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Abstract 

Metabolic syndrome (MetS) is highly prevalent in people living with HIV (PLHIV), but whether their 
intestinal microbiota differs from that of HIV-negative individuals with MetS remains unclear. We 
conducted a cross-sectional study including 30 virologically suppressed PLHIV with MetS and 30 
HIV-negative individuals with MetS. Fecal microbiota composition was assessed by 16S rRNA gene 
sequencing, and predicted functional profiles were inferred using PICRUSt2 and MetaCyc. PLHIV 
with MetS exhibited markedly reduced alpha diversity and a clearly distinct beta diversity profile 
compared with HIV-negative MetS, indicating a remodeled community structure. Differential 
abundance analysis showed enrichment in PLHIV + MetS of Prevotella, Selenomonas, Odoribacter, 
Christensenellaceae R-7 group, and uncultured Lachnospiraceae, whereas Subdoligranulum and the 
Ruminococcus gauvreauii group were relatively more abundant in HIV-negative MetS. Functional 
predictions revealed higher representation in PLHIV + MetS of Gram-negative cell envelope and 
lipopolysaccharide-related pathways, amino acid degradation, and ppGpp biosynthesis, while 
HIV-negative MetS showed comparatively greater saccharolytic potential. Carbohydrate-related 
pathways correlated positively with adiposity and blood pressure, and Prevotella correlated 
positively with BMI only in PLHIV + MetS. These findings support MetS in chronic treated HIV as a 
distinct dysbiotic and metabolically adverse intestinal phenotype and highlight the intestinal 
microbiota as a potential target for microbiome-oriented interventions in this population. 
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1. Introduction 

Metabolic syndrome (MetS) is a cluster of interrelated conditions – including central obesity, 
dyslipidemia (high triglycerides, low HDL cholesterol), hypertension, and hyperglycemia – that 
together markedly increase the risk of type 2 diabetes (T2D) and cardiovascular disease (CVD) [1]. 
Globally, MetS affects in a proportion of 12.5–31.4% of adults [2]. Individuals with MetS have 
substantially higher risk of CVD, T2D, certain cancers, and overall mortality [3]. MetS is characterized 
by persistent insulin resistance (IR) and a state of low-grade chronic inflammation, both of which 
represent fundamental pathophysiological features of the condition [4].  

Epidemiological studies show that MetS is common in people living with HIV (PLHIV). 
Prevalence estimates among HIV-infected adults vary widely (often reported on the order of 10–40% 
depending on definition and population), but recent evidence suggests that HIV infection confers an 
increased risk of MetS compared to uninfected individuals [5]. In one systematic review and meta-
analysis, HIV infection was associated with approximately 1.6-fold higher odds ratio of MetS relative 
to HIV-negative controls and antiretroviral therapy (ART) use further amplified this risk: patients 
receiving ART had roughly 1.5 times the risk of developing MetS as untreated patients [6]. In practice, 
the ageing of the PLHIV, combined with ART-associated metabolic side effects (especially weight 
gain reported with newer INSTI+TAF regimens), has led to an increasing burden of MetS among 
PLHIV. This is clinically important because MetS in the setting of HIV carries even greater 
consequences: PLHIV already has elevated cardiovascular risk due to persistent immune activation 
and ART toxicity [7]. Indeed, effective ART has transformed HIV into a chronic condition and shifted 
morbidity toward age-related noncommunicable diseases – including cardiovascular, metabolic, 
renal and hepatic disorders – which now occur at higher rates in PLHIV than in age-matched 
uninfected populations [8]. Chronic immune activation in HIV (the so-called “inflammaging” of 
treated PLHIV) means that even middle-aged PLHIV often display complications (CVD, MetS, 
neurocognitive decline) characteristic of older people [9]. In short, MetS substantially increases 
mortality risk in the general population [10], and in PLHIV this risk is compounded by HIV-specific 
inflammation and accelerated aging [11]. 

The intestinal microbiota has emerged as a key regulator of metabolic health and systemic 
inflammation. A healthy intestinal microbiome helps maintain the intestinal barrier and modulate 
immune responses, whereas intestinal dysbiosis (an imbalance in microbial composition) can 
promote metabolic and inflammatory disease [12]. Indeed, dysbiosis has been implicated in obesity, 
IR, T2D, hypertension and CVD [13]. Several studies have reported that individuals with MetS or 
related disorders exhibit distinct microbiome features (for example, reduced diversity and altered 
abundance of short-chain fatty acid-producing bacteria) [14]. In HIV-negative populations, metabolic 
disease has been consistently linked to shifts in intestinal bacterial composition [15]. Notably, one 
multi-omic study found that microbial translocation (a condition characterized by an increased 
intestinal permeability and elevated bacterial subproducts in blood) elevated lipopolysaccharide-
binding protein, was a central predictor of impaired metabolic health, connecting intestinal 
microbiome alterations, diet, and inflammation to MetS [16]. Together these findings suggest that 
changes in intestinal microbiota are intimately involved in MetS pathogenesis. However, to date no 
single microbial “signature” of MetS has been robustly identified – much remains unknown about 
the specific taxa or functions that distinguish MetS patients from healthy controls, and particularly 
how HIV infection might modify those features. 

HIV infection itself causes profound and often irreversible damage to intestinal mucosa and 
microbiota. During acute HIV infection, the virus targets intestinal-associated lymphoid tissue, 
depleting CD4+ T cells and disrupting the epithelial barrier. This leads to microbial translocation 
(passage of bacterial products as lipopolysaccharide into the circulation) and a state of chronic 
immune activation [17]. Even with suppressive ART, many PLHIV have lingering dysbiosis – their 
intestinal microbial communities remain altered compared to uninfected individuals [18]. For 
example, ART-treated PLHIV often show decreased α-diversity and enrichment of pro-inflammatory 
bacteria (e.g. Gammaproteobacteria) along with depletion of beneficial taxa (e.g. Ruminococcaceae) [8]. 
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These HIV-associated alterations in the intestinal microbiota are thought to perpetuate systemic 
inflammation despite ART. Importantly, HIV-related factors such as sexual behavior, immune status, 
and ART regimen further shape the microbiome. Men who have sex with men (MSM) – a major HIV 
risk group – have a distinct microbiome signature (marked by Prevotella enrichment) linked to sexual 
practices [19].  

HIV-related alterations of the intestine (from mucosal damage, immune activation, and 
behavioral factors) could lead to a different microbial configuration in MetS compared to HIV-
seronegative individuals with MetS. Exploring these differences could reveal novel pathogenic 
mechanisms and targets. Therefore, the aim of this study was to characterize the intestinal microbiota 
composition and predict metabolic function in HIV-infected versus HIV-uninfected individuals with 
MetS. We hypothesized that PLHIV with MetS harbor a distinct intestinal microbial profile, reflecting 
the compounded effects of HIV-induced dysbiosis and metabolic dysregulation. By elucidating these 
differences, we seek to advance understanding of the microbial underpinnings of MetS in the context 
of HIV and to inform future interventions that target microbiota to improve inflammatory and 
metabolic outcomes in this population. 

2. Materials and Methods 

2.1. Study Design and Participants 

We conducted a cross-sectional observational study involving 30 PLHIV diagnosed with MetS 
according to the 2005 NCEP-ATP III criteria. Participants were recruited from the HIV Unit at 
Hospital Civil de Guadalajara, Jalisco, Mexico. Additionally, 30 confirmed HIV-negative individuals 
with MetS were designed as control subjects. Recruitment was conducted between January 2019 and 
May 2024. 

Inclusion criteria for PLHIV included adults aged 18–60 years, diagnosed with HIV for at least 
one year, on an INSTI-containing regimen for a minimum of 12 months, and with HIV viral load 
undetectable for at least six months. Exclusion criteria included pregnancy, lactation, active AIDS-
defining illnesses, co-infection with hepatitis B or C, chronic renal or pancreatic disease, 
malabsorptive disorders, and recent use (within 30 days) of antibiotics, probiotics, prebiotics, 
corticosteroids, NSAIDs, immunosuppressants, or vitamin supplements. 

The study adhered to the Ethical Principles for Medical Research Involving Human Subjects, 
with all procedures conducted in accordance with relevant guidelines and regulations, as outlined in 
the Declaration of Helsinki. The protocol was approved by the Ethics Committee of the Hospital Civil 
de Guadalajara (protocol code: n.061/19), and written informed consent was obtained from all 
participants prior to enrollment. 

2.2. Laboratory Assessment 

Blood samples were collected from all participants and sent at Central Laboratory of Civil 
Hospital of Guadalajara “Fray Antonio Alcalde”. Glucose and lipid profile were determined by 
colorimetric and photometric tests (AU5800 autoanalyzer, Coulter Beckman, USA). For viremic 
control and immunological status a blood sample in an EDTA-tube was obtained and sent to State 
Reference Laboratory, CD4+ T-cells count was measured by flow cytometry (FACScalibur System, 
Becton Dickinson) and HIV-1 viral load was determined using with real-time polymerase chain 
reaction with retro transcription (Cobas AmpliPrep/Cobas Taqman, Roche Diagnostics). 

2.3. Anthropometric and Clinical Assessment 

Measurements were taken in the morning after an overnight fast. Weight and height were 
recorded using a calibrated Seca 700 scale and stadiometer. Waist circumference was measured in 
triplicate midway between the lowest rib and iliac crest; hip circumference was measured at the 
widest point of the buttocks. BMI was classified according to WHO criteria. All patients completed a 
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face-to-face validated semi-quantitative food frequency questionnaire, and a 24-h dietary recall 
(24HR) through the Nutricloud® digital system. 

2.4. DNA Extraction and 16S rRNA Sequencing 

Faecal samples were collected and immediately stored at −80°C. DNA was extracted from 150 
mg of frozen faeces using Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo Research, Irvine, CA, 
USA) according to the manufacturer’s protocol. DNA was quantified with NanoDropTM OneC 
spectrophotometer (Thermo Scientific, Waltham, MA, USA) and purity using the A260/280 ratio was 
also revised. The 16S rRNA amplicon sequencing library preparation was performed according to 
Illumina MiSeq System’s protocol [20]. The V3 and V4 regions of the 16S rRNA gene were amplified 
using PCR following the manufacturer’s protocol with Platinum Taq DNA Polymerase High Fidelity 
(Invitrogen, Waltham, MA, USA) and previously published primers: 341F: 
5ʹTCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3ʹ and 805R: 
5ʹGTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3ʹ. 
Obtained amplicons were further purified with AMPure XP (Beckman Coulter, Indianapolis, IN, 
USA) magnetic beads and quantified with the Qubit 3 dsDNA HS kit (Invitrogen, Waltham, MA, 
USA) according to manufacturer’s indications. Index incorporation was achieved with the Nextera 
XT Index Kit v2 Set A (Illumina, San Diego, CA, USA). Finally, indexed amplicons were pooled to 
equimolar concentrations into a 4 nmol/L solution tube. The resulted library was denatured and 
further sequenced using the MiSeq Reagent V3 600-cycle (Illumina, San Diego, CA, USA) according 
to protocol. 

2.5. Bioinformatic and Statistical Analyses 

Analysis of 16S rRNA sequences were performed with QIIME2 version 2024.2 amplicon 
distribution [21]. Sequences whose Phred ≥ 30 (quality parameter) were accepted. 3,343,914 reads in 
60 samples were further filtered by denoising with DADA2 via q2-dada2 [22] at default settings. A 
total of 1,318,263 biological features (amplicon sequence variants or ASVs) across 60 samples were 
obtained. Taxonomy assignation was performed trained on our own data using a naïve classifier (via 
q2-feature-classifier) [23], employing Silva 138.1 as a reference taxonomic database [24,25]. ASVs 
identified as mitochondria and chloroplasts were removed. Then, filtered ASVs were aligned using 
MAFFT via q2-alignment [26], and phylogeny was built with FastTree2 via q2-phylogeny [26]. Alpha 
diversity indices [27–29] and beta diversity distances (unweighted and weighted Unifrac, [30,31] 
were computed via q2-diversity. PCoA plots were generated to visualize beta diversity distances using 
Emperor via q2-emperor [32] and further analyzed PERMANOVA. Effects of different variables on 
beta diversity were determined using Adonis Permutational Multivariate Analysis of Variance via 
q2-diversity adonis. 

Differential abundance analyses were accomplished by means of ANCOM-BC (via q2-
composition), which is a compositional statistical method that accounts for sampling fraction and 
normalize read counts, while controlling false discovery rates  [33]. ANCOM-BC plugin 
incorporates a false discovery rate (FDR) method to correct the p-values for multiple testing (q-value). 
Before analysis, a frequency filter was applied in which features that appeared more than 50 times in 
at least 10% of the samples were retained. A q ≤ 0.05 cut-off was used to assess significance, and a log 
fold change (LFC) ≥ |1.0| to assess the effect size. To assess the potential metabolic profile of the 
intestinal microbiota, PICRUSt2 pipeline [34–38] was employed, coupled with the MetaCyc Database 
[39]. The resulting pathways were further analyzed using ANCOM-BC, using a frequency filter 
which retained features that appeared more than 500 times in at least 10% of the samples, with a q ≤ 
0.05 and a LFC ≥ |1.0|. Pseudomonadota/Bacillota (also known as Proteobacteria/Firmicutes) ratio 
was calculated as previously published [40]. Core microbiome taxa at genus level and MetaCyc 
pathways identified by PICRUSt2 for both study groups were identified using the q2 core-features 
plugin. For taxa, a minimum fraction of 0.9 and a maximum fraction of 1.0; for MetaCyc pathways, 
we employed a threshold of 0.99 and 1.0. These data were used to identify shared potential taxa and 
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predicted pathways which were later employed to calculate Spearman correlations. These 
correlations were calculated using centered log-ratio (clr) transformed counts. 

Data normality was examined using the DʹAgostino-Pearson omnibus test. If significant, a 
parametric distribution was assumed and unpaired Student’s t-test or one-way ANOVA with a 
Bonferroni post hoc test was performed to assess the differences between the groups; if not, the Mann–
Whitney U or Kruskal–Wallis with a Dunnʹs post hoc test was performed. Beta diversity distances 
were statistically analyzed by performing PERMANOVA tests. Both alpha and beta diversity 
statistical analyses were corrected with Benjamini–Hochberg (BH) multiple testing through QIIME2 
package. The Fisher’s exact test was applied to evaluate categorical variables. All statistical tests were 
two-tailed, and a p-value or false discovery rate-adjusted q-value equal to or less than 0.05 were 
considered statistically significant. Data were analyzed using SPSS 25.0, unless otherwise specified. 
Plots were generated utilizing GraphPad Prism version 9.0.0. 

3. Results 

3.1. Clinical and Demographic Characteristics 

A total of 60 participants were analyzed (thirty participants in the MetS group and thirty in the 
PLHIV + MetS group). No significant differences were found in mean age or sex distribution. 
Furthermore, the MetS group showed a significantly higher mean weight (110.45 kg vs. 89.9 kg, p = 
0.002) compared to the PLHIV + MetS group, as well as BMI (35.55 vs. 30.95 kg/m2, p < 0.001). PLHIV 
+ MetS showed significantly higher LDL-C levels. Other anthropometric measures and metabolic 
indices did not show significant differences (Table 1). No differences in caloric intake were observed 
between groups based on the 24-hour dietary recall or the semi-quantitative food frequency 
questionnaire. 

Table 1. Sociodemographic and clinical characteristics of recruited participants. 

 MetS (seronegative to HIV) 
n=30 

PLHIV + MetS 
n=30 

p 

Age (years) 38.96 ± 11.58 42.80 ± 10.18 0.179 b 
Biological sex 
Female 14 7 

0.103 c 
Male 16 23 
Current smoking 7 (23) 9 (30) 0.386 c 
Current alcohol 12 (40) 15 (50) 0.302 
Illicit drug use 0 (0) 0 (0) NA 
Receptive anal intercourse 10 (33.3) 18 (60) 0.069 
Physical activity (>30 min, ≥3 
times per week) 

6 (20) 9 (30) 0.276 

Weight (kg) 110.45 (86.65-135.45) 89.9 (79.88-98.28) 0.002 a 
Height (m) 1.69 (1.59-1.79) 1.735 (1.66-1.76) 0.982 a 
BMI (kg/m2) 35.55 (33.3-42.68) 30.95 (28.78-32.74) <0.001 a 
BMI ranges 
Normal weight 0 3 

0.001 c 
Overweight 0 10 
Obese class I 13 14 
Obese class II 7 3 
Obese class III 10 0 
Waist circumference (cm) 100.5 (88.75-107.75) 101.25 (93.08-107.63) 0.433 a 
Visceral adiposity index 4.11 (2.53-5.79) 3.84 (2.49-6.28) 0.882 a 
Waist-to-height ratio 57.81 (54.65-62.52) 60.16 (54.72-63.37) 0.344 a 
Glucose (mg/dL) 101.5 (92-107.75) 96 (86-107) 0.239 a 
Total cholesterol (mg/dL) 151.5 (131.25-176.25) 166 (151.75-200.25) 0.053 a 
HDL-c (mg/dL) 35 (27.75-38) 31 (28-35) 0.142 a 
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LDL-c (mg/dL) 72.5 (57.75-91) 102.5 (86.25-128.5) <0.001 a 
Triglycerides (mg/dL) 204 (182.5-269.25) 192 (120.5-267.75) 0.158 a 
Triglycerides/HDL-c ratio 6.50 (4.31-9.02) 5.47 (3.99-8.76) 0.605 a 
Mean arterial blood pressure 
(mmHg) 

108 (99.83-115-75) 87 (77-87.25) <0.001 a 

Systolic blood pressure 137 (129-150.25) 119.5 (110-120.5) <0.001 a 
Diastolic blood pressure 94 (86.75-99.25) 70 (60-70) <0.001 a 
Absolute T CD4+ (cell count/µL) NA 682.76 ± 232.91 NA 
Nadir T CD4+ (cell count/µL) NA 436.03 ± 301.18 NA 
Time since HIV diagnosis (years) NA 6 (2-12.25) NA 
Duration of ART (years) NA 3 (2-10) NA 
Time of INSTI use (years) NA 2 (1-2) NA 
HIV-1 RNA (copies/mL) NA 40 (20-50) NA 
Abbreviations: MetS: metabolic syndrome patients, PLHIV + MetS: people living with HIV plus metabolic 
syndrome, BMI: body mass index, HDL-c: High-density lipoprotein cholesterol, LDL-c: Low-density lipoprotein 
cholesterol, ART: Antiretroviral therapy, INSTI: integrase strand-transfer inhibitor group, NA: not applicable. 
Data are shown as mean ± standard deviation or median with interquartile range in parentheses. p values were 
calculated by (a) Mann-Whitney U test, (b) Studentʹs t-test, (c) square Chi test. 

3.2. Alpha Diversity 

Alpha diversity metrics were used to assess microbial richness and evenness. We found 
significantly reduced alpha diversity in the PLHIV + MetS group compared to the HIV-negative MetS 
group, as indicated by lower values in observed features (p < 0.0001), Chao1 richness estimator (p < 
0.0001), and Shannon diversity index (p < 0.001) (Figure 1).  

 
Figure 1. Intestinal microbiota alpha diversity metrics. These metrics evaluate richness, diversity, 
underrepresented taxa and evenness of the MetS and PLHIV + MetS groups. Data were statistically analyzed 
using the Mann–Whitney U test. Median and interquartile ranges are shown in black lines. ns = not significant, 
*** = p < 0.001, **** = p < 0.0001. 

3.3. Beta Diversity 

Richness and diversity indices, such as observed features, Shannon, and Chao1 showed a 
significant loss of richness and diversity in PLHIV + MetS group (p<0.001, Figure 1). However, no 
differences were observed between both groups when evenness was assessed using the Pielou index. 
Regarding beta diversity, the principal coordinates analysis (PCoA) revealed well-defined clusters, 
consistent with a significant difference in the intestinal microbiota profile between the two groups 
(q<0.001) using the unweighted and weighted Unifrac metrics (Figure 2), clearly indicating that these 
are two distinct profiles between PLHIV + MetS and MetS groups. Likewise, a greater distance 
(assessed through pseudo-F) was observed between the two groups using the weighted Unifrac 
metric than with the unweighted Unifrac metric (Table 2). The weighted Unifrac metric assesses 
quantitative aspects of beta diversity, while the unweighted Unifrac metric assesses qualitative 
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aspects. Moreover, we performed an Adonis analysis to determine the effects of other variables on 
beta diversity in both groups, such as age ranges, BMI, BMI ranges, and biological sex. The first 
statistical model ruled out the significant influence of age range and biological sex on beta diversity, 
as assessed by both Unifrac metrics (Supplementary Table 1). Consequently, the second model 
considered the primary grouping variable (PLHIV + MetS and MetS) and BMI as a continuous 
variable, confirming that both variables interact significantly (Supplementary Table 2). Finally, we 
modeled the effect of BMI in each group independently. These tests showed that in the PLHIV + MetS 
group, BMI also significantly influences beta diversity, as assessed by the weighted Unifrac metric; 
however, no significant influence was observed in the unweighted Unifrac metric (Supplementary 
Table 3). Notably, in the MetS group (seronegative to HIV), BMI did not show significant influence 
on beta diversity using any metric (Supplementary Table 4). Consequently, we infer that body 
composition assessed through BMI is a covariate with a significant influence on intestinal microbiota 
composition in the PLHIV + MetS group, with a negligible effect in the seronegative group. 

 
Figure 2. Beta diversity PCoA plots for unweighted (left) and weighted Unifrac (right) distances in the MetS 
(purple) and PLHIV + MetS (gold) groups. 

Table 2. PERMANOVA analysis results for unweighted and weighted Unifrac distances. 

Group 1 Group 2 Pseudo-F q-value 

Unweighted Unifrac 

MetS PLHIV + MetS 3.03 0.001 

Weighted Unifrac 

MetS PLHIV + MetS 16.68 0.001 

3.4. Relative Abundance at Different Taxonomic Leveles 

At the phylum level, an increase in the relative abundance of the phylum Bacillota was observed 
in the MetS group compared to the PLHIV + MetS group (88.2% vs 62.7%). On the other hand, a clear 
increase in the relative abundances of the phyla Bacteroidota (28.5% vs 7.5%) and Pseudomonadota (4.7% 
vs 1.6%) was shown in the PLHIV + MetS group, compared to the MetS group, as observed in Figure 
3 (left). Conversely, at the genus level, a marked increase in the relative abundance of Prevotella was 
observed in the PLHIV + MetS group, which was accompanied by an increase in Blautia in the MetS 
group (Figure 3, right). Other taxa, such as Lachnospiraceae, Faecalibacterium, Agathobacter and 
Roseburia showed a slight increase in the MetS group, compared to the PLHIV + MetS group. 
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Figure 3. Relative bacterial abundances across phylum and genus levels and Pseudomonadota/Bacillota 
(Proteobacteria/Firmicutes) ratio in the groups MetS and PLHIV + MetS. (A) Donut chart represents main phyla in 
both groups, accompanied by relative abundance percentages. Top 5 phyla are shown, while minor phyla are 
summarized into the other phyla category. (B) Pseudomonadota/Bacillota (also called Proteobacteria/Firmicutes) 
ratio. Values closer to 1 indicate a greater relative abundance of Pseudomonadota, while values closer to 0 indicate 
a greater abundance of Bacillota. Results are showed as mean ± SEM (standard error of the mean). **** p < 0.0001 
(C) Stacked barplot of bacterial genera in both groups. Top 25 taxa (ordered by median) are depicted, minor taxa 
are summarized into the other taxa category. 

3.5. Differential Abundance of Bacterial Taxa 

Regarding the differential taxonomic abundance analysis, performed by ANCOM-BC (Figure 4), 
it showed a clear enrichment in Prevotella, Selenomonas, Odoribacter, Christensenellaceae R-7 and 
uncultured Lachnospiraceae in the PLHIV + MetS group (q<0.0001, LFC≤1.8); likewise, other taxa such 
as Parabacteroides, Weisella (q<0.001) Butyrivibrio and the Eubacterium oxidoreducens group (q<0.05) were 
also characteristic of this group. On the other hand, the Ruminococcus gauvreauii group and the 
Subdoligranulum genus distinguished the MetS group, although they do not reach statistical 
significance. 
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Figure 4. Differentially abundant taxa in the MetS and PLHIV + MetS groups determined by ANCOM-BC. Bars 
length depicts log fold change (LFC) between both groups and black lines stand for standard error. A threshold 
of LFC ≥ |1.0| was applied. Gold bars represent taxa enriched in the PLHIV + MetS group, whereas purple bars 
account for depleted taxa (that is, enriched in the MetS group). * = q < 0.05, *** = q < 0.001, **** = q < 0.0001. 

3.6. Functional Pathway Predictions 

The functional potential profiles of the sequenced communities were predicted using PICRUSt2 
and MetaCyc database (figure 5 and supplementary figure 1). In the PLHIV + MetS group, we found 
different pathways mainly related to the synthesis of components associated with the bacterial wall 
of Gram-negative species e.g., lipid IVA biosynthesis (NAGLIPASYN-PWY), ketodeoxyoctonate 
biosynthesis (PWY-6467 and PWY-1269) anhydromuropeptides recycling PWY0-1261, degradation  
of L-tyrosine (TYRFUMCAT-PWY, log fold change [lfc] 2.56, q<0.0001), L-leucine (LEU-DEG2-PWY, 
lfc 2.43, q<0.0001), L-histidine (PWY-5028, lfc 1.59, q<0.01), and aromatic biogenic amine (PWY-7431), 
plus synthesis of bacterial alarmones, such as ppGpp. On the other hand, MetS group exhibited 
increased pathways for saccharolytic fermentation such as lactose and galactose degradation 
(LACTOSECAT-PWY, lfc -1.42, q<0.05) or glycerol fermentation to butanol (PWY-7003, lfc -1.20, 
q<0.05).  
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Figure 5. Differential metabolic pathways predicted by PICRUSt2 in the MetS and PLHIV + MetS groups, 
analyzed by ANCOM-BC. A threshold of LFC ≥ |1.0| was applied. Gold bars represent pathways enriched in 
the PLHIV + MetS group, whereas purple bars account for depleted pathways (that is, enriched in the MetS 
group). * = q < 0.05, ** = q < 0.01, **** = q < 0.0001. 

3.7. Core Taxa, Predicted Metabolic Pathways and Correlation Analysis 

To identify shared taxa and predicted bacterial pathways among both groups, and to calculate 
further correlations between common taxa, bacterial pathways and metabolic parameters measured 
in both groups, core analyses and correlations were performed. We found that in 90% of the samples, 
the core microbiome were Gram-positive anaerobes such as Erysipelatoclostridium, Blautia, Dorea, 
Faecalibacterium, among others (supplementary figure 2 and supplementary table 5). On the other 
hand, the core-features analysis revealed that in 100% of the samples, 174 metabolic pathways were 
shared in both groups (supplementary figure 3, supplementary table 6). Among these, we found very 
interesting pathways that point to bacterial carbohydrate metabolism, such as glycogen synthesis and 
degradation (GLYCOGENSYNTH-PWY and GLYCOCAT-PWY), as well as sucrose (PWY-621) and 
starch (PWY-6737) degradation. 

Considering these shared metabolic taxa and pathways, positive correlations were calculated 
between Erysipelatoclostridium, Blautia, Dorea, and Faecalibacterium with BMI, MAP, SBP, DBP, and 
body fat percentage. Notably, Erysipelatoclostridium correlated negatively with total cholesterol, 
whereas Dorea and Faecalibacterium correlated negatively with LDL-c and lean mass percentage 
(Figure 6 and supplemental figures S4 and S5). Interestingly, Prevotella correlated positively with BMI 
(ρ=0.506, p<0.01) , but only in the PLHIV + MetS group. Also, weak but significant inverse correlations 
were found between Prevotella and mean arterial pressure (ρ=-0.256, p<0.05) and DBP (ρ=-0.263, 
p<0.05) in all participants. On the other hand, glycogen synthesis and degradation pathways, as well 
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as sucrose and starch degradation pathways, correlated positively with parameters such as BMI, 
MAP, and body fat percentage, whereas a negative correlation was observed with lean mass 
percentage. Finally, sucrose and starch degradation pathways correlated negatively with LDL-c 
levels. Nevertheless, glycogen synthesis and degradation pathways also showed a positive 
correlation with LDL-c. 

 
Figure 6. Correlation matrix between metabolic parameters, core taxa and MetaCyc pathways shared in MetS 
and PLHIV + MetS groups. Correlations were calculated using the Spearman test, using a color scale (purple, 
positive correlation; yellow, negative correlation). Taxa and MetaCyc pathway counts were previously clr-
transformed. Significance threshold is p < 0.05. BMI: body mass index, MAP: mean arterial blood pressure, SBP: 
systolic blood pressure, DBP: diastolic blood pressure, LDL-c: Low-density lipoprotein cholesterol. 

4. Discussion 

This study provides evidence that PLHIV + MetS harbors a distinct intestinal microbiota profile 
compared with HIV-negative individuals with MetS. Overall, the findings support the concept that 
HIV infection, even under suppressive ART and with relatively preserved CD4+ T-cell counts, is 
associated with reduced microbial diversity, taxonomic remodeling, and predicted functional shifts 
toward inflammatory and proteolytic metabolism. This interpretation is consistent with current 
evidence showing that treated HIV remains associated with persistent microbiome disruption, 
incomplete restoration of intestinal homeostasis, and links to noncommunicable comorbidities [8,41–
43].  

A major finding was the significantly lower alpha diversity observed in the PLHIV + MetS group. 
Reduced richness and diversity are among the most consistent signatures of HIV-associated dysbiosis 
and have been linked to microbial translocation, systemic immune activation, and metabolic 
impairment [8,41–44]. In this context, reduced diversity has been independently associated with 
metabolic complications, including IR and dyslipidemia, among PLHIV [8] The persistence of this 
pattern despite virologic suppression reinforces the concept that intestinal ecosystem disruption 
remains a chronic feature of treated HIV infection [18]. Because lower microbial diversity has also 
been associated with adverse cardiometabolic phenotypes, this observation may help explain part of 
the excess metabolic risk in PLHIV [8,15,18]. 

Beta diversity analysis further showed a clear ecological separation between PLHIV + MetS and 
HIV-negative individuals with MetS. The difference was evident with both unweighted and 
weighted UniFrac metrics, indicating that HIV-related microbial remodeling affects not only rare taxa 
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but also the overall relative abundance structure of the community. These data support the view that 
MetS in PLHIV is not merely the metabolic counterpart of MetS in HIV-negative people, but rather a 
distinct microbiological phenotype shaped by HIV-associated mucosal injury, immune 
dysregulation, and ART exposure [8,18,41–43]. 

Through differential abundance analysis, we identified distinct bacterial genera enriched or 
depleted in the PLHIV + MetS group compared to MetS. Notably, Prevotella was significantly enriched 
among PLHIV. Prevotella dominance has been extensively reported in this population, particularly in 
men who have sex with men (MSM), and is often associated with increased pro-inflammatory 
signaling and microbial translocation [44]. Some Prevotella species, such as P. copri has a wide genomic 
and functional variability at the strain level that allows it to adapt to the type of nutrients available 
in the intestine, while some strains can degrade fibers from diets rich in fruits and vegetables and 
produce short-chain fatty acid (SCFAs) [45], others to synthesize branched-chain amino acids from 
meat-rich diets [46,47]. Conversely, other Prevotella species behave as pathobionts, for instance, P. 
intestinalis has been associated with intestinal inflammation and metabolic alterations due to reduced 
SCFA production [48].  

In PLHIV, Prevotella abundance has been positively correlated with elevated IL-18 [49], a 
cytokine that increases intestinal permeability and epithelial cell death in vitro [50], accompanied by 
higher fatty acid–binding protein (I-FABP) and IL-18 serum levels, especially in individuals with 
hypertriglyceridemia [51,52]. Interestingly, Prevotella spp. abundance was higher in PLHIV with 
CD4+ counts >350 cells/µL, consistent with our cohort, suggesting that microbial dysbiosis may persist 
despite immune recovery [53]. A recent study also found a positive correlation between Prevotella 
and BMI, further implicating its role in metabolic risk [54]. Our results align with these findings, 
where we determined that Prevotella positively correlates with BMI (ρ=0.506, p<0.01) in PLHIV + MetS 
group; notably, this correlation was not found in MetS group. A recent multi-omics study integrating 
metabolomic, lipidomic, and fecal microbiota data from PLHIV under long-term suppressive ART 
revealed that a metabolically high-risk profile was strongly associated with Prevotella enrichment, 
systemic inflammation, and increased prevalence of MetS [55]. These findings underscore the 
relevance of microbiome composition in shaping cardiometabolic outcomes in this population. 

The enrichment of Selenomonas in PLHIV + MetS is also noteworthy. Selenomonas, a genus 
comprising Gram-negative anaerobic bacteria, species of which have been isolated from the oral 
cavity and are frequently associated with periodontal disease [56]. Previous studies have described 
increases in Selenomonas in the oral microbiota of PLHIV, which increases according to the duration 
of antiretroviral therapy [57,58]. Thus, it is possible that the enrichment of Selenomonas in PLHIV + 
MetS may reflect a compromised mucosal integrity and immune dysfunction that permits 
translocation of oral taxa to the intestinal tract. This finding aligns with broader evidence that HIV 
can disrupt the gut-oral microbiome axis and facilitate displacement of oral-associated taxa into the 
intestinal compartment [54]. 

Similarly, we found an increased abundance of Butyrivibrio and uncultured Lachnospiraceae in 
PLHIV + MetS. Although typically considered beneficial SCFA producers, the ecological roles of these 
taxa in a dysbiotic HIV-infected intestinal remain unclear. This apparently mixed environment, 
where SCFA producers are incremented along with proinflammatory bacteria, such as Prevotella and 
Proteobacteria members has been previously described by our research group in PLHIV with a normal 
BMI (18.5–24.9 kg/m2), without metabolic comorbidities, under the same ART regimen and duration 
[40].  

In addition, the rise in Parabacteroides and Odoribacter, both SCFA producers with mixed 
associations in health and disease, might reflect selective pressures unique to HIV-associated 
dysbiosis [59]. This expansion in SCFA-producing bacteria, mainly butyrogenic, has already been 
documented in other cohorts of PLHIV [59–61], suggesting probable compensatory mechanisms in 
response to inflammation or changes in substrate availability [62]. However, this apparent 
compensatory response implies an increase in butyrogenic bacteria that are not part of the intestinal 
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microbiota of HIV- individuals, which is mirrored by an abnormal butyrate production that may be 
synthesized by non-canonical pathways [40]. 

In contrast, the HIV-negative MetS group showed relatively greater representation of taxa 
commonly associated with a more favorable anaerobic intestinal ecosystem, including Blautia, 
Faecalibacterium, Agathobacter, and Roseburia. In addition, Subdoligranulum and the Ruminococcus 
gauvreauii group were relatively more represented in HIV-negative MetS. These taxa are generally 
associated with carbohydrate fermentation, short-chain fatty acid production, and epithelial 
homeostasis [63–65]. Their relative depletion in PLHIV + MetS may therefore be clinically meaningful 
because butyrate-producing bacteria have been linked to lower microbial translocation, reduced 
inflammation, and improved intestinal barrier function in HIV [66,67]. This pattern supports the idea 
that HIV amplifies the loss of microbial groups associated with mucosal and metabolic resilience [66–
68]. Herein, more recent work has linked the loss of these taxa in PLHIV to accelerated biological 
aging [69] 

Ruminococcus gauvreauii is a commensal bacterium involved in the fermentation of host-
indigestible polysaccharides, notably producing acetate. Although less characterized than other 
intestinal commensals, decrease in its abundance has been associated with advanced coronary artery 
disease, independent of traditional risk factors [70]. Likewise, Subdoligranulum, another key butyrate-
producing genus, was depleted in PLHIV + MetS, and enriched in HIV- with MetS. Interestingly, a 
decreased abundance of this genus has been associated with Mets and dyslipidemia in Romanian 
population [71]. Higher relative abundance of Subdoligranulum has been linked to favorable lipid 
profiles, including elevated HDL cholesterol, and inversely associated with multiple metabolic risk 
markers such as C-reactive protein, fatty liver index, insulin resistance (HOMA-IR), and HbA1c [55]. 
In the population of western Mexico, our group has determined that Subdoligranulum is one of the 
key genera of the intestinal microbiota of clinically healthy patients [72,73]. Moreover, therapeutic 
interventions including metformin and acarbose have been shown to increase the abundance of 
Subdoligranulum in fecal microbiota [64], further suggesting that its presence is associated with 
beneficial effects, although it does not imply causality [74] 

The functional predictions derived from PICRUSt2 reinforce these compositional findings. 
PLHIV + MetS showed enrichment in pathways related to Gram-negative cell envelope synthesis, 
lipopolysaccharide-related metabolism including lipid IVA biosynthesis, ketodeoxyoctonate 
biosynthesis, and anhydromuropeptide recycling, and amino acid degradation including strong 
enrichment of L-tyrosine, L-leucine, and L-histidine.  Although these inferences require 
confirmation by shotgun metagenomics and metabolomics, these pathways are often carried by 
Gram-negative taxa such as Enterobacteriaceae and Pseudomonadaceae, whose overrepresentation has 
been reported in HIV-associated dysbiosis [18]. An increased LPS biosynthetic potential is clinically 
relevant, as people living with HIV have chronically elevated plasma LPS levels even on therapy, 
contributing to monocyte activation and systemic inflammation [75]. Notably, LPS-driven 
endotoxemia is implicated in adipose inflammation and IR [76], suggesting that the enrichment of 
LPS-related lipids biosynthesis pathways in PLHIV + MetS could exacerbate metabolic inflammation. 
Likewise, increased proteolytic metabolism leads to the production of branched-chain fatty acids and 
aromatic metabolites (e.g., imidazole propionate), which impair insulin signaling and promote 
metabolic inflammation [77,78]. Intriguingly, a recent review on HIV and cardiometabolic 
comorbidities noted that the intestinal microbiome of PLHIV exhibits reduced capacity for beneficial 
SCFA production and increased levels of microbially-derived metabolites like imidazole propionate 
[79]. Our findings strongly align with this pattern. Imidazole propionate has been shown to inhibit 
insulin signaling via activation of the mTORC1 pathway and has been found elevated in both T2D 
and MetS [80]. 

Although our study did not directly measure microbial metabolites, the overrepresentation of 
amino acid degradation pathways in PLHIV + MetS is consistent with the hypothesis that HIV-
associated dysbiosis may amplify cardiometabolic risk through metabolite-mediated mechanisms 
and reduced metabolic responsiveness [77–80].  
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A broader view of the MetaCyc results suggests that the functional differences between groups 
reflect reprogramming rather than complete replacement of the metabolic background associated 
with MetS. Several carbohydrate-related pathways, including glycogen synthesis/degradation and 
sucrose and starch degradation, were highly prevalent in both groups and formed part of the shared 
core pathway profile. This observation suggests that a substantial portion of the functional 
microbiome is conserved across MetS regardless of HIV status. However, the relative weighting of 
specific modules differed, with PLHIV + MetS showing stronger enrichment of pathways linked to 
Gram-negative envelope biosynthesis and proteolytic metabolism, whereas the HIV-negative MetS 
group retained relatively more saccharolytic functions, including lactose/galactose degradation and 
glycerol fermentation to butanol. This pattern suggests a more carbohydrate-oriented microbial 
metabolism than that observed in PLHIV + MetS [81–85]. However, this should not be interpreted 
simplistically as uniformly beneficial. In obesity and MetS, saccharolytic activity and short-chain fatty 
acid-related signatures may reflect both adaptive and maladaptive host-microbe interactions 
depending on substrate availability, microbial context, and host metabolic state [81]. From a 
biological perspective, these data suggest that HIV does not replace the metabolic framework of MetS 
but rather redirects it toward a more inflammatory and ecologically unstable configuration [15,79,81–
85].  

The observed correlations between taxa, predicted pathways, and clinical variables provide 
additional context for these interpretations. Positive associations between Blautia, Dorea, 
Faecalibacterium, and adiposity or blood pressure parameters illustrate that genus-level identities 
alone may not be sufficient to infer metabolic effects, especially in the setting of MetS [73–77]. 
Likewise, the inverse association between Prevotella and blood pressure in the overall cohort could 
reflect strain-level heterogeneity or metabolite-specific effects, including propionate-related signaling 
pathways known to influence blood pressure regulation [56,78,79]. Therefore, taxonomic patterns 
should be interpreted in conjunction with functional context rather than in isolation. 

The observed correlations between taxa, predicted pathways, and clinical variables provide 
additional context for these interpretations. At the taxonomic level, positive associations between 
Blautia, Dorea, and Faecalibacterium with adiposity or blood pressure parameters illustrate that genus-
level identities alone may not be sufficient to infer metabolic effects, especially in the setting of MetS 
[83,86–89]. Shared carbohydrate-related pathways correlated positively with BMI, body fat 
percentage, and mean arterial pressure, while glycogen-related pathways were also associated with 
LDL-c suggesting that some microbiome-metabolic relationships may be common to MetS itself 
[63,81–85]. In parallel, Prevotella correlated positively with BMI only in PLHIV + MetS. These findings 
suggest that some microbiome-metabolic relationships may be common to MetS itself, whereas others 
become context-dependent in the presence of chronic treated HIV infection. Likewise, the inverse 
association between Prevotella and blood pressure in the overall cohort could reflect strain-level 
heterogeneity or metabolite-specific effects, including propionate-related signaling pathways known 
to influence blood pressure regulation [63,86,87]. They also reinforce the importance of interpreting 
taxonomic patterns together with their functional context rather than in isolation and support the 
concept that greater fermentative or SCFA-related microbial potential is not necessarily synonymous 
with metabolic benefit, since obesity and MetS have repeatedly been associated with elevated fecal 
SCFAs and altered saccharolytic signatures in the context of dysbiosis and cardiometabolic risk 
[63,81–85]. Therefore, taxonomic patterns should be interpreted in conjunction with functional 
context rather than in isolation. 

Taken together, the findings support the idea that HIV-associated metabolic dysbiosis persists 
despite virologic control and acceptable CD4+ T-cell recovery. This has potential clinical implications 
because routine HIV monitoring may not fully capture the biological burden associated with 
cardiometabolic comorbidity. The intestinal microbiota may represent an intermediate phenotype 
linking ART exposure, mucosal immune activation, diet, and long-term metabolic risk [18,49,55,68]. 
These data also suggest that microbiome-directed interventions, including dietary modulation, 
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prebiotics, probiotics, or future targeted microbial therapeutics, could be relevant adjunctive 
strategies in PLHIV + MetS [80,84]. 

A major strength of this study is the direct comparison between PLHIV and HIV-negative 
individuals matched for the presence of MetS, allowing the microbial component linked specifically 
to HIV infection to be assessed within a metabolically relevant context. The use of 16S rRNA 
sequencing, compositional differential abundance analysis, predicted functional inference, and 
correlation with detailed metabolic phenotypes provided a layered overview of the microbiome-host 
interaction. In addition, the cohort was clinically well characterized and restricted to virologically 
suppressed PLHIV receiving INSTI-based ART, reducing confounding from uncontrolled HIV 
replication. 

This study has several limitations. First, its cross-sectional nature prevents causal inference 
between HIV status, microbiota alterations, and metabolic outcomes. Longitudinal studies are 
required to determine temporal relationships and mechanistic links. Second, although we adjusted 
for potential confounders such as age and ART duration, residual confounding—particularly from 
diet, physical activity, or sexual practices—may remain. Body composition, assessed using body mass 
index, was shown to be a collinear covariate with the PLHIV + MetS and MetS groups, making it 
impossible to adjust for the independent effect of this variable. However, subsequent analyses 
suggest that body composition has a greater effect on intestinal microbiota composition in PLHIV + 
MetS patients compared to seronegative MetS patients. Dietary intake was recorded, but quantitative 
nutrient analysis was not incorporated into the statistical models. Third, 16S rRNA gene sequencing 
provides only genus-level taxonomic resolution and inferred functions, limiting functional accuracy. 
Validation using shotgun metagenomics and/or metabolomics would enhance interpretation. Fourth, 
the sample size, though sufficient to detect key differences, may not reflect the broader variability of 
microbiota in diverse HIV-positive populations. Lastly, although all PLHIV had virological 
suppression and CD4+ counts >350 cells/µL, ART regimens, immune recovery trajectories, and 
comorbidities were not stratified and could influence results. 

Despite these limitations, our results support the concept that HIV-associated dysbiosis may 
contribute to a distinct cardiometabolic intestinal microenvironment in PLHIV with MetS and justify 
longitudinal multi-omics studies to clarify causality and identify microbiome-linked therapeutic 
targets [18,49,79], with larger numbers of participants that allow discrimination of the effect of body 
composition. 

5. Conclusions 

In conclusion, people living with HIV and metabolic syndrome exhibit a distinct intestinal 
microbiota profile compared with HIV-negative individuals with metabolic syndrome, characterized 
by lower microbial diversity, taxonomic differences, and predicted functional shifts toward Gram-
negative cell-envelope biosynthesis, lipopolysaccharide-related pathways, and amino acid 
degradation, whereas HIV-negative individuals retained relatively greater saccharolytic microbial 
potential. These findings suggest that, even under suppressive antiretroviral therapy, chronic treated 
HIV infection is associated with a persistent dysbiotic intestinal ecosystem superimposed on the 
metabolic syndrome background. Although the cross-sectional design and 16S-based functional 
prediction preclude causal inference, the intestinal microbiota may represent a relevant biological 
link between treated HIV infection and metabolic comorbidity. These findings support the concept 
that MetS in chronic treated HIV represents a specific dysbiotic and metabolically adverse phenotype 
that may contribute to cardiometabolic risk and highlight the intestinal microbiota as a plausible 
target for future microbiome-oriented interventions in this population. 
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