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Abstract

:

Nitric oxide (NO) has been implicated in the pathology of malaria. This systematic review and meta-analysis describe the association between NO levels and malaria. Embase, Ovid, PubMed, Scopus, and Google Scholar were searched to identify studies evaluating NO levels in malaria patients and uninfected controls. Meta-regression and subgroup analyses were conducted to discern differences in NO levels between the groups. Of the 4517 records identified, 21 studies were included in the systematic review and meta-analysis. The findings illustrated significant disparities in NO levels based on geographic location and study time frames. Despite the fluctuations, such as higher NO levels in adults compared to children, no significant differences in mean NO levels between patients and uninfected controls (p = 0.25, Hedge’s g: 0.35, 95% confidence interval (CI): −0.25–0.96, I2: 97.39%) or between severe and non-severe malaria cases (p = 0.09, Hedge’s g: 0.71, 95% CI: −0.11–1.54, I2: 96.07%) were detected. The systematic review and meta-analysis highlighted inconsistencies in NO levels in malaria patients. Given the high heterogeneity of the results, further studies using standardized metrics for NO measurements and focusing on biochemical pathways dictating NO responses in malaria are imperative to understand the association between NO and malaria.
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1. Introduction


Malaria is one of the world’s most critical infectious diseases, posing considerable public health challenges, especially in tropical and subtropical regions where malaria is endemic [1]. Malaria, which is primarily transmitted through the bite of infected female Anopheles mosquitoes, is caused by Plasmodium parasites. P. falciparum and P. vivax are the most prominent species causing malaria infections globally [1,2,3]. Despite concerted global health efforts to curb the disease, malaria continues to exact a heavy toll, with hundreds of thousands succumbing to the illness annually, including children under the age of five [1,4]. In addition to developing vaccines and potent antimalarial drugs, understanding the underlying biological mechanisms and responses to the infection is a focal point of research into malaria.



Nitric oxide (NO) is a soluble gas that plays a crucial role in numerous physiological and pathological processes in humans [5,6]. NO regulates vasodilation, neurotransmission, and immune responses in many physiological systems, including the cardiovascular, nervous, and immune systems [7,8]. NO is produced endogenously from L-arginine by nitric oxide synthases (NOSs). The functions of NO range from the regulation of blood pressure to the modulation of immune responses [8,9]. In addition, NO is a potent antimicrobial agent within the host’s innate immune system [10]. Upon infection, inducible NOS is upregulated in immune cells, leading to increased production of NO [11]. The high concentrations of NO directly inhibit replication or kill various pathogens, including bacteria, viruses, fungi, and parasites [12,13,14,15].



NO produced by host immune cells plays a dual role in malaria. Elevated NO levels restrict the growth of Plasmodium parasites and prevent propagation within the host [16]. NO elicits antiparasitic effects by disrupting parasitic biochemical pathways and inducing oxidative stress that hampers survival [17]. Furthermore, NO modulates the host immune response by regulating proinflammatory cytokine production and enhancing the phagocytic activity of immune cells against the malaria parasite [18,19]. However, excessive NO production can be detrimental. Excessive NO production induces oxidative stress in the host, leading to tissue damage and exacerbating disease symptoms [18,20]. This delicate balance between the beneficial and detrimental effects of NO highlights the importance of tightly regulating NO production during infection.



Exploring the association between nitric oxide levels and malaria presents a nuanced yet vital avenue for understanding the pathology of malaria. Over the past decades, the complex relationship between NO and the pathology of malaria has been highlighted in many studies. On the one hand, high NO levels produced by the host immune system are associated with controlling parasite density and protecting against severe disease manifestations [16,21,22]. Conversely, excessively elevated NO levels have been linked to increased parasitemia [17,23], leading to severe malaria complications. Therefore, unraveling the intricate relationship between NO levels and the severity of malaria is a crucial part of contemporary research that may lead to novel insights and therapeutic strategies for treating malaria. This systematic review and meta-analysis aimed to analyze existing research and gain a more cohesive understanding of the role of NO in malaria patients, paving the way for informed future investigations.




2. Materials and Methods


2.1. Protocol and Registration


The research framework and strategy adhered to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines to ensure a high standard of reporting [24]. Furthermore, the protocol for this review was registered with PROSPERO (registration number: CRD42023457918).




2.2. Review Question


The framework of this systematic review was constructed following the Population, Exposure, Comparator, Outcome (PECO) approach [25], encompassing the following components: P was the participants in the studies, E was the Plasmodium infection or severe disease, C was the uninfected controls or less severity, and O was the NO levels.




2.3. Literature Search


The literature review was comprehensively performed to identify studies investigating NO levels in malaria patients compared to uninfected controls and across different malaria severity levels. Embase, Ovid, PubMed, Scopus, and Google Scholar were searched using the following specific keywords and phrases: “Nitric oxide” OR “Nitrogen Monoxide” OR “Endothelium-Derived Nitric Oxide” OR “Endogenous Nitrate Vasodilator” OR “Mononitrogen Monoxide” AND “malaria” OR “Plasmodium” OR “Plasmodium Infection” OR “Remittent Fever” OR “Marsh Fever” OR “Paludism” (detailed in Table S1). Additional searches were carried out in Google Scholar and the reference lists of the included studies. The search period extended from the inception of the databases to 25 August 2023. There were no restrictions based on language or publication date.




2.4. Study Selection


Studies were eligible for inclusion in the systematic review and meta-analysis if they reported NO levels in patients with malaria and uninfected individuals, or patients experiencing varying severity levels of malaria. All study designs were considered, including clinical trials that presented baseline data on NO levels in malaria patients. Studies were excluded if they were in vivo studies, reviews, case reports, case series, systematic reviews, letters to the editor, in vitro studies, mosquito studies, lacked NO information, contained NO data that could not be extracted, or were unavailable in full-text format. Two authors independently selected the studies, and disagreements were resolved through discussion to reach a consensus.




2.5. Data Extraction


The data were meticulously extracted from the selected studies. The following data were retrieved: publication years, study design, geographic location of the study, age of participants, Plasmodium species, diagnostic methods for malaria determination, NO measurement methods, and the types of blood samples used. Two authors independently extracted the data, and disagreements were resolved through discussion to reach a consensus.




2.6. Risk of Bias


The Joanna Briggs Institute (JBI) critical appraisal tools for cross-sectional, cohort, and case–control studies were employed to assess each study across specific criteria [26]. The checklist for cross-sectional studies includes eight criteria focused on sample inclusion, description of subjects and setting, measurement reliability, confounder management, and statistical analysis. The checklist for case–control studies comprise ten criteria, including group comparability, case-control matching, and standard exposure and outcome assessments. The cohort studies checklist consists of eleven criteria, including group similarity and recruitment, exposure, outcome measurement validity, and statistical analysis appropriateness. Each checklist ensures a rigorous and standardized evaluation of the respective studies.




2.7. Thematic Analysis


A qualitative synthesis of the collected data was performed through a thematic analysis approach [27]. The data were grouped into themes based on the comparison of NO levels between patients with malaria and uninfected individuals, and the variance in NO levels according to the severity of malaria infection. The synthesis was based on a detailed inspection of individual study findings to construct thematic discussions. The results of the thematic synthesis were tabulated and narratively summarized.




2.8. Meta-Analysis


Studies were included in the meta-analysis if they reported NO levels as means or medians accompanied by standard deviations or ranges. The outcome of interest was the difference in NO levels between the two groups. Differences in NO levels between patients with severe and non-severe forms of malaria were also analyzed. Hedge’s g was used to determine the effect size, and the results were presented with a 95% confidence interval (CI). Heterogeneity between studies was assessed using the I2 statistic; 0–40% indicated low heterogeneity, 30–60% indicated moderate heterogeneity, 50–90% indicated substantial heterogeneity, and 75–100% indicated considerable heterogeneity [28]. High heterogeneity was observed between studies, and meta-regression and subgroup analyses were conducted to explore potential sources of heterogeneity. The meta-regression analyses included publication years, study design, continent, age group, Plasmodium species, diagnostic methods for malaria, methods for NO measurement, and types of blood samples. The influence of these factors on the pooled effect estimate was assessed. Based on these variables, subgroup analyses were conducted. The results of the meta-analysis are presented as forest plots. All statistical analyses were performed utilizing Stata v17.0 software (StataCorp., College Station, TX, USA), with p-values less than 0.05 deemed statistically significant.





3. Results


3.1. Search Results


A total of 4517 records were initially identified from the following databases: Embase (n = 1234), Ovid (n = 1429), PubMed (n = 658), and Scopus (n = 1196). Duplicate records (n = 1799) were removed, leaving 2718 records for screening. Records (n = 2237) were excluded for the following reasons: 593 records were not related to the participants of interest, and 1644 records were not related to the outcome. Of the remaining 481 reports, 2 could not be retrieved. The remaining 479 reports were assessed for eligibility. Studies were excluded (n = 463) for the following reasons: 181 were in vivo studies, 87 were reviews, 75 were in vitro studies, 40 were mosquito studies, and the rest were excluded for other reasons such as no information on NO (n = 22), inhaled NO (n = 10), and genetic/polymorphism studies (n = 10). Finally, 21 studies were included in the review [16,23,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47]. These studies were sourced from the main databases (n = 16), Google Scholar (n = 1), and reference lists (n = 4) (Figure 1).




3.2. Characteristics of Included Studies


Table 1 summarizes the characteristics of the 21 studies included in the analysis. The range of publication years was diverse, with 33.33% published before 2000, 19.05% between 2000 and 2009, 38.10% between 2010 and 2019, and 9.52% between 2020 and 2023. The studies employed various designs, including case–control (33.33%), cross-sectional (42.86%), and cohort studies (23.81%). Geographically, most studies were conducted in Africa (66.67%), particularly in Nigeria and Cameroon, followed by Asia (14.29%), South America (9.52%), and Europe (9.52%). P. falciparum was the most common Plasmodium species studied (76.19%). The participant ages were evenly split between children and adults (42.86% each); only 9.52% of the studies included both children and adults. Most studies focused on symptomatic malaria (66.67%). The microscopic method was used for Plasmodium detection in most studies (52.38%). The Griess assay was the most frequently used method for NO measurement (57.14%), and plasma was the predominant choice for blood sampling for NO measurement (57.14%).




3.3. Risk of Bias


Nine studies were evaluated using the JBI critical appraisal checklist for analytical cross-sectional studies [16,23,32,35,39,41,42,44,45]. All of the studies met the JBI criteria, except the Megnekou et al. 2015 study [41]; the identification and strategies for dealing with confounding factors were unclear in this study. Seven studies were assessed using the JBI critical appraisal checklist for case–control studies [29,30,33,34,43,46,47]. Most studies met all of the criteria. However, the identification of confounding factors was unclear in Agbenyega et al. [29] and Nsonwu-Anyanwu et al. [43], and confounding factors were not identified, strategies to deal with confounding factors were not stated, and the appropriateness of statistical analysis was unclear in Arun Kumar C and Das UN [30], De Sousa et al. [33], and Torre et al. [46]. Five studies were assessed using the JBI critical appraisal checklist for cohort studies [31,36,37,38,40]. Gyan et al. [36] met all of the criteria. The identification of confounding factors was unclear, no strategies were stated to deal with confounding factors, and follow-up was inadequate and incomplete in Awalu et al. [31] and Inocent et al. [37]. The confounding factors were unclear and follow-up was incomplete in Kremsner et al. [38] and Lima-Junior et al. [40] (Table S2).




3.4. Qualitative Synthesis by the Thematic Analysis


The NO levels were compared between patients with malaria and uninfected controls (Table 2). NO levels were significantly higher in patients with malaria compared to uninfected controls in several studies, including Awalu et al. in Nigeria [31], De Sousa et al. in Portugal [33], Ojongnkpot et al. in Cameroon [44], Lima-Junior et al. in Brazil [40], and Kumar et al. in India [39]. In the study by Ojongnkpot et al., NO levels were higher in patients with symptomatic malaria compared to asymptomatic malaria [44]. Cramer et al. [32] and Gyan et al. [36] specifically noted elevated NO levels in severe forms of the disease, such as severe malarial anemia. In contrast, lower NO levels were reported in malaria patients compared to controls in Anstey et al. from Tanzania [16] and Arun Kumar C and Das UN from India [30], particularly in patients with uncomplicated malaria and cerebral malaria. Nsonwu-Anyanwu et al. from Nigeria also reported significantly lower NO levels in malaria patients compared to uninfected individuals [43]. A substantial number of studies, including Agbenyega et al. [29], Inocent et al. [37], Dongho Dongmo et al. [35], Megnekou et al. [41], Noone et al. [42], Onyeneke et al. [47], Sánchez-Arcila et al. [45], and Torre et al. [46], found no significant differences in NO levels between patients with malaria and uninfected controls.



The NO levels were compared between patients with different malaria severity levels. No significant differences in the NO levels between severe and non-severe malaria cases, or between survivors and fatal cases were detected in several studies. For example, no differences in NO concentrations between severe and non-severe cases of P. falciparum malaria were detected in a study by Agbenyega et al. conducted in children in Ghana [29]. Similarly, Inocent et al. in Cameroon detected no significant differences in the NO levels between severe malaria and non-severe cases among children aged 0–15 years [37]. No significant differences in the NO levels between survivors and fatal cases of P. falciparum malaria were detected in a study by Dondorp et al. in Thailand [34]. In a study in Cameroon, Dongho Dongmo et al. observed no differences in NO concentrations among cerebral malaria, malaria anemia, and uncomplicated malaria cases in children aged 15 years or younger [35]. In contrast to these studies, Anstey et al. reported that NO was significantly higher in asymptomatic individuals with malaria compared with asymptomatic individuals without malaria based on thick film microscopy [23].




3.5. NO Levels in Patients with Malaria and Uninfected Controls


The NO levels in patients with malaria and uninfected controls were compared using a meta-analysis of 12 studies that reported NO levels as means or medians with standard deviations or ranges [16,30,31,35,37,39,40,42,43,44,46,47]. The mean NO levels were similar between the two groups (p = 0.25, Hedge’s g: 0.35, 95% CI: −0.25–0.96, I2: 97.39%, Figure 2).



A high level of heterogeneity (I2: 97.39%) was observed in the studies included in the meta-analysis. Consequently, meta-regression and subgroup analyses were conducted to explore the sources of heterogeneity. The meta-regression analysis incorporated factors such as publication years, study design, continent, age group, Plasmodium species, diagnostic methods for malaria, methods for NO measurement, and types of blood samples. Publication years, continent, age group, methods for NO measurement, and types of blood samples were identified as factors that significantly influenced the pooled effect estimate (p < 0.05, Table S4).



The subgroup analyses are shown in Table 3. Differences in the NO levels in patients with malaria and uninfected controls varied considerably, depending on several factors. Studies published between 2020 and 2023 showed a moderate but significant increase in NO levels in patients with malaria compared with uninfected controls (p = 0.03, Hedges’ g = 0.64). In contrast, studies published before 2000 showed that NO levels significantly decreased in patients with malaria compared with uninfected controls (p = 0.01, Hedges’ g = −3.52). In terms of study design, case–control studies did not demonstrate significant differences in NO levels (p = 0.44), whereas cohort studies presented a high Hedges’ g value of 1.09, although the number of studies was limited. Geographically, studies from Africa demonstrated a significant increase in NO levels (p = 0.02), while studies from Asia did not demonstrate any differences (p = 0.39). A significant increase in NO levels was noted in adults (p = 0.01), but not in children (p = 0.45). A significant increase in NO levels was detected in studies involving multiple Plasmodium species, such as P. falciparum and P. vivax (p < 0.01). No significant differences in NO levels were detected between symptomatic versus asymptomatic or severe versus non-severe cases. Specifically, symptom severity did not yield notable differences (p = 0.65 for severe and uncomplicated malaria; p = 0.04 for non-severe malaria). A significant increase in NO levels was noted in studies that employed the colorimetric method for detecting NO (though the specific assay was not stated) (p < 0.01). Studies using serum samples demonstrated a significant increase in NO levels (p < 0.01), while those using plasma did not show a significant difference (p = 0.10).




3.6. NO Levels in Patients with Severe and Non-Severe Malaria


In the meta-analysis, the NO levels in patients with severe and non-severe malaria were compared. The analysis incorporated data from five studies that reported NO levels as means or medians with standard deviations or ranges [16,35,36,37,38]. The mean NO levels were similar between the two groups (p = 0.09, Hedge’s g: 0.71, 95% CI: −0.11–1.54, I2: 96.07%, Figure 3). Meta-regression and subgroup analyses were not conducted due to the low number of studies in the meta-analysis.




3.7. Publication Bias


Publication bias was assessed by visually inspecting the funnel plot symmetry and using Egger’s test. The funnel plot displays an asymmetrical distribution of effect estimates across the middle line (Figure 4). Egger’s test indicated a significant small-study effect (p < 0.05), suggesting publication bias due to the absence of smaller studies. After trimming and filling to adjust for this bias, the results showed that NO levels increased in patients with malaria compared to uninfected controls (Hedge’s g: 0.559, 95% CI: 0.469–0.648). The assessment of publication bias in the meta-analysis to determine differences in NO levels between patients with severe and non-severe malaria was not performed due to the few studies included in the meta-analysis (less than 10).




3.8. Sensitivity Analysis


Leave-one-out analyses were performed for the meta-analyses to determine the differences in NO levels between patients with malaria and uninfected controls, and between patients with severe and non-severe malaria (Figure 5 and Figure 6, respectively). The analyses indicated a significant influence from an individual study in both comparisons, suggesting the meta-analysis results were not robust and could be unduly influenced by a single study in both comparisons [16,30].





4. Discussion


The results of this study elucidate the heterogeneous landscape of studies pertaining to the NO levels in malaria patients and uninfected controls. Several studies demonstrated higher NO levels in patients afflicted with malaria [31,33,39,40,44], especially patients manifesting symptoms [44] and experiencing severe forms of the disease, including severe malarial anemia [32,36]. Conversely, other studies reported decreased NO levels in malaria patients, especially uncomplicated and cerebral malaria cases [16,30,43]. However, a significant number of studies did not detect differences in the NO levels in patients with malaria compared with uninfected individuals [29,35,37,41,42,45,46,47]. In addition, several studies consistently found no significant differences in NO concentrations, irrespective of the severity or outcome of the falciparum malaria infection [29,34,35,37]. Nevertheless, a singular report showed elevated NO levels in asymptomatic malaria patients compared to asymptomatic uninfected individuals [23].



Although the thematic analysis revealed a variety of observations, no significant differences in mean NO levels between malaria patients and uninfected controls (p = 0.25) were detected in the meta-analysis, which was based on a considerable number of studies. The meta-analysis exhibited a high level of heterogeneity (I2: 97.39%). This heterogeneity prompted a more detailed analysis using meta-regression and subgroup analyses to determine the factors influencing the results, including publication years, geographic location, age group, NO measurement methods, and blood sample types. Recent studies (from 2020 to 2023) and studies conducted in Africa showed significant increases in the NO levels in malaria patients compared with uninfected patients. This trend was not observed in studies conducted before the year 2000 and studies conducted in Asia. A pressing question arises regarding the reasons behind the elevated NO levels observed in the more recent studies. However, only two recent studies were included in the subgroup meta-analysis; thus, the reasons for these discrepancies are unclear [31,44] but may be due to different methods of measuring the NO levels; the subgroup analysis highlighted a significant surge in NO levels in studies utilizing colorimetric methods to measure the NO levels [31,35,37,39].



Studies from Africa consistently showed elevated NO levels, a pattern not replicated in the Asian studies. Several factors may explain this disparity. Among the limited Asian-based studies, NO levels were notably inconsistent; one study highlighted a decrease in the NO levels in malaria patients [30], whereas another study indicated an increase in NO levels in patients with malaria [39]. While the dominant trend in the African studies was increased NO levels in patients with malaria, individual study results varied. Specifically, four studies deviated from the meta-analysis findings: two showed a reduction in NO levels [16,43], while the other two found no significant differences in NO levels [35,42]. In line with the Asian studies, studies from Europe [33] and South America [40] found no differences in the NO levels between malaria patients and uninfected controls. However, only two studies from these regions compared NO levels between the two groups. Thus, the evidence is not robust enough to draw conclusions, underscoring the need for additional research.



A noteworthy demographic finding from the meta-analysis was the significant elevation of NO levels in adults compared to children. This discrepancy might stem from physiological differences, immune responses, or environmental influences [48,49]. Several studies found no differences in the NO levels in adults with malaria compared with noninfected controls, highlighting the necessity for further research to elucidate the role of NO levels in this demographic. The subgroup analysis assessing the impact of Plasmodium species on NO levels revealed that studies involving patients with P. falciparum malaria exhibited NO levels comparable to those of uninfected controls, indicating that fluctuations in NO levels were not necessarily associated with the species of Plasmodium present. Additional subgroup analyses that focused on symptomatology, NO measurement techniques, and blood sample types identified considerable variations. Specifically, certain methods and the use of serum samples were linked to significant augmentations in NO levels, emphasizing the influence these variables have on the results, and underscoring the complexity of assessing NO levels in malaria patients. The meta-analysis, including only the five studies examining disease severity, found no significant differences in the mean NO levels between severe and non-severe malaria cases (p = 0.09). Although a high degree of heterogeneity (I2: 96.07%) was noted in this subgroup analysis, severe Plasmodium infection did not markedly alter the NO levels compared to non-severe forms.



The reasons for the lack of differences in NO levels in the meta-analyses between malaria patients and uninfected individuals or between severe and non-severe malaria cases are unclear. In vitro studies demonstrated that the combination of NO and chloroquine reduces parasitemia in chloroquine-resistant malarial infections [50]. Exogenous nitric oxide from sodium nitroprusside effectively eradicates blood-stage P. vivax parasites in the laboratory setting [51]. Iron chelation therapy with desferrioxamine (DFO) before cytokine treatment increases NO production and enhances parasite destruction [52]. NO is a major effector molecule in the natural transmission-blocking mechanism against the malaria parasite by directly inhibiting the exflagellation of male gametocytes in P. yoelii-infected mice [53]. As for the relationship between disease severity and NO levels, in vitro studies using peripheral blood mononuclear cells show that patients with mild malaria exhibit significantly higher levels of NOS activity and NO production compared to individuals with severe malaria. This suggests that NOS/NO may be markers for prior disease severity and are key determinants of malaria resistance [54]. NO may also protect against severe P. falciparum malaria by inhibiting cytoadherence [55].



Variations in NO levels and NOS expression occur worldwide due to a combination of genetic, dietary, environmental, and disease-related factors. Specific polymorphisms in NOS genes can influence their expression and activity, leading to different NO production levels among global populations [56,57,58]. Dietary practices also play a role in variable NO levels; for instance, diets rich in nitrates from foods like beets and leafy greens can elevate NO levels [59,60]. Additionally, populations residing at higher altitudes may have increased NO production due to reduced oxygen availability; NO aids in oxygen delivery and vascular function [61,62]. Environmental factors, such as exposure to pollutants from cigarette smoke or industrial emissions, can modulate NO production and are more pronounced in heavily industrialized areas [63,64]. Disease prevalence, which varies by region, can also impact NO levels; conditions like cardiovascular diseases have been linked to altered NO production [65]. NO production can be altered in infectious diseases such as viral infections [12], bacterial infections [66], fungal infections [67], and parasitic infections [68]. Lastly, age-related changes in NO production and the varying age demographics across regions can influence overall NO levels [69,70].



Severe malaria is associated with reduced NO production and lower plasma L-arginine levels [71]. L-arginine supplements in patients with severe malaria can boost NO availability and improve outcomes [72]. Additionally, administering L-arginine may aid in the recovery of endothelial function in severe malaria cases accompanied by lactic acidosis. Given its potential to enhance endothelial NO production and overall endothelial function, L-arginine may be a beneficial adjunctive therapy in the early stages of severe malaria [73]. In addition to L-arginine, inhaled NO is an adjunctive treatment for severe malaria, including cerebral malaria. Inhaled NO improves neurocognitive outcomes and lactic acidosis [74], and enhances endothelial NO bioavailability [75].



This systematic review and meta-analysis present several limitations. A high degree of heterogeneity, as demonstrated by I2 values exceeding 96%, was encountered in both meta-analyses, highlighting the considerable variability in the outcomes of the incorporated studies. This variability may undermine the reliability of the pooled results. The range of methodologies employed across the studies, encompassing different diagnostic approaches, NO measurement techniques, and blood sample types, introduces another layer of complexity and potential source of bias, hindering the derivation of unified conclusions. Moreover, the scarce representation of recent studies, particularly those published between 2020 and 2023, raises questions regarding the current relevance of the findings, given the evolving dynamics of malaria epidemiology and advances in diagnostic techniques. The subgroup analyses, vital for a nuanced understanding of the data, were constrained by the limited data, which was especially apparent in the evaluation of NO levels between severe and non-severe malaria cases. Additionally, the review noted significant geographical and demographic disparities in the NO levels, without a thorough exploration of the underlying causes, leaving a crucial gap in the interpretation of results.



This systematic review and meta-analysis underscore the need for further research into the relationship between NO and malaria. Inconsistencies and heterogeneity were observed across the studies included in the analysis. While no significant differences in NO levels were detected between various groups, the role of NO in malaria remains a topic of interest. Future studies should adopt a standardized approach for measuring NO to ensure consistency across studies. Moreover, delving deeper into the biochemical pathways that govern NO responses to malaria may offer valuable insights into therapeutic advances. Determining NO levels in patients, when combined with other metrics and harmonized conditions, may be instrumental in understanding the association between NO and malaria.




5. Conclusions


This systematic review and meta-analysis revealed inconsistent NO levels among patients with malaria. Overall, the results indicate no significant differences in the NO levels between patients with malaria and uninfected controls, or between patients with severe and non-severe malaria. As evidenced by a marked increase in recent studies showing elevated NO levels in malaria patients, especially in Africa and in studies utilizing specific NO measurement techniques and blood sample types, a directional shift in understanding the role of NO in malaria physiology necessitates further exploration with refined methodology. Further research exploring the biochemical pathways governing NO responses in malaria and how these responses can be leveraged for therapeutic advancements is warranted.
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Figure 1. The study selection process. 
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Figure 2. Forest plot of meta-analysis comparing NO levels between patients with malaria and uninfected controls. The mean NO levels were similar between the two groups (p = 0.25). The blue boxes indicate effect estimates for individual studies; the green diamond indicates the pooled effect estimate. N, number of participants in each group; SD, standard deviation; CI, confidence interval. References [16,30,31,35,37,39,40,42,43,44,46,47]. 
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Figure 3. Forest plot of meta-analysis comparing NO levels between patients with severe and nonsevere malaria. Mean NO levels were similar between the two groups (p = 0.09). The blue boxes indicate the effect estimates for individual studies, and the green diamond indicates the pooled effect estimate. N, number of participants in each group; SD, standard deviation; CI, confidence interval. References [16,35,36,37,38]. 
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Figure 4. The funnel plot displays an asymmetrical distribution of effect estimates (blue dots) across the middle line (red vertical line). 
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Figure 5. The leave-one-out analysis demonstrated significant influence from an individual study on the meta-analysis comparing patients with malaria to uninfected controls. The green dots indicate the pooled effect estimates for each rerun analysis. The red vertical line indicates the estimated overall results. The gray vertical line is the no-effect line. CI, confidence interval. References [16,30,31,35,37,39,40,42,43,44,46,47]. 






Figure 5. The leave-one-out analysis demonstrated significant influence from an individual study on the meta-analysis comparing patients with malaria to uninfected controls. The green dots indicate the pooled effect estimates for each rerun analysis. The red vertical line indicates the estimated overall results. The gray vertical line is the no-effect line. CI, confidence interval. References [16,30,31,35,37,39,40,42,43,44,46,47].



[image: Antioxidants 12 01868 g005]







[image: Antioxidants 12 01868 g006] 





Figure 6. The leave-one-out analysis demonstrated significant influence from an individual study on the meta-analysis comparing patients with severe and non-severe malaria. The green dots indicate the pooled effect estimates for each rerun analysis. The red vertical line indicates the estimated overall results. The gray vertical line is the no-effect line. CI, confidence interval. References [16,35,36,37,38]. 
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Table 1. Summary characteristics of studies.
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	Characteristics
	n. (21 Studies)
	%





	Publication year
	
	



	Before 2000
	7
	33.33



	2000–2009
	4
	19.05



	2010–2019
	8
	38.10



	2020–2023
	2
	9.52



	Study designs
	
	



	Case–control studies
	7
	33.33



	Cross-sectional studies
	9
	42.86



	Cohort studies
	5
	23.81



	Study areas
	
	



	Asia
	3
	14.29



	
	
- India





	2
	9.52



	
	
- Thailand





	1
	4.76



	Africa
	14
	66.67



	
	
- Nigeria





	4
	19.05



	
	
- Cameroon





	4
	19.05



	
	
- Ghana





	3
	14.29



	
	
- Tanzania





	2
	9.52



	
	
- Gabon





	1
	4.76



	South America (Brazil)
	2
	9.52



	Europe
	2
	9.52



	
	
- Portugal





	1
	4.76



	
	
- Italy





	1
	4.76



	Plasmodium spp.
	
	



	P. falciparum
	16
	76.19



	P. falciparum, P. vivax
	2
	9.52



	P. falciparum, P. vivax, P. malariae, P. ovale
	1
	4.76



	P. falciparum, P. vivax, mixed infections
	1
	4.76



	Not specified
	1
	4.76



	Participants
	
	



	Children
	9
	42.86



	Adults
	9
	42.86



	Children and adults
	2
	9.52



	Not specified
	1
	4.76



	Symptom
	
	



	Symptomatic
	14
	66.67



	Asymptomatic
	1
	4.76



	Symptomatic and asymptomatic malaria
	1
	4.76



	Not specified
	5
	23.81



	Severity status
	
	



	Severe and uncomplicated
	6
	28.57



	Non-severe malaria (uncomplicated or asymptomatic malaria)
	5
	23.81



	Severe malaria
	2
	9.52



	Asymptomatic
	1
	4.76



	Not specified
	7
	3.33



	Methods for malaria detection
	
	



	Microscopic method
	11
	52.38



	Microscopic method, PCR
	4
	19.02



	Microscopic method, RDT
	2
	9.52



	Microscopic method, RDT, PCR
	1
	4.76



	Not specified
	3
	14.29



	Method for NO
	
	



	Griess assay
	12
	57.14



	Colorimetric method (not specified assay)
	4
	19.05



	Capillary electrophoresis
	3
	14.29



	Ion-pair chromatography
	1
	4.76



	Not specified
	1
	4.76



	Blood sample for NO measurement
	
	



	Plasma
	12
	57.14



	Serum
	6
	28.57



	Not specified
	3
	14.29







Abbreviations: PCR, polymerase chain reaction; RDT, rapid diagnostic test; NO, nitric oxide.













 





Table 2. Comparison of nitric oxide levels in patients with malaria.
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	No.
	Authors
	Study

Location
	Plasmodium spp.
	Age Range

(Years)
	NO Levels in Patients with Malaria





	1.
	Agbenyega et al., 1997 [29]
	Ghana
	P. falciparum
	Children
	1. No difference in NO concentration between malaria and uninfected controls. 2. No difference in NO concentration between severe and non-severe malaria.



	2.
	Anstey et al., 1996 [16]
	Tanzania
	P. falciparum
	6 months–9 years
	1. NOx was significantly lower in those with UM and CM than uninfected controls. 2. NOx was significantly higher in asymptomatic malaria than uninfected controls, and CM.



	3.
	Anstey et al., 1999 [23]
	Tanzania
	P. falciparum
	6 months–9 years
	NO was significantly higher in asymptomatic malaria (thick film positive) than asymptomatic malaria (thick film negative/PCR positive) and uninfected controls (thick film negative/PCR negative).



	4.
	Arun Kumar C and Das UN [30]
	India
	P. falciparum
	Children

and Adults
	NO levels were significantly lower in patients with malaria as compared to uninfected controls.



	5.
	Awalu et al., 2022 [31]
	Nigeria
	Not specified
	17–21 years
	NO levels were significantly higher in patients with malaria as compared to uninfected controls.



	6.
	Cramer et al., 2005 [32]
	Ghana
	P. falciparum
	6 months–9 years
	NO levels were significantly higher in patients with severe malarial anemia than in children without malaria.



	7.
	De Sousa et al., 2008 [33]
	Portugal
	P. falciparum
	Not specified
	NO levels were significantly higher in patients with malaria than in children without malaria.



	8.
	Dondorp et al., 1998 [34]
	Thailand
	P. falciparum
	Not specified
	No difference in NO concentration between survivors and fatal cases of malaria.



	9.
	Dongho Dongmo et al., 2011 [35]
	Cameroon
	P. falciparum
	≤15 years
	No difference in NO concentration between cerebral malaria, malaria anemia, uncomplicated malaria, and controls.



	10.
	Gyan et al., 2002 [36]
	Ghana
	P. falciparum
	0.5–12 years
	NO levels were significantly higher in patients with severe anemia as compared to cerebral malaria and uncomplicated malaria.



	11.
	Inocent et al., 2009 [37]
	Cameroon
	P. falciparum
	0–15 years
	1. No difference in NO concentration between malaria and uninfected controls. 2. No difference in NO concentration between severe (cerebral malaria, cerebral malaria with malarial anemia, malarial anemia) and non-severe malaria.



	12.
	Kremsner et al., 1996 [38]
	Gabon
	P. falciparum
	Children and Adults
	NO levels were significantly higher in patients with severe malaria as compared to uncomplicated malaria.



	13.
	Kumar et al., 2018 [39]
	India
	P. falciparum, P. vivax
	Adult
	NOx levels were significantly higher in patients with malaria (P. falciparum and P. vivax) as compared to controls.



	14.
	Lima-Junior et al., 2012 [40]
	Brazil
	P. falciparum, P. vivax
	Not specified
	NO levels were significantly higher in patients with P. falciparum malaria as compared to controls.



	15.
	Megnekou et al., 2015 [41]
	Cameroon
	P. falciparum
	16–39 years
	No difference in NO concentration between malaria and uninfected controls.



	16.
	Noone et al., 2013 [42]
	Nigeria
	P. falciparum
	39–73 months
	No difference in NO concentration between malaria and uninfected controls.



	17.
	Nsonwu-Anyanwu et al., 2019 [43]
	Nigeria
	P. falciparum
	18–60 years
	NO levels were significantly lower in patients with malaria as compared to uninfected controls.



	18.
	Ojongnkpot et al., 2023 [44]
	Cameroon
	P. falciparum
	1–15 years
	1. NO levels were significantly higher in patients with malaria as compared to uninfected controls. 2. NO levels were significantly higher in patients with symptomatic malaria as compared to asymptomatic malaria.



	19.
	Onyeneke et al., 2018 [47]
	Nigeria
	P. falciparum
	Not specified
	No difference in NO concentration between malaria and uninfected controls.



	20.
	Sánchez-Arcila et al., 2014 [45]
	Brazil
	P. falciparum, P. vivax, mixed infections
	14–38 years
	No difference in NO concentration between malaria and uninfected controls.



	21.
	Torre et al., 1998 [46]
	Italy
	P. falciparum, P. vivax, P. malariae, P. ovale
	18–44 years
	No difference in NO concentration between malaria and uninfected controls.







Abbreviations: NO, nitric oxide; NOx, nitrogen oxides; UM, uncomplicated malaria, CM, cerebral malaria.













 





Table 3. Subgroup analyses of NO levels between patients with malaria and uninfected controls.
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	Subgroup Analyses
	p-Value
	Hedges’ g (95% CI)
	I2 (%)
	Number of Studies





	Publication years
	
	
	
	



	2020–2023
	0.03
	0.64 (0.05–1.23)
	94.10
	2



	2010–2019
	0.04
	1.01 (0.04–1.97)
	97.51
	6



	2000–2009
	N/A
	1.92 (1.56–2.28)
	N/A
	1



	Before 2000
	0.01
	−3.52 (−6.11–(−0.93))
	97.49
	3



	Study design
	
	
	
	



	Cross-sectional study
	0.74
	0.09 (−0.43–0.60)
	94.80
	5



	Case-control study
	0.44
	−1.43 (−5.06–2.21)
	98.84
	4



	Cohort study
	
	1.09 (−5.06–2.21)
	
	3



	Continent
	
	
	
	



	Africa
	0.02
	0.89 (0.12–1.66)
	97.85
	8



	Asia
	0.39
	−5.79 (−18.87–7.30)
	98.87
	2



	Europe
	N/A
	0.22 (−0.38–0.82)
	N/A
	1



	South America
	N/A
	0.35 (−0.15–0.86)
	N/A
	1



	Age group
	
	
	
	



	Children
	0.45
	0.29 (−0.47–1.06)
	96.80
	5



	Adults
	0.01
	1.18 (0.33–2.03)
	97.19
	6



	Children and adults
	N/A
	−12.54 (−15.32–(−9.76))
	N/A
	1



	Plasmodium species
	
	
	
	



	P. falciparum
	0.99
	−0.01 (−1.04–1.02)
	98.18
	8



	P. falciparum, P. vivax
	<0.01
	0.65 (0.21–1.08)
	65.12
	2



	P. falciparum, P. vivax, P. malariae, P. ovale
	N/A
	0.22 (−0.38–0.82)
	N/A
	1



	Not specified
	N/A
	0.94 (0.73–1.15)
	N/A
	1



	Symptoms
	
	
	
	



	Symptomatic
	0.90
	−0.04 (−0.67–0.59)
	96.70
	9



	Symptomatic and asymptomatic malaria
	N/A
	0.34 (0.15–0.53)
	N/A
	1



	Not specified
	0.43
	2.62 (−3.93–9.17)
	99.41
	2



	Severity status
	
	
	
	



	Severe and uncomplicated malaria
	0.65
	0.38 (−1.29–2.05)
	98.33
	3



	Non-severe malaria (uncomplicated or asymptomatic malaria)
	0.04
	0.36 (0.02–0.70)
	85.01
	5



	Not specified
	0.47
	−1.02 (−3.79–1.75)
	98.84
	4



	Methods for malaria detection
	
	
	
	



	Microscopic method
	0.60
	−0.29 (−1.36–0.79)
	97.99
	7



	Microscopic method, PCR
	N/A
	0.35 (−0.15–0.86)
	N/A
	1



	Microscopic method, RDT
	N/A
	1.92 (1.56–2.28)
	N/A
	1



	Microscopic method, RDT, PCR
	N/A
	0.81 (0.63–1.00)
	N/A
	1



	Not specified
	0.07
	0.64 (−0.06–1.33)
	N/A
	2



	Method for NO
	
	
	
	



	Griess assay
	0.09
	−0.67 (−1.45–0.11)
	94.81
	6



	Colorimetric method (not specified assay)
	<0.01
	0.94 (0.42–1.47)
	93.69
	4



	Capillary electrophoresis
	N/A
	0.86 (−1.22–(−0.50))
	N/A
	1



	Ion-pair chromatography
	
	
	
	



	Not specified
	N/A
	5.97 (5.10–6.84)
	N/A
	1



	Types of blood samples
	
	
	
	



	Serum
	0.01
	1.23 (0.24–2.22)
	97.85
	5



	Plasma
	0.10
	−1.20 (−2.63–0.22)
	98.05
	5



	Not specified
	0.22
	0.53 (−0.31–1.37)
	92.56
	2







Abbreviations: CI, confidence interval; N/A, not assessed; NO, nitric oxide; PCR, polymerase chain reaction; RDT, rapid diagnostic test.
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