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Received: March 24, 2022 / Accepted: May 4, 2022 / Published online: May 26, 2022
� The Author(s) 2022

ABSTRACT

Introduction: Human immunodeficiency virus
(HIV) infection can be considered a chronic
disease thanks to the extended use of
antiretroviral treatment (ART). In this context,
low-grade chronic inflammation related to gut
microbiota (GM) dysbiosis and bacterial
translocation (BT) among other factors has been
observed despite the use of ART. In addition,
different ART regimens have demonstrated dif-
ferential impacts on GM. However, the role of

novel integrase strand transfer inhibitors
(INSTIs) has not been investigated yet. The aim
of this study was to analyse the effects of INSTIs
in first-line of treatment on markers of BT,
inflammation, cardiovascular risk, gut perme-
ability and GM composition and derived short-
chain fatty acids.
Methods: Twenty-six non-HIV-infected volun-
teers and 30 HIV-infected patients (15 naı̈ve and
15 under INSTIs regimen) were recruited. Blood
samples were extracted to analyse biochemical
parameters and markers of BT, inflammation,
cardiovascular risk, gut permeability and bacte-
rial metabolism. GM composition was analysed
using 16S rRNA gene sequencing.
Results: Our results showed that HIV infection
increased BT, inflammation, cardiovascular risk
and gut permeability, whereas INSTIs counter-
acted these effects. Regarding GM, the reduc-
tion in bacterial richness induced by HIV
infection was restored by INSTIs. Beta diversity
revealed that HIV-infected people were sepa-
rated from the control group independently of
treatment.
Conclusions: Current antiretroviral regimens
based on INSTIs are able to reverse the impact of
HIV infection on BT, systemic inflammation,
gut permeability and bacterial diversity/rich-
ness, reaching similar levels to those observed
in an uninfected/control population. These
results suggest a protective role of INSTIs in
disease progression, subsequent immune acti-
vation and in the development of future age-
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related complications such as cardiovascular
events.

Keywords: HIV infection; Integrase strand
transfer inhibitors; Bacteriome; Bacterial
translocation; Inflammation; Cardiovascular
risk

Key Summary Points

A successful treatment of Human
immunodeficiency virus (HIV) infection
accompanied by a complete restoration of
gut dysbiosis is of great interest in order to
avoid activation of the mucosal immune
system, persistent inflammation and the
development of long-term complications.

Integrase strand transfer inhibitors
(INSTIs) are the preferred choice as part of
the first-line regimen in treatment-naı̈ve
individuals.

The role of INSTIs in gut microbiota in the
context of HIV infection has not yet
deeply investigated.

INSTIs-based treatments (dolutegravir and
bictegravir) were able to restore the
impact of HIV infection on bacterial
translocation, systemic inflammation, gut
permeability and bacterial
richness/diversity.

These results suggest a protective role of
current INSTIs regimens in disease
progression, subsequent immune
activation and in the development of
future dysbiosis-related complications.

INTRODUCTION

Human immunodeficiency virus (HIV) infec-
tion is considered a chronic disease and life
expectancy of HIV-infected patients has signif-
icantly increased thanks to the improvement in
clinical management and, specifically, by the
extended use of antiretroviral treatment (ART)

[1, 2]. However, this infection is accompanied
by both structural and functionality alterations
on gut epithelial barrier, along with immuno-
logical changes and shifts in the functionality
and composition of the gut microbiota (GM)
despite the use of ART [3, 4]. In a normal
physiological situation, microorganisms are
located in the intestinal lumen interacting with
the intestinal cells in a state of symbiosis, but
when HIV infection occurs, a depletion of CD4?

T lymphocytes in the gut-associated lymphoid
tissue (GALT) is observed. This fact is followed
by a disruption of the epithelial barrier and
subsequent modifications in the intestinal
lumen and in the composition of GM (at least at
bacteria level) [5]. This GM dysbiosis is sug-
gested to be one of the factors related to differ-
ent immune responses and treatment outcomes
after ART [6]. Moreover, these facts favour the
passage of microorganisms and their compo-
nents to the lamina propria and, hence, to the
circulation (bacterial translocation, BT), which
undergoes subsequent intestinal and systemic
inflammation [7]. Thus, HIV infection is
accompanied by chronic inflammation which is
associated with the development and progres-
sion of age-related comorbidities such as car-
diovascular diseases (CVDs) that have a clear
negative impact on patient’s quality of life [5].
These negative outcomes take place even in the
presence of ART. Although the impact of HIV
infection on GM composition, intestinal per-
meability and systemic inflammation has been
widely described, the long-term effects of dif-
ferent combinations of ARTs in HIV-infected
patients with undetectable viral load have been
scarcely investigated. Several studies suggest
that not all ART-based regimens exert similar
effects on gut [8]. In this context, a recent study
from Japan observed that nucleoside reverse
transcriptase inhibitor (NRTI)-sparing ART (in-
cluding or not integrase strand transfer inhibi-
tors, INSTIs) alleviate the burden of intestinal
dysbiosis in HIV-1-infected patients under long-
term ART [9]. In line with this, a previous work
from our group [8] demonstrated that ART
based on INSTIs was associated with levels of
systemic inflammation, soluble CD14 (sCD14)
serum levels and microbial diversity similar to
those observed in uninfected controls,
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suggesting a healthier gut and potentially fewer
HIV-related complications. In this study, most
of the patients had a long history of treatment
and several switches and it was not possible to
elucidate if these effects were specific to ralte-
gravir (the only integrase inhibitor approved for
clinical practice and the only one available
when patients were recruited for that study) or
could be extrapolated to other INSTIs that are
recommended by international guidelines as
preferred choice as part of the first-line regimen
in treatment-naı̈ve individuals.

The objective of the present work was to
elucidate if previous detected alleviating effects
of raltegravir on inflammation, BT, cardiovas-
cular risk and GM are class specific. To achieve
this goal, we analysed the impact of current
INSTIs-containing regimens on markers of BT,
inflammation, cardiovascular risk, gut perme-
ability, and GM composition and derived
metabolites in HIV-infected patients with
undetectable viral load.

METHODS

This study was performed following the Hel-
sinki Declaration and was approved by the
Committee for Ethics in Drug Research in La
Rioja (CEImLAR) (28 February 2019, reference
number 349). All participants provided their
written informed consent.

Patient Recruitment

HIV-infected patients [naı̈ve (n = 15) and under
ART (n = 15)] were recruited from the Infectious
Diseases Department at Hospital Universitario
San Pedro (HUSP) (Logroño, Spain) from March
2019 to February 2021. Six of the naı̈ve patients
correspond to six of the ART-treated patients
recruited both before treatment and after 1 year
of treatment. The group of HIV-infected ART-
treated patients included HIV-infected patients
in first line of treatment with INSTIs (dolute-
gravir or bictegravir) (Supplementary Table 1) to
avoid confounding effects due to previous
treatments for at least 1 year and with viral load
of less than 20 copies/ml in the last 6 months. In
all ART-treated patients the backbone of the

treatment was one NRTI or two (Supplementary
Table 1). All HIV-infected patients were immune
responders. The presence of acquired immun-
odeficiency syndrome (AIDS), via of transmis-
sion and coinfection with hepatitis B virus (HBV)
and/or hepatitis C virus (HCV) was also regis-
tered. In case of coinfection, the degree of liver
fibrosis was evaluated by the FibroScan� (Echo-
sens, Paris, France) method. Patients were clas-
sified according to the METAVIR scoring system
(F0, no fibrosis; F1, portal fibrosis without septa;
F2, portal fibrosis and few septa; F3, numerous
septa without cirrhosis; F4, cirrhosis) [10]. CD4?

and CD8? T cell counts and viral load were
measured using flow cytometry (NAVIOS EX,
Beckman Coulter) and COBAS 6800 Analyzer
(Roche Molecular Systems Inc., Branchburg, New
Jersey, USA), respectively, as a clinical procedure
in the HUSP. Healthy patients (non-HIV-infected
patients) were also recruited as a control group
(n = 26). For both HIV-infected patients and
controls, the following exclusion criteria were
applied: age less than 18 years, patients who do
not sign the informed consent, pregnant
women, individuals with inflammatory disease
in the last 2 months, patients treated with
antibiotics, anti-inflammatory drugs, immuno-
suppressive drugs, statins or probiotics in the last
2 months, individuals with renal insufficiency,
patients with neoplasms, individuals with his-
tory of intestinal surgery (except for appendec-
tomy or cholecystectomy), inflammatory bowel
diseases (IBD), celiac disease, chronic pancreatitis
or any other syndrome related to intestinal
malabsorption [8]. Patients treated with statins
were excluded because it was demonstrated that
this therapy can cause gut dysbiosis [11, 12].
Finally, weight, height, waist circumference,
systolic and diastolic pressure, alcohol con-
sumption, and smoking habits were also regis-
tered from all participants.

Biochemical Parameters, Markers of BT,
Inflammation, Cardiovascular Risk, Gut
Permeability and Microbiota-Derived
Short-Chain Fatty Acids

Blood samples from HIV-infected patients were
collected at HUSP and blood samples from the
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control population were collected at the Center
for Biomedical Research of La Rioja (CIBIR). In
both cases, samples were collected after 12 h of
fasting and were centrifugated and stored at
- 80 �C for further analysis. Serum levels of
glucose, triglycerides, total cholesterol, low-
density lipoprotein (LDL), high-density
lipoprotein (HDL), aspartate aminotransferase
(GOT/AST) and alanine aminotransferase (GPT/
ALT) were measured at HUSP using an AutoA-
nalyzer (Cobas C702, Roche, Madrid, Spain).
Besides, HOMA-IR (homeostatic model assess-
ment-insulin resistance) was calculated as pre-
viously described [13]. Enzyme-linked
immunosorbent assays (ELISAs) from Merck
Millipore (Darmstadt, Germany) and Luminex
Screening Assays from R&D (Minneapolis, USA)
were used to analyse markers of BT, inflamma-
tion and cardiovascular risk in serum samples
from HIV-infected patients and healthy partic-
ipants. All these analyses were performed in
duplicate with commercially available kits and
according to the manufacturer’s instructions.
Specifically, ELISA was performed to determine
levels of insulin and Luminex was performed to
determine the levels of markers of BT: sCD14
and lipopolysaccharide-binding protein (LBP);
inflammation markers: interleukin-6, (IL-6) and
tumour necrosis factor alpha, (TNFa); and car-
diovascular risk markers: intracellular adhesion
molecule 1 (ICAM-1), vascular cell adhesion
molecule 1 (VCAM-1) and plasminogen activa-
tor protein (PAI-1). Besides, trimethylamine N-
oxide (TMAO), a marker of cardiovascular risk,
was quantified by ultra-performance liquid
chromatography (UPLC, Nexera Shimadzu)
coupled to a triple quadrupole (QQQ) mass
spectrometer (MS) detector (SCIEX
3200QTRAP). Moreover, faecal calprotectin
levels, a marker of gut permeability, was mea-
sured using ELISA from BÜHLMANN (Amherst,
USA) according to the manufacturer’s instruc-
tions. Finally, several short-chain fatty acids
(SCFAs), markers of gut bacterial metabolism,
were measured by 7890C Series gas chro-
matography (GC) coupled to a 7000C Series
Triple Quad GC/MS triple quadrupole mass
spectrometer (Agilent Technologies Inc.,
Wilmington, DE, USA) with a multipurpose
sampler (MPS) automatized liquid sample

injection system (Gerstel GmbH & Co. KG,
Mülheim an der Ruhr, Germany).

DNA Extraction from Stool Samples
and 16S rRNA Gene Sequencing

Fresh stool samples were received at CIBIR, ali-
quoted in tubes (150–250 mg) and stored at
- 80 �C for further analysis. Then, stool samples
were unfrozen, and faecal DNA was extracted
using the Real Microbiome Fecal DNA Kit
(Durviz Valencia, Spain) following the manu-
facturer’s instructions. Then, purity, concen-
tration and quality were determined by a
Nanodrop spectrophotometer 1000 (Thermo
Scientific, USA), a Qubit 3.0 fluorometer
(Thermo Fisher Scientific, MA, USA) and a
Fragment Analyzer (Agilent, USA). Samples were
amplified for the 16S rDNA hypervariable
regions V3–V4 and sequencing was performed
using an Illumina sequencer (MiSeq,
2 9 300 pb, paired end) at the Genomics &
Bioinformatics Core Facility at CIBIR.

The first step in computational analysis was
to check the quality of reads using the quality
control tool FastQC program. Then, the Qiime2
pipeline [14] was used during the bioinformatic
analysis. Firstly, the raw sequences already
demultiplexed (mapping the barcodes to the
samples they belong to) by the Illumina
sequencer were denoised using the DADA2
software. Specifically, the trimming of
sequencing adapters and primer regions, the
filtering of noisy reads, the dereplication of our
sequences to reduce repetition, the joint of
paired reads, the identification of amplicon
sequence variants (ASVs) at 99% of sequencing
similarity and the elimination of chimeras were
performed. Secondly, we used the SILVA data-
base [15] trained with the V3–V4 amplification
primers using during the wet-lab process to do
the taxonomic assignation at 70% confidence.
The alpha and beta diversity were analysed: a-
diversity is a measure of sample-level species
richness, whereas b-diversity describes inter-
subject similarity of microbial composition and
facilitates the identification of broad differences
between samples. The measure of a-diversity
was analysed using Observed Features, Chao1
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index, Fisher’s alpha, Pielou’s evenness, Shan-
non index and Simpson index. Observed Fea-
tures, Chao1 index and Fisher’s alpha are based
on richness, Pielou’s evenness is based on
evenness and Shannon index and Simpson
index are based on diversity (richness ? even-
ness). The measure of b-diversity was analysed
using Bray–Curtis and visualized using principal
coordinate analysis (PCoA) by R software (ver-
sion 4.0.5) and R Studio (version 1.4.1105).
Finally, the analysis of the differential compo-
sition of bacteria was carried out with the
analysis of composition of microbiomes
(ANCOM) methodology at phylum, order and
genus taxonomic levels. This methodology
accounts for the underlying structure in the
data and is widely used for comparing the
composition of microbiomes in two or more
populations, with no assumptions of popula-
tion distribution [16].

Statistical Analysis

Results are presented as mean ± standard error
of the man (SEM). Categorical variables were
analysed using the Chi-square or Fisher’s exact
test. Normal distribution of quantitative vari-
ables was checked using the Shapiro–Wilk test.
Comparisons between two groups were per-
formed using unpaired t test or U Mann–Whit-
ney depending on the normality of the data.
Besides, in the case of longitudinal studies, the
comparisons between two groups were per-
formed by paired t test or Wilcoxon regarding
the normality of the data. Comparisons
between three or more groups were analysed
using analysis of variance (ANOVA) followed by
Tukey post hoc regardless of the normality of
the data. P values less than 0.05 and false dis-
covery rates (FDRs) less than 0.05 were consid-
ered as statistically significant. Statistical
analysis was performed using GraphPad Prism 8
(GraphPad Prism�, La Jolla, California, USA), R
software (version 4.0.5) and R Studio (version
1.4.1105).

RESULTS

Clinical and Demographical
Characteristics of Participants

Table 1 shows the main characteristics of the
population recruited. ART-treated patients
showed nadir CD4 counts of
526.53 ± 56.30 cells/ll. The average time under
treatment was of 33.27 ± 5.04 months. Viral
load of naı̈ve patients was
622,252.9 ± 341,039.3 copies/ml, whereas ART-
treated patients showed indetectable viral load
(below 20 copies/ml), as expected. Statistically
significant differences were observed between
the naı̈ve group and ART-treated patients in
CD4 levels (p\0.01) and CD4/CD8 ratio, both
higher in the ART-treated group. Statistically
significant differences were observed between
the control and the naı̈ve group in terms of
gender (p\0.01), age (p\0.05), systolic blood
pressure (p\0.05), diastolic blood pressure
(p\ 0.05) and smoking habits (p\0.05). In
fact, men were less abundant in the control
group (34.62%) in contrast to HIV-infected
patients (80.00% and 86.67% in naı̈ve and ART-
treated patients, respectively). Mean age of the
control group was higher than that of the naı̈ve
group. However, no difference was observed
among the controls and ART-treated patients
and also among the naı̈ve and ART-treated
patients. Both systolic and diastolic blood
pressure were higher in the naı̈ve group com-
pared to the control group. No difference was
observed when the controls were compared to
ART-treated patients. Of note, none of the naı̈ve
HIV-infected patients suffered from hyperten-
sion. Thus, these differences could be explained
as ‘‘white coat hypertension’’ generated in those
patients that have just received the news of
being HIV-positive. Smoking habits were also
higher in the naı̈ve group and ART-treated
group compared to the control group (11.54%
vs. 46.67% and 66.67%, respectively). More-
over, no differences were observed either in the
mode of transmission or in AIDS events (only
one naı̈ve patient suffered from it), nor in the
coinfection with HCV or HBV (only two ART-
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treated patients presented coinfection with
HCV and a grade of fibrosis of F0/F1).

Table 2 shows the biochemical characteriza-
tion of the population recruited for this study.
Glucose levels and the insulin resistance index,
the HOMA-IR, were significantly higher in the
naı̈ve group compared to the control (p\0.05).
However, differences were not observed
between the controls and ART-treated group,
suggesting that ART ameliorates this metabolic
disturbance. Besides, triglyceride levels were
higher in HIV-infected patients, being more
potent in those naı̈ve participants. Although no
statistically significant differences were
observed in cholesterol levels, a significant

reduction on HDL was only observed in naı̈ve
patients (p\ 0.001 vs. control) but disappeared
in ART-treated HIV-infected patients.

BT, Inflammation, Cardiovascular Risk
and Gut Permeability Markers

Figure 1 shows the results obtained from the
analysis of BT, inflammation and cardiovascular
risk markers in the studied population. HIV
infection was accompanied by a significant
increase in BT (p\ 0.001 for sCD14 and LBP,
naı̈ve vs. control), although this increase was
completely abolished after 1 year of INSTIs-
based treatment (p\ 0.01 and p\0.001 for LBP

Table 1 Characteristics of healthy uninfected controls and HIV-infected patients (naı̈ve and under ART)

Control Naı̈ve ART-treated p value

Number of patients 26 15 15 –

Gender (men) 9/26 (34.62%) 13/15 (86.67%) ** 12/15 (80.00%) ** 0.002

Age (years) 43.58 ± 2.31 33.87 ± 2.85 * 43.67 ± 3.39 0.033

BMI (kg/m2) 24.30 ± 0.69 23.23 ± 1.05 23.51 ± 0.85 0.616

Waist circumference (cm) 85.35 ± 2.55 83.83 ± 2.86 85.13 ± 2.15 0.916

Systolic blood pressure (mmHg) 120.58 ± 2.76 135.67 ± 5.67 * 129.73 ± 6.02 0.050

Diastolic blood pressure (mmHg) 72.19 ± 1.94 81.87 ± 3.31 * 77.80 ± 3.24 0.035

Alcohol active 3/26 (11.54%) 0/15 (0.00%) 1/15 (6.67%) 0.578

Smoking active 3/26 (11.54%) 7/15 (46.67%) * 10/15 (66.67%) *** 0.001

CD4 (cells/ll) – 464.07 ± 76.46 850.53 ± 101.68 0.006

CD4/CD8 ratio – 0.53 ± 0.13 0.84 ± 0.10 0.027

Mode of transmission – HS: 6/15 (40.00%) HS: 7/15 (46.67%) 0.716

– MSM: 9/15 (60.00%) MSM: 7/15 (46.67%)

– Parenteral: 0/15 (0.00%) Parenteral: 1/15 (6.66%)

AIDS – 1/15 (6.67%) 0/15 (0.00%) 1

Coinfection with HCV – 0/15 (0.00%) 2/15 (13.33%) 0.483

Coinfection with HBV – 0/15 (0.00%) 0/15 (0.00%) 1

Qualitative variables are represented in percentage while quantitative variables are represented as mean ± standard error
mean. P value refers to the comparison between two (naı̈ve vs. ART) or three (control vs. naı̈ve vs. ART) groups, as
appropriate. Statistically significant p values are in italics. Asterisks indicate statistically significant differences with respect to
control group (*p\ 0.05, **p\ 0.01 and ***p\ 0.001)
AIDS acquired immunodeficiency syndrome, ART antiretroviral treatment, BMI body mass index, HS heterosexual, MSM
men who have sex with men
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and sCD14 respectively, ART vs. naı̈ve) (Fig. 1a).
Concerning markers of inflammation, no dif-
ference was observed in IL-6. However, a sig-
nificant increase was observed in naı̈ve patients
in TNFa levels compared to controls (p\ 0.05)
that was completely reversed in those patients
under INSTIs regimen (Fig. 1b). Regarding the
analysis of cardiovascular risk markers, the
naı̈ve group presented higher levels of VCAM-1
and PAI-1 compared to controls (p\ 0.001 in
both cases) while no difference was observed on
ICAM-1 and TMAO. The increases observed in
VCAM-1 and PAI-1 were clearly reversed in the
ART-treated group (p\0.001 regarding VCAM-
1 and p\0.01 regarding PAI-1, ART vs. naı̈ve)
and, consequently, no difference was observed
when the ART-treated patients were compared
to uninfected volunteers (Fig. 1c). In line with
these results, we carried out a small pilot study
in which six naı̈ve patients were recruited and
samples were also collected after 1 year under
treatment. Thus, a longitudinal approach was
carried out and, although the sample size was
quite small (n = 6), this analysis revealed that
systemic levels of VCAM-1 and PAI-1 were sig-
nificantly reduced after the treatment (p\0.05

in both cases vs. naı̈ve), corroborating the
potent effect of INSTIs on these cardiovascular
markers (Supplementary Fig. 1). HIV infection
was also accompanied by a statistically signifi-
cant increase in faecal calprotectin levels, a
marker of gut permeability, (p\ 0.05 vs. con-
trol)—an increase that was not present in ART-
treated patients (p = 0.291) (Fig. 2).

Gut-Derived Short-Chain Fatty Acids

A statistically significant reduction in serum
concentration of acetic acid, butanoic acid,
pentanoic acid and hexanoic acid was observed
in HIV-infected population (both naı̈ve and
ART-treated) compared to controls (p\ 0.05 to
p\0.001). This reduction was independent of
ART as can be observed in Fig. 3, except for
acetic acid, where ART seems to reverse such an
increase as no significant differences were
observed when compared with the controls.

Table 2 Biochemical parameter of healthy, uninfected controls and HIV-infected patients

Control Naı̈ve ART-treated p value

Glucose (mg/dl) 87.64 ± 1.77 94.73 ± 2.42 * 93.00 ± 2.20 0.039

Insulin (lU/ml) 9.25 ± 1.54 13.16 ± 1.78 9.90 ± 0.57 0.190

HOMA-IR 2.03 ± 0.33 3.40 ± 0.52 * 2.19 ± 0.16 0.030

Triglycerides (mg/dl) 73.28 ± 5.21 124.47 ± 14.95 ** 117.87 ± 17.73 * 0.004

Cholesterol (mg/d) 184.40 ± 5.66 160.27 ± 8.70 179.87 ± 8.76 0.065

HDL (mg/dl) 62.42 ± 3.83 39.53 ± 2.77 *** 51.47 ± 3.76 0.001

LDL (mg/dl) 110.26 ± 4.26 95.93 ± 7.57 99.00 ± 6.47 0.167

GOT/AST (U/L) 20.88 ± 1.62 21.29 ± 1.74 18.86 ± 1.25 0.607

GPT/ALT (U/L) 18.68 ± 1.60 23.00 ± 2.29 18.43 ± 1.72 0.211

Variables are represented as mean ± standard error mean. P value refers to the comparison between three groups (control
vs. naı̈ve vs. ART). Statistically significant p values are in italics. Asterisks indicate statistically significant differences with
respect to control group (*p\ 0.05, **p\ 0.01 and ***p\ 0.001)
ART antiretroviral treatment, GOT/AST glutamic oxaloacetic transaminase or aspartate aminotransferase, GPT/ALT
pyruvic glutamic transaminase or alanine aminotransferase, HDL high-density lipoprotein, HOMA-IR homeostatic model
assessment-insulin resistance, LDL low-density lipoprotein
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Gut Bacteriome Diversity
and Composition

Alpha Diversity
A significant decrease in Observed Features and
Chao1 indexes was observed in the naı̈ve group
compared to controls (p\ 0.05 in both cases).
Such a decrease was not present in the ART-
treated group when compared to controls, sug-
gesting some kind of reversion due to the
treatment (Fig. 4). No statistically significant
differences were observed either in Fisher’s
alpha or in Pielou’s evenness, nor in Shannon
index or in Simpson index.

Beta Diversity
Figure 5 shows the PCoA from the studied
population. The control group is clearly differ-
ent from the naı̈ve group (p\0.01) and ART-
treated group (p\ 0.01). However, statically
significant differences were not observed
between the naı̈ve group and ART-treated

Fig. 2 Levels of calprotectin in the studied population
compared with the control group, naı̈ve group and ART-
treated group. *p\ 0.05 vs. control. ART antiretroviral
treatment
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patients in terms of b-diversity as can be
observed in Fig. 5.

Differential Abundance
Concerning GM composition, a total of 16
phyla and 42 orders were detected. The two
most abundant phyla in the gut were Bac-
teroidetes (20.27–64.21%) and Firmicutes
(13.57–77.01%). At the order level,

Bacteroidales (20.27–64.21%) and Clostridiales
(11.41–64.47%) were the most abundant ones.

When comparing controls to naı̈ve patients,
increases in phylum level were not revealed. An
increase in the order Aeromonadales (phylum
Proteobacteria) and in the genus Succinivibrio
(order Aeromonadales, phylum Proteobacteria)
and Prevotella 2 (order Bacteroidales, phylum
Bacteroidetes) were observed in the naı̈ve group
compared to controls (Table 3). In contrast, HIV

Fig. 4 Different indexes of a-diversity of faecal samples of the studied population. *p\ 0.05 vs. control. ART antiretroviral
treatment
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infection was accompanied by a decrease in the
phylum Verrucomicrobia and in the genera
Erysipelotrichaceae UCG-003 (order Erysipelo-
trichales, phylum Firmicutes) and Catenibac-
terium (order Erysipelotrichales, phylum
Firmicutes) in the naı̈ve group compared to
controls (Table 3). When controls were com-
pared against ART-treated HIV-infected
patients, an increase in the phyla Spirochaetes
and Cyanobacteria, in the order Aeromonadales
(phylum Proteobacteria) and in the genera Suc-
cinivibrio (order Aeromonadales, phylum Pro-
teobacteria) and Catenibacterium (order
Erysipelotrichales, phylum Firmicutes) were

observed in the treated group (Table 3). A
decrease in the phyla Bacteroidetes and Acti-
nobacteria in the ART-treated group compared
to the control group was also detected,
although no specific orders or genera were
decreased in this group of patients compared to
healthy volunteers (Table 3).

DISCUSSION

Integrase inhibitors are recommended by
international guidelines [17–19] as a key com-
ponent of ART in the treatment of HIV-infected
patients. In particular, their efficacy, tolerability

Fig. 5 PCoAs of faecal samples from the studied popu-
lation (accounting for 22% of the total variation [compo-
nent 1 = 17% and component 2 = 5%]). Results are
plotted according to the first two principal components.
Each circle represents a sample: red circles represent the
uninfected volunteers, green circles represent the naı̈ve

group and blue circles represent the ART-treated group.
The clustering of samples is represented by their respective
95% confidence interval ellipse. p\ 0.05 naı̈ve vs. control
and p\ 0.05 ART vs. control. ART antiretroviral
treatment
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and low drug–drug interaction profile have
made them the preferred choice as part of the
first-line regimen in treatment-naı̈ve individu-
als [20]. Here we report that current antiretro-
viral regimens based on INSTIs are able to
reverse the impact of HIV infection on BT, sys-
temic inflammation and bacterial diversity/
richness, reaching similar levels to those
observed in an uninfected/control population.
These results suggest potent beneficial actions
of this class of antiretrovirals on the gut and in
potential age-related complications such as
cardiovascular events. In addition, our study
confirms that the results previously observed
with raltegravir [8] can be extrapolated to other
INSTIs used for treatment of HIV-infected
patients.

The BT triggered by HIV infection is associ-
ated with subsequent intestinal and systemic
inflammation [7] and with the predisposition of
HIV-infected patients to comorbidities such as
CVD [21]. Several studies have reported elevated
serum levels of sCD14 and have demonstrated
that this marker independently predict mortal-
ity and thrombotic risk [22, 23]. Our study
clearly showed that the ART based on INSTIs
reduced the levels of sCD14 and LBP, reaching

similar serum levels to those observed in control
population. An increase in the inflammatory
cytokine TNFa in the naı̈ve group, which was
not present in the ART-treated group, was also
observed in our study. This fact suggests a mild
recuperation of the inflammatory state in HIV-
infected people under INSTIs therapy. These
results are similar to those obtained in an
observational study analysing the effects of
different INSTIs on markers of inflammation
[24]. Thus, this could potentially reduce future
HIV-related complications. In fact, we have
observed that INSTIs-based treatments are able
to reduce cardiovascular risk markers VCAM-1
and PAI-1 which could suggest a reduced risk of
CVD, as stated in a previous study [25].
Regarding faecal calprotectin, several studies
have shown that its concentrations are highly
correlated with histopathological and endo-
scopic findings in IBD [26] and, in fact, it is used
as a measurement of gut permeability and
inflammation in IBD [26], although this marker
has not been applied to HIV-infected patients
yet. In our study, we revealed an increase of
faecal calprotectin due to HIV infection that
was reversed after INSTIs-based treatment.
These results are in contrast with those from

Table 3 Bacterial taxonomical orders that present a differential abundance in the studied population

Control vs.

Naı̈ve ART

Category Taxonomic group W Category Taxonomic group W

Phylum Spirochaetes : 9

Phylum Cyanobacteria : 6

Order Aeromonadales : 41 Order Aeromonadales : 42

Genus Succinivibrio : 285 Genus Succinivibrio : 307

Genus Prevotella 2 : 285 Genus Catenibacterium : 286

Phylum Verrucomicrobia ; 9 Phylum Bacteroidetes ; 4

Phylum Actinobacteria ; 4

Genus Erysipelotrichaceae UCG-
003

; 303

Genus Catenibacterium ; 292

ART antiretroviral treatment
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Eckard et al. [27] and Ancona et al. [3], who did
not detect a recovery of faecal calprotectin
levels after ART treatment. These differences
could be due to the different treatment used,
which could suggest a strong protective role of
INSTIs-based treatments in terms of gut
permeability.

With respect to gut bacterial composition,
our results showed that HIV infection reduces
bacterial richness/diversity, as previously
demonstrated [28], whereas ART based on
INSTIs was able to counteract this process.
These results mimic those previously observed
by our group with raltegravir [8] and, therefore,
point towards a similar trend in all INSTIs-based
regimens, confirming a class effect irrespective
of the drug used. However, long-term suppres-
sive INSTIs-based ART was not able to com-
pletely restore the compositional changes
induced by HIV infection in the gut and only
partial improvements were observed. Thus, HIV
infection was associated with an increase in
Aeromonadales order (phylum Proteobacteria)
mainly triggered through the increase in genus
Succinivibrio (Aeromonadales order constitutes
0.23–26.78% of the bacterial reads and Suc-
cinivibrio genus up to 26.78%). This increase was
not reversed by the INSTIs and should be thor-
oughly studied in the future given the fact that
previous studies suggested that Succinivibrio
could be associated with defects in gastroin-
testinal functions such as diarrhea and abdom-
inal pain [29–32], although none of the patients
included in our study reported such problems.
Our results also showed an increase of
Prevotella 2 (phylum Bacteroidetes) associated
with HIV infection, which was not present in
ART-treated patients, suggesting a partial
recovery after treatment. This increase observed
in Prevotella could be associated with the ele-
vated inflammation observed in naı̈ve patients
since increased Prevotella abundance is associ-
ated with augmented T helper type 17 (Th17)-
mediated mucosal inflammation, which is in
line with the marked capacity of Prevotella in
driving Th17 immune responses in vitro. Fur-
thermore, Prevotella stimulates epithelial cells to
produce interleukin-8 (IL-8), IL-6 and C–C motif
chemokine ligand 20 (CCL20), which can pro-
mote mucosal Th17 immune responses and

neutrophil recruitment [33]. Thus, these results
could suggest that HIV increases inflammation
(confirmed by the increase in TNFa levels) and
INSTIs-based treatments are able to improve
this pro-inflammatory effect through the mod-
ulation of this bacterial genus, at least in part.
More studies are needed in this regard. On the
other hand, Verrucomicrobia phylum and Ery-
sipelotrichaceae UCG-003 genus (phylum Firmi-
cutes) were decreased in the naive group. In this
context, Akkermansia muciniphila belonging to
phylum Verrucomicrobia has been reported to
be a sentinel for gut permeability having bene-
fits in HIV-infected people [34]. Moreover, an
increase in Spirochaetes and Cyanobacteria
phyla and a decrease in Bacteroidetes and Acti-
nobacteria phyla were observed in INSTIs-trea-
ted patients when compared to uninfected
individuals. These effects were not observed in
naı̈ve patients, at least at phylum level. There
are few studies analysing the relation of these
phyla and HIV infection, but recent studies
have shown that spirulina and other com-
pounds extracted from Cyanobacteria can alle-
viate oxidative stress and inflammation in
aspirin-induced gastric ulcer in mice [35] and
could even exert anti-HIV activities [36]. Thus,
the increase observed after ART treatment could
be of great interest from a clinical point of view
although more studies are needed. Besides,
phylum Bacteroidetes has been reported to
include some significant clinical pathogens [37]
and has been also found to decrease in INSTI-
treated patients in other studies [8, 38], which
corroborates our results. Regarding Actinobac-
teria, this phylum includes some genera with
beneficial properties to human health such as
Collinsela, related to butyrate production [39],
and Bifidobacterium, which has numerous posi-
tive health benefits [40]. Thus, the slight
decrease observed in ART-treated patients com-
pared to controls should be further addressed in
depth. Our study showed a decrease in the
concentration of acetic acid, butanoic acid,
pentanoic acid (valproic acid) and hexanoic
acid (caproic acid) in HIV-infected subjects,
including both naı̈ve and ART-treated patients.
These SCFAs are generated by the fermentation
of dietary fibre by GM and evidence indicates
that they are key players in regulating the
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beneficial effect of dietary fibre and GM on our
health [41]. Specifically, a study revealed that
acetic acid suppresses colonic inflammation in
germ-free (GF) mice [42] and butanoic acid has
also been demonstrated to exert important
actions related to cellular homeostasis such as
anti-inflammatory, antioxidant and anti-car-
cinogenic functions [43]. On the other hand,
hexanoic acid has revealed anti-inflammatory
effects and a role in maintaining the integrity of
the gastrointestinal epithelial barrier through
regulation of mucus production and tight
junction expression [44], and was previously
shown to protect against dysbiosis and expan-
sion of pathogenic bacteria in animals [45]. The
fact that the levels of these SCFAs are not
restored after ART treatment is interesting and
should be studied further, to evaluate if a longer
treatment is able to restore them.

Finally, this study has some limitations.
There are some differences between the control
group and the HIV-infected groups, such as
gender, age and smoking habits, all which fac-
tors that could impact on GM. However, both
HIV-infected groups were balanced for these
factors, so the differences observed between
them, which is the main aim of this study, will
be independent from the aforementioned fac-
tors and could be attributed to INSTIs. Finally,
we were not able to reveal if the effects observed
on BT, inflammation, cardiovascular risk mark-
ers and GM are similar between dolutegravir
and bictegravir regimens because of the small
number of patients taking bictegravir.

CONCLUSIONS

Our study demonstrates that INSTIs, as part of
the first-line regimen in the treatment of naı̈ve
individuals, partially restore BT, inflammation
and gut permeability. However, the effects of
these treatments on gut compositional changes
are milder, probably because of the strong
effects induced by HIV infection. Thus, these
INSTIs-based ARTs reverse the actions of HIV
infection on BT and subsequent systemic
immune activation and probably on disease
progression and future age-related complica-
tions such as CVD.
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