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Malaria remains a disease of public health importance globally, especially in sub-Saharan Africa. Malaria deaths reduced globally steadily between 2000-2019, however there was a 10% increase in 2020 due to disruptions in medical service during the COVID-19 pandemic. Globally, about 96% of malaria deaths occurred in 29 countries; out of which, four countries (Nigeria, the Democratic Republic of the Congo, the Niger, and the United Republic of Tanzania) accounted for just over half of the malaria deaths. Nigeria leads the four countries with the highest malaria deaths (accounting for 31% globally). Parallelly, sub-Saharan Africa is faced with a rise in the incidence of Type 2 diabetes (T2D). Until recently, T2D was a disease of adulthood and old age. However, this is changing as T2D in children and adolescents is becoming an increasingly important public health problem. Nigeria has been reported to have the highest burden of diabetes in Africa with a prevalence of 5.77% in the country. Several studies conducted in the last decade investigating the interaction between malaria and T2D in developing countries have led to the emergence of the intra-uterine hypothesis. The hypothesis has arisen as a possible explanation for the rise of T2D in malaria endemic areas; malaria in pregnancy could lead to intra-uterine stress which could contribute to low birth weight and may be a potential cause of T2D later in life. Hence, previous, and continuous exposure to malaria infection leads to a higher risk of T2D. Current and emerging evidence suggests that an inflammation-mediated link exists between malaria and eventual T2D emergence. The inflammatory process thus, is an important link for the co-existence of malaria and T2D because these two diseases are inflammatory-related. A key feature of T2D is systemic inflammation, characterized by the upregulation of inflammatory cytokines such as tumor necrosis factor alpha (TNF-α) which leads to impaired insulin signaling. Malaria infection is an inflammatory disease in which TNF-α also plays a major role. TNF-α plays an important role in the pathogenesis and development of malaria and T2D. We therefore hypothesize that TNF-α is an important link in the increasing co-existence of T2D.
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Introduction: the hypothesis

Type 2 diabetes is a non-communicable disease of serious public health importance globally. It is the most common type of diabetes mellitus, accounting for 90-95% of all diagnosed diabetes cases (1, 2). Worldwide, an estimated 537 million adults aged 20–79 years are currently living with diabetes (3, 4). The development of type 2 diabetes is mainly caused by two factors; impaired insulin secretion by pancreatic β-cells and the inability of insulin-sensitive tissues to respond to insulin (1, 5). Type 2 diabetes develops when the pancreas cannot produce enough insulin or when the insulin-sensitive tissues become resistant to insulin. Symptoms of T2D include excessive thirst and dry mouth, frequent urination, lack of energy, tiredness, slow healing wounds, recurrent infections in the skin, blurred vision, tingling or numbness in hands and feet (6). However, these symptoms can be mild or absent, making it possible for people with type 2 diabetes to live several years with the condition before being diagnosed.

Malaria is one of the most severe diseases of public health importance globally. With 247 million cases reported in 84 malaria endemic countries in 2021 (2), malaria remains a major cause of morbidity and mortality in many developing countries. The causative agent, the protozoan Plasmodium, malaria is transmitted to humans by infected female Anopheles mosquitoes. The human Plasmodium species include Plasmodium vivax, Plasmodium ovale, Plasmodium malaria, Plasmodium falciparum and P. knowlesi (2). The most dangerous of the plasmodia infecting humans is P. falciparum (7), and it is one of the most important causes of child mortality worldwide. The P. falciparum life cycle comprise a non-pathogenic symptomless extraerythrocytic stage, which is followed by the invasion of mature red blood cells by the infective forms (merozoites) and the initiation of pathogenic intraerythrocytic stages. Most of the clinical signs of malaria are caused by the parasite at stages in which it multiplies asexually in red blood cells. The most common clinical symptoms of severe malaria are high fever, progressing anemia, multi-organ dysfunction and unconsciousness or coma, which is one of the causes of death (7). The stages of the P. falciparum life cycle are complex, and this allows for the use of various evasion strategies by the malaria parasite. The immune response triggered against the malaria parasite is also complex and stage specific (8). Both the innate and adaptive immune responses are activated by the malaria parasite during malaria infection. The host immune responses play a key role in determining the efficiency of parasite clearance, resulting in immunological phenotype of individuals that are resistant or susceptible to malaria infection.

Several studies in recent times have reported the co-existence of malaria and type 2 diabetes in developing countries. However, most of the evidence reported in literature have been based on the effect of malaria on the risk of diabetes (9); the effect of diabetes on malaria outcome (10–12); and the effect of malaria on glycemic presentation (6). These findings have resulted in the emergence of hypotheses and pathways that have provided explanations for the co-existence of malaria and type 2 diabetes (13). The most popular of the hypotheses that has emerged to explain the co-existence of malaria and type 2 diabetes is the intra-uterine hypothesis. Summarily, the intra-uterine hypothesis is based on the effect of the malaria-induced inflammation which occurs during exposure to malaria in utero on the development of type 2 diabetes later in life.

The intra-uterine hypothesis arose as a plausible explanation for the increase in the burden of type 2 diabetes in malaria endemic populations. Low birth weight arising from of intra uterine stress has been linked with changes in skeletal muscle and pancreatic morphology function (14), leading to increased skeletal muscle insulin resistance and future risk of type 2 diabetes. Exposure to malaria in utero is associated with increased risk of preterm and low birthweight births (15) and may be a potential cause for later development of type 2 diabetes in life. A recent study reported subtle elevations of plasma glucose levels in young adult offspring of pregnancies affected by malaria which may be an early marker for the risk of later developing type 2 if these individuals are exposed to an obesogenic environment (16). Furthermore, malaria has been positively associated with insulin resistance (17) mediated by inflammation (18); which is an important risk factor for the development of type 2 diabetes (19). These findings give indirect evidence that inflammation is an important link for the co-existence of malaria and diabetes.

Cytokines are important mediators in the pathogenesis of malaria and T2D. Interestingly, the pro-inflammatory cytokines implicated in the pathogenesis of malaria such as IL-1β, IL-6, IL-8 and IL-12 (20, 21) have also been linked with the pathogenesis of T2D (22, 23). However, TNF- α is distinct among the main cytokines involved in the pathogenesis of malaria and T2D. TNF- α is a proinflammatory cytokine with pleiotropic properties (24). It is a multipotent cytokine produced by a wide range of immune cells such as B cells, T cells and macrophages. TNF- α is involved in various steps of immune responses and can initiate host defense, both innate and adaptive immune responses (25). TNF-α plays an important role in the pathogenesis of malaria (18, 26) and has also been implicated in the development of insulin resistance which contributes to the development of type 2 diabetes (27). In malaria infection, TNF- α is also involved in anti-Plasmodium responses that lead to intra-erythrocytic parasite killing and parasitemia reduction and it also plays a central role in the progression of malaria to cerebral malaria (21, 28). TNF-α upregulates the expression of adhesion receptors on endothelial cells, leading to an increase in the sequestration of parasite-infected RBCs on the endothelial cells in the brain. Furthermore, TNF-α is a major adipocyte cytokine; it interferes with insulin signaling after binding to its cognate receptor on muscle cells, thereby impairing insulin action (29–32). TNF-α has also been shown to increase leukocyte adhesion to endothelium, which results in endothelial dysfunction pathogenesis (33). In vitro, TNF-α has been shown to increase the transcriptional activity of TCF7L2 (a gene that has consistently been associated with type 2 diabetes) leading to reduced adipogenesis (34).





Functional studies

TNF-α is an important human cytokine that is implicated in malaria pathogenicity (35). Malaria infected individuals produce varying levels of TNF-α; the level of TNF-α production is directly proportional to malaria severity (36). A high TNF production is associated with accelerated parasite clearance, while excessive TNF levels are associated with complications such as cerebral malaria or severe anemia (37). The pathway to TNF-α production in malaria infection begins at the pre-erythrocytic phase after the entry of Plasmodium falciparum parasite into the human host, sporozoite antigen stimulates the release of TNF-α before sporozoite invasion into the liver (38).

Following the release of merozoites from the liver, the merozoites infect red blood cells. In the red blood cells, molecular interactions occur between the merozoite and the red blood cell surface. Eventually, the merozoites develop into fully matured trophozoites which rupture to release merozoites, hemozoin and toxins such as P. falciparum glycosylphosphatidyl inositol into the bloodstream. This stimulates macrophages to produce TNF- α alongside other pro-inflammatory cytokines such as IFN-γ and IL-12 (39, 40), which coincides with the clinical manifestation of malaria. However, TNF- α is the main cytokine that has been associated with the severe forms of malaria, cerebral malaria (41–43).

Recent report shows that TNF-α plays dual role (which includes protective and pathogenic) in malaria physiopathology; as at higher levels, it promotes pathogenicity in cerebral malaria while it is protective against severe malaria at lower levels (44–46). This corroborates Clark et al. (47) findings, who reported that increased TNF- α production induces the cytoadherence of parasite-infected red blood cells to the endothelial cells lining blood vessels in the brain, a phenomenon known as sequestration which is characteristic of cerebral malaria.

Tumor necrosis factor (TNF)-α was the first proinflammatory cytokine to be implicated in the pathogenesis of insulin resistance and type 2 diabetes (48, 49). Several studies have demonstrated high levels of TNF- α in patients with type 2 diabetes. The major organs involved in the development of type 2 diabetes include the pancreas (β-cells and α-cells), liver, skeletal muscle, kidneys, brain, small intestine, and adipose tissue (50). TNF-α has been shown to reduce the expression of insulin-regulated glucose transporter type 4 (GLUT4), which is located mainly on adipocytes, and skeletal and cardiac muscles (48). The consequence of this is a reduction in insulin receptor substrate-1 (IRS-1) which results in impaired insulin sensitivity. Furthermore, TNF-α can act as an inhibitor of peripheral insulin action by inducing serine phosphorylation of insulin receptor substrate-1 which leads to insulin resistance (48).

Obesity is a major risk factor for type 2 diabetes (51). The level of mRNA of TNF-α and its protein has been shown to increase in the adipose tissues of diabetic individuals (52, 53). TNF-α impairs insulin sensitivity in adipose tissues is via the downregulation of protein level of insulin receptor substrate1 (IRS-1) and glucose transporter 4 (GLUT4) (53). The expression of TNF-α is increased in human adipose tissues with insulin resistance (27). In adipose tissues, TNF-alpha activates enhanced lipolysis leading to increased secretion of free fatty acids from adipose tissue into the circulation (49, 54). TNF-α mediates its biological effect in adipose tissues via the two receptors, TNFR1 and TNFR2. The TNFR1 is widely expressed on all cell types, while TNFR2 is expressed predominantly on leukocytes and endothelial cells. The two TNFRs have been shown to mediate distinct biological effects. The binding of TNF-α to TNFR1 mostly triggers pro-inflammatory pathways (55). The action of TNF-α on adipose tissues can also alter the production of many adipokines. This is relevant to the systemic effects of this TNF-α on insulin sensitivity and whole-body energy homeostasis (56). On the other hand, TNF-alpha upregulates the expression of genes like vascular cell adhesion molecule-1, plasminogen activator inhibitor-1, IL-6, IL-1b, angiotensinogen, resisting and leptin (57).

In obese individuals, TNF-α is over-expressed in adipose and muscle tissue (58). In obese type 2 diabetes patients, the TNF-α plasma level is related to the amount of visceral fat and is not instantly affected in poorly controlled diabetic patients by acute lowering of blood glucose level (59). Moreover, the levels of TNF-α expression strongly correlate with hyperinsulinemia and decreased insulin sensitivity (60). TNF-α also plays a vital role in the pathogenesis and development of obesity-induced insulin resistance as demonstrated by the augmented levels of TNF-α in systemic circulation, liver, and adipocytes (61–63). Impairment of normal functioning of the β-cells of pancreatic islets is one of the major causative factors for the suppression of insulin secretion. TNF-α can also induce the inflammation in pancreatic islets which lead to the induction of apoptosis in β-cells of pancreatic islets (64)





TNF-α in genetic studies

Genetic variations in the promoter region of the TNF-α gene may regulate TNF- α production, transcription and affect susceptibility to or protection from inflammatory-related diseases such as malaria and type 2 diabetes (26, 65, 66). Many studies have been carried out to determine whether the TNF- α polymorphisms are associated with levels of TNF- α production, disease susceptibility and or disease severity (67–69). The polymorphisms at positions -238 (rs361525), -308 (rs1800629), -857 (rs1799724), -863 (rs1800630) and -1031(rs1799964) have been associated with increased transcriptional activity and production of TNF-α in several studies (20, 70). The polymorphism at the -308G/A has been linked with various inflammatory and autoimmune diseases (71–74). The -238 G/A polymorphism has been associated with insulin resistance syndrome and obesity (75). The polymorphisms at positions -857, -863 and -1031 have been associated with both increased luciferase activity and increased concanavalin-A stimulated TNF-α production from peripheral blood mononuclear cells (76). In malaria, the aforementioned SNPs have been associated with control of parasitemia levels and increased anti-P. falciparum IgG levels (77, 78); suggesting that the TNF- α SNPs may play a role in the effectiveness of anti-parasite responses. However, the control of TNF- α gene expression by these polymorphisms seems to be context-dependent based on secreting cell types, cell activation status, and action of other inflammatory mediators such as IL-6 and CRP (79).

A previous study by McGuire et al. (80) associated the A allele of TNF-α -308 with cerebral malaria. Gimenez et al. (36) also reported that TNF-α and TNF-α receptors are involved in the pathogenesis of cerebral malaria. Mohamedahmed and Abakar (81) implicated high TNF-α plasma levels with susceptibility to severe malaria, and this was corroborated with previous reports (26, 82, 83) that showed that TNF - 238G/A, a TNF-α SNP was associated with severe malaria and/or progression from uncomplicated malaria infection to severe malaria.

Single nucleotide variations in the TNF-α gene have also been implicated in increased insulin resistance typical of type 2 diabetes. The most widely studied of the TNF-α promoter variants are the TNF-α −308G/A and −238G/A polymorphisms. These TNF-α variants have been studied in association with the outcome of type 2 diabetes. Although several studies have focused on these associations, their conclusions have been controversial (84–86). An earlier meta-analysis on the association between TNF-α −308G/A and type 2 diabetes did not find any significant association (87). A more recent meta-analysis however, found the TNF-α −308G/A variant to be associated with susceptibility to type 2 diabetes (88). On other hand, the TNF-α −238G/A was not associated with type 2 diabetes in most of the previous meta-analyses carried out on the variant (87, 89). Generally, the association of 308G/A and 238G/A polymorphisms have been associated with insulin resistance, obesity and T2DM has been demonstrated in some ethnic groups (90–93).





Discussion: TNF-α, an important link in the co-existence of malaria and type 2 diabetes

Malaria has long been associated with inflammation (94). Tumor necrosis factor (TNF)-α is an important pro-inflammatory cytokine involved in immune responses to malaria infection. It plays an important role in both the innate and adaptive immune responses to malaria parasites during malaria infection. Although inflammation is a major host defense mechanism against pathogens such as the Plasmodium parasite, inflammation can be harmful to the host with resultant acute or chronic pathology if dysregulated (20). As discussed earlier, TNF-α promotes pathogenicity in cerebral malaria at higher levels, while it is protective against severe malaria at lower levels (44–46).This is evident in malaria infection as increased serum levels of TNF-α is characteristic of malaria episodes and elevated levels correlates with faster parasite clearance with the resolution of malaria episodes (95, 96). On the other hand, increased TNF serum levels were repeatedly found in children with severe malaria (94, 97), establishing the important role that TNF-α plays in malaria pathogenesis. Interestingly, the TNF-α-induced inflammation seen in malaria infection is similar to that observed in type 2 diabetes (98). Studies have demonstrated high levels of TNF-α in patients with type 2 diabetes. TNF-α reduces the expression of insulin-regulated glucose transporter type 4 (48), resulting in impaired insulin sensitivity. Also, increased levels of TNF-α expression is strongly correlated with hyperinsulinemia and decreased insulin sensitivity (60).

The inflammation link between malaria and type 2 diabetes is not direct due to the complex nature of the inflammatory process in the two diseases. Nevertheless, previous studies have associated malaria-induced inflammation with critical risk factors of T2DM. A good example is the malaria-induced inflammation in placental malaria that has been associated with low birth weight, which is an important risk factor for the development of type 2 diabetes later in life (19, 99). Similarly, malaria has been positively associated with insulin resistance mediated by inflammation (17, 18), which is a key risk factor for the development of type 2 diabetes (19). One of the most important inflammatory mediators that has been implicated in the development of insulin resistance (which is central to the development of type 2 diabetes) is TNF-α which is also involved in the pathogenesis of malaria (18, 100). These observations affirm inflammation via TNF-α as a mechanism which contributes to the co-existence of malaria and type 2 diabetes in malaria endemic regions.

The pertinent question then, is, how does TNF-α connect malaria and type 2 diabetes? The answer lies in the well-known type 2 diabetes marker, TCF4 also known as TCF7L2 (transcription factor 7-like 2). The transcription factor 7-like 2 (TCF7L2) is the most potent locus for type 2 diabetes; as the association of TCF7L2 with type 2 diabetes has been consistently replicated in multiple populations with diverse genetic origins (101). TNF-α has been shown to enhance the transcriptional activity of TCF7L2 in vitro, leading to reduced adipogenesis (54). The transcriptional effects of TNF-a promote oxidative stress and mitochondrial dysfunction, lipolysis and altered adipokine expression, thereby compromising insulin signaling and adipocyte lipid metabolism (56). Cawthorn et al. (54), found that TNF- α enhanced TCF4-dependent transcriptional activity during early anti-adipogenesis suggesting that TNF-α and Wnt signaling pathways may converge to inhibit adipocyte development at the level of TCF4-dependent gene transcription. TCF7L2 is a transcription factor that forms a basic part of the Wnt signaling pathway (101). This evidence further strengthens the possibility of a link between TNF-α and TCF7L2 which may play an important role in the co-existence of malaria and type 2 diabetes.

In order to test this hypothesis, we genotyped a TCF7L2 gene variant (rs7903146) in Nigerian children with malaria in a pilot study and found the gene to be present in the population. The study was carried out among under-five children in Ibadan, southwest Nigeria, an area that is holoendemic for malaria. The children were categorized into, asymptomatic, uncomplicated and severe malaria groups as defined by World Health Organization. Genotyping was done using PCR-RFLP, we found the TCF7L2 gene variant, rs7903146 in the population with a minor allelic frequency of 0.139. We also found the TCF7L2 variant, rs7903146 to be associated with susceptibility to developing severe malaria in children from Ibadan southwest Nigeria. These results suggest an association between the type 2 diabetes gene (TCF7L2) and malaria in Ibadan, Nigeria, a population that is malaria endemic.

This evidence suggests a probable pathway that links TNF-α and TCF7L2 in the co-existence of malaria and type 2 diabetes. During malaria infection, infected erythrocytes lead to the activation of macrophages and natural killer cells which lead to the production of TNF-α. However, varying levels of TNF-α determine the outcome of clinical malaria; high levels of TNF-α promote cerebral malaria while reduced levels of TNF-α protects against severe malaria (1-3; Figure 1). In type 2 diabetes, TNF-α can mediate its biological effect in adipose tissues through its receptor, TNFR1. TNF-α binds to its receptor, TNFR1, leading to the production of soluble forms of TNF-α. In preadipocytes, TNF-α can stimulate transcription via the type 2 diabetes gene, TCF7L2, leading to altered adipokine production, thereby compromising insulin signaling and adipocyte lipid metabolism (4-6; Figure 1). However, the effect(s) of varying levels of TNF-α on the transcriptional activity of TCF7L2 remains unknown (7; Figure 1). Studies are needed to investigate the effect of varying levels of TNF-α on the transcription of TCF7L2.




Figure 1 | The inflammation link between malaria and type 2 diabetes. During malaria infection, infected erythrocytes lead to the activation of macrophages and natural killer cells which lead to the production of TNF-α. Varying levels of TNF-α determine the outcome of clinical malaria; the thick red arrow indicates high levels of TNF-α that promote cerebral malaria (1) while the dashed blue arrow indicates reduced levels of TNF-α that protects against severe malaria (2). 3-6: in type 2 diabetes, TNF-α mediates its biological effect in adipose tissues through its receptor, TNFR1. TNF-α binds to TNFR1, leading to the production of soluble forms of TNF-α. In preadipocytes, TNF-α can stimulate transcription via the type 2 diabetes gene, TCF7L2, leading to altered adipokine production, thereby compromising insulin signaling and adipocyte lipid metabolism (4-6; Figure 1). However, the effect(s) of varying levels of TNF-α on the transcriptional activity of TCF7L2 remains unknown (this is indicated by the red question marks).



There are critical knowledge gaps which requires further studies. One of these is the effect of the varying levels of TNF-α on the transcriptional activity of TCF7L2. This is important because TNFα is known to have differential effects depending on its level of production in vivo. However, the effect(s) of its elevated or reduced levels on the transcriptional activity of the type 2 diabetes gene, TCF7L2 remains unknown. Another knowledge gap is the dearth of studies on malaria and type 2 diabetes in children and adolescents. Most of the research that has been carried out on the co-existence of malaria with diabetes has been conducted using the adult population with little or no studies on children. This is important mainly because malaria is most severe in children and the incidence of type 2 diabetes is becoming more common in children and adolescents.
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