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Abstract 

Background  Adding single low-dose (0.25 mg/kg) primaquine (SLDPQ) to block Plasmodium falciparum transmis‑
sion is now a WHO recommendation. Whether SLDPQ increases haemolysis in glucose-6-phosphate dehydrogenase 
deficient (G6PDd) patients, leading to increased folate demand and impaired haemoglobin (Hb) recovery is unknown. 
This study sought to answer this question.

Methods  This randomized, placebo-controlled trial measured serial plasma folate concentrations [Day (D) 0, 3, 7 
and 28] in falciparum-infected Ugandan and Congolese children (6 months to 11 years), treated with age-dosed 
SLDPQ/placebo and artemether-lumefantrine/dihydroartemisinin-piperaquine. Genotyping defined G6PD (G6PD 
c.202T allele) status. Multiple linear and non-linear, mixed effects, cubic spline regression were fitted to identify factors 
significantly associated with plasma folate at baseline and over time, respectively.

Results  408 children (3 had missing D0 values) had ≥ 1 plasma folate value. Of these, 66 (16.2%) were G6PD-deficient, 
51 (12.5%) heterozygous females, 283 normal and 8 unknown. Mean baseline folate concentrations were 10.83 
[standard deviation (SD) 3.58, SLDPQ] vs 10.92 (SD 4.54, placebo) ng/ml, associated independently with baseline Hb 
[estimate: 0.52 ng/ml (95% CI: 0.26 to 0.79, p = 0.0001)] and baseline parasitaemia [estimate: − 0.18 ng/ml (− 0.32 
to − 0.05, p = 0.007)]. For all patients, mean plasma folate concentration paralleled mean haemoglobin concentration 
with an initial mean fall of 1.65 ng/ml (p < 0.0001 vs. baseline), followed by a sustained rise achieving a mean D28 con‑
centration of 11.04 (SD 4.45) ng/ml. Over time, only age (p = 0.0001), male sex (p = 0.017) and baseline parasitaemia 
(p = 0.029) were significantly associated with a reduced plasma folate.

Conclusion  SLDPQ and G6PD status did not compromise posttreatment plasma folate concentrations in young 
children with acute uncomplicated falciparum malaria, providing additional evidence of SLDPQ safety and supporting 
its use without G6PD testing.
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Background
Malaria is a major global public health challenge [1, 
2]. The World Health Organization (WHO) reported 
263 million cases in 2023, with 94% of cases found in 
Africa, where Plasmodium falciparum is the predomi-
nant species [3]. Malaria-induced anaemia is common 
[4, 5] due to a combination of intra- and extravascu-
lar haemolysis of parasitized and non-parasitized red 
blood cells (RBCs) and bone marrow dyserythropoiesis 
and suppression [4–6]. Haemoglobinopathies like sickle 
cell anaemia, thalassaemia, and glucose-6-phosphate 
dehydrogenase deficiency (G6PDd) confer protection 
against severe malaria but may exacerbate anaemia 
during acute malaria [5, 7].

In 2012, with the unrelenting rise of artemisinin 
resistance in Southeast Asia, the WHO recommended 
adding single low-dose primaquine (SLDPQ, 0.25  mg/
kg body weight) to artemisinin-based combination 
therapy (ACT), as a gametocytocide to block P. fal-
ciparum transmission between humans and mos-
quitoes without testing for G6PDd [8–10]. Although 
primaquine, an 8-aminoquinoline, is known to cause 
dose-related acute haemolytic anaemia in G6PDd that 
is mediated through oxidative metabolites [11–13], the 
WHO considered SLDPQ to be safe in G6PDd.

G6PD is essential for folate metabolism by producing 
reduced Nicotinamide Adenine Diphosphate (NADPH) 
from NADP, as part of the redox reactions in the hexose 
monophosphate shunt that is coupled to the reduction 
of glutathione. G6PD deficiency, therefore, yields low 
NADPH  which is the coenzyme needed for the con-
version of dietary folate or folic acid supplements into 
active tetrahydrofolate [14]. Folate is an essential vita-
min for normal RBC formation and folate deficiency 
leads to megaloblastic anaemia. The WHO-defined 
normal range of plasma folate in all ages is 6–20 ng/ml; 
a plasma value < 3 ng/ml denotes folate deficiency [15]. 
The recommended dietary allowance for folate var-
ies with age and physiological demands; children aged 
6–12 months require ~ 85 µg daily, gradually increasing 
to 300 µg/day in early adolescence. Folate body stores, 
predominantly in the liver, are low, ~ 30 mg, and can be 
depleted within four months without adequate intake 
[16, 17]. Poor diet is an important cause of folate defi-
ciency, and in Africa, many staple foods are overcooked 
and lack adequate folate [18]. Increased folate demand 
is also seen in chronic haemolysis, such as sickle cell 
disease, and in pregnancy with or without malaria [19].

There are limited data on folate concentrations in 
malaria. Studies have reported normal or high red cell 
folate concentrations at disease presentation [20, 21] 
with the hypothesis that raised concentration is due to 
de novo folate synthesis by the parasite [22, 23]. Bradley-
Moore et  al. [22] found a significantly higher mean red 
cell (but not plasma) folate in children with P. falciparum 
parasitaemia (n = 29) compared to children protected by 
malaria chemoprophylaxis (n = 35). Similarly, Oppenhe-
imer and Cashin [23] reported significantly higher red 
cell folate levels in 12-month-old infants (n = 56) with 
malaria compared to malaria-negative infants (n = 187), 
while serum folate levels in the same cohort showed no 
differences at age 2, 6, or 12 months. Abdalla [20] stud-
ied 106 falciparum-infected Gambian children aged 
6  months to 7  years with a mean haemoglobin (Hb) of 
5.3 (2.8 to 11.5) g/dl. Of 77 with measured red cell folate 
concentrations, 75 had normal/increased concentrations. 
Two weeks posttreatment with chloroquine, 15 children 
with paired results had a significant (p = 0.01) rise in the 
mean red cell folate from 466.2 to 599 µg/l that may have 
been related to posttreatment reticulocytosis; they also 
had a non-significant drop in mean serum folate from 
13.48 to 9.53  µg/l. All bone marrows (n = 106) showed 
dyserythropoietic changes (e.g., normoblast multinu-
clearity, intercytoplasmic bridging, irregularly-shaped 
nuclei, and karyorrhexis) and megaloblasts were seen in 
11 samples but their presence did not correlate with red 
cell folate concentrations. An earlier study of 7 P. falci-
parum-infected children with Hb ≤ 5.3 g/dl and normal/
raised red cell folates using the deoxyuridine suppres-
sion test (a sensitive method that provides a measure of 
the biochemical consequence of vitamin B12 or folate 
deficiency) showed that their dyserythropoietic marrow 
changes were unrelated to folate deficiency [24].

The potential benefits of folate supplementation in 
P. falciparum-infected children remain controversial. 
One study administered folic acid at 1 mg once daily, for 
14  days, to children (n = 185) aged 6–119  months with 
acute falciparum malaria and reported a statistically sig-
nificant (p = 0.02) but small increase in mean haematocrit 
on Day (D)14: 27.8 vs 26.4% [adjusted mean Δ = 1.2 (95% 
CI 0.2 to 2.2)] that was lost by D28 [25]. In 600 children of 
similar ages with acute P. falciparum, folic acid (adjusted 
by weight at 5 mg for children weighing ~ 15 kg, 7.5 mg 
for 15–20 kg and 10 mg for > 20 kg) given for 28 days did 
not increase the mean D28 Hb but iron supplementa-
tion [5.5  mg/ml elemental iron, dosed at 5 (< 20  kg) or 

Trial registration The trial is registered, reference number ISRCTN11594437.
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7.5 (> 20 kg) ml thrice daily] improved the mean D28 Hb 
by 0.70 g/dl (95% CI 0.21 to 1.2, p = 0.006) [26]. Moreo-
ver, Sazawal et  al. [27] concluded that routine iron and 
folate supplementation increases childhood morbidity 
and mortality in malaria endemic zones, while Maitland 
et  al. [28] found no effect on the risk of post-discharge 
readmissions.

There are limited data on the malaria-folate relation-
ship, and no study of SLDPQ has measured serial folate 
concentrations. This study aimed to assess whether 
SLDPQ may have an additional haemolytic effect vs. pla-
cebo in G6PDd children that would result in lower folate 
concentrations and, possibly, folate deficiency compared 
to G6PD normal children that may impede Hb recovery. 
Evidence from this study could inform recommendations 
on the use of folic acid.

Methods
The study methods have been detailed elsewhere [29]. 
Briefly, the ‘Primaquine in African Children (PAC)’ study 
was a randomized, double-blinded, placebo-controlled, 
trial of age-dosed SLDPQ combined with either open-
label artemether-lumefantrine (AL) or dihydroarte-
misinin-piperaquine (DHAPP). The trial was conducted 
at the Mbale Regional Referral Hospital (MRRH) in 
Uganda and Kinshasa Mahidol Oxford Research Unit 
(KIMORU) in the Democratic Republic of Congo (DRC) 
between July 2017 and December 2019. Enrolled children 
were aged 6 months to 11 years with acute uncomplicated 
falciparum malaria, diagnosed by either a positive RDT 
in MRRH (followed by a blood film to measure the para-
sitaemia) or a positive malaria slide in KIMORU. Chil-
dren were excluded if there were signs of severe malaria, 
haemoglobin concentration < 6 g/dl or any comorbid ill-
ness adjudged by the physician to require inpatient care. 
Other exclusion criteria include concurrent use of drugs 
known to cause haemolysis in G6PDd, known allergy to 
primaquine, AL or DHAPP, and previous enrolment into 
the current study or any other clinical trial. G6PD status 
was assessed for the most common variant in Africa, the 
G6PDd A– variant (G6PD c.202T allele) [30]. Genotyp-
ing for sickle cell disease and α-thalassaemia were con-
ducted using polymerase chain reaction [31]. A subset 
of participants were sampled on a first come, first served 
basis for plasma folate at baseline and days 3, 7 and 28. 
There was no formal sample size calculation for this 
observational substudy but 200 patients/arm was deemed 
reasonable to offer insights into plasma folate changes 
over time. Plasma folate was measured using chemilu-
minescent microparticle immunoassay (Abbott Alinity 
ci-series), and values were interpreted according to the 
WHO-defined reference range [15].

The PAC study was approved by all relevant ethics 
committees in Oxford, Uganda and the DRC and written 
informed consent was obtained from all legal guardians 
of eligible patients.

Statistical analysis
Patients with at least one plasma folate concentration 
were included in the analysis. Variables that were nor-
mally distributed were summarized by mean and stand-
ard deviation, skewed data by median and interquartile 
range (IQR). Mean differences between two or three 
groups were analysed using the unpaired t-test and Anal-
ysis of Variance (ANOVA), respectively. Categorical data 
were summarized as percentages and compared using 
chi-squared or Fisher’s exact test, as appropriate.

Multiple linear regression was used to assess factors 
independently associated with baseline folate. Given the 
complex, non-linear trend of plasma folate over time 
observed on individual plots, a mixed effects model with 
a cubic spline was fitted. Cubic splines are piecewise 
functions that can be used for  data smoothing and are 
useful where the data have sharp changes over time. Uni-
variate and multivariable models were fitted, and outputs 
were summarised as estimates with respective 95% con-
fidence intervals and p-values. Univariate-determined 
significant variables were used in the multivariate model. 
Analysis was according to the available data at each time 
point and the level of statistical significance was set at 
5%. All analyses were done using R software version 4.3.0.

Results
Of the 1137 enrolled children, 408 were sampled for 
the 4-point (D0, D3, D7 and D28) plasma folate meas-
urements: 320 (78.4%) from MRRH and 88 (21.6%) 
from KIMORU. Three participants did not have base-
line folate measurements but did have follow-up folate 
measurements. All sampled children had at least one 
plasma folate measurement over the 4 timepoints; 87.7% 
(358/408) had complete 4-point measurements while 
9.1% (37/408), 3% (12/408), and 0.25% (1/408) had 3, 2 
and 1 measurements, respectively.

The baseline characteristics of the 408 children sam-
pled were similar between the SLDPQ and placebo arms 
(Table  1). Overall, there were more males (54.9%); the 
median age was 4.9  years (IQR: 2.7 to 7.4), and median 
(IQR) weight and mid-upper arm circumference (MUAC) 
were 16.5  kg (IQR 12.0 to 21.2) and 15.5  cm (IQR 14.5 
to 16.8), respectively. One participant had moderate 
acute malnutrition, and another had severe acute mal-
nutrition. The distribution of G6PD status was similar 
between the groups: ~ 16% (66/408) had G6PDd whilst 
12.5% (51/408) were heterozygous females. One par-
ticipant, 0.2%, (1/408) had sickle cell disease, and 13.5% 
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(55/408) had sickle cell trait. The thalassaemic genotypic 
status was normal in about half of the population, while 
almost 40% (162/408) were alpha thalassaemia silent car-
riers (− α/αα), and 7.4% (30/408) had the thalassaemia 
trait (− α/− α). Only one (0.2%) child had folate deficiency 
with a plasma concentration of 2.8 ng/ml.

Combining both arms, there was an initial and sig-
nificant reduction (p < 0.0001) in the mean plasma folate 
concentrations on D3 vs. baseline: 9.22 vs. 10.87 ng/ml, 
Δ = − 1.65 ng/ml, followed by a gradual increase. By D28, 

the mean plasma concentration was similar to baseline 
(Fig.  1). The observed mean plasma folate concentra-
tions at each time point were similar between the arms 
(Table  2) and not significantly different by G6PD status 
aside from a trend (p = 0.054) for a lower concentration 
in the G6PDd vs. normal groups (Table  3 and Fig.  2). 
Changes in mean plasma folate matched those of the 
mean Hb concentrations (Fig. 3).

In the multivariable model, two factors were associated 
significantly with baseline plasma folate; a 1 g/dl increase 

Table 1  Baseline characteristics of study participants

MUAC: Mid Upper Arm Circumference; G6PD: Glucose-6-Phosphate Dehydrogenase; IQR: Interquartile Range; SD: Standard Deviation; SLDPQ: Single Low-dose 
Primaquine

*408 children had at least 1 plasma folate measurement. The plasma folate summaries in this baseline table are for 405 children because 3 children did not have 
baseline measurements. The rest of the variables are summarised over 408 children WHO had at least one folate measurement during the 4-timepoint (D0, D3, D7, 
D28)

G6PD status was indeterminate/missing in 8 children (5 SLDPQ, 3 placebo)

Continuous variables are expressed with median (IQR), except haemoglobin (mean, SD)

Categorical variables are numbers and percentages, n (%)

Normal nutritional status: MUAC ≥ 12.5 cm; Moderate Acute Malnutrition: MUAC 11.5–< 12.5 cm; Severe Acute Malnutrition: MUAC < 11.5 cm

ACT + SLDPQ (n = 203) ACT + Placebo (n = 205) Overall (n = 408*)

Age in years (median, IQR) 5.0 (3.1–7.5) 4.8 (2.6–7.4) 4.9 (2.7–7.4)

Sex n (%)

 Male 115 (56.7) 109 (53.2) 224 (54.9)

 Female 88 (43.3) 96 (46.8) 184 (45.1)

Weight (kg) 16.7 (13.0–22.0) 16.3 (11.3–20.4) 16.5 (12.0–21.2)

Temperature °C 37.4 (36.8–38.3) 37.2 (36.6–38.1) 37.2 (36.7–38.2)

MUAC (cm) 15.5 (14.5–16.9) 15.5 (14.4–16.8) 15.5 (14.5–16.8)

Nutritional status n (%)

 Normal nutritional status 201 (99.0) 205 (100.0) 406 (99.5)

 Moderate acute malnutrition 1 (0.5) 0 (0.0) 1 (0.2)

 Severe acute malnutrition 1 (0.5) 0 (0.0) 1 (0.2)

Splenomegaly n (%) 34 (16.7) 29 (14.1) 63 (15.4)

Plasma folate (ng/ml) 10.85 (8.03–13.78) 10.60 (8.05–13.60) 10.70 (8.0–13.60)

Plasma folate < 3 ng/ml n (%) 0 (0.0) 1 (0.5%) 1 (0.2)

Haemoglobin (g/dl; mean, SD) 10.7 (1.7) 10.6 (1.7) 10.6 (1.7)

G6PD status n (%)

 G6PD normal males 81 (39.9) 84 (40.9) 165 (40.4)

 G6PD normal females 61 (30.0) 57 (27.8) 118 (29.1)

 G6PD-deficient hemizygous males 31 (15.3) 24 (11.7) 55 (13.5)

 G6PD-deficient homozygous females 5 (2.5) 6 (2.9) 11 (2.7)

 Heterozygous females (Traits) 20 (9.9) 31 (15.1) 51 (12.5)

Sickle cell status n (%)

 Normal 170 (83.7) 175 (85.4) 345 (84.6)

 Trait 29 (14.3) 26 (12.7) 55 (13.5)

 Sickle cell disease 1 (0.5) 0 (0.0) 1 (0.2)

Alpha thalassemia status n (%)

 Normal 101 (49.8) 105 (51.2) 206 (50.5)

 Silent Carrier 81 (39.9) 81 (39.5) 162 (39.7)

 Trait 15 (7.4) 15 (7.3) 30 (7.4)

P. falciparum parasites per µl 48,796 (1668–41,797) 37,213 (2182–114,673) 41,890 (1716–125,243)
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in Hb increased the mean plasma folate by 0.52  ng/ml 
(95% CI: 0.26 to 0.79) whilst each log unit increase in 
baseline parasitaemia reduced the mean plasma folate by 
0.18  ng/ml (95% CI: −  0.32 to −  0.05) (Table  4). In the 
model of folate dynamics, age, sex, haemoglobin dynam-
ics and baseline parasitaemia were independently asso-
ciated with folate dynamics over time (Table  5). Older 
children had lower mean plasma folate concentrations 

of 0.26  ng/ml for every increase in calendar age, as did 
males compared to females, mean of 0.98 ng/ml less, and 
baseline parasitaemia maintained its inverse relation-
ship with changes in plasma folate. By contrast, plasma 
folate changes over time were positively associated with 
Hb changes over time, increasing by a mean of 0.41 ng/
ml for every 1 g/dl increase in Hb. Of note, G6PD, sickle 
cell, thalassaemic, and nutritional status and being on 
SLDPQ were not independently associated with changes 
in plasma folate.

Discussion
This study has found that essentially all folate concentra-
tions across all time points in these falciparum-infected 
children were normal. Post treatment, the mean plasma 
folate concentrations fell initially, progressively rising 
thereafter to recovery, similar to the mean changes in 
Hb over time. SLDPQ or G6PD status did not affect the 
plasma folate dynamics but, relative to G6PD normal 
children, there was a trend of a lower mean D3 plasma 
folate in the G6PDd children. These results suggest no 
clinically meaningful impact on plasma folate by SLDPQ 
and provide additional safety evidence of SLDPQ in 
G6PDd children [29, 32, 33].

The initial decline in the mean plasma folate par-
alleled the well described initial decline of mean Hb 
[29] and mean reticulocyte count [21, 34]. This period 
also signals the stimulation of RBC precursors in the 
bone marrow, leading to a gradual rise in the mean 

SLDPQ: Single low-dose Primaquine

Error bars indicate 95% Confidence Interval
Fig. 1  Mean plasma folate changes over time by treatment arm

Table 2  Mean and standard deviation (SD) of plasma folate by treatment group

358/408 participants had complete 4-point folate measurement. Comparison between the two groups done using unpaired t-test

SLDPQ: Single Low-dose Primaquine

SLDPQ (n = 177) Placebo (n = 181) Total (n = 358) p-value

Baseline (SD) 10.83 (3.58) 10.92 (4.54) 10.87 (4.09)

Day 3 9.36 (4.09) 9.08 (4.15) 9.22 (4.12) 0.530

Day 7 10.16 (4.44) 10.28 (4.90) 10.22 (4.67) 0.805

Day 28 11.24 (4.76) 10.85 (4.12) 11.04 (4.45) 0.412

Table 3  Mean and standard deviation (SD) of plasma folate by G6PD status across the 4 time points

350/408 children with known G6PD status had complete 4-point folate measurement. Comparison between the three groups analysed using Analysis of Variance 
(ANOVA)

Unpaired t-tests comparing the mean plasma folate between G6PD normal and deficient arms across the four-time points were not significantly different but there 
was a trend on Day 3: p = 0.534 (D0); 0.054 (D3); 0.306 (D7) and 0.078 (D28), respectively

Normal (n = 243) Heterozygous females 
(n = 47)

Deficient n = 60) Total (n = 350) p-value

Baseline 10.82 (3.68) 11.82 (4.93) 10.47 (4.94) 10.90 (4.11)

Day 3 9.49 (4.40) 9.20 (3.36) 8.31 (3.42) 9.25 (4.13) 0.140

Day 7 10.39 (4.70) 10.23 (4.49) 9.69 (4.86) 10.25 (4.70) 0.588

Day 28 11.39 (4.56) 10.71 (3.48) 10.23 (4.69) 11.10 (4.46) 0.156
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reticulocyte count after D3 and Hb recovery [29, 34, 
35]. The erythroid precursor cells have a high affinity 
for accumulating folate through folate receptors in the 
early stages of erythropoiesis [36]; therefore, the tran-
sient reduction in plasma folate may result from folate 
uptake into the bone marrow, suggesting that malaria 
does not inhibit the rapid marrow uptake of folate 
even though falciparum malaria may result in dys-
erythropoiesis, poor iron utilization, and bone marrow 
suppression [20, 21, 24, 37]. However, the possibility 
cannot be excluded that the fall in plasma folate reflects 
a fall in the folate pool, assuming a stable equilibrium 
between plasma and red cell folate, which is ~ 30 fold 
higher vs. plasma folate [19]. Despite the initial reduc-
tion of folate, only one participant was folate defi-
cient on D3 (2.7  ng/ml) and the mean plasma folate 
of 9.22  ng/ml was well within the 6–20  ng/ml normal 
range. This is consistent with research showing acute 

falciparum malaria does not induce folate deficiency in 
African children [20–22, 24, 25].

Mulenga et  al. [25] reported normal, median base-
line folate concentrations in falciparum-infected chil-
dren (6 months to < 10 years) in the folate-supplemented 
(13.8  ng/ml) and placebo arms (15  ng/ml). Following 
treatment with folic acid (1 mg/day for 2 weeks), the D14 
folate was higher in the supplemented group: 17.7 vs. 
13.4  ng/ml and only resulted in a very modest increase 
in the D14 packed cell volume of ~ 1%. Mulenga’s data 
are consistent with those of van Hensbroek et  al. who 
also reported no benefit of folate supplementation on 
the D28 Hb concentration in falciparum-infected chil-
dren [26]. Given the findings of this study, those of oth-
ers, and the futility of folate supplementation in terms of 
the effect on Hb in uncomplicated P. falciparum and on 
post-discharge survival in African children with Hb < 6 g/
dl [25–28], supplementary folate has not been shown to 
be beneficial in patients with acute falciparum malaria.

Folate recovery occurred gradually in tandem with a 
rise in mean Hb after the initial dip. Several mechanisms 
may be involved, especially the hydrolysis of tissue folate 
stores to compensate for low plasma levels and main-
tain homeostasis [38]. This release from tissue stores is 
supplemented by dietary folate as children recover their 
appetites and eat more food containing folate like vege-
tables, nuts, and beans. Folate is reduced to the inactive 
5-methyltetrahydrofolate [39], which is taken up by RBCs 
and tissues and converted to active tetrahydrofolate [40, 
41]. Uptake of folate by the bone marrow is by active 
transport against a concentration gradient, which is a 
saturable process [36]. Given the continuing rise in mean 
Hb with rising mean plasma folate in our patients, folate 
uptake by the marrow was adequate and was probably 
saturated in some children. Indeed, ~ 4% of our children 
had exceptionally high posttreatment plasma folate con-
centrations (> 20 ng/ml) that were probably diet related. 
Abdalla suggested a rising posttreatment folate may be 
related to the posttreatment reticulocytosis [20] as retic-
ulocytes have higher folate activity compared to older red 
cells [42].

This study did not find significant differences in mean 
plasma folate by G6PD status, nor any apparent addi-
tional effect of SLDPQ but there was a trend to a lower 
D3 plasma folate in the G6PDd group, which may have 
several explanations. There may have been an initial 
greater demand for folate in G6PDd patients, a deficiency 
in NADPH (as suggested by Chen et  al. in G6PDd cul-
tured colon cancer cells [14]) or a reduction in the overall 
folate pool secondary to the initial fall in Hb. An upregu-
lation of the mitochondrial and other cytosolic sources 
of NADPH is reported with G6PD gene knockout which 
compensates for the NADPH-dependent activation of 

Error bars indicate 95% Confidence Interval.
Fig. 2  Mean plasma folate changes over time 
by the glucose-6-phosphate dehydrogenase (G6PD) A− status

Error bars indicate 95% Confidence Interval
Fig. 3  Mean haemoglobin changes over time 
by glucose-6-phosphate dehydrogenase (G6PD) status
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folate [14, 43] and this may explain the lack of folate defi-
ciency in our participants, including those with G6PDd. 
Given the complexity of folate metabolism and the lack of 
data, more research is needed to tease the mechanisms of 
RBC folate metabolism in malaria and how that may dif-
fer by G6PD status.

Increasing age was associated independently with 
reduced plasma folate, consistent with previous reports 
[44, 45]. Folate liver stores rise from birth through ado-
lescence while plasma folate increases until six months 
of age and declines thereafter [46], associated with 
weaning from folate-rich breast milk and introducing 
food [47]. Older children and adolescents have greater 
physiological needs for folate and their dietary patterns 
account for the decline in folate. Over time, boys had 
significantly lower plasma folate concentrations than 
girls but not at baseline. This may be a chance finding 
or could be due to possible increased demands dur-
ing recovery and/or a higher metabolic rate in older 
boys [48]. Most studies have not found differences 
in measured folate by sex [47, 49] but Kreusler et  al. 
reported higher folates in girls aged 1 to 5  year-olds 
[45]. Higher baseline parasitaemia was observed to be 
associated with reduced plasma folate at baseline and 

over time, and this may be related to a lower Hb, which 
is also associated with higher biomass infections [50]. 
Although malaria parasites can produce their own 
folate, higher biomass infections may require extrinsic 
folate for parasite survival.

This study had several limitations. Red cell folate, 
which is a better indicator of long-term folate status and 
less affected by dietary intake than plasma folate, was not 
assessed. Moreover, plasma folate was only measured at 
four points, which may not have identified the true day 
of the nadir concentration and the evolution after D28. 
Most children had folate concentrations within the nor-
mal range and were of normal nutrition status; only a 
minority had sickle cell trait and only one had sickle cell 
disease. This study did not consider the socioeconomic 
status; some studies have found a higher status to have an 
increased relationship with folate [45]. Therefore, find-
ings cannot be extrapolated to groups not represented 
in this study. As a secondary data analysis, the study was 
limited to the available data; there was no formal sample 
size calculation based on a testable hypothesis and miss-
ing data at follow-up times reduced statistical power. 
Despite these limitations, the results of these secondary 
data analyses reveal important exploratory information 

Table 4  Univariate and multivariable analyses of the effect of baseline characteristics on the baseline plasma folate

Unless otherwise stated, n = 405, the number of children with baseline folate on Day 0

Estimate indicates the regression coefficient

G6PD: Glucose-6-Phosphate Dehydrogenase

Variable Univariate Multivariable

Estimate (95% CI) p-value Estimate (95% CI) p-value

Age − 0.14 (− 0.26 to − 0.01) 0.033 − 0.10 (− 0.45 to 0.25) 0.565

Sex

 Female (reference)

 Male − 0.61 (− 1.39 to 0.16) 0.122

Weight − 0.06 (− 0.116 to − 0.002) 0.041 − 0.07 (− 0.23 to 0.09) 0.379

Temperature 0.16(− 0.22 to 0.54) 0.406

Length of illness 0.07 (− 0.23 to 0.38) 0.641

Haemoglobin 0.39 (0.17 to 0.61) 0.001 0.52 (0.26 to 0.79) 0.0001
G6PD (n = 397)

 Normal (reference)

 Deficient − 0.41 (− 1.48 to 0.66) 0.449

 Heterozygous females 0.89 (− 0.31 to 2.09) 0.145

Splenomegaly

 Normal (reference)

 Splenomegaly − 1.45 (− 2.52 to − 0.38) 0.008 − 0.58 (− 1.69 to 0.52) 0.298

Thalassaemia status (n = 395)

 Normal (reference)

 Silent carrier 0.17 (− 0.66 to 0.99) 0.691

 Trait − 1.00 (− 2.54 to 0.54) 0.201

Parasitaemia (n = 324) − 0.18 (− 0.32 to − 0.04) 0.011 − 0.18 (− 0.32 to − 0.05) 0.007
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that can form basis for future statistically powered 
studies.

Conclusion
This study in falciparum-infected children without folate 
deficiency showed an initial fall in the mean folate fol-
lowed by a rise that paralleled the dynamics of Hb. The 
initial folate fall and subsequent rise were probably 
related to increased marrow utilisation, followed by mar-
row saturation and increased folate intake secondary to 
improved appetite and reticulocytosis. No deleterious 
effect of G6PD status and SLDPQ on folate dynamics was 
detected, supporting the safety of SLDPQ in G6PDd and 
the WHO recommendation to not test for G6PDd.

Abbreviations
ACT​	� Artemisinin-based combination therapy
AL	� Artemether-Lumefantrine
ANOVA	� Analysis of variance
DHAPP	� Dihydroartemisinin-Piperaquine

DRC	� Democratic Republic of Congo
G6PD	� Glucose-6-phosphate dehydrogenase
IQR	� Interquartile range
KIMORU	� Kinshasa Mahidol Oxford Research Unit
MCRI	� Mbale Clinical Research Institute
MORU	� Mahidol Oxford Tropical Medicine Research unit
MRRH	� Mbale Regional Referral Hospital
MUAC​	� Mid-upper arm circumference
NADP	� Nicotinamide adenine diphosphate
NADPH	� Reduced nicotinamide adenine diphosphate
PAC	� Primaquine in African Children
RBC	� Red blood cell
SLDPQ	� Single low dose primaquine
UK	� United Kingdom
WHO	� World Health Organization

Acknowledgements
We thank all patients who participated in this study and the staff members at 
MRRH and KIMORU for conducting the study. We thank the Data Monitoring 
and Ethics Committee (Philippe Guerin[chair], Patrice Piola, Michel Van de 
Vugt, and Charles Opondo) and the Trial Steering Committee (M Boele van 
Hensbroek [chair], Karen Barnes, Ingrid Chen, and James Tibenderana).

Table 5  Univariate and multivariable analyses of the effect of baseline characteristics on plasma folate over time using mixed effects 
cubic spline modelling

*Haemoglobin changes over time

G6PD status and Thalassaemia status were not significant when included in the multivariable model

Unless otherwise stated, n = 408

Estimate indicates the regression coefficient

G6PD: Glucose-6-Phosphate Dehydrogenase

SLDPQ: Single Low-dose Primaquine

Variable Univariate Multivariable

Estimate (95% CI) p-value Estimate (95% CI) p-value

Age − 0.14 (− 0.24 to − 0.03) 0.011 − 0.26 (− 0.39 to − 0.14) 0.0001
Sex

Female (reference)

Male − 0.73 (− 1.37 to − 0.08) 0.028 − 0.98 (− 1.76 to − 0.20) 0.017
Length of illness − 0.01 (− 0.27 to 0.24) 0.912

Haemoglobin* 0.41 (0.25 to 0.57) < 0.0001 0.41 (0.21 to 0.60) < 0.0001
G6PD (n = 400)

Normal (reference)

Deficient 0.88 (− 1.76 to 0.01) 0.055 − 4.81 (− 11.13 to 1.53) 0.147

Heterozygous females 0.09 (− 0.89 to 1.08) 0.853 − 4.74 (− 11.15 to 1.68) 0.157

Splenomegaly

Normal (reference)

Splenomegaly − 1.04 (− 1.93 to − 0.15) 0.022 − 0.37 (− 1.32 to 0.56) 0.443

Thalassaemia status (n = 398)

Normal (reference)

Silent carrier 0.08 (− 0.61 to 0.77) 0.819 6.92 (− 0.10 to 0.059

Trait − 1.15 (− 2.44 to 0.13) 0.079 5.62 (− 1.25 to 12.49) 0.117

Parasitaemia (326) − 0.14 (− 0.26 to − 0.02) 0.021 − 0.13 (− 0.25 to − 0.02) 0.029
Treatment Arm

Placebo (reference)

SLDPQ 0.44 (− 0.21 to 1.09) 0.182



Page 9 of 10Ajayi et al. Malaria Journal          (2025) 24:342 	

Author contributions
MM and WRJT conceived the study. SA analysed and interpreted the data and 
wrote up the first draft of the manuscript. MM and WRJT critically reviewed the 
manuscript. All authors read and approved the final manuscript.

Funding
This work was supported by the UK Government Department for International 
Development; UK Medical Research Council; UK National Institute for Health 
Research; and the Wellcome Trust Joint Global Health Trials Scheme (reference: 
MR/P006973/1). The funders had no role in study design, data collection, 
analysis, interpretation, report writing, or decision to publish. MM and WRJT 
are supported by the Wellcome Trust of Great Britain through its core grant 
[grant number 220211] to the Mahidol-Oxford Tropical Medicine Research 
Unit research programme. For the purpose of Open Access, the author has 
applied a CC BY public copyright licence to any Author Accepted Manuscript 
version arising from this submission.

Availability of data and materials
Deidentified individual participant data and relevant supplementary data 
and documents (e.g. data dictionary, protocol, and participant information 
sheet) will be made available to applicants who provide a sound proposal to 
the Mahidol Oxford Tropical Medicine Research Unit Data Access Committee 
([datasharing@tropmedres.ac] (mailto:datasharing@tropmedres.ac)). A data 
access agreement will be put in place before sharing.

Declarations

Ethics approval and consent to participate
Ethical approvals were obtained from the following ethics committees: the 
Oxford University Tropical Research Ethics Committee (reference 53-16), the 
Mbale Regional Referral Hospital Institutional Review Committee (MRRH-REC 
OUT—COM 006/2017), the Uganda National Drug Authority (CTA00280), and 
the Uganda National Council for Science and Technology (HS2205). In the 
DRC, approvals were granted by the Ministry of Higher and University Educa‑
tion, the University of Kinshasa Public Health School Ethics Committee, and 
the City of Kinshasa Provincial Government Health Minister (ref 135/MIN.SAN.
AFFSOC&ACHUM/CM/JD/2017).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Centre for Tropical Medicine and Global Health, Nuffield Department 
of Medicine, University of Oxford, Oxford, United Kingdom. 2 Kinshasa School 
of Public Health, University of Kinshasa, Avenue Tombalbaye 68‑78, Kinshasa, 
Democratic Republic of Congo. 3 Mbale Clinical Research Institute (MCRI), P.O. 
Box 1966, Mbale, Uganda. 4 Busitema University, P.O. Box 1460, Mbale, Uganda. 
5 Mahidol Oxford Tropical Medicine Research Unit (MORU), Faculty of Tropical 
Medicine, Mahidol University, 420/6 Rajvithi Road, Bangkok 10400, Thailand. 
6 KEMRI-Wellcome Trust Research Programme, Kilifi, Kenya. 7 Institute of Global 
Health Innovation, Department of Surgery and Cancer, Imperial College 
London, London SW7 2AS, United Kingdom. 

Received: 17 April 2025   Accepted: 5 September 2025

References
	1.	 WHO. Malaria [Internet]. Geneva, World Health Organization, 2023 [cited 

2023 May 9]. Available from: https://​www.​who.​int/​health-​topics/​malar​ia
	2.	 CDC-Centers for Disease Control and Prevention. CDC - Malaria - Malaria 

Worldwide - Impact of Malaria [Internet]. 2021 [cited 2023 July 29]. Avail‑
able from: https://​www.​cdc.​gov/​malar​ia/​malar​ia_​world​wide/​impact.​html

	3.	 WHO. World malaria report 2024: addressing inequity in the global 
malaria response. Geneva, World Health Organization, 2024. Available 

from: https://​www.​who.​int/​teams/​global-​malar​ia-​progr​amme/​repor​ts/​
world-​malar​ia-​report-​2024

	4.	 Menendez C, Fleming AF, Alonso PL. Malaria-related anaemia. Parasitol 
Today. 2000;16:469–76.

	5.	 White NJ. Anaemia and malaria. Malar J. 2018;17:371.
	6.	 Douglas NM, Anstey NM, Buffet PA, Poespoprodjo JR, Yeo TW, White NJ, 

et al. The anaemia of Plasmodium vivax malaria. Malar J. 2012;11:135.
	7.	 Taylor SM, Parobek CM, Fairhurst RM. Impact of haemoglobinopathies 

on the clinical epidemiology of malaria: a systematic review and meta-
analysis. Lancet Infect Dis. 2012;12:457–68.

	8.	 WHO Guidelines for the treatment of malaria [Internet]. 3rd ed. Geneva: 
World Health Organization; 2015 [cited 2023 May 12]. 313 p. Available 
from: https://​apps.​who.​int/​iris/​handle/​10665/​162441

	9.	 Dechy-Cabaret O, Benoit-Vical F. Effects of antimalarial molecules on the 
gametocyte stage of Plasmodium falciparum: the debate. J Med Chem. 
2012;55:10328–44.

	10.	 Dicko A, Roh ME, Diawara H, Mahamar A, Soumare HM, Lanke K, et al. 
Efficacy and safety of primaquine and methylene blue for prevention 
of Plasmodium falciparum transmission in Mali: a phase 2, single-blind, 
randomised controlled trial. Lancet Infect Dis. 2018;18:627–39.

	11.	 Ganesan S, Tekwani BL, Sahu R, Tripathi LM, Walker LA. Cytochrome 
P450-dependent toxic effects of primaquine on human erythrocytes. 
Toxicol Appl Pharmacol. 2009;241:14–22.

	12.	 Pybus BS, Sousa JC, Jin X, Ferguson JA, Christian RE, Barnhart R, et al. 
CYP450 phenotyping and accurate mass identification of metabo‑
lites of the 8-aminoquinoline, anti-malarial drug primaquine. Malar J. 
2012;11:259.

	13.	 Marcsisin SR, Reichard G, Pybus BS. Primaquine pharmacology in the con‑
text of CYP 2D6 pharmacogenomics: current state of the art. Pharmacol 
Ther. 2016;161:1–10.

	14.	 Chen L, Zhang Z, Hoshino A, Zheng HD, Morley M, Arany Z, et al. NADPH 
production by the oxidative pentose-phosphate pathway supports folate 
metabolism. Nat Metab. 2019;1:404–15.

	15.	 WHO. Serum and red blood cell folate concentrations for assessing folate 
status in populations. Vitamin and Mineral Nutrition Information System. 
[Internet]. Geneva: World Health Organization; 2015 [cited 2023 May 
27]. Available from: http://​apps.​who.​int/ iris/bitstream/10665/162114/1/
WHO_NMH_NHD_ EPG_15.01.pdf?ua=1

	16.	 National Institutes of Health. Office of Dietary Supplements - Folate 
[Internet]. 2022 [cited 2023 May 17]. Available from: https://​ods.​od.​nih.​
gov/​facts​heets/​Folate-​Healt​hProf​essio​nal/

	17.	 Tamura T, Picciano MF, McGuire MK. Folate in pregnancy and lactation. In: 
Bailey LB, editor. Folate in Health and Disease. 2nd ed. Boca Raton: CRC 
Press; 2009. p. 111–31.

	18.	 C Nnajekwu U, O Nnajekwu C, O Onukwuli V, F Chukwu B, N Ikefuna A, 
J Emodi I. Folate levels in children with sickle cell anaemia on folic acid 
supplementation in steady state and crises at a tertiary hospital in Enugu, 
Nigeria: a prospective, comparative study. Malawi Med J. 2022;34:132–7.

	19.	 Verhoef H, Veenemans J, Mwangi MN, Prentice AM. Safety and benefits 
of interventions to increase folate status in malaria-endemic areas. Br J 
Haematol. 2017;177:905–18.

	20.	 Abdalla SH. Iron and folate status in Gambian children with malaria. Ann 
Trop Paediatr. 1990;10:265–72.

	21.	 Phillips RE, Looareesuwan S, Warrell DA, Lee SH, Karbwang J, Warrell 
MJ, et al. The importance of anaemia in cerebral and uncomplicated 
falciparum malaria: role of complications, dyserythropoiesis and iron 
sequestration. QJM Int J Med. 1986;58(3–4):305–23.

	22.	 Bradley-Moore AM, Greenwood BM, Bradley AK, Akintunde A, Attai EDE, 
Fleming AF, et al. Malaria chemoprophylaxis with chloroquine in young 
Nigerian children: IV. its effect on haematological measurements. Ann 
Trop Med Parasitol. 1985;79:585–95.

	23.	 Oppenheimer SJ, Cashin P. Serum and red cell folate levels associated 
with malarial parasitaemia. Trans R Soc Trop Med Hyg. 1986;80:169–71.

	24.	 Abdalla SH, Wickramasinghe SN, Weatherall DJ. The deoxyuridine sup‑
pression test in severe anaemia following Plasmodium falciparum malaria. 
Trans R Soc Trop Med Hyg. 1984;78:60–3.

	25.	 Mulenga M, Greenwood B, Fielding K, Shulman C, Thuma P, Bennett S, 
et al. Folic acid treatment of Zambian children with moderate to severe 
malaria anemia. Am J Trop Med Hyg. 2006;74:986–90.

	26.	 van Hensbroek MB, Morris-Jones S, Meisner S, Jaffar S, Bayo L, Dackour R, 
et al. Iron, but not folic acid, combined with effective antimalarial therapy 

https://www.who.int/health-topics/malaria
https://www.cdc.gov/malaria/malaria_worldwide/impact.html
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2024
https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2024
https://apps.who.int/iris/handle/10665/162441
http://apps.who.int/
https://ods.od.nih.gov/factsheets/Folate-HealthProfessional/
https://ods.od.nih.gov/factsheets/Folate-HealthProfessional/


Page 10 of 10Ajayi et al. Malaria Journal          (2025) 24:342 

promotes haematological recovery in African children after acute falcipa‑
rum malaria. Trans R Soc Trop Med Hyg. 1995;89:672–6.

	27.	 Sazawal S, Black RE, Ramsan M, Chwaya HM, Stoltzfus RJ, Dutta A, et al. 
Effects of routine prophylactic supplementation with iron and folic acid 
on admission to hospital and mortality in preschool children in a high 
malaria transmission setting: community-based, randomised, placebo-
controlled trial. Lancet. 2006;367:133–43.

	28.	 Maitland K, Olupot-Olupot P, Kiguli S, Chagaluka G, Alaroker F, Opoka 
RO, et al. Co-trimoxazole or multivitamin multimineral supplement for 
post-discharge outcomes after severe anaemia in African children: a 
randomised controlled trial. Lancet Glob Health. 2019;7:e1435–47.

	29.	 Taylor WR, Olupot-Olupot P, Onyamboko MA, Peerawaranun P, Weere W, 
Namayanja C, et al. Safety of age-dosed, single low-dose primaquine in 
children with glucose-6-phosphate dehydrogenase deficiency who are 
infected with Plasmodium falciparum in Uganda and the Democratic 
Republic of the Congo: a randomised, double-blind, placebo-controlled, 
non-inferiority trial. Lancet Infect Dis. 2023;23:471–83.

	30.	 Uyoga S, Ndila CM, Macharia AW, Nyutu G, Shah S, Peshu N, et al. 
Glucose-6-phosphate dehydrogenase deficiency and the risk of malaria 
and other diseases in children in Kenya: a case-control and a cohort 
study. Lancet Haematol. 2015;2:e437–44.

	31.	 Williams TN, Wambua S, Uyoga S, Macharia A, Mwacharo JK, Newton 
CRJC, et al. Both heterozygous and homozygous α+ thalassemias protect 
against severe and fatal Plasmodium falciparum malaria on the coast of 
Kenya. Blood. 2005;106:368–71.

	32.	 Bancone G, Chowwiwat N, Somsakchaicharoen R, Poodpanya L, Moo PK, 
Gornsawun G, et al. Single low dose primaquine (0.25mg/kg) does not 
cause clinically significant haemolysis in G6PD deficient subjects. PLoS 
ONE. 2016;11:e0151898.

	33.	 Stepniewska K, Allen EN, Humphreys GS, Poirot E, Craig E, Kennon K, et al. 
Safety of single-dose primaquine as a Plasmodium falciparum gametocy‑
tocide: a systematic review and meta-analysis of individual patient data. 
BMC Med. 2022;20:350.

	34.	 Dysoley L, Kim S, Lopes S, Khim N, Bjorges S, Top S, et al. The tolerability 
of single low dose primaquine in glucose-6-phosphate deficient and 
normal falciparum-infected Cambodians. BMC Infect Dis. 2019;19:250.

	35.	 Taylor WRJ, Kim S, Kheng S, Muth S, Tor P, Christophel E, et al. Dynamics 
of G6PD activity in patients receiving weekly primaquine for therapy of 
Plasmodium vivax malaria. PLoS Negl Trop Dis. 2021;15:e0009690.

	36.	 Antony AC, Kincade RS, Verma RS, Krishnan SR. Identification of high 
affinity folate binding proteins in human erythrocyte membranes. J Clin 
Invest. 1987;80:711–23.

	37.	 Casals-Pascual C, Kai O, Cheung JOP, Williams S, Lowe B, Nyanoti M, et al. 
Suppression of erythropoiesis in malarial anemia is associated with 
hemozoin in vitro and in vivo. Blood. 2006;108:2569–77.

	38.	 Cylwik B, Chrostek L. Interactions between alcohol and folate. In: Patel 
VB (ed.) Molecular aspects of alcohol and nutrition [Internet]. Chapt 13. 
San Diego: Academic Press; 2016 [cited 2024 Dec 3]. p. 157–69. Available 
from: https://​www.​scien​cedir​ect.​com/​scien​ce/​artic​le/​pii/​B9780​12800​
77300​00136

	39.	 Shane B. Folate and vitamin B 12 metabolism: overview and interac‑
tion with riboflavin, vitamin B6 and polymorphisms. Food Nutr Bull. 
2008;29(2_suppl1):S5-16.

	40.	 Herbert V. Experimental nutritional folate deficiency in man. Trans Assoc 
Am Physicians. 1962;75:307–20.

	41.	 Herbert V. Folic acid. Annu Rev Med. 1965;16:359–70.
	42.	 Izak G, Rachmilewitz M, Grossowicz N, Galewski K, Kraus SH. Folate activ‑

ity in reticulocytes and the incorporation of tritiated pteroylglutamic acid 
into red cells. Br J Haematol. 1968;14:447–52.

	43.	 Fan J, Ye J, Kamphorst JJ, Shlomi T, Thompson CB, Rabinowitz JD. Quanti‑
tative flux analysis reveals folate-dependent NADPH production. Nature. 
2014;510:298–302.

	44.	 Papandreou D, Mavromichalis I, Makedou A, Rousso I, Arvanitidou M. 
Total serum homocysteine, folate and vitamin B12 in a Greek school age 
population. Clin Nutr. 2006;25:797–802.

	45.	 Kreusler P, Vogel M, Willenberg A, Baber R, Dietz Y, Körner A, et al. Folate 
and cobalamin serum levels in healthy children and adolescents and 
their association with age, sex, BMI and socioeconomic status. Nutrients. 
2021;13:546.

	46.	 Desai A, Sequeira J, Quadros E. The metabolic basis for developmental 
disorders due to defective folate transport. Biochimie. 2016;126:31–42.

	47.	 Hay G, Johnston C, Whitelaw A, Trygg K, Refsum H. Folate and cobalamin 
status in relation to breastfeeding and weaning in healthy infants. Am J 
Clin Nutr. 2008;88:105–14.

	48.	 Garn SM, Clark LC. The sex difference in the basal metabolic rate. Child 
Dev. 1953;24:215–24.

	49.	 Huemer M, Vonblon K, Födinger M, Krumpholz R, Hubmann M, Ulmer 
H, et al. Total homocysteine, folate, and cobalamin, and their relation to 
genetic polymorphisms, lifestyle and body mass index in healthy children 
and adolescents. Pediatr Res. 2006;60:764–9.

	50.	 Zwang J, D’Alessandro U, Ndiaye JL, Djimdé AA, Dorsey G, Mårtensson 
AA, et al. Haemoglobin changes and risk of anaemia following treatment 
for uncomplicated falciparum malaria in sub-Saharan Africa. BMC Infect 
Dis. 2017;17:443.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://www.sciencedirect.com/science/article/pii/B9780128007730000136
https://www.sciencedirect.com/science/article/pii/B9780128007730000136

	Plasma folate dynamics in Plasmodium falciparum-infected African children treated with artemisinin combination therapy and single low-dose primaquine or placebo
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Methods
	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


