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Abstract
Objective:Wehypothesise that exposure to aflatoxins and fumonisins, measured in
serum, alters protein synthesis, reducing serum protein and insulin-like growth
factor 1 (IGF-1), increasing inflammation and infection, leading to child’s linear
growth failure.
Design: Children 6–35 months, stratified by baseline stunting, were subsampled
from an intervention trial on quality protein maize consumption and evaluated
at two time-points.
Setting: Blood samples and anthropometric data were collected in the pre-harvest
(August–September 2015) and post-harvest (February 2016) seasons in rural
Ethiopia.
Participants: 102 children (50 stunted and 52 non-stunted).
Results: Proportions of children exposed to aflatoxin G1, aflatoxin G2 and aflatoxin
M1 were higher in the pre-harvest (8, 33 and 7, respectively) compared to
post-harvest season (4, 28 and 4, respectively). The proportion of children exposed
to any aflatoxin was higher in the pre-harvest than post-harvest season (51 % v.
41 %). Fumonisin exposure ranged from 0 % to 11 %. In joint statistical tests,
aflatoxin exposure was associated with serum biomarkers of inflammation
(C-reactive protein, α-1-glycoprotein) and protein status (transthyretin, lysine,
tryptophan), IGF-1 and linear growth (all P < 0·01). However, exposure to specific
aflatoxins was not significantly associated with any biomarkers or outcomes
(all P> 0·05).
Conclusions: Aflatoxin exposure among rural Ethiopian children was high, with
large variation between seasons and individual aflatoxins. Fumonisin exposure
was low. There was no clear association between aflatoxin exposure and protein
status, inflammation or linear growth. A larger studymay be needed to examine the
potential biological interactions, and the assessment of aflatoxins in food is needed
to determine sources of high exposure.
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Poor linear growth of children, manifested as stunting, is
the most prevalent form of undernutrition globally and
has been associated with adverse health outcomes(1).
Despite the international commitment to reduce the num-
ber of stunted children under 5 years by 40 % by 2030(2,3),
current nutritional interventions alone are unlikely to meet

this target(4). The aetiology of linear growth failure is poorly
understood, which has hampered the development of
effective interventions(5,6).

Many children in developing countries are not only
stunted but also chronically exposed to mycotoxins – toxic
fungal metabolites such as aflatoxins and fumonisins(7).
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Both are common contaminants of maize and maize-based
products in tropical countries(8). Another major source of
exposure to aflatoxins is through the consumption of
groundnuts(9). Aflatoxins are produced by Aspergillus
flavus andA. parasiticus on different crops, both in the field
and in storage(10). Aflatoxins are the most potent genotoxic
and carcinogenic mycotoxins(11), and exposure to aflatox-
ins, mainly aflatoxin B1 (AFB1), aflatoxin B2 (AFB2), afla-
toxin G1 (AFG1) and aflatoxin G2 (AFG2), can cause
hepatocellular cancer(12). Exposure to multiple aflatoxins
measured in serum is poorly studied. Fumonisins are pro-
ducedmainly by Fusarium verticillioides (Sacc.) Nirenberg
and F. proliferatum (Matsush.)(10). Contamination of child-
ren’s complementary food with fumonisins has been
reported in some countries(8,13–16); however, the presence
of fumonisins in children’s serum has not been studied.

Based on associations in observational studies in
humans, there is a growing concern that exposure to afla-
toxins is associated with impaired linear growth of children
in developing countries(17–22). However, research findings
are inconsistent, and the mechanisms are not clear.
Observational studies in West Africa (Benin, Gambia and
Nigeria) found an inverse association between AFB1 expo-
sure and linear growth of children as measured by height-
for-age Z-score (HAZ)(17–22). Likewise, a study fromMexico
showed that aflatoxin exposure, measured using aflatoxin
B1-lysine (AFB1-Lys), was inversely associated with linear
growth(18). In contrast, studies in East Africa(23–25) and
Nepal(26) did not find significant association between
aflatoxin exposure (measured by aflatoxin-albumin or
AFB1-Lys per milligram albumin) and linear growth of
children. A recent intervention study amongKenyan children
suggested that improving household access to aflatoxin-free
maize reduced aflatoxin biomarker concentration in serum,
but showed no effect on children’s linear growth(23).

The biological mechanisms through which aflatoxin
exposure affects the linear growth of children are not clear.
It has been proposed that exposure to aflatoxins may
inhibit the synthesis of proteins, including insulin-like
growth factor 1 (IGF-1), or that it may increase inflamma-
tion and risk of infection. Each of these effects could in
turn reduce child growth(27). However, these hypotheses
have not been formally investigated to date in humans.
Therefore, we assessed children’s exposure to aflatoxins
and fumonisins, as measured in serum, in both pre-harvest
and post-harvest seasons. Given the high prevalence of
aflatoxin exposure, we then investigated associations
between aflatoxin exposure and biomarkers of inflamma-
tion and protein status as well as linear growth.

Methods

Conceptual framework
We hypothesised that exposure to aflatoxins could lead to
linear growth failure either by inhibiting protein synthesis
or by increasing inflammation or incidence of infection
(Fig. 1). Household wealth and child’s demographic char-
acteristics, such as sex and age, could influence both expo-
sure to aflatoxins and linear growth.

Study setting
The study used a subsample of children aged 6–35 months,
stratified by baseline stunting, from an intervention trial on
the consumption of quality protein maize (QPM) in rural
Ethiopia (ClinicalTrials.gov identifier NCT02710760 and
AEA RCT Registry #0000786)(28), where maize is the pre-
dominant staple used in children’s complementary foods.
QPM varieties have improved nutritional quality but are

6.Linear growth
(HAZ and HAD)

4.Diarrhea
(Diarrheal illness in
preceding 2 weeks)

5.Demographics
(Household wealth,
child’s age and sex)

2.Inflammation
(AGP and CRP)

1.Aflatoxin exposure
(AFB1-Lys, AFB1, AFB2, AFG1, AFG2, AFM1)

3. Protein synthesis
(Biomarkers: serum level of transthyretin,

IGF-1, lysine and tryptophan)

Fig. 1 Conceptual framework: (1) Aflatoxins exposurewasmeasured by the biomarkers AFB1 lysine, AFB1, AFB2, AFG1, AFG2 and
AFM1 from serum samples; (2) Inflammation was measured by inflammation biomarkers: C-reactive protein (CRP) and α-1-glyco-
protein protein (AGP) concentration from serum samples; (3) Protein synthesis was measured by protein and amino acid biomarkers
in serum: Insulin-like growth factor 1 (IGF-1), transthyretin, lysine and tryptophan; (4) Diarrhea was measured using the mother’s/
female caregiver’s recall over the preceding two weeks; (5) Wealth tertiles were constructed based on household assets (primarily
agricultural transportation and household implements) using principal component analysis (PCA); (6) Linear growth was measured
using height-for-age Z-score (HAZ) and height-for-age difference (HAD)
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susceptible to mycotoxin contamination, as are all other
maize varieties. In total, the trial enrolled 873 children.
These children were stratified by baseline stunting status,
and a random subsample of children was selected in each
stratum (fifty stunted and fifty-two non-stunted for a total of
102 children). The objective of the trial was to assess the
effect of promoting adoption and consumption of QPM
on protein status and linear growth of children. The study
protocol and sample characteristics are described else-
where(28,29). Children were eligible for inclusion in the
overall trial if they met the following criteria: (1) the house-
hold had at least one child aged 6–35 months at recruitment
in July–September 2015; (2) the household had at least one
member who had attended an agricultural demonstration
conducted by the Nutritious Maize for Ethiopia (NuME)
project in November 2014–January 2015; and (3) the
household provided informed consent to participate in
the study.

Data collection
Data were collected at three time-points: baseline
(pre-harvest season, August–September 2015), midline
(post-harvest season, February 2016) and endline (June–
August 2016). Questionnaires were administered to the
household head at baseline andmidline, and to the primary
caregiver at all three time-points. Topics in the caregiver
surveys included demographics, household roster
(baseline only) and child’s health and illness. Topics in
the household head surveys included demographics and
household assets. Anthropometrics (i.e. height/length
along with sex and age) were collected from all children
at all three time-points following standard measurement
procedures(30). As mycotoxin exposure, based on serum
levels, was only assessed at baseline andmidline, this study
focuses on questionnaires and anthropometric data from
these two time-points. Diarrheal illness was assessed by
asking the primary caregiver whether in the preceding
2 weeks the child had diarrhoea (≥3 loose or watery
motions in a 24-h period).

Venous blood (5 ml) was collected in the pre-harvest
(baseline) and post-harvest (midline) seasons by trained
phlebotomists using trace element-free collection tubes
(Vacutainer, Becton Dickenson). A temporary field
laboratorywas set up for the laboratory technologist to cen-
trifuge and aliquot the serum immediately into appropriate
cryovials. All samples for laboratory analysis were trans-
ported promptly after collection in cold boxes containing
frozen gel packs (–20 °C) and stored at –80 °C prior to
analysis.

Laboratory analyses
Aflatoxins (AFB1-Lys, AFB1, AFB2, AFG1, AFG2 and
AFM1) and fumonisins (hydrolysed fumonisin B1,
fumonisin B1, fumonisin B2 and fumonisin B3) were
analysed with liquid chromatography-tandem MS

(LC-MS/MS)(31). Isotope-labelled 13C17 aflatoxin was used
as the internal standard. A protein precipitation method
with few variations was used to prepare samples for
analysis(31). Details about materials and reagents used for
the analyses of aflatoxins and fumonisins and about sample
preparation are described in supplementary material.
The analyses of serum transthyretin, IGF-1, C-reactive pro-
tein (CRP) and α-1-glycoprotein concentration (AGP) were
described by Tessema et al.(29). Serum transthyretin, IGF-1,
AGP and CRP were analysed at the Ethiopian Public Health
Institute laboratory, certified by the Ethiopian National
Accreditation Office in accordance with the requirements
of ISO 17 025:2005 and ISO 15 189:2012, while the analysis
of serum amino acids was done at Ansynth Service B.V.,
a laboratory specialising in amino acids (http://www.
ansynth.com/). Serum aflatoxins and fumonisins were ana-
lysed at the Centre of Excellence in Mycotoxicology and
Public Health, Faculty of Pharmaceutical Sciences, Ghent
University, Belgium.

LC-MS/MS analysis
LC-MS/MS analyses were performed by Acquity ultra-high-
pressure liquid chromatography (UPLC) coupled to a Xevo
TQ-S (Waters), equipped with a positive electrospray ion-
isation source (ESI). Twomobile phases were used: mobile
phase A (95 % water and 5 % methanol) and mobile phase
B (95 % methanol and 5 % water). Both phases were also
adjusted with 5 mM ammonium acetate and 0·1 % formic
acid. The gradient elution programme started at 100 %
mobile phase A. After an isocratic phase for 0·5 min at initial
conditions, mobile phase B increased to 37 % in 2·5 min.
Then, during a further 13 min, phase B reached 75 %.
Later, it was enhanced for 2 min with 100 % mobile phase
B. An equilibration step for 1·5 min was introduced, result-
ing in a total run time of 19·5 min. The flow rate was set at
0·4 ml/min. The mass spectrometer was operated in posi-
tive electrospray ionisation mode (ESIþ). The capillary
voltage was 30 kV, and nitrogen was applied as spray
gas. The source and desolvation temperatures were set
at 150 °C and 200 °C, respectively. The argon collision
gas pressure was 9 × 10–6 bar, the cone gas flow was
50 l/h and the desolvation gas flow was 500 l/h (see online
supplementary material, Supplemental Table S1).

Method validation
The developed LC-MS/MS method was successfully
validated based on the European Commission Decision
2002/657/EC, which provides rules for the analytical meth-
ods to be used to test official samples(32). Matrix-matched
calibration plots were constructed for the determination
of the analytes. MassLynx 4·1 and TargetLynx 4·1 software
(Micromass) were used for data acquisition and processing.
The real or known compounds were identified using peak
ratio (relative ion intensity), retention time and signal:noise
ratio(32). After the completion of all criteria, the response,
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which is expressed as the ratio of the compound divided by
the ratio of the area of the internal standard, was calculated.

Specificity was checked to ensure there was no interfer-
ence or any peaks for the identification and quantification
of the target compounds in the ± 2·5 % margin of the rela-
tive time in five blank samples. Evaluating linearity, the
homogeneity of variance was checked before fitting the
linear model. Linearity was interpreted graphically using
a scatter plot with the r2 threshold set to ≥0·95. Recovery
was calculated after measuring the concentration and the
actual (spiked) concentration. The observed concentration
was calculated in triplicate from a matrix-matched calibra-
tion curve. The precision was calculated in terms of the
intraday (RSDr) and interday (RSDR) precision. Limit of
detection (LOD) was calculated as three times the standard
error of the intercept, divided by the slope of the standard
curve; the limit of quantification (LOQ) was similar, differ-
ing by six times the standard error. The calculated LOD
and LOQ, which should be >3 and 10, respectively, were
verified by the signal:noise ratio (s/n), according to the
International Union of Pure and Applied Chemistry guide-
lines. The results of performance characteristics of the
LC-MS/MS method complied with the criteria outlined
in European Commission Decision 2002/657/EC (see
online supplementary material, Supplemental Table S2)(32).
Briefly, four identification points should be fulfilled to
allow confirmation of the identity of the detected com-
pound; one precursor and at least two product ions should
be monitored; the relative intensities of the detected ions
should correspond within accepted deviations to those of
the calibration; detected ions should have a s/n of at least
3; and the relative retention time of detected ions must
range within a margin of 2·5 %.

Statistical analyses
As little informationwas available to hypothesise the preva-
lence of mycotoxin exposure in this population, a sample
size of fifty children per stunting category was selected
to achieve margins of error for 95 % CIs of estimated
proportions no greater than ±14 %, with greater precision
expected in estimates of weighted prevalence calculated
from the full sample (n 102). The overall target sample size
of 100 children provided 86 % power to detect a correlation
of 0·3 at 0·05 significance level, and statistical power was
expected to increase with repeated measurement and
adjustment for covariates in linear models. The final sample
size was further constrained by the study budget. Exposure
to any aflatoxins was defined as a binary variable indicating
one or more aflatoxin biomarkers found at a detectable
level in a child’s serum. We used weighted prevalences
of exposure, that is, adjusted for baseline stunting preva-
lence, to estimate aflatoxin and fumonisin exposure. To
assess whether the exposure to aflatoxins was associated
with linear growth, we measured height-for-age difference
(HAD) and height-for-age Z-score (HAZ). HAD is preferred

over HAZwhen assessing changes in height/length-for-age
in longitudinal data(33). Stunting was defined as HAZ scores
<2 SD below median values(30). As part of the larger inter-
vention study, households were grouped into wealth
tertiles based on the first principal component constructed
from household assets during the pre-harvest season,
in particular agricultural transportation and household
implements(34).

Statistical analyses were conducted with SAS version 9.4
(SAS Institute), and all statistical tests used a 0·05 signifi-
cance level. Wilcoxon tests were used to compare aflatoxin
concentrations between children of different stunting status
in each season. McNemar’s tests using sampling weights
were used to compare the prevalence of aflatoxin and
fumonisin exposure across seasons. Spearman’s rank cor-
relationwas used to investigate correlations among individ-
ual aflatoxins, inflammation (AGP and CRP), biomarkers of
protein or amino acid status (serum transthyretin, IGF-1,
lysine and tryptophan) and growth of children (HAZ and
HAD). To examine these associations further, linearmodels
accounting for repeated measures on children were fitted
using the SAS procedure ‘proc mixed’ with restricted
maximum likelihood estimation and the Kenward–Roger
method to compute degree of freedom(35). All regressions
were repeated using sample weights; weighting did not
materially change any of the study findings. Independent
variables, common to all models, were those known or
suspected to be important predictors of the outcomes:
child’s sex, age, time of assessment (pre- or post-harvest),
intervention arm, inflammation (AGP and CRP, both natural
log-transformed), household wealth tertile and incidence
of diarrhoea in the preceding 14 d. Model diagnostics were
checked to ensure that assumptions of normality of error
terms and homogeneity of error variance were met. For
each outcome, each aflatoxin was considered individually
as a predictor (‘individual models’), and all aflatoxins were
considered together as predictors in a ‘joint model’. Further,
using the joint model, a likelihood ratio test (‘joint test’) was
conducted to test for the combined effect of all aflatoxins
associated with the outcome (i.e. a statistical test of all
aflatoxins as predictors v. none)(36).

Results

At baseline (pre-harvest season), children were 21 months
old on average and 65 % were male. Fourteen per cent of
mothers reported that their child had diarrheal symptoms
in the 2 weeks prior to data collection. Stunted and
non-stunted children did not differ significantly in age,
sex, diarrheal incidence or household wealth (Table 1).

Half of the children (51 %) were exposed to some afla-
toxins during the pre-harvest season (Fig. 2a). Exposure to
any aflatoxin type was lower in the post-harvest season
(P< 0·0001), but still remained high (41 %). Across seasons,
exposure was most prevalent for AFB1 (19–22 %), AFB2
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(29–30 %) and AFG2 (28–33 %); however, AFB1-Lys was
low (10 %). The prevalence of AFB1-Lys, AFB1 and AFB2
in serum did not significantly change across seasons
(P > 0·05 for each); however, AFG1 (P= 0·0048), AFG2
(P = 0·0192) and AFM1 (P= 0·0049) were all less prevalent
in the post-harvest season, though prevalence of exposure

to AFG2 remained high (28 %) (Fig. 2a). The proportion of
children exposed to fumonisins was found to be low, rang-
ing from 0 % to 11 % by type of fumonisin (Fig. 2b).
Therefore, associations between exposure to fumonisins
and the outcome variables were not further analysed in this
study.

Table 1 Demographic and socioeconomic characteristics of study participants at baseline

Characteristics

Growth status

All P-value*
Stunted
(n 50)

Non-stunted
(n 52)

HAZ (mean ±SD) −2·66 ± 0·60 −0·57 ± 0·95 −1·59 ± 1·32 < 0·001
HAD (mean ± SD) −8·00 ± 2·29 −1·80 ± 2·93 −4·84 ± 4·08 < 0·001
Age, months (mean ± SD) 21·6 ± 7·6 19·8 ± 8·7 20·7 ± 8·2 0·27

n % n % n %
Sex (male) 72 36 58 30 65 66 0·13
Presence of diarrheal illness in preceding 2 weeks3 12 6 15 8 14 14 0·62
Household wealth status4

Less poor 16 23 34 17 25 41 0·12
Medium 38 19 30 15 34 34
Poorest 46 8 36 18 41 25

HAZ: height-for-age Z-score; HAD: height-for-age difference.
*No weighting was used for P-values.
3Diarrheal illness was assessed by asking the mother whether in the preceding two weeks, the child had diarrhea (three or more loose or watery motions in a 24-h period).
4As part of the larger intervention study, householdswere grouped into wealth tertiles based on the first principal component constructed from household assets during the pre-
harvest season.
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Fig. 2 Pre- and post-harvest weighted prevalence of exposure to aflatoxins (a) and fumonisins (b) as measured in serum
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The concentrations of individual aflatoxins varied in
the serum of sampled children (Table 2). However, the
concentrations did not differ (P> 0·05) by baseline stunting
status at either time-point for any of the tested aflatoxins or
AFB1-Lys (Table 2). AFB1-Lys was not correlated with any
aflatoxins in the pre-harvest season; but in the post-harvest
season, AFB1-Lys was positively correlated with AFB1
(r= 0·20, P= 0·04) and AFM1 (r= 0·27, P= 0·001)
(Table 3). AFB1 and AFB2 were positively correlated in
both seasons (P < 0·001 for both). AFG1 was correlated
with AFB2 (r= 0·27, P= 0·005) in the pre-harvest season
and with AFB1 (r= 0·25, P= 0·01) in the post-harvest
season, while AFG2 was positively correlated with AFB1
and AFB2 in both seasons (P < 0·001 for both).

The linear growth of children was not correlated with
any aflatoxins in the pre-harvest season (all P > 0·05)
(see online supplementary material, Supplemental
Table S3). Furthermore, none of the measured aflatoxins
were correlated with a biomarker of protein in the
pre-harvest season (see online supplementary material,
Supplemental Table S3). AFB1 was inversely correlated
with IGF-1 (r= –0·26, P= 0·009), and AFB2 was inversely
correlated with serum tryptophan (r= –0·33, P= 0·001)
in the post-harvest season (see online supplementary
material, Supplemental Table S4).

Inflammation (AGP) was inversely correlated with
serum biomarkers transthyretin (r= –0·31, P= 0·002), tryp-
tophan (r= –0·23, P = 0·02) and IGF-1 (r= –0·25, P= 0·01)

in the pre-harvest season (see online supplementary
material, Supplemental Table S3). Similarly, it was inversely
correlated with biomarkers transthyretin (r= –0·39,
P < 0·0001) and tryptophan (r= –0·25, P = 0·012) in the
post-harvest season (see online supplementary material,
Supplemental Table S4).

HAZ in the pre-harvest season did not differ by expo-
sure to aflatoxins in the same season (P= 0·16, Fig. 3a).
Similarly, HAZ in the post-harvest season did not differ
by aflatoxin exposure in the pre-harvest (P= 0·14) or
post-harvest seasons (P= 0·15). Children exposed to any
aflatoxin in either season also did not significantly differ
in HAZ at the endline survey (see online supplementary
material, Supplemental Table S5). However, when stunting
(HAZ< –2 SD) was specifically considered, children
exposed to aflatoxins in the pre-harvest season were less
likely to be stunted in the same season (P = 0·01), contrary
to expectation, though pre-harvest exposure was not asso-
ciated with stunting in the post-harvest season (P= 0·19)
(Fig. 3b). In contrast, children exposed to aflatoxins in
the post-harvest season were marginally more likely to
be stunted in the same season (P= 0·08) (Fig. 3b). WHZ
of the children was not correlated with exposure to aflatox-
ins in either season (see online supplementary material,
Supplemental Table S3 and S4).

Exposure to any specific aflatoxinwas not associatedwith
acute or chronic inflammation (Table 4) or biomarkers of
protein status (Table 5) in young children. However, AFB2

Table 2 Upper percentiles* of aflatoxin concentrations measured in serum

Serum aflatoxin

Pre-harvest (pg/ml) Post-harvest (pg/ml)

Stunted†
(n 50)

Not stunted†
(n 52)

Stunted†
(n 50)

Not stunted†
(n 52)

75%ile Max 75%ile Max 75%ile Max 75%ile Max

AFB1-Lys <LOD 167·0 <LOD 182·0 <LOD 290·0 <LOD 987·6
AFB1 <LOD 18·5 8·400 19·3 <LOD 18·9 <LOD 21·0
AFB2 5·700 11·3 6·000 11·3 6·500 14·3 2·700 10·9
AFG1 <LOD 5·6 <LOD 5·9 <LOD 5·8 <LOD 6·1
AFG2 0·500 5·6 1·200 5·9 0·400 5·1 0·600 5·6
AFM1 <LOD 11·1 <LOD 13·2 <LOD 10·9 <LOD 10·8

AFB1-Lys: aflatoxin B1-lysine; AFB1: aflatoxin B1; AFB2: aflatoxin B2; AFG1: aflatoxin G1; AFG2: aflatoxin G2; AFM1: aflatoxin M1.
*As all aflatoxins were found in <50% of children, all median values were below the limit of detection (LOD).
†As measured at baseline.

Table 3 Correlations among aflatoxins and AFB1-Lys in each season

Pre-harvest season Post-harvest season

AFB1-Lys AFB1 AFB2 AFG1 AFG2 AFB1-Lys AFB1 AFB2 AFG1 AFG2

AFB1 0·07 0·20*
AFB2 0·01 0·63*** 0·13 0·43***
AFG1 −0·08 −0·01 0·27** 0·10 0·25* 0·13
AFG2 −0·004 0·41*** 0·56*** 0·38*** 0·19 0·49*** 0·65*** 0·12
AFM1 0·04 −0·13 −0·07 0·09 −0·08 0·27*** 0·04 0·12 −0·05 0·05

AFB1-Lys: aflatoxin B1-lysine; AFB1: aflatoxin B1; AFB2: aflatoxin B2; AFG1: aflatoxin G1; AFG2: aflatoxin G2; AFM1: aflatoxin M1.
Spearman’s rank correlations, unweighted. Values below the limit of detection (LOD) were set to LOD/2.
*P< 0·05, **P< 0·01, ***P< 0·001.
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exposure measured in serum was inversely associated with
serum tryptophan (P= 0·0002) (Table 5). Children’s expo-
sure to any specific aflatoxins was not associated with
linear growth, as measured using HAZ or HAD (Table 6).
However, all aflatoxins (AFB1, AFB2, AFG1, AFG2 and
AFM1), when examined as a group using likelihood ratio
tests (‘joint tests’ in Tables 4–6), had a significant association
with each outcome (AGP, CRP, transthyretin, IGF-1, lysine,
tryptophan, HAZ and HAD; P< 0·0001 for each outcome
except for transthyretin, for which P= 0·007).

Discussion

We found a high prevalence of exposure to one or more
aflatoxins in nearly half of our children during both pre-
and post-harvest seasons. In our study population, all
the carcinogenic aflatoxins could be detected in variable
amounts. According to the International Agency for
Research on Cancer, AFB1, AFB2, AFG1, AFG2 and
AFM1 are highly carcinogenic for humans(9). In general,
the level of carcinogenicity is categorised in decreasing
order asAFB1>AFG1>AFM1>AFB2>AFG2(37). Although
exposure to aflatoxins in our population was lower than in
some other African studies(18,23), the current exposure data
suggest that aflatoxin contamination is a public health prob-
lem in Ethiopia as zero tolerance for aflatoxin exposure is
desirable. To our knowledge, this is the first study that
assesses exposure to aflatoxins using multiple serum bio-
markers, allowing us to compare the relative contribution
of each to exposure risk. AFB1 is the most frequently
reported carcinogen in many cereal-consuming popula-
tions(38). However, in our population, it was third highest,
with one out of five children exposed to AFB1. The serum
concentration of AFB1-Lys, an indicator of exposure over
longer periods of time(38), was not high, contrary to our
expectation but comparable to some other studies(18,26).
AFB1-Lys in our studied population was much lower than
the exposure found in several West African studies(17–22).
In our study, exposure to AFB2 and AFG2 was the most
common, found in nearly a third of our study children.
Interestingly, AFB2 and AFG2 are metabolites of AFB1
and AFG1, respectively(39). The higher prevalence of
AFB2 relative to AFB1, and especially AFG2 relative to
AFG1, may be due to timing and duration of exposure.
Also, the assays for AFB2 and AFG2 have lower LOD than
the assays for AFB1 and AFG1, and concentrations
measured were relatively low in our sample. These lower
LODmay partially explain the higher prevalence detected
for AFB2 and AFG2.
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Fig. 3 Mean weighted height-for-age Z-scores (HAZ, panel a)
and weighted prevalence of stunting (panel b) in pre- and
post-harvest seasons, by exposure to any aflatoxins in either
season

Table 4 Associations between aflatoxin exposures and inflammation among Ethiopian children*

Aflatoxin

AGP CRP

Individual models Joint model Individual models Joint model

Estimate SE P-value Estimate SE P-value Estimate SE P-value Estimate SE P-value

AFB1-Lys −0·59 0·68 0·39 0·44 2·05 0·83
AFB1 −1·49 7·40 0·84 2·72 8·14 0·74 −17·61 21·91 0·42 −12·20 24·28 0·62
AFB2 −17·54 10·53 0·10 −16·08 12·52 0·20 −34·55 30·60 0·26 −19·07 37·42 0·61
AFG1 −4·93 33·99 0·88 13·86 34·93 0·69 −55·37 102·21 0·59 −16·97 105·23 0·87
AFG2 −30·82 22·27 0·17 −21·77 24·46 0·37 −56·35 62·47 0·37 −36·95 70·41 0·60
AFM1 −19·38 12·14 0·11 −19·92 12·26 0·11 −61·44 36·51 0·09 −62·75 36·96 0·09
Joint test <0·0001 <0·0001

AFB1-Lys: aflatoxin B1-lysine; AFB1: aflatoxin B1; AFB2: aflatoxin B2; AFG1: aflatoxin G1; AFG2: aflatoxin G2; AFM1: aflatoxin M1; AGP: α-1-glycoprotein; CRP: C-reactive
protein.
*The quantitative effect of each aflatoxin or aflatoxin biomarker on AGP and CRP was assessed individually (‘individual models’) and together in a ‘joint model’. All models
controlled for child’s sex, age, time of assessment (pre- or post-harvest) and intervention arm. In all models, the response variable (AGP or CRP) was natural log-transformed
prior to analysis. Based on the joint model, the ‘joint test’ is a likelihood ratio test for the combined effect of all aflatoxins associated with the outcome (i.e. a statistical test of all
aflatoxins as predictors v. none).
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Table 5 Associations between aflatoxin exposures and serum protein biomarkers among Ethiopian children*

Aflatoxin

Transthyretin IGF-1*

Individual models Joint model Individual models Joint model

Estimate SE P-value Estimate SE P-value Estimate SE P-value Estimate SE P-value

AFB1-Lys 0·09 0·07 0·18 0·69 1·11 0·54
AFB1 −0·20 0·73 0·78 0·03 0·82 0·97 −8·33 11·87 0·48 −9·37 13·42 0·49
AFB2 −0·73 1·08 0·50 −1·19 1·26 0·35 0·68 16·77 0·97 1·92 20·91 0·93
AFG1 −0·60 3·34 0·86 −0·99 3·48 0·78 0·15 58·01 1·00 −3·86 59·96 0·95
AFG2 2·29 2·38 0·34 3·22 2·59 0·21 19·88 32·78 0·55 21·09 37·79 0·58
AFM1 −0·56 1·22 0·65 −0·49 1·23 0·69 4·32 20·24 0·83 3·80 20·52 0·85
Joint test 0·007 < 0·0001

Lysine Tryptophan

Individual models Joint model Individual models Joint model

Estimate SE P-value Estimate SE P-value Estimate SE P-value Estimate SE P-value

AFB1-Lys −70·07 64·44 0·28 −10·25 25·90 0·69
AFB1 −1191·01 688·09 0·09 −772·05 761·91 0·31 358·39 276·33 0·20 835·41 297·83 0·006
AFB2 −1540·33 977·46 0·12 −1574·30 1178·51 0·18 −1191·73 388·74 0·003 −1762·41 460·30 0·0002
AFG1 2247·66 3217·94 0·49 2583·35 3300·23 0·43 −158·25 1284·54 0·90 408·98 1284·44 0·75
AFG2 606·54 2014·48 0·76 1923·96 2220·26 0·39 −835·06 825·50 0·31 298·95 881·82 0·74
AFM1 1709·14 1159·02 0·14 1525·81 1168·37 0·19 −228·19 466·23 0·63 −187·73 454·82 0·68
Joint test < 0·0001 < 0·0001

AFB1-Lys: aflatoxin B1-lysine; AFB1: aflatoxin B1; AFB2: aflatoxin B2; AFG1: aflatoxin G1; AFG2: aflatoxin G2; AFM1: aflatoxin M1.
Response variable was natural log-transformed prior to analysis.
*The quantitative effect of each aflatoxin or aflatoxin biomarker on serum biomarkers was assessed individually (‘individual models’) and together in a ‘joint model’. All models controlled for child’s sex, age, time of assessment (pre- or post-
harvest), intervention arm and inflammation (AGPandCRP, both natural log-transformed). Based on the jointmodel, the ‘joint test’ is a likelihood ratio test for the combined effect of all aflatoxins associatedwith the outcome (i.e. a statistical test of
all aflatoxins as predictors v. none).

E
xp

o
su
re

to
aflato

xin
s
an

d
fu
m
o
n
isin

s
3669

https://doi.org/10.1017/S1368980021000422 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S1368980021000422


The prevalence of exposure to AFM1, a metabolite
found in milk and milk products when animals are fed con-
taminated feeds, was low in our study. An experimental
study of animals showed that both AFB1 and AFM1 were
detected in the plasma of cows after the ingestion of
AFB1 on corn-based feed(40). As reported in our previous
paper(29), milk consumption among children in our study
area was minimal, which probably led to low levels of
AFM1 contamination. AFG2 was quantitatively the most
important type of aflatoxin, detected in about a third of
our population. AFG1, on the other hand, was present in
only a few samples, although both AFG1 and AFG2 are
metabolites of AFB1(40).

Exposure to AFG1, AFG2 and AFM1 was higher in the
pre-harvest season than in the post-harvest season. This
could have been due to several reasons. In the pre-harvest
season, complementary foods consumed by children were
mostly prepared from foods produced and stored on
household farms. The higher prevalence of aflatoxins
detected in the pre-harvest season could have been caused
by poor storage conditions over a long period of time, lead-
ing to fungal proliferation and mycotoxin contamination of
grain used to prepare complementary foods. Research on
the sources of mycotoxin exposure, including the effects of
crop storage technologies, practices and duration onmyco-
toxin contamination, is needed to develop effective mitiga-
tion strategies.

Exposure to fumonisins was low in our study popula-
tion. To our knowledge, exposure to fumonisins has never
been measured before in human serum. An in vitro study
showed that fumonisins might have the potential to cause
severe hepatotoxic, nephrotoxic, hepatocarcinogenic and
other cytotoxic effects in mammals(41). Fumonisin B1 is
the most toxic fumonisin(37), but a very low fumonisin B1
exposure (2 %) was found in the post-harvest season and
was not detectable in the pre-harvest season. Fumonisins
are the second most important mycotoxins found on maize
and in a variety of maize-based human foods, particularly
when grown in warmer regions(42,43). Fumonisin exposure

from maize and other cereal-based foods has been
reported inmany developing countries(44) but not in serum.
The low level of exposure to fumonisins in our population
might be because fumonisins are poorly absorbed and are
excreted largely in faeces(39). The other reason could be a
low level of contamination in complementary foods in our
study area. Despite the low fumonisin levels detected in
this study, the authors strongly suggest continuing to study
fumonisin exposure in Ethiopia as our study was con-
ducted in only a small sample not representative of the
entire country. However, future studies should take other
matrixes, such as faeces or hair, to assess better fumonisin
exposure(39).

Exposure to AFB1 was inversely correlated with serum
IGF-1, while AFB2 exposure was inversely correlated with
serum tryptophan in the post-harvest season. However,
the correlation between AFB1 and IGF-1 disappeared in
regression models adjusted for confounders. Exposure to
individual aflatoxins, including the AFB1-Lys biomarker,
in serum was not associated with linear growth of children
after adjusting for confounders. While individual aflatoxins
largely did not have significant associations with inflamma-
tion, protein status or linear growth, they did have signifi-
cant associations as a group to these outcomes, as
evidenced by the joint tests. These relationships should
be investigated further in larger studies that would have
more statistical power.

Similar to our study, studies from other East African
countries(23–25) and Nepal(26) did not find an association
between AFB1-Lys and linear growth of children. Some
observational and cross-sectional studies in West Africa
found an inverse relationship between AFB1-Lys bio-
markers and child growth(17,19–22). Similarly, an observatio-
nal study from Mexico showed that the level of exposure
to aflatoxins was inversely associated with linear growth(18).
A recent randomised control trial among Kenyan children
found that in households that had access to aflatoxin-free
maize, children had reduced serum aflatoxin concentrations,
but the linear growth of children was not affected(23).

Table 6 Associations between aflatoxin exposures and linear growth among Ethiopian children*

Aflatoxin

Height-for-age Z-score Height-for-age difference

Individual models Joint model Individual models Joint model

Estimate SE P-value Estimate SE P-value Estimate SE P-value Estimate SE P-value

AFB1-Lys 2·25 1·50 0·14 6·04 4·52 0·18
AFB1 8·91 16·76 0·60 20·30 18·76 0·28 −11·53 50·57 0·82 36·56 56·47 0·52
AFB2 −12·60 25·31 0·62 −21·49 28·60 0·45 −99·00 76·06 0·20 −109·54 85·95 0·21
AFG1 24·63 73·13 0·74 41·36 76·68 0·59 37·27 219·87 0·87 115·77 230·14 0·62
AFG2 −58·37 63·15 0·36 −63·72 67·13 0·34 −225·68 193·63 0·25 −206·90 205·74 0·32
AFM1 46·99 26·32 0·08 46·79 26·79 0·08 143·76 79·10 0·07 137·81 80·23 0·09
Joint test <0·0001 <0·0001

AFB1-Lys: aflatoxin B1-lysine; AFB1: aflatoxin B1; AFB2: aflatoxin B2; AFG1: aflatoxin G1; AFG2: aflatoxin G2; AFM1: aflatoxin M1.
*The quantitative effect of each aflatoxin or aflatoxin biomarker on indicators of linear growth was assessed individually (‘individual models’) and together in a ‘joint model’. All
models controlled for child’s sex, age, time of assessment (pre- or post-harvest), intervention arm, inflammation (AGP and CRP, both natural log-transformed), household
wealth tertile and incidence of diarrhoea in the preceding 14 d. Based on the joint model, the ‘joint test’ is a likelihood ratio test for the combined effect of all aflatoxins associated
with the outcome (i.e. a statistical test of all aflatoxins as predictors v. none).
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There are a number of differences between our study
and previous studies, most notably in the methods of
aflatoxin analyses and study setting. The LC-MS/MS
method used in our analyses is a more specific and sensi-
tive technique(22) compared with ELISA(45). Also, most prior
studies measured a single aflatoxin as a marker of expo-
sure. The large variability in aflatoxins in serum and in lin-
ear growth suggests that further studies with larger
sample sizes may be required to detect associations or
causal linkages between aflatoxin exposure and growth
of children. Even without a biological mechanism linking
aflatoxin exposure and linear growth faltering, aflatoxin
exposure remains a critical concern, given its carcino-
genicity and other potential implications for health as well
as international trade(46).

When trying to elucidate factors that could explain a
relationship between exposure to aflatoxins and growth,
Smith and colleagues hypothesised that aflatoxin exposure
may inhibit protein synthesis and increase inflammation or
infection(27). We therefore investigated this hypothesis but
found an unclear association between exposure to the
group of aflatoxins and inflammation or protein status bio-
markers such as serum transthyretin. Serum concentrations
of tryptophan and lysine may mediate protein synthesis
because these are the two most limiting amino acids in
maize-based diets. Exposure to the group of aflatoxins
was associated with these serum amino acids; however,
only AFB1 and AFB2 were specifically associated with
serum tryptophan.

In our study, the unclear association between aflatoxin
biomarkers in serum and selected biomarkers of protein
synthesis may have been due to relatively low serum con-
centrations of aflatoxin biomarkers, even though the preva-
lence of exposure was high. These associations between
aflatoxin exposure and biomarkers of protein synthesis
and inflammation may suggest the need for further study
to better understand the biological mechanisms that could
also lead to linear growth faltering in children.

Small sample sizewas a limitation in our study since afla-
toxins could only be assessed for a subset of 102 children,
meaning that our study may have been underpowered to
detect smaller effects from low-level aflatoxin exposure.
Further, the study did not take samples of children’s food
to analyse aflatoxin levels, which would have shed light
on the origin of aflatoxins found in children’s serum.
Another limitation was the use of observational (non-
experimental) data, which does not allow us to infer cau-
sality. However, experimental investigation on the health
effects of aflatoxin exposure in children would be ethically
challenging at best, and our analyses adjusted for key
known confounders. The high levels of aflatoxin exposure
warrant further research to identify the sources of exposure
and interventions to mitigate that exposure. These findings
also motivate more widespread monitoring of mycotoxin
exposure in Ethiopia, with attention to the possibility that
exposure may vary over time.

We conclude that children in rural Ethiopia are widely
exposed to aflatoxins, which can have both acute and
long-term consequences for health, growth and develop-
ment. However, the biological mechanisms by which afla-
toxins may specifically affect inflammation, protein status
or linear growth did not become clear from our study.
A larger longitudinal study is therefore recommended to
evaluate causal linkages between aflatoxin exposure and
key nutrition and health outcomes in children.
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