunistic bacteria with different genetic distances was observed in the high-CD4 group at follow-up.

Conclusion  These observations suggested that, despite effective ART, the thiamine-deficient environment in the 
gut continues to reduce thiamine-requiring bacteria, such as certain SCFA-producing bacteria. As a result, secondary 
effects, such as proliferation of opportunistic bacteria and chronic inflammation associated with increased intestinal 
permeability, proceed in PLWH. Thus, certain essential nutrient deficiencies for gut metabolic environment may 
disrupt the symbiotic relationship between gut bacteria and increase the risk of developing inflammatory diseases.
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Introduction
Antiretroviral therapy (ART) has transformed human 
immunodeficiency virus (HIV) infection from a fatal dis-
ease to a controllable chronic condition. Despite these 
improvements, persistent inflammatory conditions 
caused by low levels of viral replication put people living 
with HIV (PLWH) at risk of premature aging and age-
related morbidities [1]. Chronic inflammation has been 
linked to disease progression in PLWH, along with meta-
bolic syndrome, osteoporosis, non-HIV-related cancers, 
and the development of severe comorbidities [2].

Many chronic infectious diseases, such as HIV infec-
tion and viral hepatitis, have been reported to cause 
alterations in the gut microbiota (dysbiosis) [3]. A 
decrease in short-chain fatty acid (SCFA)-producing 
bacteria, particularly those belonging to the genus Clos-
tridium, observed in infections, is a characteristic feature 
of dysbiosis [3]. Especially, loss of SCFA-producing bac-
teria and decreased systemic concentrations of butyrate 
and propionate in the blood have been reported, and the 
inability to convert lactate to propionate has been linked 
to death and comorbidities in PLWH [4]. The gut micro-
biota and its byproducts impact the body’s homeostatic 
processes, including nutrition, metabolism, and immune 
system regulation, and are linked to the development of 
numerous disease conditions [5]. Therefore, understand-
ing the relationship between changes in the gut micro-
biota during ART treatment and persistent inflammation 
observed in PLWH is important to prevent the risk of 
potential pathological progression. In many previous 
reports, including ours, the gut microbiota of PLWH was 
found to be enriched in Gammaproteobacteria, deficient 
in Lachnospiraceae and Ruminococcaceae, and reduced 
in alpha diversity, regardless of gender and sexual habits 
[3, 6, 7]. In other words, changes in the gut microbiota 
of PLWH were characterized by a decrease in the num-
ber of obligate anaerobes and an increase in the number 
of facultative anaerobes, suggesting a reduced intestinal 
barrier (resulting in leaky gut). In general, HIV disrupts 
the intestinal mucosal barrier, resulting in infection and 
depletion of CD4 + T cells, which are abundant in gut-
associated lymphoid tissues [8]. This indicates that many 
intestinal microorganisms and their metabolites enter 
the blood circulation and induce immune activation and 
hyperinflammatory responses, contributing to chronic 
immune activation [9].

The gut microbiota requires growth factors, such as 
nucleotides, amino acids, and vitamins, for their meta-
bolic activities. Bacteria capable of producing these 
growth factors are called prototrophs while those that 
obtained them from external sources, such as diet or 

cross-feeding by other bacteria, are called auxotrophs 
[10]. Presumably, a mutually beneficial relationship exists 
among gut bacteria to exchange growth factors; thiamine, 
also known as vitamin B1, is essential for bacterial metab-
olism [11] and is considered a nutrient for cross-feeding 
[12]. Thiamine works as a cofactor for some metabolism-
related enzymes, including α-ketoglutarate dehydroge-
nase and pyruvate dehydrogenase [13]. Thiamine is not 
synthesized in humans, and is mainly obtained from 
dietary intake and bacterial synthesis. Research indi-
cates that the proximal segment of the small intestine is 
primarily responsible for the absorption of free thiamine 
from dietary sources [14]. The gut microbiota generates 
free thiamine and thiamine pyrophosphate (TPP), both of 
which are absorbed by the host. Free thiamine is taken up 
by the colon via the thiamine transporter, similar to that 
in the small intestine, whereas TPP is absorbed in the 
colon by specific transporters [15]. Although it is unclear 
whether food-derived thiamine and bacteria-derived thi-
amine play different roles in the host, analysis using spe-
cific-pathogen-free animals would provide insights into 
the importance of vitamin synthesis by bacteria [16].

We had previously reported the relationship between 
gut bacterial profile and inflammatory status in 109 Jap-
anese PLWH whose plasma viral load was suppressed 
by long-term ART treatment [6]. To emphasize the sig-
nificance of understanding the intestinal environment, 
conducting longitudinal studies, to explore how modifi-
cations in the gut microbiota, persistent chronic inflam-
mation, and their interplay impact metabolic changes 
and the gut microbiota associated with aging, would be 
essential. However, such studies are lacking at present. In 
this report, we aimed to analyze the correlation between 
shifts in the intestinal environment, as inferred from 
4-year changes in the gut microbiota, and inflammatory 
cytokines in the plasma of PLWH on effective ART.

Materials and methods
Collection of blood and stool samples from study 
participants
The 46 participants were PLWH receiving ART treatment 
at the University of Tokyo Institute of Medical Science 
Hospital. The first (baseline) stool and blood samples 
were collected from study participants between 2017 and 
2018 [6], and the second stool and blood samples were 
collected approximately four years later (follow-up). The 
participants were conveniently divided into two groups 
based on the median CD4 levels at baseline (CD4 = 580 
cells/µL). Table  1 and Supplementary Table 1 provide 
details of the participants’ ART prescriptions and pre-
existing medical conditions. All study participants had 
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been on ART for at least 10 years, and nearly all had an 
HIV viral load below 50 copies/mL at baseline (45/46, 
97.8%). During these 4 years, blips with detectable levels 
below 100 copies/mL were observed in a few patients; the 
viral load was otherwise under control. The main under-
lying diseases at baseline were diabetes (n = 3, 6.5%), 
hypertension (n = 9, 19.6%), and hyperlipidemia (n = 6, 
13.0%) and comorbidity rates increased slightly over the 
four-year period (Table  1). During the study period, a 
small number of patients were on antibiotics, steroids, or 
proton pump inhibitors (PPIs) within one month prior to 
stool sample collection (Supplementary Table 1).

The stool samples were stored at -80 °C prior to deoxy-
ribonucleic acid (DNA) preparation. Plasma fractions 
of blood samples were separated and collected in Ficoll-
Paque and SepMate columns (StemCell Technologies, 
Vancouver, BC, Canada) and stored at -80  °C. Clinical 
parameters and blood samples were collected within 3 
months before and after stool sample collection.

DNA extraction, amplification, and 16 S rRNA gene 
sequencing
Bacterial DNA was obtained from fecal samples as pre-
viously described [17]. According to the protocol out-
lined in the 16  S Metagenomics Sequencing Library 
Preparation Guide (Part #15044223 Rev. B; Illumina, 
San Diego, CA, USA), libraries of 16  S rRNA genes 
were prepared. The 16 S rRNA gene’s V3–V4 region was 
amplified using specific primers, including the forward 
primer (5 ‘-CACGACGCTCTTCCGATCTCCTAC-
GGGNGGCWGCAG-3’) and reverse primer 

(5’GACGTGTGCTCTTCCGATCTGACTACHVGGG-
TATCTAATCC-3’), which contained Illumina adapter 
overhang nucleotide sequences (underlined). For PCR 
amplicons, adapter ligation was performed using NEB-
Next Multiplex Oligos for Illumina (Dual Index Primers 
Set 1; New England Biolabs). Sequencing was performed 
on an Illumina MiSeq system (Illumina) using the MiSeq 
Reagent Kit v3 (600-cycle) inclusive of a 15% PhiX (Illu-
mina) spike-in.

Bacterial genome analysis
The sequences underwent a series of filtration processes, 
including quality assessment, noise reduction, and anal-
ysis, utilizing the Quantitative Insights into Microbial 
Ecology 2 (QIIME 2 version 2021.2) software, as previ-
ously documented [18]. The pipeline for the QIIME2 
analysis was conducted using the following official web-
site (https://qiime2.org/). The SILVA, a bacterial 16  S 
rRNA database (release 132) [19] was utilized to assign 
bacterial taxonomic classifications to the resulting ASVs. 
Specifically, the DADA2 algorithm was employed to 
refine paired-end reads into amplicon sequence variants 
(ASVs), with denoising (for example, removing miss-read 
sequences, low-quality reads, and primer sequences) 
[20]. The V3–V4 region of the 16 S rRNA gene was tar-
geted using the naïve Bayesian classification method [21]. 
Statistical analysis of alpha diversity, as determined by 
the Shannon index, was conducted using the QIIME2 
software (https://view.qiime2.org/), with a significance 
threshold of p-value < 0.05. To eliminate potential biases 
arising from variations in sequencing depth, the ASVs 

Table 1  Overview of the demographic and clinical characteristics of study participants
All patients (n = 46) CD4 count (300–580, 

n = 23)
CD4 count (580<, n = 23) 

Base line follow up p Base line follow up p Base line follow up p
Mean of Age (range) 51 ± 12.1 55 ± 11.9 52 (32–74) 56 (36–78) 51 (26–89) 54 (31–93)
No. (%) males 42 (91.3) - 21 (91.3) - 21 (91.3) -
No. (%) of MSM 35 (83.3) - 21 (91.3) - 21 (91.3) -
Mean of Nadir CD4 count (range) 166 ± 131.0 - 135 (13–287) - 196 (32–623) -
AIDS (%) 12 (26.0) - 8 (34.8) - 4 (17.4) -
Cancer (%) 2 (4.3) 2 (4.3) 0 0 2 (8.7) 2 (8.7)
Time since HIV diagnosis(mo) 144.6 ± 64.4 192.0 ± 66.9 151 ± 68 199 ± 68 138 ± 62 185 ± 62
Time on ART (mo) 133.0 ± 61.2 180.5 ± 64.6 133 ± 68 181 ± 68 133 ± 55 180 ± 55
No. (%) with viral loads < 50 copies/
ml

45 (97.8) 45 (97.8) ns 22 (95.6) 22 (95.6) ns 23 ( 100.0) 23 ( 100.0) ns

CD4 count (cells/µL) 603.8 ± 191.9 621.9 ± 204.3 ns 454.7 ± 80.7 490.9 ± 131.1 ns 752.9 ± 149.4 752.8 ± 190.7 ns
CD8 count (cells/µL) 704.4 ± 379.9 721.0 ± 299.5 ns 631.0 ± 191.1 704.0 ± 251.5 ns 778.3 ± 497.3 738.0 ± 345.8 ns
CD4/8 ratio 1.0 ± 0.6 1.0 ± 0.5 ns 0.78 ± 0.3 0.77 ± 0.3 ns 1.2 ± 0.7 1.2 ± 0.6 ns
BMI(kg/m2) 24.0 ± 3.8 24.5 ± 4.1 p < 0.05 22.9 ± 2.2 23.1 ± 2.3 ns 25.2 ± 4.6 25.9 ± 4.8 ns
ΔBMI 0.47 ± 1.32 0.25 ± 1.56 0.68 ± 1.02
Comorbidity
Diabetes (%) 3 (6.5) 5(10.9) ns 3 (13.0) 3 (13.0) ns 0 2 (8.7) ns
hypertension (%) 9 (19.6) 14(30.0) ns 4 (17.4) 7 (30.4) ns 5 (21.7) 7 (30.4) ns
hyperlipidemia(%) 6 (13.0) 9 (19.6) ns 2 (8.7) 3 (13.0) ns 4 (17.4) 6 (26.0) ns

https://qiime2.org/
https://view.qiime2.org/
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tables were aligned to an equal depth of 10,000 sequences 
per sample through alpha-rarefaction analysis. Data 
pre-processing was carried out using the ANCOM-II 
method to eliminate low-abundance or rare taxa prior to 
conducting differential presence ratio analysis [22]. This 
was followed by the Kruskal-Wallis H test for QIIME2. 
PERMANOVA, a permutational multivariate analysis 
of variance, was employed to assess the β-diversity and 
intricacy of bacterial communities across the samples. 
UniFrac distances for β-diversity, both unweighted and 
weighted, were presented in a distance matrix computed 
using QIIME2.

Statistics Analysis
The analysis of metagenomic profiles involved the use of 
multivariate analysis with linear models (MaAsLin)2 [23], 
with default parameters including a minimum preva-
lence of 0.1 and a maximum significance of 0.25. The 
MaAsLin2 analysis pipeline was conducted using the fol-
lowing website (https://huttenhower.sph.harvard.edu/
maaslin/) as a reference. The R program (version 4.3.2) 
was utilized for this analysis. Phylogenetic investigation 
of communities by reconstruction of unobserved states 
(PICRUSt) 2 [24] was used to predict microbial content 
and functional predictions based on bacterial genes, and 
the Kyoto Encyclopedia of Genes and Genomes database 
was used to examine predicted metabolic networks of gut 
microbiota [25]. The pipeline for the PICRUSt2 analysis 
was conducted using the following website: https://hut-
tenhower.sph.harvard.edu/picrust/ as a reference. The 
Wilcoxon matched-pairs signed rank test was used to 
test α-diversity-level and genus-level differential abun-
dances of bacteria between baseline and follow-up, with 
a significance level set at p < 0.05 or False Discovery Rate 
corrected p < 0.05 (two-tailed). GraphPad Prism 9 soft-
ware (GraphPad Software, San Diego, California, USA) 
was used for comparative analysis and to evaluate the 
relationship between bacterial compositions using the 
Spearman correlation test. Multiple t-tests (and nonpara-
metric tests) were performed using Prism9 for compara-
tive analysis of bacterial metabolic pathways and plasma 
cytokine/chemokine levels at baseline and follow-up.

Determination of cytokines in plasma
The Bio-Plex System from Bio-Rad Laboratories, along 
with the Bio-Plex Pro Human Chemokine Panel (40-Plex 
No. 171AK99MR2), and Bio-Plex Pro Human Inflam-
mation Panel 1 (37-Plex No. 171AL001M), was utilized 
to evaluate the plasma levels of inflammatory cytokines. 
The assay was performed according to the manufacturer’s 
instructions.

Results
Collection of stool and blood samples from PLWH and their 
medical histories
Gut microbiota was analyzed in 2018 for 109 PLWH [6], 
46 of whom had stool and blood samples collected after 
4 years to analyze their gut microbiota (follow-up study). 
The median plasma CD4 count of study participants was 
580 cells/µL. Therefore, for convenience, PLWH were 
classified into two groups, using the median plasma CD4 
count of 580 cells/µL as the cutoff point; the group with 
CD4 count greater than 580 cells/µL was high-CD4 group 
and the other with CD4 count is or less than 580 cells/µL 
was low-CD4 group. Examination of the body mass index 
(BMI) of these two groups revealed that the high-CD4 
group had a significantly higher BMI than the low-CD4 
group (p = 0.045 at baseline and p = 0.011 at follow up). 
There were no significant differences in the prevalence of 
comorbidities (diabetes, hypertension, and dyslipidemia) 
between the two groups during research period (Table 1).

Comparative analysis of gut microbial diversity in PLWH
A comparative analysis of the gut microbiota at baseline 
and follow-up was performed for the high- and low-
CD4 groups. First, a comparative analysis of three alpha 
diversity indices over the study period was performed to 
analyze the overall microbial changes; no statistically sig-
nificant change was observed in the amplicon sequence 
variants (ASVs) or Shannon index between the baseline 
and follow-up for either group (Fig.  1A and B). In con-
trast, Faith-PD, which measures genetic distance, showed 
a statistically significant increase from baseline to follow-
up in the high-CD4 group (Fig. 1C). However, no change 
was observed in the low-CD4 group. Principal coor-
dinate analysis (PCoA) was performed to compare the 
overall composition (β-diversity) of the microbial com-
munity based on UniFrac distance measurements. In the 
PCoA-based plot, the high-CD4 group was significantly 
separated from baseline to follow-up in the unweighted 
analysis, considering only bacterial presence or absence, 
whereas the low-CD4 group did not (Fig. 1D). However, 
in the weighted UniFrac distance, which considers the 
observed bacterial abundance, there was no significant 
difference between the baseline and follow-up for both 
the groups (Fig. 1E).

Temporal changes in gut microbiota from baseline to 
follow-up in high- and low-CD4 groups
We compared the temporal changes in gut microbiota 
of the high- and low-CD4 groups over the study period. 
Since body weight and aging may be correlated with 
metabolism (21), these were considered potential con-
founding factors when assessing changes that may have 
occurred in the gut microbiota during the study period. 
Therefore, we performed a multivariate analysis with a 

https://huttenhower.sph.harvard.edu/maaslin/
https://huttenhower.sph.harvard.edu/maaslin/
https://huttenhower.sph.harvard.edu/picrust/
https://huttenhower.sph.harvard.edu/picrust/
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linear model (MaAsLin2) adjusted for body mass index 
(BMI) and age (Fig.  2) and observed fluctuations in the 
overall gut microbiota across the five classes of bacte-
rial groups during the follow-up period compared to that 
in baseline. A decrease in Collinsella and an increase in 
unidentified Enterobacteriaceae bacteria were observed 
in both the groups. A decrease in the Ruminococcus 

gauvreauii group was observed in the high-CD4 group 
during the study period, whereas a decrease in Blau-
tia was observed in the low-CD4 group. Both bacteria 
were belonging to the Clostridia class that are known to 
produce SCFAs. Regarding the movement of other bac-
teria, the increase in bacteria belonging to the genera 

Fig. 1  Bacterial diversity analysis based on changes in gut microbiota at baseline and follow-up in people living with human immunodeficiency virus 
(PLWH). (A-C) Comparative analysis of alpha diversity of the gut microbiota in 46 PLWH at baseline and follow-up. Amplicon sequence variants (ASVs) (A), 
Shannon index (B), and Faith phylogenetic diversity (Faith-PD) (C). Statistical analyses were performed using the Wilcoxon matched-pairs signed rank test. 
(D-E) Beta diversity analysis. Principal Coordinate Analysis comparison of gut microbiota from the geographic location of PLWH at baseline and at follow-
up (unweighted UniFrac distance, D) and (weighted UniFrac distance, E). B: baseline, F: follow-up, ns: not significant
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Cutibacterium, Corynebacterium1, and Staphylococ-
cus, observed in the low-CD4 group from baseline to 
follow-up.

Intestinal environmental changes and decrease in 
Collinsella: Understanding the role of thiamine synthesis
Given the common decrease in Collinsella among the 
changes in the gut microbiota from baseline to follow-
up in the high- and low-CD4 groups, we investigated the 
modifications in intestinal environment that coincided 
with the decline in Collinsella. Bacterial functional genes 
were predicted using PICRUSt2 based on 16  S rRNA 
genes, and metabolic pathways that differed significantly 
between baseline and follow-up were examined. A total 
of 49 biological pathways, including metabolic, genetic, 
and environmental information processing, showed 
statistically significant changes between the baseline 
and follow-up (Table S2). Of these, six pathways were 
reduced at follow-up, including K14153, which was asso-
ciated with thiamine synthesis. Thiamine, also known as 
vitamin B1, is an essential cofactor for metabolism, and 
B vitamins, including thiamine, have been shown to be 
co-utilized in bacterial communities [12, 13]. We then 
focused on the decrease in K14153 count at follow-up 
(p < 0.0001, Fig.  3A). A schematic of the thiamine syn-
thesis pathway (hydroxymethylpyrimidine kinase, phos-
phomethylpyrimidine kinase and thiamine-phosphate 
diphosphorylaseis) corresponding to K14153 is shown 
in Fig. 3B. K14153 had no correlation with the changing 

rate of BMI (Fig. 3C), but was positively correlated with 
the abundance of Collinsella at baseline (Fig.  3D, left). 
In PLWH, a decrease in some SCFA-producing bacteria 
was observed from baseline to follow-up (Fig. 2). Given 
this information, a decrease in SCFA-producing bacte-
ria was hypothesized to be associated with a decrease in 
thiamine synthesis. Therefore, we looked for other bacte-
ria that showed a positive correlation with thiamine syn-
thesis; Catenibacterium, a SCFA-producing bacteria, was 
found to show highly significant correlation with K14153 
(p < 0.0001, r = 0.7252, Fig. 3D, right). Among the 46 par-
ticipants in this study, a decrease in the abundance of 
Catenibacterium was observed from baseline to follow-
up (p < 0.0001, Fig. 3E).

Plasma biomarkers and leaky gut in PLWH
PLWH are at an increased risk of developing age-related 
diseases owing to chronic inflammation and oxidative 
stress in their bodies [1]. To gain a deeper understand-
ing of this increased risk, we analyzed the changes in 
plasma biomarkers during the study period; compar-
ing the concentrations of 46 cytokines and chemokines 
between baseline and follow-up, we observed statistically 
significant increase in five plasma factors and decrease in 
12 plasma factors. The trend of changes in inflammation 
levels in participants showed primarily increased plasma 
levels of IL-27 (p28) and IL-8 and, conversely, decreased 
levels of IL-6-related factors (sIL-6Ra and gp130/sIL-6b) 
(Table 2).

Fig. 2  Change of gut microbiota and bacterial diversity analysis at baseline and follow-up in people living with human immunodeficiency virus (PLWH). 
(A) Comparative analysis of PLWH gut microbiota at baseline and follow-up at the genus level based on MaAsLin2 analysis. Participants with a CD4 
count > 580 cells/µL at baseline (high-CD4 group; CD4 > 580) and those with a CD4 count 300–580 cells/µL (low-CD4 group; CD4 300–580)
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Fig. 3  Predicted changes in the intestinal environment of PLWH based on bacterial changes. (A) Among the functional gene pathways in the Kyoto 
Encyclopedia of Genes and Genomes database, the predicted number of genes in the thiamine synthesis pathway (K14153) at baseline and at follow-up 
Comparative analysis. (B) Overall schematic diagram of the thiamine synthesis pathway and enzymes to which K14153 corresponds (ThiD and ThiE, blue). 
(C) Correlation analysis of the percentage change in BMI and K14153 from baseline to follow-up. (D) Correlation analysis between the abundance of Col-
linsella (left) and Catenibacterium (right) at baseline and predicted number of K14153 genes. (E) Changes in Catenibacterium abundance from baseline to 
follow-up. B: baseline, F: follow-up, ns: not significant
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To evaluate the impact of dysbiosis on the development 
of leaky gut associated with inflammation in PLWH, 
we measured the plasma levels of sCD14 and lipopoly-
saccharide-binding protein (LBP). Although there was 
no statistically significant change in these indicators 
from baseline to follow-up (Fig.  4A), we found that the 
rate of change in sCD14 and LBP levels was negatively 
correlated with the ratio of Catenibacterium present 
at follow-up (Fig.  4B). At follow-up, plasma LBP lev-
els positively correlated with plasma sCD163 (p = 0.03, 
r = 0.3649) as an indicator of macrophage activation and 
IFN-β (p = 0.03, r = 0.3750) (Fig. 4C). Additionally, the rate 
of change in LBP levels was positively correlated with 
plasma IL-27 (p28) (p = 0.047, r = 0.450) and IL-12 (p70) 
(p = 0.03, r = 0.4763) levels at the follow-up (Fig. 4D). The 
abundance of Cateniabcterium was inversely correlated 
with plasma IL-8 level at follow-up (p = 0.02, r= -0.295) 
(Fig. 4E).

Discussion
The current study aimed to understand the changes in 
aging characteristics and the intestinal environment in 
PLWH, based on the changes in the gut microbiota of 
PLWH during the 4-year study period and the prediction 
of functional genes using their 16 S rRNA genomes. Gut 
microbiota was found to change during the study period, 
with decrease in some vitamin B1-requiring bacteria as 
well as in SCFA-producing bacteria. Decrease in some 
bacteria was correlated with a decrease in thiamine bio-
synthesis and was inversely correlated with an increase 
in intestinal permeability markers. The results of this 
study suggested that changes in the gut microbiota and 

increased intestinal permeability persist in PLWH and 
that vitamin deficiency is involved in the background.

In this study, a decrease in Collinsella, belonging to the 
Coriobacteriia class, and an increase in bacterial gen-
era belonging to the Gammaproteobacteria class were 
observed as characteristics of changes in the genus-level 
gut microbiota throughout the study period, regardless 
of CD4 values. Both of these progressive changes have 
been reported to be related to HIV infection rather than 
sexual preference [7, 26–28], and have been indicated to 
correlate with inflammation [7]. This finding suggested 
that HIV infection-dependent dysbiosis persists despite 
continued ART and virological suppression. The overall 
trend of inflammation levels from baseline to follow-up 
in participants during the 4-year research period showed 
an increase in IL-27 and IL-8 plasma levels, indicat-
ing partial activation of intestinal inflammation. Con-
versely, the levels of IL-6-related factors (sIL-6Ra and 
gp130/sIL-6b) decreased, suggesting that the increase in 
inflammation levels in PLWH was not consistent. Our 
observations were partially consistent with a report that 
increased levels of the proinflammatory cytokines IL-6 
and IL-8 are associated with increased levels of Proteo-
bacteria and decreased levels of Ruminococcus lactaris 
and others [29]. Taken together, these findings imply that 
continuing changes in certain gut microbiota in PLWH 
may be related to persistent inflammation.

In terms of alterations in the functional characteris-
tics of the gut microbiota from baseline to follow-up, 
the gut environment of PLWH demonstrated a reduc-
tion in thiamine synthesis. Our research revealed a per-
sistent decrease in the abundance of a group of bacteria 

Table 2  Four-year changes in plasma inflammatory cytokines and chemokines in study participants
P value Mean rank of 

Baseline
Mean rank of 
Follow up

Mean rank 
diff.

Mann-Whit-
ney U

q value from 
Base-
line to 
Follow-up

Hu IL-27(p28) 0.000007 20.89 40.89 -19.99 179 0.000083 Increase
Hu IL-8 0.00067 22.81 38.2 -15.39 238 0.003782 Increase
Hu Pentraxin-3 0.001552 23.96 38.43 -14.46 265 0.005376 Increase
Hu IL-34 0.003292 24.18 37.53 -13.35 271 0.009387 Increase
Hu IFN-b 0.003571 24.57 37.94 -13.37 282 0.009617 Increase
Hu gp130/sIL-6Rb 0.000003 44.25 23.36 20.89 175 0.000074 decrease
Hu Osteopontin (OPN) 0.000005 44.04 23.53 20.51 181 0.000078 decrease
Hu sIL-6Ra 0.000024 43.25 24.14 19.11 203 0.000233 decrease
Hu 6Ckine/CCL21 0.000047 42.89 24.42 18.48 213 0.00038 decrease
Hu SCYB16/CXCL16 0.000096 42.5 24.72 17.78 224 0.000662 decrease
Hu Eotaxin-3/CCL26 0.000702 34.32 20.15 14.17 173 0.003782 decrease
Hu MMP-3 0.000936 41.07 25.83 15.24 264 0.003821 decrease
Hu Chitinase 3-like 1 0.000946 41.07 25.83 15.24 264 0.003821 decrease
Hu sCD30/TNFRSF8 0.00084 41.14 25.78 15.37 262 0.003821 decrease
Hu CTAK/CCL27 0.001498 40.75 26.08 14.67 273 0.005376 decrease
Hu BAFF/TNFSF13B 0.002305 40.43 26.33 14.1 282 0.00745 decrease
Hu MIP-1d/CCL15 0.002951 40.25 26.47 13.78 287 0.008942 decrease
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that produce SCFAs, namely Blautia and Ruminococcus 
gauvreauii group. A certain butyrate-producing bacte-
ria belonging to the phylum Firmicutes do not possess 
a thiamine synthesis system and depend on external 
sources [30]. In particular, Ruminococcus spp. lacks a thi-
amine synthesis system [31], suggesting that the observed 
decrease in the Ruminococcus gauvreauii group was due 
to thiamine deficiency in the intestinal environment of 
PLWH. Given that bacteria belonging to the genus Clos-
tridia, including SCFA-producing bacteria, are generally 
depleted in PLWH [6], the reduced-thiamine synthesis 
environment by bacteria could possibly be a contributing 

factor to the dysbiosis observed in these individuals. In 
particular, vitamin B has been suggested to be actively 
shared among bacteria [12]. In the present study, a 
positive correlation of the thiamine synthesis pathway 
(K14153) was observed for the SCFA-producing bacteria 
Collinsella and Catenibacterium, but the survival of these 
bacteria may be sensitive to reduced thiamine.

From an immunological perspective, thiamine is essen-
tial for the regulation of immune cell function, particu-
larly immune metabolism [32]. Naive T and B cells, Treg 
cells, and M2 macrophages rely on the tricarboxylic acid 
(TCA) cycle, which is the most important biochemical 

Fig. 4  Correlation between changes in plasma inflammatory biomarkers and gut bacteria from baseline to follow-up in PLWH. (A) plasma levels of solu-
ble (s) CD14 and lipopolysaccharide binding protein (LBP) at baseline and follow-up Comparative analysis of (B) Correlation analysis of the rate of change 
in plasma LBP and sCD14 from baseline to follow-up with the amount of Catenibacterium present at baseline. (C) The relationship between plasma levels 
of LBP at follow-up and plasma soluble (s) CD163 and IFN-β levels was analyzed. (D) The rate of change in plasma LBP from baseline to follow-up positively 
correlated with plasma IL-12 (p70) and IL-27 levels at follow-up. (E) Abundance of Catenibacterium inversely correlates with Plasma IL-8 levels at follow-up
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reaction circuit related to aerobic metabolism for energy 
metabolism, whereas activated and inflammatory cells, 
such as Th1, Th2, Th17, and M1 macrophages, utilize 
glycolysis [33]. In intestinal immune metabolism, naive 
immunoglobulin (Ig) M-positive B cells of the Peyer’s 
patches (PP) differentiate into IgA-producing plasma 
cells [34]. Mice fed a vitamin B1-deficient diet have been 
shown to exhibit impaired maintenance of naive B cells 
that preferentially utilize the vitamin B1-dependent 
TCA cycle in the PP, resulting in reduced IgA antibody 
response to oral vaccines [35]. Unlike systemic immu-
nity, the immune system of the intestinal epithelium and 
intestinal mucosa not only constantly monitors and elim-
inates microbes but also establishes a highly symbiotic 
relationship with the corresponding bacterial community 
[36]. The role of bacterial thiamine in the mechanism of 
microbial surveillance of intestinal epithelium by IgA is 
currently not clear. In the present analysis, the signifi-
cant increase in Faith-PD from baseline to follow-up, 
observed in the high-CD4 group, indicated an increase 
in genetically distinct opportunistic bacteria. This find-
ing was supported by the increase in the unweighted 
UniFrac distance (beta diversity) in the same comparison 
of the high-CD4 group. In addition, the abundance of 
Catenibacterium was inversely correlated with the rates 
of increase in LBP, a marker of intestinal permeability, 
and sCD14, a marker of monocyte activation. Thus, a thi-
amine-deficient environment in the intestinal tract may 
exacerbate leaky gut via changes in the intestinal micro-
biota, characterized by a decrease in SCFA-producing 
bacteria, which, in parallel, may increase opportunistic 
bacteria due to a decrease in mucosal barrier function. 
Bacteria secrete metabolites and extracellular vesicles 
that establish a symbiotic relationship between the host 
and bacteria [37]. Bacterial changes due to thiamine 
deficiency may contribute to the alteration of these sys-
tems. The impact of transient viral infections on the gut 
microbiota of PLWH is more pronounced than in healthy 
individuals, requiring a longer recovery time [38, 39]. 
However, the significance of thiamine deficiency in this 
context would require further investigation.

This study had several limitations. The study did not 
analyze gut microbiota with respect to comorbidities or 
PPI use. In this follow-up analysis, 35 PLWH (76%) had 
changed ART medications from baseline and could not 
be assessed based on the ART regimen. The discussion 
in this study was based on the genomic analysis of bacte-
rial 16  S rRNA and not on actual measurements of the 
amount of thiamine and other substances present in the 
intestinal tract. Furthermore, long-term observations 
would be recommended to enhance the validity of our 
conclusions.

In a report of intestinal metagenomic analysis, the syn-
thesis pathway of intestine-derived vitamin B and amino 

acids in PLWH was not found to be significantly restored 
by antiretroviral therapy [40], it may be necessary to con-
sider ways to improve this situation. Probiotics for under-
nourished infants in Indonesia resulted in the recovery 
of SCFA-producing bacteria, mainly Collinsella and 
Catenibacterium, thereby increasing SCFAs in the gut 
[41]. Dietary supplementation with thiamine has also 
been shown to reduce damage to the gut tissue structure 
and microbial environment in goats [42]. These observa-
tions suggest that interventions, such as dietary nutrient 
supplementation, may be a strategy to improve the intes-
tinal environment. Appropriate exercise may be an effec-
tive tool, as it has also been shown to promote beneficial 
changes in gut microbiota [43, 44]. Currently, the efficacy 
of ART is improving the long-term survival of PLWH, 
although several secondary issues due to chronic inflam-
mation still remain a challenge [1, 2]. Strategies to miti-
gate thiamine insufficiency within the intestinal tract or 
promote the growth of SCFA-producing bacterial popu-
lations could be beneficial for addressing these concerns.

Conclusion
Our report revealed a gradual progression in dysbiosis 
correlated with a thiamine-deficient environment in the 
intestinal tract, despite effective ART in PLWH. The lack 
of essential nutrients in the gut metabolic environment 
can lead to an imbalance in the relationship between 
gut bacteria, potentially developing inflammatory dis-
eases. Because a decrease in SCFA-producing bacteria is 
observed in many diseases, understanding this phenome-
non at the molecular level may help prevent the progres-
sion of inflammatory diseases as well as premature aging.
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