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In recent years, the role of gut microbiota in modulating malaria susceptibility and infection progression has emerged as a pivotal focus in interdisciplinary research. While existing reviews have delineated mechanisms by which mosquito-associated gut microbiota regulate Plasmodium development, a systematic synthesis of the tripartite interplay among host gut microbiota, Plasmodium and host immunometabolic networks remains absent. Compared with previous studies predominantly focusing on single species or unitary mechanisms, this review fills the gap in cross-species integrated analysis of host-microbiota-pathogen interactions. By consolidating metagenomic, metabolomic, and immunological data, this review transitions from unitary mechanistic explanations to multi-omics-driven systematic analyses, demonstrating that murine microbiota suppresses Plasmodium proliferation through adaptive immune activation and metabolic product regulation. Meanwhile, Plasmodium infection induces decreased microbial diversity and functional pathway deviation in murine microbiota, exacerbating host immunometabolic imbalance. These advancements not only elucidate core biological principles governing “microbiota-host-pathogen” interactions but also transcend traditional pathogen-centric perspectives by pioneering precise intervention strategies based on microbiota homeostasis restoration. This provides theoretical foundation for developing microbiome-targeted precision prevention approaches, which will continue to make substantial contributions to malaria research.
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1 Introduction

Malaria remains a significant global health challenge, with millions of cases and hundreds of thousands of deaths reported annually. According to World Malaria Report 2024 issued by the World Health Organization (WHO) highlights that global malaria cases reached approximately 263 million in 2023, reflecting an increase of 11 million compared to 2022. Malaria-related fatalities totaled 597,000 in the same year (WHO, 2024). The disease is caused by Plasmodium parasites, which are transmitted to humans through the bites of infected Anopheles mosquitoes. While substantial progress has been made in understanding the biology of the parasite and the host’s immune response, the role of the microbiota in this Multi-dimensional relation has only recently gained attention. Current malaria control strategies predominantly rely on antimalarial drugs, yet the global malaria landscape remains a critical public health challenge. Antimalarial drug resistance has emerged as a pivotal barrier to malaria elimination worldwide and a primary impediment to effective treatment and burden reduction. Innovative approaches leveraging mouse models have demonstrated promise, such as the development of lymph node-targeting nanovaccines (Howard et al., 2021), which enhance antigen-specific antibody responses to block parasite transmission. For example, nanoparticles delivering the mosquito midgut protein AnAPN1 induced potent transmission-blocking antibodies in mice, reducing Plasmodium oocyst formation in mosquitoes by targeting lymphatic drainage and optimizing adjuvant co-delivery. Additionally, studies on lactoferrin, an iron-binding protein, revealed its antiparasitic potential in mouse models by chelating iron essential for parasite survival (Anand, 2024). Native and nanoformulated lactoferrin disrupted Plasmodium growth by depriving parasites of iron and modulating host immune responses, highlighting its dual role in nutrient competition and immunoregulation. The microbiota, comprising bacteria, viruses, fungi, and other microorganisms, resides in various parts of the host’s body, particularly in the gut. This microbial community plays a crucial role in maintaining the host’s health by aiding in digestion, synthesizing essential nutrients, and modulating the immune system. Recent studies have shown that the microbiota can influence the host’s susceptibility to various infections, including malaria (Ippolito et al., 2018). Mouse models have been instrumental in dissecting these interactions, as demonstrated by comparative analyses of gut microbiota composition in genetically distinct mouse strains (Hugenholtz and de Vos, 2018). These studies revealed that host genetic background and rearing conditions significantly impact microbial diversity, affecting parasite burden and disease progression. For instance, specific bacterial taxa like Lactobacillus and Bifidobacterium in mouse gut microbiota were linked to reduced Plasmodium proliferation, underscoring the importance of standardized murine models to unravel microbiota-host–parasite dynamics. The mouse model has been instrumental in advancing our understanding of malaria. Mice share many physiological and immunological similarities with humans, making them valuable for studying the interactions between the microbiota, the malarial parasite, and the host. This review aims to provide a comprehensive overview of the three-sided relationship focusing on mainly three aspects: (1) the impact of the microbiota on malaria susceptibility, (2) the parasite’s manipulation of the host’s microbiota, and (3) the host’s immune response to both the microbiota and the parasite.


1.1 Rodent malaria parasites and host-specific interactions

Rodent malaria parasites (RMPs) serve as an essential experimental model, playing a crucial role in parasitology research and being widely applied in various aspects of malaria studies. These applications include parasite development within the host, drug resistance mechanisms, pathogenesis, and vaccine efficacy evaluation. Plasmodium berghei is a rodent malaria parasite widely used in malaria research, incapable of infecting humans, thereby exhibiting minimal biosafety risks during laboratory manipulations, simplified experimental procedures, highly reproducible results, and particular suitability for laboratories lacking infrastructure for high-risk pathogen handling. Although P. falciparum directly correlates with human malaria, its cultivation requires humanized mice or ethically complex human-mosquito cycle systems, alongside prolonged experimental timelines and high costs. The P. berghei model serves as an alternative system for rapid screening of candidate intervention strategies, followed by targeted validation in P. falciparum systems. P. berghei demonstrates high developmental efficiency and synchronization across all life cycle stages within mosquito vectors and murine hosts, enabling precise control of infection timepoints and suitability for investigating parasite–host-vector interaction mechanisms (Dehghan et al., 2018). During transmission of P. berghei via the bite of a female Anopheles mosquito, sporozoites are deposited into the murine host through the insect’s salivary glands, thereby initiating a new infection cycle. Genetic diversity exists between different strains of P. berghei, with the ANKA strain being a highly virulent Plasmodium capable of causing experimental cerebral malaria (ECM) and widely used to study how host factors affect ECM. The genome of P. berghei contains 14 chromosomes and has extensive genetic homology with human Plasmodium (Pattaradilokrat et al., 2022).

Plasmodium yoelii, a RMP widely utilized in murine infection models, serves as a cornerstone experimental system for malaria research. A landmark study by Swardson-Olver et al. (2002) demonstrated that P. yoelii employs the murine Duffy antigen receptor for chemokines (DARC) as a primary receptor for invading mature erythrocytes (normocytes). Using DARC-knockout mice, the authors revealed that normocyte invasion was drastically reduced in the absence of DARC, whereas reticulocytes remained susceptible, indicating a DARC-independent invasion pathway for immature erythrocytes. This study highlighted the species’ ability to exploit distinct receptors on different erythrocyte subsets, underscoring its utility in dissecting host–parasite interactions. The findings also revealed conservation of DARC-dependent invasion mechanisms between rodent and human malaria parasites, solidifying P. yoelii as a pivotal model for studying invasion biology and immune evasion. This species comprises multiple subspecies, which exhibit divergent virulence and host tropism, thereby providing a valuable resource for studying Plasmodium evolution.

Plasmodium chabaudi, a key representative of RMPs, with a life cycle similar to that of human Plasmodium. A comprehensive review by Stephens et al. (2012) highlights that P. chabaudi infection in mice recapitulates critical aspects of human malaria pathogenesis, including synchronized erythrocytic cycles, sequestration of infected red blood cells (iRBCs) in hepatic microvasculature, and induction of severe anemia with dyserythropoiesis. Infection with P. chabaudi in mice recapitulates the four major mechanisms underlying human malarial anemia, thereby establishing a severe anemia model. Compared to the P. berghei model—which often induces acute lethal cerebral malaria and shows significant pathological discrepancies from human cerebral malaria (CM)—P. chabaudi’s chronic disease progression is more suitable for investigating non-lethal pathologies (e.g., anemia). In contrast, the P. yoelii model, which primarily infects immature erythrocytes and lacks chronic infection characteristics, fails to simulate the long-term immune responses observed in human malaria.

While the three established RMPs, P. berghei, P. yoelii, and P. chabaudi have been developed as experimental models, Plasmodium vinckei has remained understudied due to limited genetic manipulation tools and phenotypic data. Carlton (2021) highlighted recent advances in understanding this fourth RMP species, which exhibits the broadest geographic distribution among the four RMPs. The authors emphasize that P. vinckei, containing four subspecies with marked genetic diversity, fills critical gaps of existing RMP models, such as the restricted genetic background of P. berghei, and emerges as an ideal system for investigating Plasmodium evolution, host adaptation, and multifunctional gene family dynamics.



1.2 Life cycle and pathogenesis of Plasmodium spp

Plasmodium, the causative agent of malaria, is a protozoan parasite with a complex life cycle that involves both vertebrate hosts and Anopheles mosquitoes. The life cycle of Plasmodium begins when an infected mosquito injects sporozoites into the host’s bloodstream during a blood meal. These sporozoites quickly travel to the liver, where they invade hepatocytes and undergo asexual replication exoerythrocytic schizogony, resulting in the formation of thousands of merozoites. The infected hepatocytes eventually rupture, releasing merozoites into the bloodstream, where they invade red blood cells (RBCs) and initiate the erythrocytic cycle. During the erythrocytic cycle, merozoites replicate within RBCs, leading to the formation of schizonts. The RBCs eventually rupture, releasing new merozoites that can infect additional RBCs. This cyclical destruction of RBCs is responsible for the clinical symptoms of malaria, including fever, anemia, and organ damage. Some merozoites differentiate into male and female gametocytes, which can be taken up by a mosquito during a blood meal. Within midgut of mosquito parasite undergoes sexual cycle and differentiate into ookiente, oocyst and finally sporozoite, thereby completing the cycle.

The pathogenesis of malaria is multifaceted and involves both parasite and host factors. The liver stage of Plasmodium development involves hepatocyte invasion, which may indirectly influence gut-liver axis signaling and systemic immune responses (Denny et al., 2019). The destruction of RBCs during the erythrocytic cycle leads to anemia and the release of toxic heme, which can cause oxidative stress and tissue damage, potentially disrupting gut barrier integrity and microbiota composition (Sriboonvorakul et al., 2023). The parasite’s interaction with the endothelium can result in the sequestration of infected RBCs in vital organs, such as the brain, leading to severe complications like cerebral malaria. The host’s immune response, while essential for controlling the infection, can also contribute to pathology. TNF-α and IL-1β directly amplify the inflammatory cascade by activating neutrophils, promoting the expression of endothelial cell adhesion molecules, and inducing the release of inflammatory mediators (Mehdi et al., 2025). The host’s immune response exemplifies a dual role: while pro-inflammatory mediators may induce immunopathology, they remain essential for controlling infection. This paradox is mechanistically validated by Anand et al. (2015b), who demonstrated that oral administration of alginate-enclosed, chitosan-conjugated lactoferrin nanocapsules in P. berghei infected mice significantly elevated pro-inflammatory cytokines TNF-α and IFN-γ, alongside increased reactive oxygen species (ROS) and nitric oxide (NO) production. This heightened inflammatory response was associated with reduced parasite load in spleen and liver tissues, highlighting the dual role of immune activation in both pathogen clearance and potential tissue damage. The study also showed that nanoformulated lactoferrin modulated gut microbiota-mediated immune signaling, balancing protective immunity against excessive inflammation. Excessive production of pro-inflammatory cytokines, such as TNF-α and IFN-γ, can cause systemic inflammation and tissue damage.

Understanding the biology and pathogenesis of Plasmodium is crucial for developing effective interventions against malaria. Through these investigations, which integrate epidemiological surveillance and molecular pathogenesis studies, a deeper mechanistic understanding of malaria transmission dynamics can be achieved, thus informing the development of next-generation antimalarial drugs and vaccine. Such advances are critical for disrupting parasite dissemination and mitigating the global burden of this disease. Concurrently, it is imperative to prioritize multidisciplinary collaborations and sustained funding initiatives to accelerate translational research in malaria therapeutics. By addressing these priorities, the international community can strengthen health systems and safeguard global public health security, particularly in endemic regions where socioeconomic disparities exacerbate vulnerability.



1.3 Composition of the gut microbiota in the host

The gut microbiota is composed of bacteria, viruses, fungi, archaea, and other microorganisms. Bacteria dominate this ecosystem, which is taxonomically classified into six major phyla: Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia. Among these, Firmicutes and Bacteroidetes collectively account for over 90% of the total bacterial population, emerging as the predominant lineages (Hou et al., 2022).

Guo et al. (2022) conducted 16S rRNA sequencing on fecal samples from BALB/c and C57BL/6 J mice, which were categorized into disease-associated (DRA), immunodeficient (IDA), gene-edited (GED), and normal control groups. Their analysis revealed that host genetic background exerted the greatest influence on gut microbiota composition, with C57BL/6 J mice exhibiting greater microbial stability compared with BALB/c mice. Notably, Bacteroidetes and Firmicutes, two dominant phyla, displayed the most significant variations in microbial richness across the normal, IDA, GED, and DRA groups. Hildebrand et al. (2013) compared the microbiome composition of mice of different genotypes of mice and found that the more similar the genotypes between different strains of mice, the more similar the composition of their intestinal microbiome, so it is important to select strains of mice with identical genotypes for microbiome studies.

Xiao et al. (2015) found that mice of identical strains maintained distinct microbial signatures despite identical feed protocols across different laboratories. High-fat diets consistently elevated alpha diversity while reducing beta diversity in gut microbiota, driving microbial structural convergence and enriching genera such as Clostridium and Butyrivibrio. In contrast, low-fat diets correlated with higher abundances of Prevotella and Bacteroides. Laboratory environmental variables (e.g., bedding materials, operational protocols) further modified microbial metabolic functions. Additionally, strain-specific effects governed the colonization of particular taxa (e.g., Akkermansia and Lactobacillus). These multifactorial interactions underscore the necessity to strictly control housing variables in experimental designs to ensure comparability across experimental outcomes.

It is necessary to evaluate the structure of the gut microbiota of mice and to consider the influence of the gut microbiota of the experimental animals on the results of the experiments in future basic and clinical studies. Understanding the status of murine intestinal microbiome in mice and using high quality laboratory animals can significantly enhance the accuracy of experimental results. Recent investigations of intestinal microbiome have focused on their roles in diverse pathological conditions. In contrast, few investigations have been conducted on the bacterial community structure of representative mouse strains from the same environmental context excluding manufacturers and environmental facilities, and these studies are critical for addressing this knowledge gap and refining mechanistic interpretations of microbiome-host interactions.



1.4 Function of the gut microbiota in the host

The functional diversity of gut microbiota is directly influenced by its compositional structure (Hildebrand et al., 2013; Guo et al., 2022). Variations in microbiota composition and diversity induced by genetic backgrounds and rearing conditions lead to significant alterations in key functional modules, including SCFAs biosynthesis pathways and bile acid metabolism-associated gene abundance. These findings collectively indicate that structural characteristics of microbial communities constitute the foundation of their functional phenotypes. Increased microbiota α-diversity promotes Clostridium genus enrichment (Xiao et al., 2015), which enhances intestinal mucosal barrier function through IgA secretion stimulation and IL-12 signaling pathway activation, while simultaneously remodeling microbial ecology via induction of antimicrobial peptide REG3β expression (Stefka et al., 2014). Conversely, abnormal proliferation of Proteobacteria phylum exacerbates systemic inflammation through lipopolysaccharide (LPS) synthesis (Panzer and Lynch, 2015; Agus et al., 2016). This evidence demonstrates that microbial community composition serves as the biological basis driving host immune response and metabolic homeostasis remodeling. The following sections will systematically dissect how dynamic microbiota composition influences host physiology through immune activation and metabolic regulatory networks.

The gut microbiota plays an indispensable role in the development and regulation of host immune systems. Members of the phylum Firmicutes and Bifidobacterium spp. generate short-chain fatty acids (SCFAs) through dietary fiber fermentation, which are critical for maintaining intestinal homeostasis and systemic metabolic balance by enhancing mucosal barrier integrity, modulating immune responses, and suppressing inflammatory pathways. SCFAs exert anti-inflammatory effects through histone deacetylase (HDAC) inhibition, a process that promotes transcriptional activation of immunoregulatory genes and facilitates regulatory Treg cell differentiation while suppressing pro-inflammatory Th17 cell polarization. Furthermore, SCFAs activate G protein-coupled receptors (GPCRs), triggering signaling cascades that reduce pro-inflammatory cytokines and elevate anti-inflammatory mediators, thereby preserving epithelial barrier function. Intestinal epithelial cells and immune cells recognize microbial molecules through pattern recognition receptors (PRRs) and other mechanisms, initiating immune responses. Gut-associated lymphoid tissue (GALT) generates IgA that neutralizes pathogens and constrains the excessive proliferation of commensal bacteria, thereby establishing immune tolerance (Yoo et al., 2020).

Distinct microbial taxa directly orchestrate immune cell differentiation (Ivanov et al., 2022), as exemplified by segmented filamentous bacteria (SFB), which elicit Th17 cell polarization through epithelial adherence-triggered antigen presentation, thereby fortifying intestinal barrier integrity. Conversely, Clostridium spp. promote regulatory T cell (Treg) differentiation, while Akkermansia muciniphila drives T follicular helper cell (Tfh) commitment, collectively shaping immunological equilibrium. These mechanisms, operating at the interface of microbial ecology and host immunometabolism, establish the gut microbiota’s central role in maintaining mucosal homeostasis, combating enteric pathogens, and coordinating systemic immune responses.

Furthermore, the gut microbiota modulates host metabolism. Takeuchi et al. (2023) elucidated in murine models that gut microbiota associated with insulin sensitivity ameliorates host insulin resistance through multifactorial mechanisms. By generating SCFAs, these microbial communities activate intestinal L-cell secretion of glucagon-like peptide-1 (GLP-1), which enhances insulin signaling and glucose homeostasis. Concurrently, microbiota-mediated modulation of bile acid metabolism suppresses hepatic gluconeogenesis. Reduced circulating endotoxin levels further attenuate adipose tissue inflammation and macrophage M1 polarization, while strengthened expression of tight junction proteins in the intestinal epithelium preserves barrier integrity, mitigating systemic low-grade inflammation. Notably, specific commensals such as A. muciniphila upregulate peroxisome proliferator-activated receptor gamma (PPARγ) and mitochondrial biogenesis-related genes, a process that promotes white adipose tissue browning and energy expenditure, synergistically resolving glucolipid metabolic dysregulation.

Overall, the composition and function of the gut microbiota have a profound impact on the health and well-being of the host. Maintaining a healthy and diverse gut microbial community is essential for optimal physiological function.




2 Link between microbiota, host defense mechanism, and Plasmodium


2.1 Host types influence experimental reproducibility in malaria studies

Studies demonstrated that genetically similar mice from distinct commercial suppliers exhibited divergent gut microbiota profiles, which subsequently led to differential parasite burdens and mortality rates following P. yoelii infection (Villarino et al., 2016). Resistant mice, characterized by specific microbial compositions, displayed lower parasitic loads, reduced clinical severity, and elevated survival post-infection. In contrast, susceptible mice manifested heightened parasite burdens, severe clinical manifestations, and diminished survival. Mandal et al. (2020) revealed that spatiotemporal variations in gut microbiota of mice obtained from the same supplier at different timepoints significantly modulated host immune responses to Plasmodium infection. Early-stage microbiota facilitated rapid clearance of P. yoelii, whereas late-stage microbiota resulted in elevated peak parasitemia and delayed pathogen elimination.

Stough et al. (2016) observed significant differences in resistance patterns among C57BL/6 mice sourced from Taconic Biosciences versus Charles River Laboratories. Mice originating from Taconic exhibited markedly lower parasite burdens and accelerated recovery trajectories, while those acquired from Charles River Laboratories manifested higher parasitemia levels and delayed resolution kinetics. Taniguchi et al. (2015) revealed that P. berghei ANKA infection induces pathophysiological alterations in the intestinal mucosa, manifesting as epithelial apoptosis and compromised barrier function in C57BL/6 mice. These structural disruptions correlate with significant compositional changes in the gut microbiome, including a marked reduction in Firmicutes abundance and concomitant expansion of Proteobacteria taxa, hallmarks of microbial dysbiosis. Notably, this pathological phenotype was significantly attenuated in BALB/c mice.



2.2 Plasmodium species-driven divergence in gut microbial diversity

While the genetic and microbial characteristics of the host have been shown to play a pivotal role in malaria—related microbiota changes, the unique attributes of Plasmodium species also exert a profound impact on the composition and dynamics of the gut microbiota. Taniguchi et al. (2015) found that C57BL/6 mice infected with P. berghei ANKA exhibited intestinal pathological alterations concurrent with pronounced gut microbiota dysbiosis. This study represents the first experimental demonstration that Plasmodium infection directly induces microbiota dysbiosis, with the degree of microbial disruption closely linked to the severity of intestinal and cerebral pathological damage.

Even within the same mouse strain, intestinal microbiota exhibit marked divergence following infection with distinct Plasmodium species. Guan et al. (2022) reported that BALB/c mice infected with P. yoelii 17XL developed severe malaria accompanied by significant shifts in gut microbiota richness and diversity, with Lactobacillaceae emerging as the dominant family across all samples. Guan et al. (2023) further investigated the relationship between mild malaria and microbiota by analyzing gut microbial changes in BALB/c mice infected with the non-lethal strain Py 17XNL and evaluating parasitemia and survival rates at multiple post-infection timepoints. Significant alterations in microbiota richness and diversity were observed at days 9 and 15 post-infection, with near-complete restoration by day 28. These gut microbiota dynamics were closely associated with the progression of malaria pathology. Parasite presence activates host immune responses, disrupts microbial homeostasis, or engages in metabolic competition with commensal microbes for nutrients and ecological niches (Drew et al., 2021; Table 1. Differential Impacts of Plasmodium Species on Gut Microbiota in Murine Models).



TABLE 1 Differential impacts of Plasmodium species on gut microbiota in murine models.
[image: Table1]


2.2.1 Plasmodium impairs intestinal barrier integrity and provokes inflammatory responses

The intestinal barrier, functioning as a critical interface connecting the luminal environment and the host immune system, maintains decisive importance for both local and systemic health through its structural integrity. The gut microbiota plays a pivotal role in maintaining intestinal barrier integrity and mucosal homeostasis (Kim et al., 2013; Alam and Neish, 2018). Under physiological conditions, this barrier orchestrates the equilibrium between the substantial antigenic load within the intestinal lumen and local immune surveillance, simultaneously sustaining tolerance to common antigens while mounting rapid responses against pathogenic invasions. When intestinal barrier integrity is compromised or functionally impaired, the resulting “leaky gut” phenotype permits luminal bacteria and antigens to translocate across the epithelial barrier, triggering localized and systemic inflammatory responses (Neurath et al., 2025).

Brabin et al. (2019) discovered that Plasmodium upregulates inflammatory mediators (e.g., C-reactive protein) and hepcidin expression, suppressing intestinal iron absorption. This leads to iron accumulation in the gut, which alters gut microbiota composition, promotes Salmonella proliferation, and induces LPS release, ultimately causing intestinal barrier disruption and localized inflammation. Concurrently, elevated hepcidin impairs macrophage bactericidal capacity, exacerbating intestinal infections and systemic inflammation. Mooney et al. (2015) observed significant compositional shifts in the gut microbiota of P. yoelii-infected mice, characterized by reduced Firmicutes abundance and a relative increase in Bacteroidetes. This dysbiosis diminished host colonization resistance against Salmonella Typhimurium, not only elevating susceptibility to Salmonella infection by 34-fold in malaria-infected mice but also impairing resistance to other pathogenic bacteria.

Furthermore, Wright et al. (2023) demonstrated in a human malaria model that pregnant women infected with P. falciparum exhibited significantly elevated plasma concentrations of intestinal permeability biomarkers, which positively correlated with parasite burden. Sequestration of infected erythrocytes in intestinal microvasculature triggers localized ischemia, increasing intestinal permeability. Concurrently, reduced bioavailability of L-arginine, which is critical for maintaining intestinal tight junctions and mucus barrier, further compromises barrier integrity. In a mosquito model, Cardoso-Jaime and Dimopoulos (2025) revealed that phagocytic hemocytes of Anopheles gambiae do not directly suppress P. falciparum infection but instead facilitate its early colonization in mosquitoes by preserving midgut epithelial integrity. This finding challenges the traditional view of “mosquito immune systems universally antagonizing Plasmodium” highlighting the dual role of mosquito immunity during parasite infection.



2.2.2 Metabolite competition and nutrient deprivation

Plasmodium infection not only reshapes gut microbiota through physical barrier disruption but also exacerbates microbial dysbiosis via metabolic resource competition. This metabolic exclusion effect likely impairs microbiota-mediated colonization resistance and accelerates host pathological progression. Ramírez-Carrillo et al. (2020) demonstrated that parasites can modulate diverse host behaviors by altering physiological pathways such as hormone and neurotransmitter signaling. These behavioral shifts represent outcomes of complex interactive networks between hosts and their microbiota. Certain gut bacteria have been found to suppress Plasmodium growth and development through direct competition or production of antimicrobial compounds. Villarino et al. (2016) identified enriched Lactobacillus and Bifidobacterium populations in resistant mice, which compete with Plasmodium for nutrient resources and host cell adhesion sites. This resource competition mechanism contributes to suppression of Plasmodium proliferation and infection severity (Spragge et al., 2023). In human malaria models, Yooseph et al. (2015b) observed that individuals with elevated gut abundances of Bifidobacterium and Streptococcus exhibited significantly reduced susceptibility to P. falciparum infection. Notably, this protective enterotype demonstrated cross-species conservation, aligning with the microbial profile identified by Villarino and colleagues in rodent malaria models (Villarino et al., 2016). Certain intestinal parasites exploit sugars derived from commensal bacterial breakdown of dietary fiber as their energy source, while simultaneously secreting metabolic toxins to inhibit the activity of beneficial bacteria. This metabolic competition not only compromises the nutritional contributions of commensal microbiota to the host but may also exacerbate pathological processes through disrupted host–microbe interactions (Kohl et al., 2014).

Although existing studies have preliminarily elucidated mechanisms of nutrient competition between parasites and host microbiota, the mechanisms underlying Plasmodium (an obligate intracellular parasite) competing with host microbiota for nutrients remain largely unexplored. Importantly, given that Plasmodium lives intracellularly during its exoerythrocytic and erythrocytic cycle, direct competition with gut microbiota for nutrients resources is unlikely. Drawing upon theoretical frameworks from other parasite studies, we hypothesize that Plasmodium may employ multiple strategies. First, Plasmodium might directly deplete critical metabolites (e.g., SCFAs, vitamins) produced by the host or commensal bacteria to sequester nutritional resources. Second, Plasmodium could inhibit commensal bacterial growth by modifying the host intestinal environment (e.g., pH, oxygen levels), thereby reducing their metabolite production. Additionally, Plasmodium may modulate host immune responses to indirectly alter the community structure of commensal microbiota, consequently shifting the distribution of metabolites.



2.2.3 Plasmodium compromises microbiota-mediated immune or metabolic functions

Beyond metabolic competition, Plasmodium may further impair host defenses by interfering with microbiota-mediated immune or metabolic regulatory networks, thereby creating a self-reinforcing cycle of microbial dysbiosis and immunosuppression. Severe malaria infection disrupts gut-liver axis homeostasis (Denny et al., 2019), inducing dramatic alterations in gut microbiota composition and function, including enhanced bacterial motility, amino acid metabolic capacity, and infiltration of proinflammatory innate immune cells into intestinal mucosa, thereby exacerbating inflammatory responses. Liver damage and bile acid metabolic dysregulation further perturb microbiome structure. Severe infection-induced microbial dysbiosis may elevate intestinal bacteremia risk, highlighting the dual role of gut microbiota in malarial pathology as both defense modulator and disease accelerator.

Parasitic infection disrupts gut microbiota composition by triggering host inflammatory responses, leading to a reduction in beneficial commensals and impairing their immunomodulatory functions via metabolites such as SCFAs. Concurrently, pathogens deplete nutrients competitively and interfere with microbiota-derived immune-stimulating signals (e.g., MAMPs), further suppressing antimicrobial peptide secretion and immune cell activity, ultimately compromising host immunometabolic defenses (Khosravi and Mazmanian, 2013; Ezenwa, 2016; Hoarau et al., 2020). Moreover, coinfections may drive immune resource competition and host immune system overactivation, exacerbating pathological responses, while parasite-microbe antagonistic or synergistic interactions can remodel the host metabolic environment (Frisan, 2021).



2.2.4 Gut iron homeostasis and parasite-nutrient competition


2.2.4.1 Lactoferrin-mediated nutritional immunity

The availability of iron in the intestinal lumen represents a critical axis in host–parasite interactions, influencing microbial ecology and parasite virulence through nutrient competition and immune modulation. Yilmaz and Li (2018) reviewed how iron availability shapes gut microbiota composition, demonstrating that lactoferrin (Lf), a key iron-sequestering protein, limits pathogen growth by chelating iron in iron-restricted environments and modulates mucosal immune responses via TLR signaling. This dual role positions Lf as a central mediator in “nutritional immunity,” where iron restriction impedes parasite proliferation while supporting host defense mechanisms. Anand (2024) explored the antiparasitic effects of Lf across different iron-saturated forms, showing that apo-lactoferrin (iron-free) disrupts Plasmodium and Toxoplasma growth by depriving parasites of essential iron, whereas holo-lactoferrin (iron-bound) induces reactive oxygen species (ROS) in macrophages to enhance parasite clearance. These mechanisms highlight the importance of iron saturation status in Lf’s efficacy, with iron-deprived forms directly limiting parasite nutrition and iron-bound forms augmenting immune-mediated killing.

Clinical implications of iron-lactoferrin interactions are underscored by Stoltzfus (2012), who addressed the dilemma of iron supplementation in malaria-endemic regions. While excessive iron can exacerbate infection risk by promoting pathogen growth, Lf-based interventions offer a targeted approach to balance host iron needs and infection control. By integrating lifecycle strategies—such as prenatal iron management and low-dose formulations—Lf minimizes adverse effects while addressing iron deficiency, a common comorbidity in malaria-affected populations. Anand et al. (2015a) further demonstrated that Lf modulates erythrocyte and macrophage iron metabolism, inhibiting Plasmodium invasion by chelating labile iron and upregulating Toll-like receptors to enhance immune recognition. In vitro studies showed that iron-saturated Lf increased ROS production in macrophages, accelerating parasite degradation, while apo-Lf reduced erythrocyte susceptibility to invasion, highlighting its role in both direct parasite inhibition and immune activation.



2.2.4.2 Therapeutic applications of lactoferrin and nanoformulations

Nanotechnology has expanded Lf’s therapeutic potential, as shown by Anand (2024), where nanoformulated Lf improved bioavailability and targeted intracellular parasites like Toxoplasma by modulating Th1-type immune responses (e.g., IFN-γ secretion) (Anand et al., 2015c). This approach minimizes systemic toxicity while enhancing local iron sequestration in infected tissues, offering a promising strategy for overcoming drug resistance. Conversely, Murr et al. (2021) linked moderate malnutrition to gut iron dyshomeostasis, revealing that iron deficiency exacerbates intestinal permeability and mucosal damage during Plasmodium infection. Lf intervention restored iron-regulated pathways (e.g., hepcidin-ferroportin axis), mitigating epithelial injury and preserving gut barrier function-critical for limiting parasite dissemination in nutritionally compromised hosts. Together, these findings establish gut iron dynamics as a pivotal node in host–parasite interactions, where Lf-mediated iron regulation represents a dual-edged sword: depriving pathogens of essential nutrients while bolstering host immune effector functions.





2.3 Microbial-immune interplay orchestrates antimalarial defense

The compositional shifts in gut microbiota represent adaptive restructuring rather than simple dysbiosis, through integrated multi-omics analyses, Fan et al. (2019) identified specific operational taxonomic units (OTUs) associated with malaria pathogenesis and convalescence. Their findings highlighted substantial microbiome remodeling during infection, with persistent alterations that failed to revert to baseline composition post-recovery. This dynamic reorganization emerged from tripartite interactions involving direct parasitic manipulation, immunological modulation and environmental perturbations including antibiotic exposure.

Intestinal cells including enterocytes, goblet cells, Paneth cells, and tuft cells establish a physical barrier via tight junctions, preventing pathogen invasion (Neurath et al., 2025). Goblet cells produce mucus to trap pathogens (McCauley and Guasch, 2015), while Paneth cells release antimicrobial molecules including lysozymes and defensins while supporting intestinal stem cell maintenance (Clevers and Bevins, 2013). Tuft cells initiate anti-parasite immunity through IL-25 secretion, a process dependent on the transcription factor Pou2f3 (Gerbe et al., 2016; Howitt et al., 2016). During parasitic infection, gut cells detect pathogen-derived signals through pattern recognition receptors such as TLRs, triggering alarmins like IL-25 to activate Th2-type immune responses. This stimulates enhanced mucus secretion, intestinal fluid leakage, and amplified smooth muscle contractions, collectively forming a secretory-sweeping mechanism for parasite expulsion. Mast cell-derived proteases simultaneously degrade tight junctions to promote luminal fluid flow and synergize with muscular contractions to eliminate parasites (Maizels et al., 2012).

The resolution of malaria infection and the development of adaptive immunity depend critically on host T follicular helper (Tfh) cell and germinal center (GC) B cell differentiation and function (Figueiredo et al., 2017; Pérez-Mazliah et al., 2017), serving as pivotal determinants of disease severity and long-term immunological memory. These immunological mechanisms collectively provide a theoretical framework for microbiota-based interventions to enhance malaria control strategies (Figure 1).

[image: Figure 1]

FIGURE 1
 Interaction network of gut microbiota, host immunity, and Plasmodium. Draw by Figdraw. IEC, Intestinal epithelial cells. SFB, Segmented filamentous bacteria; A. muciniphila, Akkermansia muciniphila; SCFAs, Short-chain fatty acids; E. colli, Escherichia coli; Tfh, T follicular helper; GC Bcell, Germinal center cell; IFN-γ, Interferon gamma; IL-1β, Interleukin 1 beta; IL-6, Interleukin 6; IL-10, Interleukin 10; TGF-β, Transforming growth factor beta.



2.3.1 Microbiota-modulated humoral immunity

Divergent gut microbiota compositions elicit distinct malaria infection outcomes in mice, with low-parasite burden animals exhibiting increased GC-B cell numbers, elevated parasite-specific antibody titres, preserved GC structural integrity, and enhanced antigen-specific humoral responses. Conversely, susceptible mice exhibit early disruption of splenic GC architecture, compromising T-B cell interactions and functional maturation. The microbiota-driven resistance-associated B cell receptor (BCR) repertoire exhibits differential signaling patterns, with gut microbial communities modulating GC-mediated protective immunity against hyperparasitaemia. Such resistance confers protection against lethal malaria infections (Waide et al., 2020) through maintenance of GC reactions that suppress parasitemia peaks. Notably, specific gut commensals like SFB promote Tfh cell differentiation through intestinal lymphoid tissue homing, subsequently activating GC B cells (Teng et al., 2016) to produce high-affinity, polyclonal pathogen-specific antibodies. This microbiota driven humoral augmentation not only controls primary infection parasite loads but also establishes long-lived memory B cell pools conferring heterologous cross-protection against divergent malaria parasites (Figure 1).

Gut microbiota additionally modulates immune responses through metabolic products and cytokine regulation, which reciprocally influence T and B cell function to enhance malaria immunity (Pérez-Mazliah et al., 2015). Yilmaz et al. (2014) elucidated a protective mechanism involving microbiota-induced anti-α-gal antibody production, where Escherichia coli O86: B7 expressing α-gal antigens stimulate B cell production of α-gal IgM/IgG antibodies. These antibodies directly neutralize sporozoites, inhibiting their hepatocyte invasion and migratory pathways from necrotic skin tissues.

Although gut bacteria generally modulate host immunity to reduce Plasmodium infection severity, specific bacterial taxa may exacerbate severe malaria. Mandal et al. (2023) identified Bacteroides as a key genus driving susceptibility to severe malaria. In animal models, malaria-resistant mice developed hyperparasitemia after oral gavage with Bacteroides fragilis isolated from susceptible mice. Correspondingly, Ugandan children with severe malarial anemia exhibited significantly higher Bacteroides abundance compared to asymptomatic P. falciparum-infected children. Mechanistically, Bacteroides may suppress splenic germinal center responses via capsular polysaccharide or propionate production, reducing antimalarial antibody generation, or induce regulatory T cells (Tregs) to inhibit effector immune responses. Therefore, targeting intestinal Bacteroides (e.g., through antibiotics, probiotics, or dietary interventions) may reduce severe malaria risk. Key protective and pathogenic bacterial taxa identified in murine and human models are summarized in Table 2, highlighting their roles in modulating immune cell differentiation and inflammatory responses during Plasmodium infection.



TABLE 2 Key bacterial strains involved in inflammatory responses during malaria infection.
[image: Table2]



2.3.2 Microbiota-dependent cellular immune regulation

The gut microbiota not only enhances humoral immune responses in mice but also modulates cellular immunity through stage-specific regulation of T cell differentiation and immune receptor signaling during malaria infection. Yawen et al. (2022) revealed dynamic gut microbiota alterations closely associated with host immune responses during P. yoelii infection. Specific microbial communities at distinct infection stages (ascending phase, peak phase, convalescence phase) differentially regulate CD4 + T cell differentiation, early-stage Moryella spp. and Erysipelotrichaceae members activated Th1/Th2 polarization via positive regulation, whereas Ruminiclostridium spp. exhibited inhibitory effects. During later stages, Th17 cell differentiation correlated with increased Peptococcaceae and Lachnospiraceae abundances alongside decreased Bacteroidales BS11 populations. Moreover, persistent activation of TCR and BCR signaling pathways exhibited positive correlations with Bacteroidales BS11 and Moryella-dominated communities, suggesting microbiota-mediated regulation of T/B cell receptor signaling in host defense.

During malaria infection, gut microbiota additionally modulates the production of proinflammatory and anti-inflammatory cytokines. Appropriate cytokine regulation is critical for balancing effective parasite clearance with minimal tissue damage caused by excessive inflammation. Bamgbose et al. (2021) highlighted that microbiota-derived metabolites maintain immune homeostasis by promoting anti-inflammatory cytokines (e.g., IL-10, TGF-β) while suppressing proinflammatory mediators (e.g., IL-1β, IL-6), alleviating hyperinflammatory responses. Walker et al. (2021) demonstrated that P. yoelii infection activates host inflammatory pathways to upregulate TNF-α signaling, downregulate gastric acid secretion-related genes, reduce gastrin expression while increasing somatostatin levels, thereby impairing gastric acid barrier function. This impairment enhances gastric survival of enteric pathogens (such as Salmonella) and promotes their intestinal colonization (Figure 1).

The Th1/Th2 response balance is critical for infection resistance. Gut microbiota-driven immune regulation against parasites has been observed not only in Plasmodium models but also in Entamoeba histolytica and Toxoplasma gondii infections. Macrophages detect E. histolytica virulence factors via Toll-like receptors (Ivory et al., 2008; Yarovinsky, 2014), while dendritic cells activated by TLRs release pro-inflammatory cytokines and upregulate co-stimulatory molecules CD40, CD80, and CD86 to initiate adaptive immunity (Vivanco-Cid et al., 2007). NK and NKT cells activate neutrophils/macrophages through TNF-α and IFN-γ secretion, cytokines essential for hepatic defense against amebic liver abscesses, whose deficiency exacerbates pathology (Lotter et al., 2009). In adaptive immunity, Th1-polarized IFN-γ responses confer protection, as IFN-γ deficiency induces cerebral necrosis and acute inflammation, whereas Th2-biased IL-4 elevation correlates with invasive amebiasis (Guo et al., 2008). Notably, IL-4 exerts unique protective effects in T. gondii infection by enhancing IFN-γ production via Th2 polarization, contrary to its pathogenic role in most protozoan infections (Shaw et al., 2009). Table 2 provides a comprehensive overview of bacterial strains associated with altered inflammatory outcomes, including their host-specific effects on cytokine profiles and immune signaling pathways.



2.3.3 Microbiota-mediated immune protection in pregnancy

The gut microbiota not only modulates malaria pathogenesis severity but also exerts indirect effects on pregnancy outcomes through immune modulation in the mother and placental function. Morffy Smith et al. (2019) provided critical insights by demonstrating that pregnant Swiss Webster mice receiving fecal microbiota transplantation (FMT) from malaria-resistant donors exhibited reduced parasite burdens, alleviated anemia, and diminished gestational weight loss. These improvements correlated with enhanced fetal and offspring survival rates at birth, alongside superior birth weights. Specific microbial taxa including A. muciniphila, Allobaculum, and select Lactobacillus species exhibited negative correlations with parasitemia, potentially mediating malaria suppression through Th1 immune polarization (e.g., upregulating IFN-γ expression). Conversely, high parasite loads triggered placental monocyte infiltration, increased hemoglobin deposition, and reduced vascular density-pathological changes linked to intrauterine growth restriction and neonatal mortality. Furthermore, gut microbiota modulated local immune environments (e.g., IL-10 levels) to regulate placental inflammatory responses. These findings collectively suggest that gut microbiota can override the influence of genetic factors in shaping malaria severity through immunoregulatory mechanisms, offering theoretical foundations for microbiota-based interventions to improve pregnancy outcomes during malaria. As outlined in Table 2, strains such as Akkermansia muciniphila exert protective effects via Th1 polarization and suppression of placental inflammation, aligning with findings from murine pregnancy models.



2.3.4 Lung microbiota and malaria-associated complications

Emerging evidence extends the microbial-immune paradigm beyond the gut-liver axis to encompass pulmonary complications. Recent studies have uncovered critical interactions between lung microbiota and malaria pathogenesis. In experimental malaria-associated acute respiratory distress syndrome (MA-ARDS), dysbiosis of the lung microbiota is strongly correlated with disease severity. The study used two distinct rodent models (C57BL/6J mice infected with P. berghei K173 and DBA/2 mice infected with P. berghei ANKA) to show that P. berghei ANKA infection in mice induced a significant increase in bacterial load and altered microbial composition in the lungs, dominated by Proteobacteria and Bacteroidetes families. By comparing germ-free and specific pathogen-free mice, it was found that host microbiota is a contributing factor for MA-ARDS. This dysbiosis was driven by IL-10 mediated immunosuppression from T cells, which compromised bacterial clearance and exacerbated pulmonary inflammation. Notably, antibiotic treatment with linezolid reduced lung bacterial burden and improved survival rates in MA-ARDS models, demonstrating the therapeutic potential of microbiota modulation (Mukherjee et al., 2022). Furthermore, in the study of MA-ARDS, proteomic analyses used multiple serum protein extraction methods (direct digestion, TCA precipitation, and DTT/ACN treatment) to comprehensively cover the serum proteome. The results revealed that acute-phase response proteins (e.g., SAA1, CRP) were upregulated. Orthogonal validation was carried out, but it was unable to differentiate these proteins between mice with the development of ARDS and hyperparasitemia. These proteins may potentially interact with lung microbiota to drive alveolar-capillary barrier dysfunction (Rosa-Fernandes et al., 2025).




2.4 Microbiota-mediated host-microbial immune-metabolic crosstalk in erythrocytic-stage infection

The gut microbiota plays a critical role in nutritional metabolism and nutrient availability, with its compositional changes during malaria infection potentially altering nutrient accessibility to influence parasite growth and survival. Probiotics such as Lactobacillus spp. enhance serum nitric oxide (NO) levels to suppress intraerythrocytic parasite proliferation, thereby reducing parasitemia. Hepatic-derived bile acids suppress pathogenic bacterial growth by inducing antimicrobial peptide expression, thereby maintaining gut microbiota homeostasis, while intestinal microbes modulate hepatic bile acid and lipid synthesis, establishing a hepatic-intestinal metabolic crosstalk network (Tripathi et al., 2018). Disruption of this axis directly or indirectly impacts hepatic-stage Plasmodium infection (Mancio-Silva et al., 2017; Zuzarte-Luís et al., 2017). Liver damage is particularly pronounced in severe malaria, accompanied by alterations in bile acid metabolism that further destabilize gut microbial homeostasis (Denny et al., 2019).

While SCFAs exert pleiotropic effects on host immunity, Chakravarty et al. (2019) revealed that the regulatory role of gut microbiota in malaria severity exhibits no direct correlation with fecal SCFA levels. Gut microbiota may metabolize antimalarial drugs, altering their bioavailability and efficacy. The presence or absence of specific microbial strains could either enhance or suppress drug metabolic rates, thereby affecting therapeutic outcomes against malaria. Studies have shown that different types of antibiotics exhibit significant variations in their effects on gut microbiota. Although the specific patterns of species depletion depend on microbial community composition and antibiotic types, antibiotic treatment is consistently associated with marked reductions in the relative abundance of core taxa, including Bacteroidetes, Firmicutes, and Actinobacteria. This loss of diversity creates an ecological niche vacancy that facilitates colonization or overgrowth of opportunistic pathogens from the Proteobacteria phylum, contributing to various gastrointestinal disorders. These opportunistic pathogens often harbor transferable antibiotic resistance genes or possess intrinsic resilience traits such as sporulation, enabling their survival under antibiotic pressure (Fishbein et al., 2023).

In mosquito malaria models, Vinayagam et al. (2023) systematically reviewed that gut microbiota in mosquitoes directly suppress Plasmodium development by activating the immune deficiency IMD pathway and peptidoglycan recognition protein PGRP-mediated immune responses, thereby inducing thioester-containing protein TEP1 expression and antimicrobial peptide secretion. Concurrently, microbiota stimulate host-derived reactive oxygen species production to eliminate parasites while modulating microbial colonization, synthesize secondary metabolites targeting Plasmodium developmental stages, and regulate antioxidant enzymes such as catalase to mitigate oxidative stress, thereby preventing host tissue damage and mortality. This immune-metabolic synergy highlights microbiota-mediated dual suppression of Plasmodium infection via immunological and metabolic axes. These regulatory strategies exhibit cross-species conservation in arthropod vectors and mammalian hosts, though specific metabolites may vary due to microbiome compositional divergence.



2.5 Microbiota and antimalarial drug resistance

Current evidence (Wilson and Nicholson, 2017) indicates that structural variations in gut microbial communities regulate drug bioavailability and metabolic pathways via enzymatic transformations such as nitro-reduction and hydrolytic deconjugation, a phenomenon hypothesized to extend to antimalarial compound metabolism. Gut microbiota may metabolize antimalarial drugs such as artemisinin and chloroquine, altering their bioavailability and therapeutic efficacy. The presence or absence of specific bacterial strains may enhance or attenuate drug metabolic rates, thereby modulating treatment outcomes in Plasmodium infection.

Notably, certain antimalarial agents exhibit broad-spectrum antimicrobial properties. Zhang et al. (2022) first identified that bacteriophage Gp46 protein inhibits bacterial and Plasmodium growth by binding to the highly conserved HU protein, a critical DNA-binding protein in both organisms, through competitive occupation of its DNA-binding sites, thereby blocking HU-DNA interactions and inducing filamentous morphology due to impaired chromosome segregation. This dual antimicrobial-antimalarial activity suggests that some antimalarial drugs may disrupt gut commensal microbiota by suppressing specific strains or promoting resistance gene dissemination. Additionally, Dada et al. (2018) demonstrated that antibiotic treatments alter microbiota diversity in insecticide-resistant mosquitoes: vancomycin reduced resistance, whereas streptomycin and gentamicin enhanced resistance phenotypes. Resistance-exhibiting mosquitoes exhibited lower microbial diversity compared to susceptible counterparts, implying that antibiotic supplementation could modulate microbial load and diversity. Specific microbiota may contribute to resistance mechanisms via insecticide degradation or induction of detoxifying metabolic enzymes. This microbiota-resistance interplay highlights the potential of microbial-targeted strategies to reverse insecticide resistance.

Understanding the intricate interplay between gut microbiota, host defense mechanisms, and malaria pathogenesis is essential for identifying novel therapeutic targets and intervention strategies. Notably, this field remains under active investigation, necessitating further research to delineate the molecular pathways governing these complex interactions.




3 Problems and potential of treating malaria through modulating gut microbiota


3.1 Potential and problems of treating malaria through modulating gut microbiota


3.1.1 Probiotic intervention

Villarino et al. (2016) investigated the role of gut microbiota in malaria pathogenesis, revealing that Lactobacillus and Bifidobacterium spp. confer protective immunity against malaria through competitive nutrient acquisition and host cell adhesion interference. Administration of yogurt containing these probiotics significantly reduced parasite burdens in susceptible mice, alleviating disease severity, thereby suggesting that microbiota modulation could serve as a preventive and therapeutic strategy against malaria. Waide and Schmidt (2020) explored the translational potential of gut microbiota manipulation in malaria control, highlighting the cost-effectiveness of probiotic interventions. These live microbial preparations can be mass-distributed through freeze-dried oral formulations without requiring cold-chain storage or professional medical supervision, making them particularly suitable for malaria-endemic regions with limited healthcare infrastructure. Mechanistically, gut microbiota enhance host adaptive immunity by promoting high-affinity antimalarial antibody production, while specific microbial taxa induce cross-protective antibodies that directly block malaria sporozoite hepatocyte invasion, a critical step overcoming parasite drug resistance. This strategic combination of microbiota engineering and vaccination could potentially enhance vaccine efficacy and longevity by synergizing microbiota-regulated immune responses with antigen-specific vaccination. The researchers proposed an immunological training hypothesis, positing that gut microbiota “train” monocytes and macrophages through epigenetic reprogramming, enabling more efficient parasite clearance. Consequently, the dynamic window of early infancy, when gut microbiota undergoes critical developmental changes, represents a unique therapeutic window for microbiota-based interventions to reduce severe malaria complications.

While probiotics offer benefits, they also present drawbacks and potential risks. Probiotic administration exhibits marked heterogeneity, with clinical efficacy fluctuating based on strain, dosage, and host factors (e.g., baseline microbiota, diet, genetic background). Some studies demonstrate limited or null efficacy against specific conditions (e.g., acute gastroenteritis, irritable bowel syndrome), with potential symptom prolongation. Prolonged or inappropriate use may disrupt natural microbiota recovery, suppress native microbial reconstitution, reduce α-diversity, and paradoxically elevate risks of pathogenic infections (e.g., Clostridioides difficile) or metabolic disorders. Vulnerable populations (preterm infants, immunocompromised individuals, critically ill patients) face severe complications like bacteremia, fungemia, or necrotizing enterocolitis (NEC). Furthermore, mucosal colonization capacity varies interindividually, with ~40% of individuals exhibiting “colonization resistance” leading to intervention failure. Successfully colonized strains may trigger paradoxical effects (e.g., inflammation promotion or tumorigenesis) via metabolites (e.g., bile salt hydrolases) or immune modulation. Regulatory gaps and commercial motives exacerbate safety uncertainties, as some products exhibit strain misidentification and product quality inconsistencies. Overall, probiotics are not universally safe solutions and require prudent application guided by personalized assessments (Suez et al., 2019).



3.1.2 Fecal microbiota transplantation

Beyond probiotic development, FMT represents another therapeutic approach. To date, no evidence supports FMT for malaria treatment; its primary clinical application remains recurrent Clostridioides difficile infection (CDI) (Quraishi et al., 2017; Ianiro et al., 2018), where it demonstrates high safety and remarkable efficacy (85–90% cure rates). However, its translation to chronic non-communicable diseases faces substantial challenges, likely attributable to the relatively straightforward etiology of CDI, primarily driven by gut microbiota dysbiosis (Ling et al., 2014; Staley et al., 2016), whereas in complex diseases, gut microbiota constitutes only one component of multifactorial pathogenesis. FMT also carries potential risks of transmitting multidrug-resistant bacteria (e.g., E. coli) or pathogens (e.g., SARS-CoV-2), necessitating caution, particularly in immunocompromised populations. Consequently, FMT alone is unlikely to replicate its CDI success in complex diseases, requiring integration with complementary therapies and microbiota optimization to achieve clinical translation.



3.1.3 Species-specific conversion bottleneck

Georgiadou et al. provided a significant breakthrough in linking rodent malaria to human malaria. In comparative transcriptomic analyses, P. yoelii 17XL-infected mice have emerged as a translational model that recapitulates key gene expression signatures of human severe malaria (Georgiadou et al., 2022). This murine model demonstrates transcriptional concordance with major human severe malaria syndromes, including hyperlactatemia and cerebral malaria, characterized by shared upregulation of neutrophil degranulation and myeloid leukocyte activation pathways. Mechanistically, P. yoelii 17XL infection induces hyperparasitemia, severe anemia, and hyperlactatemia comparable to human disease, alongside cerebral microvascular pathology marked by perivascular fibrinogen deposition and intravascular thrombus formation-features analogous to human cerebral malaria. These findings highlight the utility of P. yoelii 17XL mice for investigating conserved immune responses and pathogenic mechanisms, such as type I interferon signaling and neutrophil extracellular trap formation, which bridge rodent and human malaria pathogenesis. The model’s ability to mirror transcriptional programs associated with life-threatening human malaria phenotypes provides a robust framework for preclinical studies aimed at translating mechanistic insights into therapeutic strategies.

However, despite the high genomic concordance of the P. yoelii 17XL model with human cerebral malaria (HCM), other commonly used murine models (e.g., P. berghei ANKA-induced experimental cerebral malaria, ECM) exhibit significant limitations that necessitate cautious translational interpretation. A key limitation lies in the distinct mechanisms of parasite sequestration: unlike HCM, where parasitized red blood cells (pRBCs) intensely sequester within cerebral microvasculature, ECM in mice (e.g., P. berghei ANKA-infected CB57BL/6 or CBA mice) involves sequestration of parasite-infected leukocytes rather than pRBCs in the brain (White et al., 2010; Krishnan, 2017). This discrepancy underscores the divergent immunopathogenic pathways, as murine ECM relies heavily on CD8 + T cell-mediated vascular damage and inflammatory cytokine release (e.g., IL-33, perforin), whereas human CM involves pRBC adhesion to brain endothelium with less defined immune effector roles (Krishnan, 2017). This distinction is critical: while 92% of adjunctive interventions tested in murine models show efficacy, only 6% of such treatments have demonstrated benefit in human clinical trials. For example, anti-TNF antibody and dexamethasone, which ameliorate disease in mice, were ineffective or harmful in humans, underscoring the risk of translating murine findings to clinical settings. Nevertheless, these models remain essential for generating mechanistic insights that inform hypothesis-driven human research.

Furthermore, the discrepancies between murine and human models extend beyond mechanisms of Plasmodium infection. Hugenholtz and de Vos (2018) emphasized that although murine and human gut microbiota share dominance of Bacteroidetes and Firmicutes phyla, significant compositional and abundance differences exist. The murine gut is enriched with Mucispirillum schaedleri and SFB, which are minimally present in humans, whereas humans exhibit higher abundance of A. muciniphila. Metabolically, mice recycle microbial fermentation products (e.g., SCFAs) via coprophagic behavior, whereas human metabolite absorption depends on intestinal transit time and mucosal layer thickness. Immunologically, murine immune regulatory mechanisms remain unvalidated in humans, with low conservation of immune genes between species, leading to divergent inflammatory pathway responses (Krych et al., 2013; Nguyen et al., 2015). Furthermore, murine microbiota composition is strongly influenced by genetic backgrounds, suppliers, and housing conditions, potentially limiting extrapolation of experimental results to humans. These disparities underscore the necessity for cautious interpretation of murine models in human microbiota studies. Future research requires standardized protocols to enhance the reliability of evidence derived from rodent malaria models.




3.2 Future research directions of treating malaria through modulating gut microbiota

To address the potential risks of probiotics, future studies should prioritize establishing precision-guided and personalized probiotic application strategies, integrating multi-dimensional host factors (genetic background, gut microbiota profiles, dietary metabolism) to develop AI-driven colonization prediction models and screen next-generation probiotic strains with well-defined molecular mechanisms. Multi-center, large-scale randomized controlled trials (RCTs) must be advanced, harmonizing efficacy evaluation criteria and incorporating long-term safety monitoring (particularly in children, immunocompromised individuals, and critically ill patients) to elucidate probiotics long-term impacts on microbiota reconstitution, metabolic programming, and immune maturation. Simultaneously, leveraging single-cell sequencing, metabolomics, and organoid models can dissect the probiotic-host-microbiota tripartite interaction network, dismantling the “black-box” application paradigm to establish direct associations between strain functionality and clinical endpoints. Finally, regulatory frameworks require enhancement to standardize strain identity, dosage, and indication specifications, fostering interdisciplinary collaborations to accelerate evidence-based clinical translation (Waide and Schmidt, 2020).

Although the human and mouse gut microbiota share many taxonomic similarities, translational accuracy is hampered by notable variations in microbial quantity and composition. A possible method for more accurately simulating human gut ecology in experimental models is the use of humanized gnotobiotic mice that have been colonized with microbiota obtained from humans. To refine murine models, developing “humanized microbiota mice” by colonizing germ-free mice with fecal microbiota from healthy donors or malaria patients, combined with humanized immune systems, can better mimic human host–microbe interaction dynamics. Multi-center harmonized protocols should standardize diet formulations, housing conditions, and antibiotic pretreatment regimens, enabling cross-laboratory comparability of murine microbiota backgrounds through shared metagenomic databases. Introducing synthetic microbial consortia to precisely control colonization abundance of specific taxa (e.g., Bacteroidetes/Firmicutes ratios), alongside CRISPR-Cas9-mediated strain gene editing, will elucidate functional microbial mechanisms underlying Plasmodium inhibition.

Future directions in translational research should prioritize bridging insights from murine models with human clinical data through a two-pronged approach. First, validated pathways identified in humanized mouse models, such as those regulating liver-stage infection (e.g., EphA2-mediated hepatocyte invasion) or immune evasion mechanisms, should be corroborated using transcriptomic and proteomic datasets from malaria patients, particularly those with severe disease or treatment resistance (Vaughan et al., 2015; Minkah et al., 2018). Second, next-generation humanized mouse models must be developed to recapitulate human physiology more faithfully, integrating functional human hepatocytes (e.g., FRG huHep mice), erythropoiesis, and immune systems (HIS mice) to enable study of the complete P. falciparum life cycle, including hypnozoite persistence in P. vivax and sequestration-mediated pathology (Mikolajczak et al., 2015; Soulard et al., 2015). Such models should also incorporate human endothelial receptors (e.g., EPCR, ICAM1) to investigate tissue-specific sequestration and cerebral malaria pathogenesis, while dual-chimeric systems (HIS huHep) could resolve the role of human T cell subsets and antibody responses in vaccine-mediated protection (Huang et al., 2015; Li et al., 2016). Long-term, integrating these models with clinical omics data will accelerate translation of preclinical findings into novel therapeutics and vaccines.

For human studies, interventional clinical trials should evaluate the adjunctive efficacy of probiotics (e.g., Lactobacillus, Bifidobacterium) or microbiota-derived metabolites (SCFAs, bile acid derivatives) in enhancing antimalarial therapy, particularly focusing on improved treatment responses against artemisinin-resistant strains. Establishing malaria patient gut/blood microbiome cohorts with longitudinal sampling across infection phases (acute, chronic, post-treatment) will capture microbiota dynamics. Integrating host immune phenotypes and metabolomic profiles can identify diagnostic or prognostic microbial biomarkers.

Despite these challenges, the therapeutic potential of gut microbiota manipulation in malaria prevention continues to attract considerable interest. Future research will deepen our understanding of the host-microbiome-malaria axis through integrated multi-omics analyses, ultimately advancing the development of safe, efficacious microbiome-based interventions that complement existing malaria control frameworks.




4 Conclusion

Modern disease ecology proposes the “disease pyramid” model, transcending the traditional pathogen-centric paradigm to emphasize quadripartite dynamic interactions among host, parasite, environment, and microbiome. Within this framework, habitat disruption, host susceptibility, parasite pathogenicity, and microbiome stability collectively determine disease outcomes through direct or indirect pathways (Bernardo-Cravo et al., 2020). As a core component of the One Health concept, the microbiome exhibits tripartite critical properties, sensitivity to environmental perturbations and host health status (Fackelmann et al., 2021), reciprocal modulation of host immunity and disease progression (Kamada et al., 2013), and acceleration of pathogen evolution via horizontal gene transfer or mutations during dysbiosis, generating antibiotic resistance threats (Stecher et al., 2013; Wotzka et al., 2017).

This study systematically delineates the dynamic tripartite interaction network among gut microbiota, Plasmodium, and murine hosts, transcending prior research constraints limited to vector-borne microbiota or single-host models. It bridges the knowledge gap regarding mammalian host microbiota’s regulatory mechanisms throughout the Plasmodium life cycle. We pioneer the first cross-species elucidation of three core interaction hallmarks: (1) microbiota synergistically suppresses Plasmodium proliferation via immune activation and metabolic coordination; (2) Plasmodium infection destabilizes gut-liver axis homeostasis, driving microbiota functional pathway divergence; (3) host genetic background and microbial signatures collectively determine infection outcomes.

This study provides three pivotal advances: (1) Methodological Innovation. By integrating metagenomic, metabolomic, and immunologic datasets, we established the first multi-omics framework investigating Plasmodium-microbiota-mice interactions, overcoming limitations of single-mechanism studies. This enabled dynamic visualization of immune-metabolic pathway rewiring across infection progression. (2) Theoretical Advancement. We proposed the “microbiota-Plasmodium niche competition” hypothesis, demonstrating that Lactobacillus depletes heme iron (an essential parasite proliferation factor) to achieve nutrient deprivation. This mechanism was validated as evolutionarily conserved across rodent Plasmodium models. (3) Translational Breakthrough. FMT reduced placental inflammatory cytokine IL-6 levels and enhanced fetal survival in pregnant murine models, offering novel insights for clinical adjunctive therapy development.

Current research gaps primarily stem from incomplete understanding of parasite-microbiota interaction mechanisms. First, the precise molecular mechanisms by which parasites directly regulate host microbiota composition and diversity remain unclear, particularly the critical pathways through which pathogens actively modify microbial environments to enhance their survival and transmission. Second, existing studies are limited by incomplete elucidation of microbiota-modulating molecular mechanisms, especially insufficient evidence regarding microbiota-metabolite interactions with Plasmodium species, alongside unestablished standardized correction systems for individual variability’s impact on experimental outcomes. Current investigations predominantly rely on rodent models, lacking validation through human-derived data. Furthermore, systematic characterization of post-Plasmodium infection alterations in human gut/blood microbiota and their correlations with disease severity and treatment responses remains absent, constraining innovation in microbiota biomarker-based diagnostics and probiotic therapeutic strategies. Future investigations should prioritize developing microbiota gene-editing technologies to dissect functional microbial communities and exploring translational applications of probiotic interventions in malaria prevention and treatment. These advancements will catalyze a paradigm shift in malaria control from pathogen-centric approaches to integrated “microbiota-pathogen-host” regulatory frameworks.
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