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ABSTRACT

According to new research, dysbiosis is a crucial link between chronic non-communicable diseases and
infectious diseases. This review examines how malaria-induced dysbiosis and hypertension may exacerbate gut
dysbiosis and summarizes the current understanding of the mechanisms underlying this relationship. Reduced
microbial diversity, fewer bacteria that produce short-chain fatty acids (SCFAs), and elevated levels of pro-
hypertensive metabolites such as trimethylamine-N-oxide (TMAO) and lipopolysaccharides (LPS) are the
hallmarks of dysbiosis in hypertension. These changes result in increased gut permeability, endothelial
dysfunction, and systemic inflammation, all of which raise blood pressure. At the same time, parasite toxins
from Plasmodium infection cause severe gut dysbiosis (e.g., hemozoin), systemic inflammation (TNF-a, IFN-
vY), and related malnutrition. This dysbiosis linked to Malaria weakens the integrity of the gut barrier and impairs
immune regulation, resulting in a leaky gut and a pro-inflammatory phenotype. We proposed that the dysbiotic
state brought on by acute or recurrent Malaria may act as a latent risk factor, setting up the host environment for
the emergence of hypertension via persistent barrier dysfunction, impaired SCFA signaling, and prolonged
inflammation. This intersection implies that novel approaches to reducing the risk of hypertension in malaria-
endemic populations may involve microbiome-targeted interventions.

Keywords: Dysbiosis, Hypertension, Malaria, Gut Microbiome, Short-Chain Fatty Acids, Gut Permeability,
Inflammation

INTRODUCTION
Dysbiosis and Hypertension

Dysbiosis, an imbalance in the gut microbiota, has been strongly linked to the onset and maintenance of
hypertension. The bacterial community living in the gut maintains a symbiotic relationship with the host, and its
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imbalance has been associated with the progression of a wide range of intestinal and extraintestinal conditions.
Increasing evidence supports the involvement of the gut microbiome in blood pressure regulation and the
impairment of CKD prognosis (Felizardo et al., 2019). The imbalance is characterized by decreased microbial
diversity and an altered Firmicutes-to-Bacteroidetes (F/B) ratio, both of which are linked to an increased risk of
hypertension. Leading to metabolic disturbances that affect blood pressure regulation (Ge et al., 2024). Altered
gut microbial composition, reduced diversity, and changes in microbial metabolites can causally increase blood
pressure through multiple biological pathways.

Hypertension is a major global health challenge, as it represents the main risk factor for stroke and cardiovascular
disease. It is a multifactorial clinical condition characterized by elevated and sustained blood pressure, likely
resulting from a complex interplay of endogenous and environmental factors (Silveira-Nunes et al., 2020). The
gut microbiota has been strongly implicated, but its role in hypertension remains poorly understood (Silveira-
Nunes et al., 2020). Recent studies have identified dyshiosis of the intestinal microbiota in hypertensive subjects,
characterized by reduced biodiversity and distinct bacterial signatures compared with normotensive subjects
(Silveira-Nunes et al., 2020). Along with a reduction in Bacteroidetes members, hypertensive individuals
showed increased proportions of Lactobacillus and Akkermansia. They decreased relative abundances of well-
known butyrate-producing commensals, including Roseburia and Faecalibacterium within the Lachnospiraceae
and Ruminococcaceae families (Silveira-Nunes et al., 2020).

In hypertension, the reduced number of short-chain fatty acids (SCFAS)- producing bacteria is associated with
modifications in the gut environment, including a reduction in the hypoxic gut profile and worsening of the
microbial balance, leading to a loss of epithelial barrier integrity, development of gut inflammation, and reduced
SCFAs plasma levels. These modifications compromise blood pressure regulation and, as a consequence, favour
end-organ damage, including the kidneys (Felizardo et al., 2019).

Mechanisms Linking Dysbiosis to Hypertension

The gut microbiome can regulate blood pressure through several mechanisms, including dysbiosis-induced
changes in host microbiome-associated gene pathways. Microbiota-derived metabolites are either beneficial (for
example, short-chain fatty acids and indole-3-lactic acid) or detrimental (for example, trimethylamine N-oxide).
They can activate several downstream signalling pathways via G protein-coupled receptors or by directly
activating immune cells (O’Donnell et al., 2023). These metabolite imbalances lead to decreased SCFAs (which
help lower blood pressure) and increased pro-hypertensive metabolites, such as trimethylamine N-oxide
(TMAO) and lipopolysaccharides (LPS), promoting inflammation and vascular dysfunction (Verhaar et al.,
2020; O'Donnell et al., 2023; Lugman et al., 2024).

Hypertension is associated with pathological changes in the gut, including alterations in gut permeability and i
nflammation. These changes can disrupt the gut barrier

functions, leading to systemic inflammation and contributing to the development of hypertension (Deng et al.,
2025). Gut barrier dysfunction impairs the gut epithelial barrier, increasing intestinal permeability. Thus,
allowing bacterial products (e.g., LPS) to enter circulation, triggering systemic inflammation and immune
activation, which contribute to elevated blood pressure (Silveira-Nunes et al., 2020; O’Donnell et al., 2023).
Moreover, dysbiosis-associated breakdown of the gut epithelial barrier can elicit systemic inflammation
and disrupt intestinal mechano-transduction. These alterations activate mechanisms that are traditionally
associated with blood pressure regulation, such as the renin—-angiotensin—aldosterone system, the autonomic
nervous system, and the immune system (Kim et al., 2018; O’Donnell et al., 2023). Fecal microbiota
transplantation from hypertensive humans or animals to germ-free mice raises blood pressure in recipients,
demonstrating a direct, causal role for dysbiotic microbiota in hypertension (Yan et al., 2022; Lin et al., 2024).

Specific mechanisms, such as the intestinal microbiota-mediated metabolism of dietary L-carnitine, a nutrient in
red meat, have been demonstrated to promote atherosclerosis and increase cardiovascular disease risk by
producing trimethylamine and trimethylamine-N-oxide (Li et al., 2017). Targeting gut microbial production of
trimethylamine specifically and non-lethal microbial inhibitors were confirmed to relieve diet-induced
atherosclerotic lesion development. Thus, the gut microbiome may also serve as a therapeutic target for
cardiovascular and metabolic diseases (Li et al., 2017).
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Reduced microbial diversity in hypertensive individuals consistently shows lower gut microbial richness and
diversity, with a shift toward harmful bacteria (e.g., Prevotella, Klebsiella) and a reduction in beneficial, short-
chain fatty acid (SCFA)-producing bacteria (e.g., Roseburia, Faecalibacterium) (Silveira-Nunes et al., 2020;
Tsiavos et al., 2024; Mardanparvar, 2025).

Several methodological and technological challenges remain in gut microbiome research, and solutions involve
minimizing confounding factors, establishing causality, and increasing global sample diversity. New clinical
trials, precision microbiome medicine, and computational methods such as Mendelian randomization have the
potential to enable leveraging of the microbiome for translational applications to lower blood pressure
(O’Donnell et al., 2023).

KEY PATHWAYS BY WHICH DYSBIOSIS AFFECTS HYPERTENSION

SCFA Production by Gut Bacteria and Its Impact on Blood Pressure

The fermentation of dietary fiber by gut bacteria produces short-chain fatty acids (SCFAS), primarily acetate,
propionate, and butyrate. These SCFA-producing bacteria and their metabolites play a protective role in blood
pressure regulation, mainly by promoting vasodilation, reducing inflammation, and supporting vascular and
kidney health. SCFA-producing gut bacteria and their metabolites are essential for healthy blood pressure
regulation.

SCFAs Mechanisms

SCFAs activate G protein-coupled receptors (GPR41 and GPR43) on blood vessels and the kidneys, leading to
vasodilation and lower blood pressure. Butyrate, in particular, lowers arterial pressure via colon-vagus nerve
signaling and GPR41/43 activation (Verhaar et al., 2020; Fusco et al., 2023). SCFAs also possess anti-
inflammatory effects, thus reducing systemic inflammation and oxidative stress, both of which are linked to
hypertension (Yang et al., 2020; Wu et al., 2021). Furthermore, SCFAs have been reported to strengthen gut
barrier integrity and modulate immune responses, preventing the leakage of pro-hypertensive substances into
circulation (Yang et al., 2020; Nogal et al., 2021). Efficient absorption of SCFAs into the bloodstream is crucial;
lower plasma SCFA levels and higher fecal SCFA levels are observed in hypertensive individuals, suggesting
that impaired absorption may contribute to high blood pressure (Calderén-Pérez et al., 2020; Verhaar et al.,
2020).

Table 1: Summary of Key Findings SCFA production, gut bacteria, and blood pressure regulation

Factor Effect on Blood Pressure |Citations

Increased SCFA-producing bacteria |Lower blood pressure (Yang et al., 2020; Wu et al., 2021).
Decreased SCFA-producing bacteria |Higher blood pressure (Yang et al., 2020; Verhaar et al., 2021).
SCFA supplementation Reduces blood pressure (Wu et al., 2021; Yan et al., 2025).
(animal/human studies)

High-fiber/probiotic diet Increases SCFA, lowers BP |(Wu et al., 2021; Yan et al., 2025).

Strategies that boost SCFA production, such as high-fiber diets and probiotics, may help prevent or manage
hypertension by enhancing vasodilation, reducing inflammation, and supporting gut and vascular health.

Blood Pressure Elevation and Gut Bacterial Metabolites LPS and TMAO

Lipopolysaccharides (LPS) and trimethylamine-N-oxide (TMAQ) are key metabolites produced or influenced
by gut bacteria. Both have been implicated in the development and progression of hypertension through
mechanisms involving inflammation, vascular dysfunction, and altered neuro-hormonal signalling.

LPS Mechanistic Role in Inflammation and Vascular Effects

LPS are components of the outer membrane of Gram-negative gut bacteria. Increased gut permeability (often
due to dysbiosis) allows LPS to enter the bloodstream, where they trigger systemic inflammation by activating
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immune receptors (e.g., TLR4), leading to the release of pro-inflammatory cytokines (TNF-a, IL-1, 1L-6)
(Verhaar et al., 2020; Samarraie et al., 2023). LPS-induced inflammation promotes endothelial dysfunction,
increases sympathetic nervous system activity, and can directly affect blood pressure regulation. Animal and
limited human studies have shown that elevated LPS levels are associated with higher blood pressure and
neuroinflammation relevant to hypertension (Verhaar et al., 2020; Samarraie et al., 2023).

TMAO Mechanistic Role in Vascular Dysfunction and Hormonal Effects

Gut bacteria metabolize dietary choline, carnitine, and phosphatidylcholine into trimethylamine (TMA), which
is converted in the liver to TMAO (Canyelles et al., 2023; Zhen et al., 2023). High TMAO levels are linked to
increased risk of hypertension. TMAO prolongs the hypertensive effect of angiotensin Il, enhances
vasoconstriction, increases water reabsorption via the TMAO-AVP-AQP2 axis, and promotes vascular
inflammation and endothelial dysfunction (Canyelles et al., 2023; Samarraie et al., 2023; Zhen et al., 2023).
Clinical evidence has shown that elevated TMAO is consistently associated with higher blood pressure in both
animal models and human studies, and interventions that reduce TMAO (e.g., antibiotics, dietary changes) can
lower blood pressure (Jiang et al., 2021; Samarraie et al., 2023; Zhen et al., 2023).

Table 2: Summary of LPS and TMAO Mechanisms and Effects on Blood Pressure

Metabolite Mechanism Effect on BP Citations

LPS Inflammation, endothelial | Raises BP (Moludi et al., 2020; Samarraie et
dysfunction al., 2023; Zhen et al., 2023).

TMAO Vasoconstriction, hormonal | Raises BP (Jiang et al., 2021; Samarraie et
effects, vascular inflammation al., 2023; Zhen et al., 2023).

Additionally, both LPS and TMAO, produced or modulated by gut bacteria, contribute to hypertension by
promoting inflammation, vascular dysfunction, and neuro-hormonal changes. Targeting of gut microbiota to
reduce LPS and TMAO may offer new strategies for blood pressure control.

Mechanisms Linking Gut Permeability and Blood Pressure

Increased gut permeability, often called "leaky gut,” is strongly associated with higher blood pressure and
hypertension. Raised gut permeability is both a marker and a potential driver of high blood pressure. It promotes
systemic inflammation and allows harmful bacterial products into circulation, contributing to hypertension. This
relationship is mediated by the translocation of bacterial products (such as LPS) and by increased inflammation,
which contribute to vascular dysfunction and elevated blood pressure. Hypertensive patients exhibit elevated
levels of gut permeability markers (zonulin, DAO, LPS, D-lactate), suggesting impaired intestinal barrier
function. This dysfunction allows bacterial products to enter the bloodstream, triggering systemic inflammation
and immune activation, which are known contributors to hypertension (Kim et al., 2018; Li et al., 2021; Yang
et al., 2023). Hypertension is usually associated with reduced diversity of beneficial gut bacteria and decreased
production of short-chain fatty acids (SCFAs), both of which help maintain barrier integrity. Dysbiosis further
weakens the barrier and promotes inflammation (Kim et al., 2018; Li et al., 2021; Yang et al., 2023). The
increased sympathetic drive in hypertension can also reduce gut blood flow, damaging the intestinal lining and
increasing permeability. This creates a feedback loop where hypertension worsens gut barrier function, and
barrier dysfunction exacerbates hypertension (Ntlahla et al., 2021; Vemuri et al., 2022; Yang et al., 2023).
Strategies that restore gut barrier integrity, such as dietary changes, probiotics, and antihypertensive medications,
may help manage or prevent hypertension.

Table 3. Key Evidence from Human and Animal Studies linking gut permeability and blood pressure

Finding Evidence Type Citations

Hypertensive patients have higher gut permeability | Human studies (Kim et al.,, 2018; Li et al.,,

markers (zonulin, LPS, DAO) 2021; Ntlahla et al., 2021)

Gut permeability correlates with systolic BP Human studies (Kim et al., 2018; Ntlahla et al.,
2021).
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Increased permeability precedes hypertension Animal studies (Verhaar et al., 2020; Yang et
al., 2023).

Restoring barrier function lowers BP Animal/intervention | (Yang etal., 2019; Del bo et al.,
2020).

Fecal Microbiota Transplantation (FMT) and Blood Pressure Regulation

Transferring gut microbiota via fecal microbiota transplantation (FMT) can causally alter blood pressure in both
animal models and humans. The effect depends on the donor's microbiota: hypertensive donor microbiota raises
recipients' blood pressure, while normotensive donor microbiota can lower it. Multiple animal studies have
shown that FMT from hypertensive animals or humans to normotensive or germ-free recipients increases blood
pressure, transferring the hypertensive phenotype. Conversely, FMT from normotensive donors to hypertensive
animals lowers blood pressure (Zhong et al., 2021; Lin et al., 2024; Xu et al., 2024). Washed microbiota
transplantation (WMT) from normotensive donors to hypertensive patients significantly reduced both systolic
and diastolic blood pressure, especially in those not on antihypertensive drugs or receiving lower Gl tract
delivery (Zhong et al., 2021; Fan et al., 2025). However, some clinical trials found the BP-lowering effect to be
modest and not always sustained (Fan et al., 2025). The transfer of gut microbiota alters the composition of gut
microbes, increases beneficial bacteria (e.g., butyrate producers), improves gut barrier integrity, reduces
inflammation, and modulates neuro-hormonal signalling, all contributing to blood pressure regulation (Zhong et
al., 2021; Yan et al., 2022; Xu et al., 2024).

Table 4. Effects of Microbiota Transfer on Blood Pressure

Donor Microbiota | Recipient Effect on BP | Key Mechanisms Citations

Type

Hypertensive Increase the BP Inflammation, dysbiosis, | (Yan et al., 2022; Lin et al.,
neuroinflammation 2024; Xu et al., 2024).

Normotensive Decreases the BP SCFA production, improved | (Yan et al., 2022; Xu et al.,
barrier, reduced inflammation | 2024; Fan et al., 2025).

Microbiome transfer can directly raise or lower blood pressure, depending on the donor’s microbiota
composition. Highlighting the gut microbiome as a promising target for hypertension therapy, though its effects
in humans are variable and require further research for clinical application.

ROLE OF DYSBIOSIS IN MALARIA PATHOGENESIS AND PROGRESSION

Dysbiosis plays a significant role in malaria pathogenesis and progression by modulating immune responses,
increasing disease severity via several pathways, disrupting host-microbiota balance, and amplifying the
parasite's immunopathology. Gut dysbiosis refers to an imbalance in the composition and function of the
intestinal microbiome, characterized by reduced microbial diversity, overgrowth of pathogenic bacteria, and
depletion of beneficial taxa (e.g., Bifidobacterium and Lactobacillus species). Malaria, caused by Plasmodium
parasites (primarily P. falciparum and P. vivax), progresses through liver invasion, erythrocytic cycles, and
systemic inflammation, leading to symptoms such as fever, anemia, and organ dysfunction. Gut dysbiosis has
been reported to play a significant role in the progression and pathogenesis of Malaria, influencing disease
severity through immune modulation, barrier dysfunction, and persistent microbiome alterations. Emerging
research highlights a bidirectional relationship between Malaria and gut dysbiosis: Malarial infection disrupts
the microbiome, and dysbiosis exacerbates disease severity.

Differences between Plasmodium species significantly influence the degree, composition, and functional impact
of gut dysbiosis (Yafiez et al.,, 2021). Stemming from variations in parasite virulence, tissue tropism,
inflammatory profiles, and host immune responses. P. falciparum (most virulent) induces more profound
dysbiosis than milder species like P. vivax (Bangs et al., 2022; Costa et al., 2021).
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Evidence Linking Malaria to Gut Dysbiosis

In murine models of Plasmodium infection (e.g., P. berghei or P. chabaudi), Malaria induces rapid dysbiosis
within days. Studies have shown decreased a-diversity (e.g., loss of Firmicutes and Bacteroidetes). Expansion
of Proteobacteria (e.g., Enterobacteriaceae) and pathobionts like Akkermansia muciniphila (in protective
contexts) or Clostridium species (Yafez et al., 2021). Studies in humans have reported that children in malaria-
endemic areas (e.g., Mali, Uganda) with acute P. falciparum infection exhibit dysbiosis, with reduced levels of
Faecalibacterium prausnitzii (an anti-inflammatory) and increased levels of Bacteroides species. Severe Malaria
was found to correlate with lower microbial diversity and higher fecal calprotectin levels (an inflammation
marker). Longitudinal data indicate that dysbiosis persists even after treatment, potentially increasing the risk of
reinfection (Yegorov et al., 2020).

Mechanisms Linking Gut Dysbiosis and Malaria Pathogenesis

Dysbiosis, an imbalance in the gut or lung microbiota, has been identified as a risk factor for severe Malaria.
Altered microbiota composition can impair immune regulation, increase systemic inflammation, and disrupt
barrier functions, all of which contribute to worsened malaria outcomes (Waide & Schmidt, 2020; Mandal &
Schmidt, 2023; David, 2025). In both human and animal models, a diverse and balanced gut microbiome
enhances immune competence. It reduces malaria severity, while dysbiosis is associated with higher parasite
burden, increased inflammation, and complications such as cerebral Malaria and acute respiratory distress
syndrome (MA-ARDS) (Waide & Schmidt, 2020; Mukherjee et al., 2022; David, 2025).

There exists a bidirectional relationship between Malaria and dysbiosis. Malaria infection induces gut dysbiosis,
characterized by reduced microbial diversity and shifts in bacterial populations, which, in turn, exacerbates
disease severity by impairing immune responses and gut barrier function (Mandal & Schmidt, 2023;
Sriboonvorakul et al., 2023; He et al., 2025). Dyshiosis worsens malnutrition (e.g., via reduced vitamin
absorption), further promoting pathobiont growth and parasite replication. Another mechanism is through
immune modulation; the gut microbiota shapes both innate and adaptive immunity. Dysbiosis can weaken
antimalarial immune responses, while certain beneficial bacteria (e.g., Bifidobacterium, Lactobacillus) are
associated with resistance to severe Malaria (Villarino et al., 2016; Mandal & Schmidt, 2023; Sriboonvorakul et
al., 2023).

Immune Modulation and Disease Progression

Dysbiosis affects both innate and adaptive immunity. It can impair the development of effective humoral
(antibody-mediated) responses and regulatory T cell function, leading to inadequate parasite clearance and
increased risk of severe disease (Waide & Schmidt, 2020; Mandal & Schmidt, 2023; Fusco et al., 2025).
Plasmodium infection itself can induce dysbiosis, creating a feedback loop that exacerbates immunopathology
and disease progression (Mukherjee et al., 2022; He & Qi, 2025). In the lungs, dysbiosis driven by malaria
infection can promote respiratory complications and mortality (Mukherjee et al., 2022; He & Qi, 2025).
Dysbiosis impairs Treg cell function and SCFA production (e.g., butyrate), reducing anti-parasitic Th1/IFN-y
responses while exacerbating Th17-driven pathology. Pathobiont blooms (e.g., Enterobacteriaceae) produce
pro-inflammatory metabolites, correlating with higher parasitemia and hypoglycaemia (Kers & Saccenti, 2022).

Barrier Dysfunction and inflammation are other mechanisms by which severe Malaria leads to intestinal injury
and increased permeability, allowing the translocation of bacteria and metabolites into the bloodstream, which
can result in secondary infections and systemic inflammation (Sriboonvorakul et al., 2023; He et al., 2025).
Furthermore, malaria infection can induce persistent microbiome alterations; this dysbiosis persists beyond the
acute infection phase, resulting in long-term changes in microbiota composition linked to ongoing immune and
metabolic imbalances (Van Den Ham et al., 2024; He et al., 2025).

Mechanism of Hemozoin as a Driver of Dysbiosis

Several factors contribute to dysbiosis during malaria infection. These factors include Parasite toxins/hemozoin,
Systemic inflammation (cytokines such as IFN-y and TNF-a), Anemia/malnutrition, etc. Hemozoin and parasite
toxins drive dysbiosis in Malaria via immune and inflammatory pathways. During the blood stage of Malaria,
Plasmodium parasites digest hemoglobin, producing hemozoin, an insoluble crystalline pigment, which is
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released into circulation upon red blood cell rupture (De Villiers & Egan, 2021; Garnie et al., 2025). Hemozoin
is rapidly phagocytosed by immune cells, triggering strong pro-inflammatory responses. It activates the NLRP3
inflammasome and Toll-like receptor 9 (TLR9), leading to the production of cytokines such as IL-1p and other
inflammatory mediators (Kalantari et al., 2014; Denny et al., 2019). This systemic inflammation can disrupt gut
barrier integrity and alter the gut environment, promoting dysbiosis (Kalantari et al., 2014; Denny et al., 2019).
Dysfunction of dendritic cells results from hemozoin impairment, reducing their ability to prime T cells and
skewing immune responses. This immune modulation can further compromise gut immune homeostasis,
contributing to dysbiosis (Pack et al., 2021; Lasaviciute et al., 2025). Exposure to hemozoin induces oxidative
stress and DNA damage in various tissues, including the gut and placenta, exacerbating inflammation and
potentially altering the gut microbiota (Pranty et al., 2024; Sarr et al., 2025). Hemozoin can also carry parasite
DNA, which, together, activate both the NLRP3 and AIM2 inflammasomes, amplifying systemic inflammation
and immune dysregulation (Kalantari et al., 2014).

Table 5: summarizing mechanisms by which hemozoin induces dysbiosis.

Mechanism Evidence Type Citations

Inflammasome activation Animal, in vitro (Kalantari et al., 2014).

Dendritic cell dysfunction Animal, in vitro (Pack et al., 2021; Lasaviciute et al., 2025).
Oxidative stress/tissue damage | Human, in vitro (Pranty et al., 2024; Sarr et al., 2025).

Gut barrier disruption Animal, human (Denny et al., 2019).

Immune modulation Animal, in vitro (Pack et al., 2021; Lasaviciute et al., 2025).

In summary, hemozoin, a key malaria parasite toxin, induces gut dysbiosis primarily by activating inflammatory
pathways (NLRP3 inflammasome, TLR9), impairing immune cell function, and inducing oxidative stress. These
processes disrupt gut homeostasis, promoting dysbiosis and potentially worsening malaria outcomes.

Mechanism of Dysbiosis Induction by Systemic Inflammation via IFN-y and TNF-a

Systemic inflammation, as indicated by elevated levels of cytokines such as interferon gamma (IFN-y) and tumor
necrosis factor alpha (TNF-a), is a defining characteristic of Malaria. Although these cytokines play a crucial
role in controlling the parasite, their excessive or prolonged presence can result in immune dysregulation, tissue
damage, and disturbances in gut homeostasis, which are critical to the development of gut dysbiosis during
Malaria. This occurs due to immune hyperactivation, barrier damage, and ongoing inflammatory signaling,
underscoring the importance of cytokine balance in maintaining gut health during infection.

In cases of severe Malaria, the cytokine profile is marked by a shift towards Th1 responses (high levels of IFN-
v and TNF-a) and a decrease in regulatory cytokines (such as IL-10), leading to unregulated inflammation and
immune-related tissue damage that can compromise the gut microbiome (Loevenich et al., 2017; Popa & Popa,
2021; Obeagu, 2024). Continuously elevated or chronic expression of IFN-y, even at lower concentrations, can
disrupt gut homeostasis and lead to dysbiosis, as demonstrated in animal studies (Bae et al., 2020). Through
mechanisms of immune hyperactivation, IFN-y and TNF-a play crucial roles in activating macrophages and
other immune cells to eliminate Plasmodium parasites. However, when produced in excess, they can cause
systemic inflammation that injures tissues, including the gut lining, and disrupt the gut microbiota's equilibrium
(Loevenich etal., 2017; Popa & Popa, 2021; Obeagu, 2024). These surges of pro-inflammatory cytokines impair
the integrity of the gut barrier, leading to increased permeability and the potential for microbial translocation.
This alteration in the gut environment promotes dysbiosis and further intensifies inflammation (Popa & Popa,
2021; Obeagu, 2024).

Table 6: Summary of evidence for cytokine-driven dysbiosis in Malaria.

Mechanism Evidence Type Citations

IFN-y/TNF-a drive inflammation |Human, animal (Loevenich et al., 2017; Popa & Popa 2021; Obeagu
2024).

Barrier dysfunction Animal, review (Bae et al., 2020; Popa & Popa, 2021; Obeagu, 2024).

Chronic IFN-y induces dysbiosis. |Animal, multi-omics | (Bae et al., 2020).

Cytokine imbalance in severity  |Human, review (Popa & Popa, 2021; Obeagu, 2024).
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Mechanisms Connecting Malnutrition, Anemia, and Dysbiosis in Malaria

Another element that exacerbates disease outcomes while also acting as a catalyst for dysbiosis is malnutrition
and anemia, which are common in regions where Malaria is endemic and are increasingly identified as significant
contributors to gut dysbiosis, potentially affecting the severity of Malaria and leading to poorer health outcomes.

Deficiencies in protein and micronutrients can alter gut structure, diminish immune cell populations, and
increase intestinal permeability, resulting in dysbiosis (imbalance of microbes) (Murr et al., 2021; Verma et al.,
2025). Dysbiosis resulting from malnutrition can shift immune cells toward a pro-inflammatory phenotype,
thereby enhancing gut and systemic inflammation during Malaria. The occurrence of Malaria can also disrupt
the gut microbiome, and when this is coupled with malnutrition, the effects are intensified, leading to worse gut
barrier dysfunction and immune dysregulation (Murr et al., 2021; Verma et al., 2025). Additionally, chronic
malnutrition is typically linked to more severe cases of Malaria (for instance, elevated parasitemia and anemia),
with both conditions associated with alterations in gut microbiota and compromised immune responses (Das et
al., 2018; Verma et al., 2025).

Table 7: Summarizing how malnutrition and anemia drive dysbiosis and worsen malaria outcomes.

Factor Effect on Gut/Malaria Outcomes Citations

Malnutrition |Increases gut permeability, reduces immune cells, and | (Murr et al., 2021; Verma et al., 2025).
worsens dysbiosis
Anemia Associated with severe Malaria and altered gut|(Das et al., 2018; Verma et al., 2025)
microbiota
Combined Exacerbates gut inflammation, dysbiosis, and disease | (Murr et al., 2021; Verma et al., 2025).
with Malaria |severity
Nutritional |May improve immune function and reduce malaria|(M, 2025)
Interventions |severity

While animal studies demonstrate clear connections among malnutrition, dysbiosis, and aggravated Malaria,
human research presents a more varied picture, with some studies indicating strong correlations and others
revealing no direct relationship between infection status and gut microbiota (Das et al., 2018; Mutoni et al.,
2025). These interactions are complex and shaped by factors such as age, geographical location, co-infections,
and environmental influences (Das et al., 2018; Mutoni et al., 2025).

Current findings support that malnutrition and anemia contribute to gut dysbiosis in Malaria, heightening
immune dysfunction and the severity of the disease. It is essential to implement integrated interventions that
address nutrition, Malaria, and gut health, particularly among vulnerable groups. Nonetheless, further
longitudinal and mechanistic research in humans is necessary to elucidate these relationships and enhance
interventions.

Antimalarials/Artemisinin-Based Antimalarials as Drivers of Gut Dysbiosis

In human studies involving malaria patients, artemether-lumefantrine treatment was associated with modest yet
notable alterations in gut bacterial populations over a week, with certain bacteria (e.g., E. coli, Klebsiella,
Pseudomonas) showing increased abundance. A study conducted in Kenya found that infants treated for Malaria
with artemether-lumefantrine displayed no significant variations in gut bacterial diversity or composition pre-
and post-treatment. Only one of the top 100 bacterial sequence variants showed a significant change, indicating
a minimal effect on the gut microbiota (Mandal et al., 2018). However, these alterations were more significant
when ACTs were administered alongside probiotics, although the clinical relevance of these changes remains
uncertain (Awah-Nanzdum et al., 2023).

Several murine studies utilizing clinically relevant artemisinin-based combination therapies (ACTS), such as
artesunate with amodiaquine and artemether with lumefantrine, found no notable changes in gut microbiota
composition, diversity, or abundance following treatment. Any small shifts in microbial populations were
temporary and returned to baseline swiftly, suggesting that these antimalarials do not cause gut dysbiosis in mice
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(Denny & Schmidt, 2019). Species abundance and diversity stayed stable, and any minor fluctuations were
transient, reaffirming that ACTs do not disrupt gut microbial equilibrium in this model (Denny & Schmidt,
2019). Furthermore, when artemether-lumefantrine was combined with the probiotic Arthrospira platensis, more
pronounced alterations in gut bacterial communities were observed, whereas these effects were absent when
only antimalarial drugs were given (Awah-Nanzdum et al., 2023).

Mechanistic Insights and Research Gaps

Numerous studies have provided evidence suggesting that artemisinin derivatives may help preserve gut
homeostasis by modulating inflammatory responses rather than causing dysbiosis (Denny & Schmidt, 2019).
Some ex vivo studies have shown that gut bacteria can metabolize artemisinin, potentially influencing its
effectiveness, but these results do not directly imply dysbiosis or harmful effects on the microbiota (Gomes et
al., 2025). While the strongest evidence comes from animal models, more extensive human studies are necessary
to validate these findings and clarify any long-term effects (Denny & Schmidt, 2019; Awah-Nanzdum et al.,
2023; Gomes et al., 2025). Data regarding non-artemisinin antimalarials (e.g., doxycycline, hydroxychloroquine)
is limited, though existing research suggests little or no significant dysbiosis when administered at standard
dosages (Pan et al., 2020; Javelle et al., 2021). Current studies indicate that antimalarial medications, particularly
ACTs, do not significantly provoke gut dysbiosis during malaria infections. The effects are minimal in
comparison to antibiotics, and any changes tend to be temporary. Additional human research is necessary to gain
a comprehensive understanding of these interactions. Further investigation is required for other drug categories
and among diverse human populations.

Table 8: Summary of antimalarial drug effects on gut microbiota in Malaria.

Study Type Antimalarial(s) Used Effect on Gut Microbiota |Citations
Mouse Artesunate+amodiaquine, No significant change;|(Denny & Schmidt,
artemether+lumefantrine transient minor shifts 2019).
Human (infants) | Artemether-lumefantrine No significant change (Mandal et al., 2018).
Human Artemether-lumefantrine + probiotic |Significant change (with|(Awah-Nanzdum et
probiotic) al., 2023)

Increased Gut Permeability and Bacterial Translocation

Malaria elevates zonulin and reduces occludin/claudin expression, allowing gram-negative bacteria/LPS
(lipopolysaccharide endotoxin) to translocate into the bloodstream. Circulating LPS triggers TLR4-mediated
inflammation, promoting cytoadherence of infected RBCs to the endothelium (via ICAM-1 upregulation). LPS
synergizes with hemozoin to drive neuroinflammation (Morffy et al., 2019; Veres-Székely et al., 2023). Mouse
models show that germ-free or antibiotic-pretreated mice have milder cerebral Malaria, which is rescued by fecal
microbiota transplant (FMT) from infected donors (Douglas et al., 2022).

THERAPEUTIC IMPLICATIONS
Microbiome Modulation

Probiotics, such as Lactobacillus reuteri, have been shown to decrease parasitemia and inflammation in animal
models (Radaelli et al., 2021). Fecal microbiota transplantation (FMT) helps restore microbial diversity and
offers protection against experimental cerebral Malaria. Prebiotics, such as inulin, enhance the production of
short-chain fatty acids (SCFAs) and help alleviate symptoms of leaky gut. Clinical trials are currently underway
in endemic regions (e.g., NCT04557865 on ClinicalTrials.gov) to assess the effectiveness of synbiotics in
conjunction with artemisinin-based treatments. Co-infections, such as those caused by helminths, as well as
dietary factors, present challenges that can alter microbiota and complicate therapeutic strategies.

Differences in Plasmodium Species and Gut Dysbiosis in Malaria

Variations among Plasmodium species significantly affect the levels, composition, and functional consequences
of gut dysbiosis. This is due to differences in parasite virulence, tissue tropism, host inflammatory responses,
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and host immune responses. P. falciparum, being the most virulent, causes greater dysbiosis compared to less
severe species like P. vivax.

Table 9: Key Evidence linking severity of dysbiosis to Malaria infections from Human Studies

Plasmodium Species | Dysbiosis | Key Findings
Severity
P. falciparum | High Marked loss of diversity (| a-diversity by 30-50%); 1Proteobacteria (e.g.,
(severe Malaria) Escherichia, Klebsiella); 1fecal LPS; correlates with cerebral malaria
and mortality (Bangs et al., 2022; Yegorov et al., 2020).

P. vivax (milder, | Moderate | Reduced diversity but less pathobiont bloom; milder barrier disruption;
relapsing) persists longer due to hypnozoites (Costa et al., 2021).

P. ovale/P. malariae | Low Minimal data; subtle shifts, no strong association with severe gut
permeability (Mutapi et al., 2023).

A meta-analysis conducted in co-endemic areas (e.g., Papua New Guinea) found that P. falciparum mono-
infections show 2-3x greater dysbiosis severity than P. vivax (Mutapi et al., 2023).

Table 10: highlighting effects of malarial species in animal models

Model Species Dysbiosis Notes

Severity
P.  berghei (rodent,|Very High There is a rapid Proteobacteria expansion; 80% mortality linked
cerebral malaria mimic) to translocation (Douglas et al., 2022).
P. chabaudi (rodent, non- | Moderate Usually self-resolving; a shift in the protective microbiota that
cerebral) occurs, caused by an increase in Akkermansia (Reinhardt et al.,

2022).

P. yoelii (rodent, chronic) | Low-Moderate | Less inflammation-driven dysbiosis (Reinhardt et al., 2022).

Mixed infections between species, such as P. falciparum + P. vivax, have been observed to amplify dysbiosis
beyond infections by a single malarial species, most likely due to synergistic inflammation (Ataide et al., 2020).

Mechanisms Driving Species-Specific Dysbiosis

Several mechanisms exist that drive the species-specific gut dysbiosis in malarial infections, including the
virulence factors (cytoadherence, inflammation profile, etc.), host microbiota interactions, and
dietary/geographic confounders.

Table 11: Showing Virulence Factors between Specie types

Factor P. falciparum (High Dysbiosis) P. vivax (Moderate
Dysbiosis)
Cytoadherence/Sequestration |Strong (PfEMP1 var genes) — endothelial Weak — less gut ischemia
damage, systemic cytokines — severe leaky|(Costa et al., 2021)

gut (Haldar et al., 2018)

Inflammatory Profile High TNF-o/IL-6/IFN-y — tight junction|Lower cytokines — milder
breakdown (Bangs et al., 2022) permeability

Hemozoin/LPS Synergy Potent TLR activation — pathobiont blooms|Less hemozoin — subdued
(Douglas et al., 2022) response

Liver Stage Duration Short, explosive blood stage — acute|Dormant hypnozoites —
dysbiosis (Yafiez et al., 2021) chronic low-grade shifts

In the interactions between host and microbiota, infection with P. falciparum disrupts the population of SCFA-
producing bacteria more significantly, leading to impaired Treg cells and worsening Th1 pathology (Yegorov et
al., 2020). Factors such as geographic and dietary variations in endemic microbiomes (e.g., African versus
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Amazonian) influence outcomes, but the parasite’s species remains a major factor (Mutapi et al., 2023). Research
indicates that humans with a higher level of Bacteroidetes in their microbiota tend to recover more robustly from
post-P. falciparum infections, while mice with a Firmicutes-dominant microbiota experience a prolonged state
of dysbiosis (Douglas et al., 2022). Studies with germ-free humanized mice validate that the effects of parasite
species are consistent across different hosts (Douglas et al., 2023). In non-human primates, for instance, P.
cynomolgi in macaques mimics a P. vivax-like state of moderate dysbiosis (Yafiez et al., 2021).

Moreover, a higher dysbiosis index is indicative of severe outcomes, with an odds ratio of 2.5 for cerebral
Malaria in cases of P. falciparum (Bangs et al., 2022). Customized microbiome-based therapeutic strategies,
such as aggressive probiotics, show support for P. falciparum infections in conjunction with P. vivax. Although
there are few direct comparative studies in humans, much of the evidence comes from endemic cohorts (Mutapi
et al., 2023). Essentially, more virulent species, such as P. falciparum, are key contributors to severe dysbiosis
by increasing inflammation and disrupting barriers (Douglas et al., 2022). This understanding could facilitate
personalized malaria treatment strategies across diverse contexts.

In conclusion, the gut microbiome is increasingly acknowledged as a significant element in managing
hypertension. Dysbiosis contributes to hypertension by decreasing beneficial bacteria and their metabolites,
augmenting harmful substances, antagonizing inflammation, and impairing gut barrier integrity. It acts both as
a result and a contributor to malaria pathogenesis, chiefly through mechanisms such as leaky gut, endotoxin
translocation, and immune system skewing. This relationship presents new targets for supplementary therapies,
yet more randomized human studies are required. Hence, exploring how gut bacteria influence blood pressure
and malaria infections can pave the way for innovative therapeutic strategies that enhance overall health by
optimizing gut health. Ongoing research in this domain is crucial for a thorough understanding of the intricate
relationships among the gut microbiome, hypertension, and Malaria. Restoring microbial balance through dietary
changes, probiotics, or specialized therapies could lead to novel approaches to prevent and treat hypertension.
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