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Aim: This study aims to comprehensively and systematically review the current 
status of research on probiotics and HIV/AIDS, while also exploring future 
research hotspots and trends in this domain.

Methods: The Web of Science (WoS) Core Collection database was queried 
up until May 13, 2024, to retrieve relevant literature on probiotics and HIV/
AIDS. Utilizing CiteSpace, VOSviewers, and Bibliometrix software, scientific 
achievements and research frontiers in this field were analyzed.

Results: As of May 14, 2024, a total of 90 articles was included in. The publication 
output in this area peaked in 2017, with a subsequent decline in the number of 
articles post-2019. The United States emerged as the leading country in terms 
of article count (32 articles), with The University of Western Ontario being the 
institution with the highest publication output. Dr. Reid G contributed the most 
articles (12 articles). In addition to key terms, high-frequency keywords included 
immune activation, inflammation, and microbial translocation. The burst analysis 
of keywords suggests that vaccines may become a focal point of future research.

Conclusion: Future research hotspots and trends should focus on elucidating 
the types of probiotics, intervention timing, and optimal strains (in terms of 
mixing ratios) in the context of HIV/AIDS. Furthermore, exploration into the role 
of probiotic metabolites, such as short-chain fatty acids, in vaccine development 
is warranted.
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1 Introduction

Acquired Immunodeficiency Syndrome (AIDS) primarily stems from infection with the 
Human Immunodeficiency Virus (HIV) (Li et al., 2024). HIV predominantly targets CD4+ T 
cells (Meng et al., 2024). Highly Active Antiretroviral Therapy (HAART) is a therapeutic 
approach to treating AIDS by combining three or more antiretroviral drugs, which has 
significantly reduced the mortality rate of HIV-1-infected patients. It was a significant 
achievement of modern medicine (Jilek et al., 2012). Persons Living with HIV (PLWH) who 
had not undergone HAART experience progressive depletion of CD4+ T cells, leading to 
succumbing to various infections and tumors (Burkhart Colorado et al., 2024). Since the 
introduction of HAART in 1996 for the management of AIDS, the life expectancy of infected 
individuals has significantly improved. However, a study showed that approximately 10 to 40% 
of those infected exhibit characteristics of immunological non-responders (Yang et al., 2020). 
These individuals showed no elevation in CD4+ T cell counts despite HAART administration, 
and the chronic inflammation and sustained immune system activation in PLWH remain 
unresolved (Rhoades et al., 2019).

OPEN ACCESS

EDITED BY

Alejandro Vallejo,  
Ramón y Cajal Institute for Health Research, 
Spain

REVIEWED BY

Luminita Marutescu,  
University of Bucharest, Romania
Manju Narwal,  
The Pennsylvania State University, 
United States

*CORRESPONDENCE

Zhen Wu  
 17590931063@163.com  

Li-qin Xu  
 13874015345@163.com

†These authors share first authorship

RECEIVED 06 June 2024
ACCEPTED 09 December 2024
PUBLISHED 27 December 2024

CITATION

Cui X, Xie Z, Wu Z and Xu L-q (2024) Current 
trends and future directions in probiotics 
research for HIV/AIDS.
Front. Microbiol. 15:1444552.
doi: 10.3389/fmicb.2024.1444552

COPYRIGHT

© 2024 Cui, Xie, Wu and Xu. This is an 
open-access article distributed under the 
terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic 
practice. No use, distribution or reproduction 
is permitted which does not comply with 
these terms.

TYPE Systematic Review
PUBLISHED 27 December 2024
DOI 10.3389/fmicb.2024.1444552

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2024.1444552&domain=pdf&date_stamp=2024-12-27
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1444552/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1444552/full
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1444552/full
mailto:17590931063@163.com
mailto:13874015345@163.com
https://doi.org/10.3389/fmicb.2024.1444552
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2024.1444552


Cui et al. 10.3389/fmicb.2024.1444552

Frontiers in Microbiology 02 frontiersin.org

Chronic inflammation and sustained immune activation augment 
the risk of inflammatory non-AIDS events, such as cardiovascular 
diseases, among PLWH (Trøseid et al., 2024). Dysbiosis of the probiotics 
contributed significantly to chronic inflammation. It sustained immune 
system activation and also contributed to immunological non-response, 
with non-responders exhibiting higher mortality rates than responders 
(Lohani et al., 2024). Akkermansia muciniphila, by modulating mucin 
thickness, facilitated intestinal mucosal homeostasis. Enrichment of 
certain species within the Lachnospiraceae and Ruminococcaceae 
families induced the expansion of regulatory T cells, thereby dampening 
detrimental inflammatory responses (Vujkovic-Cvijin et  al., 2020). 
Consequently, targeting the probiotics for the treatment of AIDS was 
imperative. Studies have indicated that dietary supplementation 
improved intestinal barrier function in individuals with AIDS while 
also promoting immune reconstitution (Lu et al., 2024).

Furthermore, research by Blázquez-Bondia et al. (2022) suggested 
that probiotic intervention was safe and led to a slight increase in the 
CD4/CD8 ratio, although its clinical significance remained uncertain. 
Hence, a comprehensive and systematic review of this field was 
essential to address these disparities and provide insights into future 
research hotspots and trends.

Bibliometric analysis allows summarizing existing publications in 
the field related to AIDS and probiotics, analyzing the structure of 
research and quantitative information in a particular research area. 
The relative contribution of different countries, authors and journals 
in this field can be  provided in a visual map. Thus, bibliometric 
analysis can outline the current general framework and show the focus 
and trends in the field (Gu et  al., 2021). This study employed 
Citespace.6.1.R6, VOSviewers1.6.19, and Bibliometrix to analyze 
literature published before May 13, 2024, concerning “AIDS and 
probiotics,” thereby elucidating changes in hotspots and trends to 
guide future research directions. There have been no reports on 
bibliometric studies regarding probiotics and AIDS.

2 Materials and methods

2.1 Database source

The Web of Science (WOS) Core Collection was selected for 
retrieval, encompassing literature published from the database’s 
inception until May 13, 2024.

2.2 Search strategy

This study employed Medical Subject Headings (MeSHs) terms 
from the PubMed database to maximize article coverage. The search 
strategy was tailored according to Web of Science, focusing on HIV/
AIDS AND probiotics and associated terminology (refer to the 
Supplementary materials for specific search tactics).

2.3 Literature selection and inclusion 
criteria

Only research articles were included in this study, with searches 
restricted to English-language publications. Two researchers 

independently conducted the screening. A total of 530 records were 
retrieved, and manual filtering was performed based on the relevance 
of titles, abstracts, and keywords to “probiotics and AIDS.” Full-text 
assessment was conducted when insufficient information was 
available for determination. After deduplicating and excluding clearly 
ineligible articles, the two researchers retrieved 75 and 104 articles, 
respectively. After the third researcher judged the divergence between 
the two, 90 articles were included. The study workflow was depicted 
in Supplementary Figure S1.

2.4 Analytical methods

The 90 articles were exported and downloaded in Plain Text File, 
Tab Delimited File, and BibTeX formats. CiteSpace (6.1.R6) was 
utilized for burst keyword analysis, journal dual-map overlay, and 
keyword timeline visualization, with co-occurrence network 
construction. VOSviewers (1.6.18) were employed to identify 
countries, institutions, journals, and keywords and generate 
co-occurrence networks. Bibliometrix in RStudio version 4.2.3 
facilitated visual analysis of countries and authors. Microsoft Excel 
(2019) was utilized for data management and analysis of annual 
publications and citation trends.

Ethical approval was not applicable for the present study.

3 Results

3.1 Publication status and journals

Ninety articles were included based on the search strategy and 
screening criteria. The production and citation counts of articles from 
January 1, 1998, to May 13, 2024, are depicted in Figure 1. Overall, the 
volume of publications was relatively low, with a peak of 10 articles in 
2017. Articles on the intersection of probiotics and HIV/AIDS were 
published in 58 journals, as detailed in Supplementary Figure S2. The 
top 10 journals were presented in Supplementary Table S1. The journal 
with the highest impact factor was GUT MICROBES (IF: 12.2), while 
the most prolific journal was Nutrients (IF: 4.8), with six related articles 
published. Both of these journals are Journal Citation Reports (JCR) 
Q1. This suggested promising research prospects in this field, with 
potential for publication in high-quality journals.

Furthermore, according to Bradford’s Law, these journals were 
considered core journals. However, over time, publications in these 
journals may have plateaued (see Figures 2, 3). Additionally, a journal 
overlay analysis was conducted for AIDS and probiotics 
(Supplementary Figure S3) to explore further the thematic distribution 
of journals and the transfer pathway of disciplinary knowledge. The 
citing journals predominantly included clinical, molecular biology, 
medical, immunology, and clinical journals, while the cited journals 
mainly comprise molecular, biological, and genetic journals.

3.2 Visualization analysis of authors, 
countries, and institutions collaboration

The top 10 authors by publication count were depicted in Figure 4, 
with Reid G ranking first with 12 publications. Reid G’s research 
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primarily focused on Lactobacillus rhamnosus GR-1 and Lactobacillus 
reuteri RC-14, which target female subjects (Liu et al., 2007; Anukam 
et al., 2008; Irvine et al., 2010; Hummelen et al., 2010; Hummelen 
et al., 2011a; Hemsworth et al., 2011; Dols et al., 2011; Hummelen 
et al., 2011b; Dizzell et al., 2019). A total of 28 countries were involved 
in research on AIDS and probiotics, as visualized in Figure 5. The 
United States published 32 articles, followed by Italy with 18 articles. 
Three countries have published more than 10 articles each. 
Collaboration among countries was predominantly led by high-output 

nations, with exchanges occurring between various nations. A total of 
248 institutions have contributed to publications. The University -of 
Western Ontario ranked first in publication count with 12 articles, and 
the top 10 institutions were all from developed countries (Figure 6). 
The institution burst map was provided in Supplementary Figure S4, 
highlighting institutions such as George Washington University, 
University of Washington, and University of Minnesota, all from the 
United States, indicating a potential for increased publication output 
from the United States in this field in the future.

FIGURE 1

The volume of publications and citations fluctuates with the passage of time.

FIGURE 2

Core and non core journals.
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3.3 Analysis of articles’ citations

The top 10 cited articles were presented in Supplementary Table S2. 
These studies have relatively small sample sizes, not exceeding a 
hundred (Irvine et al., 2010; Hummelen et al., 2011a; Villar-García 
et al., 2015; Cunningham-Rundles et al., 2000; D’Ettorre et al., 2015; 
Wolf et al., 1998; Anukam et al., 2008; Mudd and Brenchley, 2016; 
Klatt et al., 2013; Gori et al., 2011). They suggested that probiotic 
supplementation can reduce inflammation and immune activation 
and alleviate microbial translocation, but the results regarding the 
increase in CD4+ T cell count were inconsistent. While some studies 
indicated a significant increase in CD4+ T cell counts with probiotic 
supplementation, others showed only a slight improvement. No burst 

articles were identified (Supplementary Figure S5), likely due to the 
limited number of publications. Additionally, review articles were 
excluded, which may have influenced this result.

3.4 Keyword analysis

A total of 546 keywords were included, forming a keyword map 
(Figure 7). Apart from the main terms, probiotics, HIV, immune 
activation, inflammation, and microbial translocation were the 
most frequently occurring keywords, all closely interrelated. The 20 
most vital burst keywords are shown in Supplementary Figure S6, 
with “vaccine” appearing in 2023 and continuing to this day.

FIGURE 3

Journal publication volume between different years.

FIGURE 4

The quantity of articles written by the author fluctuates over time.
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4 Discussion

4.1 Global publication and journal trends

The fluctuation in publication volume served as a crucial indicator 
of developmental trends. Our systematic review of articles on probiotic 
intervention in HIV/AIDS from 1998 to 2024 reveals peaks in 
publications in 2017 and 2019, with 10 and 9 articles, respectively. The 

first meta-analysis was published in 2021, a year in which publications 
in this field continued to decline, which may have affected 
publication volume.

The decline in publication volume may be attributed to three main 
factors: ① inconsistencies in studies regarding whether probiotics can 
reduce inflammation and increase CD4+ T cell count; ② the negative 
results of the first meta-analysis on probiotics’ effect on CD4+ T cell 
count in 2021; ③ our study did not include review articles in this field.

FIGURE 5

The visualization of national output collaboration. With darker colors representing higher output and thicker lines indicating closer collaboration.

FIGURE 6

The institution produces visual analyses. Where the size of the nodes represents the volume of publications, and the thickness of the connections 
represents the level of collaboration.

https://doi.org/10.3389/fmicb.2024.1444552
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Cui et al. 10.3389/fmicb.2024.1444552

Frontiers in Microbiology 06 frontiersin.org

Numerous studies indicated an increase in pro-inflammatory 
bacteria (Enterobacteriaceae and Desulfovibrionaceae) and a 
decrease in anti-inflammatory bacteria (Lachnospiraceae, 
Ruminococcaceae, Rikenellaceae, and Bacteroides) in PLWH 
(Vujkovic-Cvijin et  al., 2020). HIV also damaged the intestinal 
mucosal barrier, significantly increasing intestinal fatty acid-binding 
protein (IFABP) (MacCann et al., 2023). The above results lead to 
LPS leakage, further exacerbating inflammatory responses and 
sustained immune activation.

d’Ettorre et  al. demonstrated a significant reduction in high-
sensitivity C-reactive protein (hsCRP) after the probiotic intervention, 
a marker associated with a significant decrease in cardiovascular 
disease risk (D’Ettorre et  al., 2015). A considerable number of 
Randomized Controlled Trial (RCT)studies suggested that probiotic 
supplementation played a significant role in slowing inflammation and 
immune activation and may also affect CD4+ T cell count 
(Mortezazadeh et  al., 2023; Reale et  al., 2021; Jones et  al., 2021), 
although some studies showed that probiotic supplementation does 
not significantly impact CD4+ cell counts (Blázquez-Bondia et al., 
2022; Rousseau et al., 2022; Meyer-Myklestad et al., 2022). Moreover, 
these meta-analyses did not classify probiotics. These differences need 
to be explored and added to by subsequent researchers.

Subgroup analyses on intervention duration revealed that only 
sufficient intervention time can reduce the incidence of AIDS-
related diarrhea. The incidence of AIDS-related diarrhea decreased 
when probiotics were given for more than 30 days. When 
probiotics were given for less than 30 days, there was no change in 
the incidence of AIDS-related diarrhea (Kazemi et  al., 2018). 
These studies suggested that probiotic treatment of AIDS-related 
diarrhea requires more than a 30-day course of therapy in clinical 
practice for the management of AIDS. Currently, there are meta-
analyses regarding probiotic intervention in AIDS, with 

inconclusive results (Sachdeva et al., 2022; Zhang et al., 2021). 
Some argue that probiotics increased CD4+ T cell counts 
(children) in PLWH, while others contend that probiotics did not 
affect restoring CD4+ T cell counts. Future research should 
explore the optimal probiotic strains (mixed ratios), dosages, and 
administration timing to clarify their specific roles.

Through visualization analysis of journals, it was found that the 
first journal in this field was Nutrients, followed by JAIDS-JOURNAL 
OF ACQUIRED IMMUNE DEFICIENCY SYNDROMES, with the 
highest impact factor being Gut Microbes. Future attention should 
be focused on these journals to obtain cutting-edge information.

4.2 Countries, institutions, and authors

Regarding the analysis of countries, institutions, and authors, 
developed countries have far exceeded developing countries in terms of 
publication volume. Although the number of AIDS patients in developing 
countries was much higher than in developed countries, with two-thirds 
of AIDS patients in sub-Saharan Africa, developed countries have more 
abundant funds and research technology. Additionally, the top  10 
institutions by publication count were all from developed countries, most 
of which are universities, indicating that research in this field requires 
strong research capabilities. Through analysis of the first authors of 
publications, Reid G focused on Lactobacillus rhamnosus GR-1 and 
Lactobacillus reuteri RC-14 (Liu et al., 2007; Anukam et al., 2008; Irvine 
et al., 2010; Hummelen et al., 2010; Hummelen et al., 2011a; Hemsworth 
et al., 2011; Dols et al., 2011; Hummelen et al., 2011b; Dizzell et al., 2019), 
using these two probiotics to intervene in women with AIDS. The reason 
for this may be  the ability of these strains to migrate, with the most 
authoritative two strains colonizing the vagina: Lactobacillus rhamnosus 
GR-1 and Lactobacillus reuteri RC-14.

FIGURE 7

Keyword visual analysis. Node size represents keyword frequency, thickness represents the strength of connection.
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Compared to developed countries, developing countries have 
inconsistent races, dietary habits, lifestyles, and antibiotic abuse 
situations (Batool et al., 2023), so research results from developed 
countries may not apply to developing countries. The closer ties 
between the institutions and countries with higher publication 
rankings suggested that cooperation will lead to more fruitful results. 
Therefore, developing countries should actively collaborate with 
developed countries to jointly explore the specific mechanisms of 
probiotics and AIDS, providing evidence for the cure or immune 
reconstruction of AIDS.

4.3 Current trends and future directions

The burst keyword map showed that future emphasis may be based 
on research on probiotics and vaccines. Inducing robust circulating 
antibody titers is a crucial goal of HIV-1 vaccination (Wilson et al., 2023).

Probiotics and their metabolites can affect the development 
and differentiation of bone marrow cells and B cells, as well as 
abnormal antibody differentiation (Wang et al., 2024). Klatt et al. 
(2021) investigated whether probiotic intervention could 
enhance the immunogenicity and protective efficacy of SIV/HIV 
vaccines. Their results showed that although taking probiotics can 
cause immunological changes, these changes do not enhance the 
immunogenicity of this particular SIV/HIV vaccine platform. That 
said whether probiotics improve vaccine efficacy may 
be independent of the probiotics.

However, metabolites of probiotics may affect vaccine efficacy. The 
probiotics used by Klatt et al. did not include Bacteroidetes, a vital 
source of short-chain fatty acids (propionate). Jiang et  al. (2023) 
demonstrated that short-chain fatty acids can improve AIDS vaccine-
specific immune responses, consistent with the role of short-chain 
fatty acids in modulating the immune system and driving antibody 
responses. Consequently, Huang et al. (2020) demonstrated that short-
chain fatty acids can stimulate the peritoneum at high concentrations 
or frequent injections, leading to ascites and damage. In contrast, at 
low concentrations, they have no effect. Therefore, future research 
needs to be based on the effects of probiotic metabolites on vaccines 
to explore suitable probiotics to assist in vaccine enhancement.

Probiotics were not useless for vaccine development. Ninyio et al. 
(2024) developed a probiotic-based candidate vaccine by expressing 
the HIV-1 envelope membrane-proximal external region on the 
surface of Escherichia coli Nissle 1917 using CRISPR/Cas9 editing 
technology. This provided new ideas for the subsequent use of 
probiotics in the development of vaccines.

5 Limitations

This study only included research articles and did not include review 
articles, which may have affected the annual publication and citation 
counts. However, review articles were excluded because they only 
synthesize and describe previous articles, while this study required a 
description of future research directions. This study also used the Web of 
Science (WOS) Core Collection database. Incorporating different 
databases for format merging is a challenge in bibliometrics. However, 
bibliometrics generally relies on the Web of Science (WOS) Core 
Collection database, the most reliable citation index for scientific and 

academic research worldwide (Liao et al., 2024). Moreover, non-core 
databases generally have lower quality than Web of Science (WOS) Core 
Collection, so the data results are reliable.

6 Conclusion

This study evaluated 90 articles focused on HIV and probiotics 
as of May 13, 2024, using CiteSpace, VOSviewers, and Bibliometrix. 
Our analysis revealed an emerging field with contributions from 
28 countries, 248 institutions, and 604 authors. Developing 
countries should actively seek cooperation with developed 
countries because research results from developed countries may 
not be  suitable for populations in developing countries. It was 
inconclusive whether the probiotic type and its use duration affect 
CD4+ T-cell counts. In clinical practice, the use of probiotics for 
more than 30 consecutive days has been shown to have good 
efficacy in the treatment of AIDS-related diarrhea. Therefore, it is 
essential to explore the optimal strains (mixing ratios) and 
concentrations of probiotics for the treatment of AIDS-associated 
diarrhea and the improvement of clinical symptoms in patients. 
For future vaccine studies, researchers could start with the 
metabolites of probiotics and then explore suitable strains to 
enhance the vaccine. Using probiotics for vaccine development is 
also a direction that researchers could explore in the future.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding author/s.

Author contributions

XC: Investigation, Methodology, Project administration, Resources, 
Software, Supervision, Validation, Visualization, Writing – original draft, 
Writing – review & editing. ZX: Investigation, Methodology, Project 
administration, Resources, Software, Supervision, Validation, 
Visualization, Writing – original draft, Writing – review & editing. ZW: 
Investigation, Methodology, Project administration, Resources, Software, 
Supervision, Validation, Visualization, Writing – original draft, Writing – 
review & editing. L-qX: Investigation, Methodology, Project 
administration, Resources, Software, Supervision, Validation, 
Visualization, Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Acknowledgments

A heartfelt appreciation to those who contributed their efforts to 
this paper.

https://doi.org/10.3389/fmicb.2024.1444552
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Cui et al. 10.3389/fmicb.2024.1444552

Frontiers in Microbiology 08 frontiersin.org

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1444552/
full#supplementary-material

References
Anukam, K. C., Osazuwa, E. O., Osadolor, H. B., Bruce, A. W., and Reid, G. (2008). 

Yogurt containing probiotic Lactobacillus rhamnosus GR-1 and L. reuteri RC-14 helps 
resolve moderate diarrhea and increases CD4 count in HIV/AIDS patients. J. Clin. 
Gastroenterol. 42, 239–243. doi: 10.1097/MCG.0b013e31802c7465

Batool, M., Keating, C., Javed, S., Nasir, A., Muddassar, M., and Ijaz, U. Z. (2023). A 
cross-sectional study of potential antimicrobial resistance and ecology in gastrointestinal 
and Oral microbial communities of young Normoweight Pakistani individuals. 
Microorganisms 11:279. doi: 10.3390/microorganisms11020279

Blázquez-Bondia, C., Parera, M., Català-Moll, F., Casadellà, M., Elizalde-Torrent, A., 
Aguiló, M., et al. (2022). Probiotic effects on immunity and microbiome in HIV-1 
discordant patients. Front. Immunol. 13:1066036. doi: 10.3389/fimmu.2022.1066036

Burkhart Colorado, A. S., Lazzaro, A., Neff, C. P., Nusbacher, N., Boyd, K., Fiorillo, S., 
et al. (2024). Differential effects of antiretroviral treatment on immunity and gut 
microbiome composition in people living with HIV in rural versus urban Zimbabwe. 
Microbiome 12:18. doi: 10.1186/s40168-023-01718-4

Cunningham-Rundles, S., Ahrné, S., Bengmark, S., Johann-Liang, R., Marshall, F., 
Metakis, L., et al. (2000). Probiotics and immune response. Am. J. Gastroenterol. 95, 
S22–S25. doi: 10.1016/S0002-9270(99)00813-8

D’Ettorre, G., Ceccarelli, G., Giustini, N., Serafino, S., Calantone, N., de, G., et al. 
(2015). Probiotics reduce inflammation in antiretroviral treated, HIV-infected 
individuals: results of the "Probio-HIV" clinical trial. PLoS One 10:e0137200:e0137200. 
doi: 10.1371/journal.pone.0137200

Dizzell, S., Nazli, A., Reid, G., and Kaushic, C. (2019). Protective effect of probiotic 
Bacteria and estrogen in preventing HIV-1-mediated impairment of epithelial barrier 
integrity in female genital tract. Cells 8:1120. doi: 10.3390/cells8101120

Dols, J. A. M., Boon, M. E., Monachese, M., Changalucha, J., Butamanya, N., 
Varriano, S., et al. (2011). The impact of probiotic yogurt on HIV positive women in 
Tanzania. Int. Dairy J. 21, 575–577. doi: 10.1016/j.idairyj.2011.03.001

Gori, A., Rizzardini, G., Van't Land, B., Amor, K. B., van Schaik, J., Torti, C., et al. 
(2011). Specific prebiotics modulate gut microbiota and immune activation in HAART-
naive HIV-infected adults: results of the "COPA" pilot randomized trial. Mucosal 
Immunol. 4, 554–563. doi: 10.1038/mi.2011.15

Gu, X., Xie, M., Jia, R., and Ge, S. (2021). Publication trends of research on 
retinoblastoma during 2001-2021: a 20-year bibliometric analysis. Front Med (Lausanne) 
8:675703. doi: 10.3389/fmed.2021.675703

Hemsworth, J., Hekmat, S., and Reid, G. (2011). The development of micronutrient 
supplemented probiotic yogurt for people living with HIV: laboratory testing and 
sensory evaluation. Innovative Food Sci. Emerg. Technol. 12, 79–84. doi: 10.1016/j.
ifset.2010.11.004

Huang, W., Man, Y., Gao, C., Zhou, L., Gu, J., Xu, H., et al. (2020). Short-chain fatty 
acids ameliorate diabetic nephropathy via GPR43-mediated inhibition of oxidative stress 
and NF-κB signaling. Oxidative Med. Cell. Longev. 2020, 1–21. doi: 10.1155/2020/4074832

Hummelen, R., Changalucha, J., Butamanya, N. L., Cook, A., Habbema, J. D., and 
Reid, G. (2010). Lactobacillus rhamnosus GR-1 and L. reuteri RC-14 to prevent or cure 
bacterial vaginosis among women with HIV. Int. J. Gynaecol. Obstet. 111, 245–248. doi: 
10.1016/j.ijgo.2010.07.008

Hummelen, R., Changalucha, J., Butamanya, N. L., Koyama, T. E., Cook, A., 
Habbema, J. D., et al. (2011a). Effect of 25 weeks probiotic supplementation on immune 
function of HIV patients. Gut Microbes 2, 80–85. doi: 10.4161/gmic.2.2.15787

Hummelen, R., Hemsworth, J., Changalucha, J., Butamanya, N. L., Hekmat, S., 
Habbema, J. D., et al. (2011b). Effect of micronutrient and probiotic fortified yogurt on 
immune-function of anti-retroviral therapy naive HIV patients. Nutrients 3, 897–909. 
doi: 10.3390/nu3100897

Irvine, S. L., Hummelen, R., Hekmat, S., Looman, C. W., Habbema, J. D., and Reid, G. 
(2010). Probiotic yogurt consumption is associated with an increase of CD4 count 
among people living with HIV/AIDS. J. Clin. Gastroenterol. 44, e201–e205. doi: 10.1097/
MCG.0b013e3181d8fba8

Jiang, D., Goswami, R., Dennis, M., Heimsath, H., Kozlowski, P. A., Ardeshir, A., et al. 
(2023). Sutterella and its metabolic pathways positively correlate with vaccine-elicited 
antibody responses in infant rhesus macaques. Front. Immunol. 14:1283343. doi: 
10.3389/fimmu.2023.1283343

Jilek, B. L., Zarr, M., Sampah, M. E., Rabi, S. A., Bullen, C. K., Lai, J., et al. (2012). A 
quantitative basis for antiretroviral therapy for HIV-1 infection. Nat. Med. 18, 446–451. 
doi: 10.1038/nm.2649

Jones, R., Kroll, K., Broedlow, C., Schifanella, L., Smith, S., Hueber, B., et al. (2021). 
Probiotic supplementation reduces inflammatory profiles but does not prevent oral 
immune perturbations during SIV infection. Sci. Rep. 11:14507. doi: 10.1038/
s41598-021-93918-x

Kazemi, A., Djafarian, K., Speakman, J. R., Sabour, P., Soltani, S., and Shab-Bidar, S. 
(2018). Effect of probiotic supplementation on CD4 cell count in HIV-infected patients: 
a systematic review and Meta-analysis. J. Diet. Suppl. 15, 776–788. doi: 
10.1080/19390211.2017.1380103

Klatt, N. R., Broedlow, C., Osborn, J. M., Gustin, A. T., Dross, S., O’Connor, M., et al. 
(2021). Effects of persistent modulation of intestinal microbiota on SIV/HIV vaccination 
in rhesus macaques. NPJ Vaccines 6:34. doi: 10.1038/s41541-021-00298-4

Klatt, N., Canary, L., Sun, X., Vinton, C., Funderburg, N., Morcock, D., et al. (2013). 
Probiotic/prebiotic supplementation of antiretrovirals improves gastrointestinal 
immunity in SIV-infected macaques. J. Clin. Invest. 123, 903–907. doi: 10.1172/JCI66227

Li, K., Zhang, C., Deng, J., Zeng, H., Zhang, Y., Lai, G., et al. (2024). Causal effects of 
gut microbiome on HIV infection: a two-sample mendelian randomization analysis. 
BMC Infect. Dis. 24:280. doi: 10.1186/s12879-024-09176-5

Liao, Z., Scaltritti, M., Xu, Z., Dinh, T. N. X., Chen, J., and Ghaderi, A. (2024). A 
bibliometric analysis of scientific publications on eating disorder prevention in the past 
three decades. Nutrients 16:1111. doi: 10.3390/nu16081111

Liu, J. J., Reid, G., Jiang, Y., Turner, M. S., and Tsai, C. C. (2007). Activity of HIV entry 
and fusion inhibitors expressed by the human vaginal colonizing probiotic Lactobacillus 
reuteri RC-14. Cell. Microbiol. 9, 120–130. doi: 10.1111/j.1462-5822.2006.00772.x

Lohani, S. C., Ramer-Tait, A. E., and Li, Q. (2024). High-fat diet feeding exacerbates 
HIV-1 rectal transmission. mSystems 9:e0132223. doi: 10.1128/msystems.01322-23

Lu, D., Wang, Y. X., Geng, S. T., Zhang, Z., Xu, Y., Peng, Q. Y., et al. (2024). Whole-
protein enteral nutrition formula supplementation reduces Escherichia and improves 
intestinal barrier function in HIV-infected immunological nonresponders. Appl. Physiol. 
Nutr. Metab. 49, 319–329. doi: 10.1139/apnm-2022-0450

MacCann, R., Landay, A. L., and Mallon, P. W. G. (2023). HIV and comorbidities - the 
importance of gut inflammation and the kynurenine pathway. Curr. Opin. HIV AIDS 18, 
102–110. doi: 10.1097/COH.0000000000000782

Meng, P., Zhang, G., Ma, X., Ding, X., Song, X., Dang, S., et al. (2024). Traditional 
Chinese medicine (Xielikang) reduces diarrhea symptoms in acquired immune 
deficiency syndrome (AIDS) patients by regulating the intestinal microbiota. Front. 
Microbiol. 15:1346955. doi: 10.3389/fmicb.2024.1346955

Meyer-Myklestad, M. H., Medhus, A. W., Stiksrud, B., Lorvik, K. B., Seljeflot, I., 
Hansen, S. H., et al. (2022). Probiotics to HIV-Infected Immunological Nonresponders: 
Altered Mucosal Immunity and Microbial Diversity Restricted to Ileum. J Acquir 
Immune Defic Syndr 89, 77–86. doi: 10.1097/QAI.0000000000002817

Mortezazadeh, M., Kalantari, S., Abolghasemi, N., Ranjbar, M., Ebrahimi, S., 
Mofidi, A., et al. (2023). The effect of oral probiotics on CD4 count in patients with HIV 
infection undergoing treatment with ART who have had an immunological failure. 
Immun. Inflamm. Dis. 11:e913. doi: 10.1002/iid3.913

Mudd, J. C., and Brenchley, J. M. (2016). Gut mucosal barrier dysfunction, microbial 
Dysbiosis, and their role in HIV-1 disease progression. J. Infect. Dis. 214, S58–S66. doi: 
10.1093/infdis/jiw258

Ninyio, N., Schmitt, K., Sergon, G., Nilsson, C., Andersson, S., and Scherbak, N. 
(2024). Stable expression of HIV-1 MPER extended epitope on the surface of the 

https://doi.org/10.3389/fmicb.2024.1444552
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1444552/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2024.1444552/full#supplementary-material
https://doi.org/10.1097/MCG.0b013e31802c7465
https://doi.org/10.3390/microorganisms11020279
https://doi.org/10.3389/fimmu.2022.1066036
https://doi.org/10.1186/s40168-023-01718-4
https://doi.org/10.1016/S0002-9270(99)00813-8
https://doi.org/10.1371/journal.pone.0137200
https://doi.org/10.3390/cells8101120
https://doi.org/10.1016/j.idairyj.2011.03.001
https://doi.org/10.1038/mi.2011.15
https://doi.org/10.3389/fmed.2021.675703
https://doi.org/10.1016/j.ifset.2010.11.004
https://doi.org/10.1016/j.ifset.2010.11.004
https://doi.org/10.1155/2020/4074832
https://doi.org/10.1016/j.ijgo.2010.07.008
https://doi.org/10.4161/gmic.2.2.15787
https://doi.org/10.3390/nu3100897
https://doi.org/10.1097/MCG.0b013e3181d8fba8
https://doi.org/10.1097/MCG.0b013e3181d8fba8
https://doi.org/10.3389/fimmu.2023.1283343
https://doi.org/10.1038/nm.2649
https://doi.org/10.1038/s41598-021-93918-x
https://doi.org/10.1038/s41598-021-93918-x
https://doi.org/10.1080/19390211.2017.1380103
https://doi.org/10.1038/s41541-021-00298-4
https://doi.org/10.1172/JCI66227
https://doi.org/10.1186/s12879-024-09176-5
https://doi.org/10.3390/nu16081111
https://doi.org/10.1111/j.1462-5822.2006.00772.x
https://doi.org/10.1128/msystems.01322-23
https://doi.org/10.1139/apnm-2022-0450
https://doi.org/10.1097/COH.0000000000000782
https://doi.org/10.3389/fmicb.2024.1346955
https://doi.org/10.1097/QAI.0000000000002817
https://doi.org/10.1002/iid3.913
https://doi.org/10.1093/infdis/jiw258


Cui et al. 10.3389/fmicb.2024.1444552

Frontiers in Microbiology 09 frontiersin.org

recombinant probiotic bacteria Escherichia Coli Nissle 1917 using CRISPR/Cas9. Microb. 
Cell Factories 23:39. doi: 10.1186/s12934-023-02290-0

Reale, M., Ucciferri, C., Costantini, E., Di Nicola, M., Porreca, A., Di Giovanni, P., 
et al. (2021). Effects of probiotic mixture supplementation on the immune response to 
the 13-Valent pneumococcal conjugate vaccine in people living with HIV. Nutrients 
13:4412. doi: 10.3390/nu13124412

Rhoades, N., Mendoza, N., Jankeel, A., Sureshchandra, S., Alvarez, A. D., Doratt, B., 
et al. (2019). Altered immunity and microbial Dysbiosis in aged individuals with 
Long-term controlled HIV infection. Front. Immunol. 10:463. doi: 10.3389/
fimmu.2019.00463

Rousseau, R. K., Walmsley, S. L., Lee, T., Rosenes, R., Reinhard, R. J., Malazogu, F., 
et al. (2022). Randomized, blinded, placebo-controlled trial of De Simone formulation 
probiotic during HIV-associated suboptimal CD4+ T cell recovery. J. Acquir. Immune 
Defic. Syndr. 89, 199–207. doi: 10.1097/QAI.0000000000002840

Sachdeva, M., Sra, H. K., Agarwal, A., Chauhan, A., Pradhan, P., Singh, M., et al. 
(2022). Effect of probiotics on the frequency of CD4+ T-cells in HIV-infected children 
and adolescents: a systematic review and Meta-analysis of randomized controlled trials. 
J. Trop. Pediatr. 68:fmac006. doi: 10.1093/tropej/fmac006

Trøseid, M., Molinaro, A., Gelpi, M., Vestad, B., Kofoed, K. F., Fuchs, A., et al. (2024). 
Gut microbiota alterations and circulating imidazole propionate levels are associated 
with obstructive coronary artery disease in people with HIV. J. Infect. Dis. 229, 898–907. 
doi: 10.1093/infdis/jiad604

Villar-García, J., Hernández, J. J., Güerri-Fernández, R., González, A., Lerma, E., 
Guelar, A., et al. (2015). Effect of probiotics (Saccharomyces boulardii) on microbial 
translocation and inflammation in HIV-treated patients: a double-blind, 

randomized, placebo-controlled trial. J. Acquir. Immune Defic. Syndr. 68, 256–263. 
doi: 10.1097/QAI.0000000000000468

Vujkovic-Cvijin, I., Sortino, O., Verheij, E., Sklar, J., Wit, F. W., Kootstra, N. A., et al. 
(2020). HIV-associated gut dysbiosis is independent of sexual practice and correlates 
with noncommunicable diseases. Nat. Commun. 11:2448. doi: 10.1038/
s41467-020-16222-8

Wang, R., Yu, Y., Yu, W., Sun, S., Lei, Y., Li, Y., et al. (2024). Roles of probiotics, 
prebiotics, and postbiotics in B-cell-mediated immune regulation. J. Nutr. S0022-3166, 
01178–01177. doi: 10.1016/j.tjnut.2024.11.011

Wilson, A., Manuzak, J. A., Liang, H., Leda, A. R., Klatt, N., and Lynch, R. M. (2023). 
Probiotic therapy during vaccination alters antibody response to simian-human 
immunodeficiency virus infection but not to commensals. AIDS Res. Hum. Retrovir. 39, 
222–231. doi: 10.1089/AID.2022.0123

Wolf, B. W., Wheeler, K. B., Ataya, D. G., and Garleb, K. A. (1998). Safety and tolerance 
of Lactobacillus reuteri supplementation to a population infected with the human 
immunodeficiency virus. Food and chemical toxicology: an international journal 
published for the British Industrial Biological Research Association 36, 1085–1094. doi: 
10.1016/s0278-6915(98)00090-8

Yang, X., Su, B., Zhang, X., Liu, Y., Wu, H., and Zhang, T. (2020). Incomplete immune 
reconstitution in HIV/AIDS patients on antiretroviral therapy: challenges of immunological 
non-responders. J. Leukoc. Biol. 107, 597–612. doi: 10.1002/JLB.4MR1019-189R

Zhang, X. L., Chen, M. H., Geng, S. T., Yu, J., Kuang, Y. Q., Luo, H. Y., et al. (2021). 
Effects of probiotics on diarrhea and CD4 cell count in people living with HIV: a 
systematic review and Meta-analysis. Front. Pharmacol. 12:570520. doi: 10.3389/
fphar.2021.570520

https://doi.org/10.3389/fmicb.2024.1444552
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1186/s12934-023-02290-0
https://doi.org/10.3390/nu13124412
https://doi.org/10.3389/fimmu.2019.00463
https://doi.org/10.3389/fimmu.2019.00463
https://doi.org/10.1097/QAI.0000000000002840
https://doi.org/10.1093/tropej/fmac006
https://doi.org/10.1093/infdis/jiad604
https://doi.org/10.1097/QAI.0000000000000468
https://doi.org/10.1038/s41467-020-16222-8
https://doi.org/10.1038/s41467-020-16222-8
https://doi.org/10.1016/j.tjnut.2024.11.011
https://doi.org/10.1089/AID.2022.0123
https://doi.org/10.1016/s0278-6915(98)00090-8
https://doi.org/10.1002/JLB.4MR1019-189R
https://doi.org/10.3389/fphar.2021.570520
https://doi.org/10.3389/fphar.2021.570520

	Current trends and future directions in probiotics research for HIV/AIDS
	1 Introduction
	2 Materials and methods
	2.1 Database source
	2.2 Search strategy
	2.3 Literature selection and inclusion criteria
	2.4 Analytical methods

	3 Results
	3.1 Publication status and journals
	3.2 Visualization analysis of authors, countries, and institutions collaboration
	3.3 Analysis of articles’ citations
	3.4 Keyword analysis

	4 Discussion
	4.1 Global publication and journal trends
	4.2 Countries, institutions, and authors
	4.3 Current trends and future directions

	5 Limitations
	6 Conclusion

	References

