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ARTICLE INFO ABSTRACT

Handling Editor: Dr. Aristides Tsatsakis Aflatoxins (AF) and fumonisins (FB) are common contaminants of maize and have been associated with cancer,

immune suppression, and growth stunting. In this work, AFM; and FB; were measured in urine samples of

Keywords: healthy volunteers from the metropolitan area of Monterrey, Mexico, while AF and FB were detected in foods
Aflatoxin collected near the sampling zone. Urine samples from 106 adults were analyzed using ultra-performance liquid
Ezjzﬁic;sisre chromatography-tandem mass spectrometry and toxins in foods were measured by fluorometry. The mean value
Mexican of AFM; and FB; was 4.3 pg/mg creatinine from 76 samples (72 %), and 50 pg/mg creatinine from 75 samples
Population (71 %), respectively. More than half of the samples (n = 56, 53 %) had detectable levels of both AFM; and FB;.
Urine No differences in toxin levels were found between males and females or between age groups, but AFM; and FB;

levels were higher (p < 0.01) when detected as a single exposure compared to co-exposed. Some significant
results were found when comparing AFM; and FB; levels among groups of people assigned to levels of food
consumption. Food samples had average concentrations of 5.3 ug/kg for AF and 800 pg/kg for FB. The results
showed that co-exposure to AF and FB is common in the metropolitan area of Monterrey.

1. Introduction

Mycotoxins are common contaminants that represent important
challenges to assure food security worldwide. Aflatoxins (AF) and
fumonisins (FB) are frequently found as co-contaminants in many ce-
reals, such as maize, with aflatoxin B; (AFB;) and fumonisin B; (FB1)
being the most toxic and prevalent from their respective chemical sub-
types. AFB; is considered a group 1 human carcinogen [1], and has been
implicated in children stunting [2], immunosuppression [3], children
hepatomegaly [4], and death [5]. FB; is a possible human carcinogen

* Corresponding author.

classified in group 2B [1] that has been considered a risk factor for
promotion of primary liver cancers [6] as well as a contributing factor
for increasing the risk of neural tube defects (NTD) development [7].
The specific mechanism of NTD development could be related to FB;
inhibition of ceramide synthase, as positive correlations between uri-
nary FB; and changes in the levels of sphinganine Sa 1-P (Sa-1P) and the
Sa 1-P/Sphingosine 1-P (So-1 P) ratio in human blood are consistent
with the proposed mechanism [8,9].

It has been suggested that AF and FB co-exposure causes additive
toxicity effects in mice ([10]; [11]) and chickens [12], and probably
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more than additive effects in rats [13]. In trout and rodents, a higher
incidence of hepatocyte nodules and liver tumors have been found as
result of co-exposure, respectively [14,15]. FB; can alter sphingolipid
signaling that in turn, modulates apoptosis and activates signaling
pathways of cell proliferation in the liver, thus possibly enhancing
tumorigenicity of AFB; in co-exposed individuals [16]. Besides the
former liver cancer associations with AF-FB co-exposure, recent human
studies showed the association of AF-FB co-exposure to increased risk of
esophageal  squamous cell carcinoma (ESCC) with a
greater-than-additive interaction between co-exposures [17]. More de-
tails regarding co-exposure studies were thoroughly reviewed by Riley
etal. [11].

Detection of AF and FB in maize samples is common worldwide [18].
The co-exposure to these toxins in Mexicans is suspected to be high due
to regular consumption of maize, and occurrence of climate conditions
that favor fungal growth and toxin production. As a comparison, ac-
cording to the Food and Agriculture Organization (data from 2010),
annual per capita maize consumptions were 13 and 117 kg in the United
States and Mexico, respectively [19]. Maize consumption has been
associated with AF presence in urine samples from a population in Texas
[20] and associated with FB presence in urine samples from populations
in Mexico and Guatemala [21,22]. Significant associations between
urinary AFM; and consumed amounts of corn tortillas have been re-
ported in a Hispanic population with high incidence of hepatocellular
carcinoma (HCC) [20]. Similar associations regarding consumption of
maize-based tortilla and urinary FB; were revealed in a cohort study
from Morelos state, Mexico, in which women with “high intake” of
tortillas had a 3-fold increase in urinary FB; compared to the “low
intake” group [21]. While there are studies that reveal exposure to AF
[23] and FB [21] in Mexicans, co-exposure has not been investigated.
Furthermore, the specific foods acting as main sources of exposure are
still unknown. Here, we report the co-exposure to AF and FB in Mexican
volunteers using urinary AFM; and FB; biomarkers and the presence of
both toxins in maize products from street markets.

2. Materials and methods
2.1. Chemicals and reagents

AFM; standard was purchased from Sigma Aldrich (St. Louis, MO,
USA) while FB; was acquired from PROMEC Unit of South Africa
Medical Research Council (Tygerberg, Cape Town, South Africa). For
toxins detection in urine, VICAM (Milford, MA, USA) AflaTest® WB and
FumoniTest® WB immunoaffinity columns were used, while AflaTest®
and FumoniTest® immunoaffinity columns were employed for food
mycotoxin analyses. All other solvents were purchased from Fisher
Scientific (Waltham, MA, USA) and were LC/MS grade. Ultrapure
deionized water (18.2 MQ cm) was used in all procedures that required
water, except on methods that required LC/MS water.

2.2. Participants recruitment and sample collection

Institutional Review boards from Texas A&M University (College
Station, TX) and Universidad Autonoma de Nuevo Leon (UANL)
approved the research protocols for collection and analysis of human
samples (IRB2014-0513 and COBICIS-801/2014/123-01MCAG).
Enrollment of participants was achieved in 9 municipalities from the
metropolitan area of Monterrey, Mexico including Apodaca, Garcia,
General Escobedo, Guadalupe, Juarez, Monterrey, San Nicolas, San
Pedro, and Santa Catarina. These are the most populated urban areas in
the state of Nuevo Leon. From each municipality, 6 females and 6 males
were recruited aiming to have urine samples from 108 participants.
Inclusion criteria for participants included: age (> 18), no history of
chronic kidney disease or liver disease (based on participant’s re-
sponses), consumption of maize or maize based products from street
markets and signed informed consent. Potential participant’s homes
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located near street markets (same zip code and within 300 m?) were
visited by recruitment teams from February to April 2015. After
explaining the study, recruitment teams obtained informed consent, and
applied a dietary questionnaire to investigate the frequency and
amounts of maize and maize products consumption, based on a previous
study with a Latino population exposed to AF and FB [20]. Sterile urine
collection flasks and instructions for collecting a sample of first morning
urine were given to each participant. Urine samples were collected by
teams before 9:00 am and participants were given a gift card as appre-
ciation for volunteering. Collected urine samples were kept in a cooler
with gel packs during transfer to the Physiology, Pharmacology and
Toxicology Laboratory at UANL in the city of General Escobedo. Within
5 h of urine collection, a urine subsample (2 mL) was separated and
analyzed for creatinine. The rest of all urine samples were placed in 50
mL conical tubes (duplicates) for storage at —80 °C and were maintained
at this temperature through shipment for analysis at Texas A&M
University.

Additionally, maize food samples (a total of 90) from street markets
located within neighboring distance of participant’s homes, were
collected to investigate as potential sources of exposure. Food samples
consisted of whole corn ears (boiled, n = 3), gorditas (small thick
tortilla, n = 24), masa (corn dough, n = 29) and tortillas (n = 34). An
amount of 500 g of foods were collected from April to August 2015.
These foods were selected based on most popular responses in the di-
etary questionnaires. Food samples were frozen at —20 °C until time of
analysis in the Laboratory at UANL.

2.3. Determination of aflatoxin M in urine

Extraction of urinary AFM; followed the method of Groopman et al.
[24] with modifications of Sarr et al. [25] and Wang et al. [26]. Briefly,
urine samples were centrifuged at 887 xg, and 5 mL of supernatant was
collected and diluted with 5 mL of water. Diluted samples (10 mL) were
then loaded onto a 3 mL AflaTest® WB immunoaffinity column at a flow
rate of 1 mL/min. After column washing, the AF fraction was eluted
from the column with 2 mL of 80 % methanol, dried under N, gas and
re-suspended in 200 pL of methanol-water solution (50/50 v/v%). For
toxin quantification, an Acquity H-Class UPLC-MS/MS instrument
equipped with a tandem quadrupole mass detector (TQD) with a wide
range of ionization options, and a 2.1 x 50 mm Acquity UPLC BEH C18
column with a particle size of 1.7 pm (Waters Corporation, Milford,
Massachusetts, USA) were used. Water-acetonitrile (ACN) (70/30 v/v%)
solution was buffered with 1% formic acid and used for isocratic sepa-
ration. Injection sample volume was set to 10 pL and was run through
the column with an elution rate of 0.325 mL/min. The column effluent
was coupled to the MS/MS detector, operated in the electrospray posi-
tive ion mode with conditions optimized for AFM; based on Warth et al.
[27]. The precursor ion was set to 329.00 Da and the two product ions
were 273.00 Da (quantifying ion) and 259.1 Da (qualifying ion). Urinary
AFM; concentrations were expressed as pg/mg creatinine to correct for
urine dilution. External AFM; standards were prepared weekly and
injected following every five injections of samples. The limit of detection
(LOD) was calculated at 3 ppt. A greater than 85 % recovery was ach-
ieved from extractions with a relative standard deviation of less than
5%.

2.4. Determination of fumonisin B; in urine

Urinary FB; was extracted following methods by Robinson et al.
[28]. Urine samples were centrifuged at 887 xg and supernatant (5 mL)
was passed through a FumoniTest® WB immunoaffinity column
(VICAM) with 1 mL/min as flow rate. Column was washed with 6 mL of
PBS, followed by a 6 mL HyO wash. Then, FB; fraction was eluted from
the column with 2 mL of methanol and dried under Nj. After drying, the
FB; pellet was re-suspended in 1 mL of ACN-water solution (50/50 v/v
%). Detection and quantification were performed with the same
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equipment and column as for AFM;. Protocol eluents, water (eluent A)
and ACN (eluent B) contained 1% formic acid. After an initial time of
2.69 min at 90 % A and 10 % B, the proportion of B was increased lin-
early to 90 % within 1.71 min, followed by a hold-time of 1.4 min, then a
steep return and column re-equilibration for 1.10 min, and 5 min wash
before the next injection. Flow rate was set to 0.4 mL/min. The column
was directly coupled to the MS, which was operated in the electrospray
positive ion mode. MS/MS conditions were optimized for FB; as re-
ported by Warth et al. [27]. The precursor ion was set to 722.5 Da and
the two product ions were 334.4 Da (quantifying ion) and 352.2 Da
(qualifying ion). FB; concentrations in urine were also expressed as
pg/mg creatinine. External FB; standards were prepared and injected
daily. LOD stablished for the method was 40 ppt. Recovery from ex-
tractions was the same as for AFM;.

2.5. Mycotoxins in food samples

Total AF and FB in food samples were detected following VICAM
AflaTest® and FumoniTest® fluorometric procedures, respectively.
Frozen samples were thawed at room temperature and dried at 60 °C
overnight. Samples were then ground using a blender and passed
through a No. 20 sieve (Fisher Scientific, Waltham, MA, USA) with 850
pm of pore size. For AF extraction, a 50 g of ground sample was blended
with 5 g of NaCl and 100 mL of methanol-water solution (80/20 v/v%).
The sample was filtered twice, and filtrate was passed through a VICAM
immunoaffinity column following procedure for corn (0—100 ppb).
Similarly, FB were extracted from a 50 g sample according to test pro-
cedure for corn (0—10 ppm). Powder sample was blended with 100 mL
of methanol-water solution (80/20 v/v%) and then filtrated. Extracted
solution was passed through the immunoaffinity column and fumonisins
were then eluted with 1 mL of methanol. Ortho-phthalaldehyde (OPA)
and 2-mercaptoethanol were then added for FB derivatization. AF and
FB levels were read in a VICAM series-4EX fluorometer using appro-
priate standards. LOD for AF and FB were 1 ppb and 0.25 ppm,
respectively.

2.6. Statistical analysis

Analyses were performed using SAS® University Edition (SAS Insti-
tute, Cary, NC, USA). Values below detection limits (non-detectable)
were handled as missing data. Treating missing data incorrectly may
introduce bias when estimating the mean and variance of the distribu-
tion which may consequently reduce power in hypothesis tests [29].
Therefore, we used the MI Procedure (Multiple Imputation) to compute
maximum likelihood estimates that represent a random sample of the
missing values. In this study, we used a fully conditional specification
method [30] to impute all missing values, using the maximum number
of imputations (i. e. 100) allowed in the procedure. After imputations,
we used the MIANALYZE and GLIMMIX Procedures (Generalized Mixed
Model, with a lognormal distribution) to combine means and their dif-
ferences for the various levels of the explanatory variables. This meth-
odology allowed us not to drop the missing data and to generate one,
reliable, single p value for all relevant comparisons. The imputation
process was performed using the toxin levels already adjusted by
creatinine because the use of the raw data for imputation would intro-
duce additional bias in the analysis (i. e. all 100 imputed values from
each missing sample would have to be divided by a single number of
creatinine level). The comparisons were adjusted by the Tukey’s mul-
tiple comparison test. The variable age (in years) was used to classify the
data in three groups (‘young’, 18—32 years, n = 35; ‘adult’, 33-52 years,
n = 35; ‘senior’, 53—81 years, n = 36). Groups were also created
depending on the frequency (e.g., once a week) and the quantity of types
of food consumed. A chi-squared test was used to determine whether
there was a statistically significant difference between the observed
frequencies and the expected frequencies of subjects between categori-
cal variables (e. g. co-exposure status vs food consumption groups).
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3. Results

Urine samples from two subjects of the original 108 recruited par-
ticipants could not be obtained (one person could not provide enough
urine sample and the other was not available at time of collection).
Hence, only 106 urine samples were available for analysis. Study pop-
ulation statistics are presented in Table 1. Males (n = 51) and females (n
= 55) were evenly represented in this study. All were of Mexican na-
tionality with an average age of 44 years old (range: 18-81 years). Most
participants were originally from Nuevo Leon (n = 89, 84 %), the state in
which the study was conducted. Eighty-seven participants (82 %)
claimed an average monthly income of less than 10,000 pesos (= 500
dollars). Few participants were on a special diet (i.e., reduced sugar/salt,
gluten free or arthritis diet) (n = 11, 10 %). There was only one report of
a child with a birth defect, but it was unrelated to neural tube
development.

General distribution of biomarker data is presented in Fig. 1. Table 2
shows the descriptive statistics for each mycotoxin analysis independent
of exposure status. AFM; was detectable in 76 samples (72 %; n = 30
non-detectable) at an average level of 4.3 pg/mg creatinine (detectable
range: 0.3—26 pg/mg creatinine). FB; was detectable in 75 samples (71
%; n = 31 non-detectable) with an average level of 50.1 pg/mg creati-
nine (detectable range: 2.2—248.5 pg/mg creatinine). There was no
difference in urinary levels of AFM; (p = 0.09) and FB; (p = 0.90) be-
tween males and females. There was also no difference between age
groups for AFM; (p = 0.15) or FB; (p = 0.14).

Table 3 shows the descriptive statistics for samples indicating co-
exposure. More than half of samples with detectable levels of AFM; or
FB; (n = 56, 53 %) had detectable levels of both toxins. Average AFM;
levels (pg/mg creatinine) were higher when detected as a single expo-
sure compared to the urine samples containing both AFM; and FB; (p =
0.05). There were also higher levels of FB; when detected as a single

Table 1

Demographic characteristics of study participant.
Characteristic n (%)
Sex
Male 51 (48)
Female 55 (52)
Age
18-32 35(33)
35-52 35(33)
53-81 36 (34)
Nationality
Mexican 106 (100)
State
Coahuila 5(5)
Nayarit 2(2)
Nuevo Leon 89 (84)
San Luis Potosi 2(2)
Tamaulipas 6 (6)
Veracruz 1(1)
No Answer 1)
Income
< 10,000 87 (82)
10,000—20,000 14 (13)
20,000—30,000 3(3)
No Answer 2(2)
Special diet
Reduced Sugar and Salt 1(1)
Reduced Sugar 4 (4)
Reduced Salt 1)
Reduced Fat 1)
Reduced Carbohydrates 22
Arthritis Diet 1)
Gluten-Free 1)
No special Diet 95 (89)
Children with birth defects
Yes 1)
No 102 (96)
No Answer 3(3)
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Levels of urinary AFM; and FB, in study participants independent of co-exposure
status.

AFM; levels (pg/mg creatinine) FB; levels (pg/mg creatinine)

Number Positive 76 Number Positive 75

Mean + SD 4.3 +3.9 Mean + SD 50.1 £51.5
Gmean* 3.1 Gmean 28.6
Median 2.9 Median 29.4

Range 0.3-26 Range 2.2-248.5
Percentiles Percentiles

25 1.9 25 10.8

50 2.9 50 29.4

75 6.2 75 68.6

" Geometrical mean was calculated to facilitate comparisons with other
investigations.

Table 3
Levels of urinary AFM; and FB; in study participants by co-exposure status.

AFM, levels (pg/mg creatinine) FB; levels (pg/mg creatinine)

Number Positive 56 Number Positive 56

Mean =+ SD 3.7+29 Mean + SD 46.4 + 48.8
Gmean* 2.7 Gmean 25.6
Median 2.5 Median 26.6

Range 0.3-12.3 Range 2.2-194
Percentiles Percentiles

25 1.7 25 9.7

50 2.5 50 26.6

75 4.8 75 67.1

" Geometrical mean was calculated to facilitate comparisons with other
investigations.

exposure compared to samples containing both toxins (p = 0.01). Chi-
squared tests did not show any significant association in the number
of subjects between co-exposure status and dietary groups (e. g. rice
consumption).

Regarding dietary questionnaires, data revealed that 78 % (n = 83)
of the participants consumed traditional Mexican food between one to
five times a week. Maize tortillas were the most frequently consumed
with 41 % (n = 43) of the population consuming them more than twice a
day. Samples were organized into categories based on consumption of
different foods to evaluate any possible difference in urine toxins levels.

With few exceptions, the data did not suggest an association between
food category and detectable toxin levels (Table 4). For instance, more
AFM; was detected in participants consuming Traditional Mexican Food
less than once a week than in participants consuming it more than once a
week (p = 0.05). A similar observation was noted for corn in can (p =
0.03) and corn chips (p = 0.02) were participants reporting to never
consume the foods had higher toxin levels than participants consuming
more than once a week. Also, interesting differences were noted
regarding flour tortilla consumption, where participants reporting no
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Fig. 1. Boxplots illustrating AFB; (A) and FB,
(B) concentrations (pg/mg creatinine) in urine
samples for females and males for both co-
exposure and single exposure. The filled cir-
cles represent the mean and the horizontal lines
inside the boxes represent the median. Average
AFM; and FB; levels where higher in samples
with single exposure (no co-exposure)
compared to the levels in samples that had
both mycotoxins (co-exposure), but there was
no significant difference between females and
males (see main text for more details).

Male

Co-exposure BxYes No

Table 4
Summary of results of comparisons based on consumption of different foods.*.

Food Groups Results for ~ Results for
AFM; FB;
Traditional Three (A: less than once a week, n A>B(p= NS
Mexican food = 23; B: at least once a week, n = 0.08)
38; C: more than once a week, n =
45)
A>C(p=
0.05)
Corn in can Four (A: never,n = 20; B:lessthan A >D(p= NS
once a week, n = 47; C: once a 0.03)
week, n = 25; D: more than once a
week, n = 13)
Maize products Three (A: less than once a week, n NS NS
= 43; B: once a week, n = 35; C:
more than once a week, n = 27)
Corn tortilla Three (A: less than once a day,n = NS B>A(p=
23; B: once a day, n = 40; C: more 0.09)
than once a day, n = 43)
Flour tortilla Five (A: never,n=13; B:lessthan A>E(p= C>B(p=
once a week, n = 20; C: once a 0.02) 0.07)
week, n = 24; D: from 2 to 5 times a
week, n = 26; E: more than once a
day, n = 23)
Rice Four (A: less than onceaweek,n= A>B(p= NS
17, 58.8 % co-exposure; B: once a 0.02)
week, n = 20, 55 % co-exposure; C:
from 2 to 5 times per week, n = 50,
46% co-exposure; D: more than
once a day, n = 19, 57.9% co-
exposure)
A>C(p=
0.05)
A>D(p=
0.01)
Peanut butter Three (A: never, n = 60; B: less than NS NS
once per week, n = 24; C: more
than once per week, n = 19)
Nuts Four (A:never,n =14;B:lessthan A>C(p= NS
once per week, n = 33; C: once a 0.03)
week, n = 29; D: more than once
per week, n = 29)
A>D(p=
0.06)
Corn chips Four (A: never,n = 28;B:lessthan A>D(p= B>A(p=
once a week, n = 27; C: once a 0.02) 0.09)
week, n = 25; D: more than once a
week, n = 26)
C>D(p=
0.07)

The PROC GLIMMIX in SAS was used to compare AFM; and FB; levels between
dietary groups. P values come from Tukey’s multiple comparisons test. “Here we
only show the results from the comparisons that reached (p < 0.05) or were close
to reach (0.05 < p < 0.1). NS: non-significant p values to report.
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regular consumption of this food had higher levels of AFM; than par-
ticipants consuming more than once a day (p = 0.02). The case of rice
consumption also appeared to be noteworthy. People that consumed rice
less than once a week had significantly higher levels of AFM; compared
to all the other groups of participants that consumed rice more
frequently. Additional analysis showed that low consumption of rice was
associated with high consumption of other products (e.g., p < 0.05 for
rice and Mexican traditional food frequency consumption, chi-squared
test), which may explain our findings. Although marginally signifi-
cant, some differences were noted for FBy, where higher levels of this
toxin were detected in participants consuming flour tortilla once a week
than on participants consuming it less than once a week (p = 0.07). A
similar finding was noted for FB; and corn chips consumption, where
more FB; was detected in participants consuming less than once a week
compared to participants that reported to never consume corn chips (p =
0.09).

Most of the food samples (97.8 %) collected from street markets
neighboring participant homes contained AF and FB. Average concen-
trations for AF and FB were 5.3 pg/kg and 800 pg/kg, respectively. AF
values ranged from O to 41 pg/kg while for FB values fluctuated from 10
to 6000 pg/kg. The highest content of AF was found in a food sample of
tortilla collected from Santa Catarina while a sample of masa collected
in General Escobedo registered the highest content of FB.

4. Discussion

Single exposure to AF and FB is a public health concern and co-
exposure deserves even more attention. This paper is the first to inves-
tigate co-exposure to both toxins in a Mexican population that relies on
commodities vulnerable to mycotoxin contamination. Even though
levels of mycotoxins were low, a high prevalence of AFB; and FB; co-
exposure was observed. AFM; levels were detected in 72 % of our
samples with a mean concentration of 4.3 pg/mg creatinine. Similar
studies from a Hispanic population in Texas show a contrasting 12 %
presence of AFM; in urine samples with an average concentration of
223.9 pg/mg creatinine [20]. Compared to other high-risk populations
such as Ghana [31], our average levels for AF were also lower (4.3 vs 1,
800.1 pg/mg creatinine). One previous report of AF biomarkers in a
population from Monterrey showed mean levels of AF-adduct of 2.7
pmol AF/mg albumin, these values were said to be consistent with daily
dietary exposure to AFB; at concentrations between 2—14 pg [23]. From
our biomarker data, by calculating the AF urine levels in a total of 100
mL and assuming excretion percentages of AFM; from 1.2 to 2.1 % of
AFB; ingested in males and 1.3-1.7 % in females, as reported by Zhu
et al. [32], our population was likely exposed to AFB; average concen-
trations of 32 ng a day. The lowest and highest values calculated for
males were 4 ng and 146 ng, while values for females were 7 and 101 ng,
respectively. To estimate the average AFB; exposure, we only used the
samples with AFM; levels above detection limits. By doing so, the
average AFM; in males was calculated to be 524.5 pg/dL whereas 459.9
pg/dL was calculated for females. This gave us ranges from 42.6-24.1 ng
of AFB; for males and from 35.4-25.8 ng of AFB; for females, according
to the excretion % previously discussed by Zhu et al. [32]. For an
average adult (70 kg/b.w.), our calculated average daily exposure to AF
in the diet (32 ng) falls below the 1 ng/kg/b.w. This aflatoxin daily
intake has been used to estimate cancer potency per 100 000 in human
populations, resulting in central estimates of 0.01 additional cancer
cases per 100 000 for hepatitis B virus surface antigen negative (HBsAg-)
populations and 0.3 additional cancer cases per 100 000 for HBsAg +
populations [33]. Moreover, liver cancer is a chronic disease and cor-
relation with dietary AF consumption through urinary AFM; is not
entirely appropriate as this is a short-term biomarker of exposure.
Additionally, protective effects against AF toxicity have been associated
to the consumption of ingredients from plant origin such as chlor-
ophyllin, broccoli, and green tea polyphenols, as these compounds have
impacts on AF absorption or metabolism in humans [34]. All these
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ingredients are widely available in the Mexican modern diet and are
expected to ameliorate AF exposure and toxicity to some extent.

Regarding FB;, there is only one other study reporting this toxin in
urine samples from Mexico. Women from Morelos state with reported
“low” intake of tortillas (eating 1-5 tortillas in each meal), had a mean
FB; urine value of 44 pg/mg creatinine [21]. This is very similar to what
we report here for FB; in our co-exposed population (mean of 46.4
pg/mg creatinine) with most participants reporting to consume more
than 2 tortillas in each meal and to consume tortilla more than 2 times a
day. When comparing FB; levels in our study with values from a Gua-
temalan population, our toxin concentrations were lower than what was
found for that population with means of 0.04 ng/mL vs 0.9 ng/mL-
unadjusted for creatinine [22]. Based on reports that only 0.5 % of the
FB; ingested dose is eliminated through the urine [22], our population
was likely exposed to 941 ng daily, a value under the 2 pug/kg b.w./day
Provisional Tolerable Daily Intake (PTDI) reported for this mycotoxin.
Although urinary FB; is a validated biomarker of exposure commonly
used in humans, it only reveals recent fumonisin exposure with elimi-
nation time likely lasting no more than 5 days [9]. This is further sup-
ported by Collins et al. [35] that mentioned the fast elimination of FBy,
along with low bioavailability and interindividual variations as the main
limitations when trying to relate levels of urinary FB; to an individual’s
dietary intake. Hence our population may have been exposed to the
levels calculated only for a short amount of time and that exposure was
likely modulated by other factors.

The role of food preparation techniques such as nixtamalization may
offer a possible explanation to the reduced mycotoxin exposure in the
Mexican population. As a public health intervention, nixtamalization
holds sufficient evidence for implementation as a post-harvest method to
reduce both AFB; and FB; exposure [34]. Most maize products
consumed by our participants, except for fresh maize ears and canned
maize, were expected to be nixtamalized. Nixtamalization is an
alkaline-lime treatment for maize products and is widely practiced in
Latin America. In this treatment, maize is boiled in a calcium hydroxide
water solution and left there to soften the grain and facilitate removal of
pericarp, then maize is removed from the alkali solution, rinsed, and
processed to make masa (maize dough), dry flour, tortillas, and other
foods [16]. The hydrolytic opening of the AFB; lactone ring is the reason
behind reduction in toxicity achieved in the nixtamalization process [36,
371, this structural change increases its solubility and allows toxin
extraction into the cooking-liquid, which is typically poured off. Evi-
dence of lower AF toxicity achieved through nixtamalization has been
reported in poultry and rodents. For example, eight-year-old chickens
fed contaminated nixtamalized masa (AFB; = 260 pg) for five days
showed not important differences from the control animals (non--
contaminated diet), while chickens receiving contaminated
non-nixtamalized masa died after five days [38]. Additionally, juvenile
Wistar rats (22-day old) fed with tortillas prepared from
nixtamalized-contaminated-maize exhibited decreased weight gain and
food consumption compared to control animals that died within two
weeks [39]. Nonetheless, there is evidence that the open lactone struc-
ture can revert to the original configuration under low pH conditions,
such as the ones found in the stomach [40]. Nixtamalization has also
been shown to reduce FB concentrations in maize-based foods [41] and
to reduce toxicity in animal models [42-44]. However, variations in
nixtamalization methods can account for variations in FB reduction
during the process, for instance initial concentrations of FB in maize,
amount of calcium hydroxide as well as interactions of FB; with reduced
sugars may all influence the amount of FB; bioavailable through nix-
tamalized maize products [45].

Co-exposure status can be another possible explanation to our ob-
servations regarding low levels of mycotoxins detected in urine. Previ-
ous work in rats demonstrated a statistically significant reduction of
AFM; urinary output in animals dosed with both AFB; and FB;
compared to AFB; only control [46]. Urinary FB; was also lowered when
animals were dosed with both toxins. Possible antagonism during gut
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adsorption along with a modulatory effect of FB on AF metabolism have
been proposed as explanations for reduced excretion levels of both
mycotoxins in co-exposure situations [46]. It is also known that myco-
toxins have effects on Na™ co-transport of sugars and amino acid carrier
systems and these effects could also be responsible for its own reduced
absorption in the gastrointestinal tract [47].

The ratio of AFM; and FB; levels quantified in our population (1:11)
was comparable to previous reports supporting a higher frequency of FB
exposure in adults for which ratios of AF:FB ranged from 1:12.6 to 1:15
[48,49]. A similar trend has been reported for children, although at
higher ratios of AF:FB such as 1:66 [50]. This can be directly related to
the higher allowance limits for FB in foods (800—4000 pg/kg) as
opposed to AF (4—20 pg/kg) ([51,52]; [53]). Greater FB presence in
foods could also reflect competition between the mycotoxigenic fungi
during growth and harvest of the contaminated commodity. Marin et al.
[54] reported that some Fusarium species can reduce the presence of
Aspergillus species, particularly at 15 °C. A clear overlap of niches be-
tween the fungi may exists, although the mechanism of how this overlap
affects mycotoxin production is unknown.

Regarding possible associations between consumption of maize
products and toxin levels in urine, we directed our questionnaire to focus
mainly on maize due to its high consumption status in the Mexican
population. However, several samples showed non-detectable levels of
toxins and had to be treated as missing values. A common practice in the
analysis of non-detectable data is to substitute the missing values with a
constant value, such as the half the LOD, the LOD divided by the square
root of 2, or zeros. Another alternative involves the use of multiple
imputations, which has shown more advantages over other methods that
deal with non-detectable data [55]. In this study, the use of this method
revealed some differences in urine toxin levels between subjects with
different consumption behaviors. Other studies have also shown asso-
ciations between food consumption and toxin levels in urine [21,22] by
using chi-square tests. Differences among our current study can be
related to differences in handling non-detectable data and the number of
categories used in chi-square analyses. Our dietary questionnaire also
included a few queries related to rice consumption for comparisons with
previous investigations [20]. Rice is a cereal for which aflatoxin
contamination is gaining attention as there are reports showing
contamination at levels ranging from 0.1-32.9 pg/kg in samples from
markets, supermarkets, and mills [56-59]. Presence of FB in rice has also
been demonstrated at concentrations of 4.3 pg/g of FB; in whole rice
kernels [60]. Although rice cannot be ruled out as a source of exposure
to both mycotoxins, our data does not support rice consumption as an
important factor modulating urinary levels of AF or FB in our popula-
tion. In the current study, it is not clear why in several cases, a reported
“never” consumption of a particular food was associated with higher
urine toxin values and not with other consumption frequencies. We
believe the dietary questionnaire had inherent limitations including the
accuracy of responses given by participants.

Results of toxins in food samples showed a 5.3 pg/kg average con-
centration for AF and a higher average concentration for FB (800 pg/kg).
In Mexico, the maximum allowed content for AF in foods is 12 pg/kg and
no regulations exist for FB. Our average AF level was found below what
was detected in a study measuring AF in tortillas sold in Mexico City
which reported an average of 20.3 pug/kg (3—385 pg/kg range) [61]. Our
study is the first one to measure AF or FB in foods from Mexican street
markets, nonetheless when comparing to a study from the state of
Veracruz where AF and FB were measured in tortilla samples collected
over 3 years, our AF and FB average concentrations were higher. Results
from that study revealed average AF and FB concentrations of 1.3 pg/kg
and 106.7 pg/kg, respectively [62]. In our study, the content of AF and
FB in the foods cannot be related with the biomarker data from our
population, as sampling periods between biomarker data and food
samples from street markets occurred in different months (from 2 to 5
months apart). Nonetheless, toxin determinations in foods demonstrated
the common occurrence of AF and FB and reveal the latent risk of
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Co-exposure.
5. Conclusion

This work is the first report of co-exposure to AF and FB in a Mexican
population. Compared to other populations with similar dietary pat-
terns, the exposure to both toxins occur at low concentrations but with
high frequency. Implications of co-exposure for human health could be
numerous, but one aspect of concern is the potential of FB; to modulate
AFB; hepatocarcinogenicity by altering mediators of cell death and
survival through the inhibition of ceramide synthase. The administered
questionnaire showed limitations to capture relationship between spe-
cific foods and exposure. However, maize products sold in street markets
were found to be contaminated with both mycotoxins and need to be
considered a potential source of exposure.

Author statement

Sarah E. Elmore: Biomarker analyses, data analysis & writing.

Ramon S. Trevino-Espinosa: Recruitment of participants, food sam-
pling, food analysis & data capture.

Jose F. Garcia-Mazcorro: Statistical analyses & writing.

Patricia Gonzalez-Barranco: Recruitment of participants.

Rosa M. Sanchez-Casas: Recruitment of participants.

Timothy D. Phillips: Conceptualization, graduate student advisor,
supervision, research sponsor, revision & editing.

Alicia G. Marroquin-Cardona: Conceptualization, supervision,
research sponsor, recruitment of participants, writing, revision &
editing.

Funding

This work was supported by the Texas A&M University—CONACYT
Research Grant Program [Grant number 2014-035].

Declaration of Competing Interest
The authors report no declarations of interest.
Acknowledgments

We thank study volunteers for their time and participation providing
urine samples.

References
[1] International Agency for Research on Cancer, IARC Monographs on the Evaluation
of Carcinogenic Risks to Humans, World Health Organization. (Lyon), Lyon, 1972.
https://www.ncbi.nlm.nih.gov/books/NBK326619/.
Y.Y. Gong, A. Hounsa, S. Egal, P.C. Turner, A.E. Sutcliffe, A.J. Hall, K. Cardwell, C.
P. Wild, Postweaning exposure to aflatoxin results in impaired child growth: a
longitudinal study in Benin, West Africa, Environ. Health Perspect. 112 (13) (2004)
1334-1338, https://doi.org/10.1289/ehp.6954.
P.C. Turner, S.E. Moore, A.J. Hall, A.M. Prentice, C.P. Wild, Modification of
immune function through exposure to dietary aflatoxin in Gambian children,
Environ. Health Perspect. 111 (2) (2003) 217-220, https://doi.org/10.1289/
ehp.5753.
Y.Y. Gong, S. Wilson, J.K. Mwatha, M.N. Routledge, J.M. Castelino, B. Zhao,
G. Kimani, H.C. Kariuki, B.J. Vennervald, D.W. Dunne, C.P. Wild, Aflatoxin
exposure may contribute to chronic hepatomegaly in Kenyan school children,
Environ. Health Perspect. 120 (6) (2012) 893-896, https://doi.org/10.1289/
ehp.1104357.
C. Probst, H. Njapau, P.J. Cotty, Outbreak of an acute aflatoxicosis in Kenya in
2004: identification of the causal agent, Appl. Environ. Microbiol. 73 (8) (2007)
2762-2764, https://doi.org/10.1128/AEM.02370-06.
Y. Ueno, K. lijima, S.D. Wang, Y. Sugiura, M. Sekijima, T. Tanaka, C. Chen, S.Z. Yu,
Fumonisins as a possible contributory risk factor for primary liver cancer: a 3-year
study of corn harvested in Haimen, China, by HPLC and ELISA, Food Chem.
Toxicol. 35 (12) (1997) 1143-1150, https://doi.org/10.1016/50278-6915(97)
00113-0.
S.A. Missmer, L. Suarez, M. Felkner, E. Wang, A.H. Merrill Jr., K.J. Rothman, K.
A. Hendricks, Exposure to fumonisins and the occurrence of neural tube defects

[2]

[3]

[4]

[5]

(6]

[71


https://www.ncbi.nlm.nih.gov/books/NBK326619/
https://doi.org/10.1289/ehp.6954
https://doi.org/10.1289/ehp.5753
https://doi.org/10.1289/ehp.5753
https://doi.org/10.1289/ehp.1104357
https://doi.org/10.1289/ehp.1104357
https://doi.org/10.1128/AEM.02370-06
https://doi.org/10.1016/S0278-6915(97)00113-0
https://doi.org/10.1016/S0278-6915(97)00113-0

S.E. Elmore et al.

[8]

[9

—_

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

along the Texas-Mexico border, Environ. Health Perspect. 114 (2) (2006) 237-241,
https://doi.org/10.1289/ehp.8221.

R.T. Riley, O. Torres, J. Matute, S.G. Gregory, A.E. Ashley-Koch, J.L. Showker,

T. Mitchell, K.A. Voss, J.R. Maddox, J.B. Gelineau-van Waes, Evidence for
fumonisin inhibition of ceramide synthase in humans consuming maize-based
foods and living in high exposure communities in Guatemala, Mol. Nutr. Food Res.
59 (2015) 2209-2224.

R.T. Riley, S.G. Edwards, K. Aidoo, J. Alexander, M. Bolger, P.E. Boon, P.E. Cressey,
D.R. Doerge, L. Edler, J.D. Miller, Y. Zhang, Fumonisins. Safety evaluation of
certain contaminants in food, Prepared by the Eighty-Third Meeting of the Joint
FAO/WHO Expert Committee on Food Additives (JECFA). WHO Food Additives
Series, 74 (2018) 417-556. https://apps.who.int/iris/handle/10665/276868.

S. Abbes, J.B. Salah-Abbes, R. Jebali, R.B. Younes, R. Oueslati, Interaction of
aflatoxin B; and FB; in mice causes immunotoxicity and oxidative stress: possible
protective role using lactic acid bacteria, J. Immunotoxicol. 13 (1) (2016) 46-54,
https://doi.org/10.3109/1547691X.2014.997905.

R.T. Riley, T. Hambridge, J. Alexander, P.E. Boon, D.R. Doerge, S. Edwards, J.
D. Miller, G.S. Shephard, Y. Zhang, Co-exposure of fumonisins with aflatoxins.
Safety evaluation of certain contaminants in food, Prepared by the Eighty-Third
Meeting of the Joint FAO/WHO Expert Committee on Food Additives (JECFA).
WHO Food Additives. Series, 74 (2018) 879-957. https://apps.who.int/iris/h
andle/10665/276868.

E.V. Siloto, E.F.A. Oliveira, J.R. Sartori, V.B. Fascina, B.A.B. Martins, D.R. Ledoux,
G.E. Rottinghaus, D.R.S. Sartori, Lipid metabolism of commercial layers fed diets
containing aflatoxin, fumonisin, and a binder, Poult. Sci. 92 (8) (2013) 2077-2083.
G. Qian, L. Lili, L. Shuhan, K.S. Xue, N.J. Mitchell, J. Su, W.C. Gelderblom, R.

T. Riley, T.D. Phillips, J.S. Wang, Sequential dietary exposure to aflatoxin B; and
FB; in F344 rats increases preneoplastic changes indicative of a synergistic
interaction, Food Chem. Toxicol. 95 (2016) 188-195, https://doi.org/10.1016/j.
fct.2016.07.017.

D.B. Carlson, D.E. Williams, J.M. Spitsbergen, P.F. Ross, C.W. Bacon, F.I. Meredith,
R.T. Riley, Fumonisin B; promotes aflatoxin B; and n-methyl-n’-nitro-
nitrosoguanidine-initiated liver tumors in rainbow trout, Toxicol. Appl. Pharmacol.
172 (1) (2001) 29-36, https://doi.org/10.1006/taap.2001.9129.

W. Gelderblom, W. Marasas, S. Lebepe-Mazur, S. Swanevelder, C. Vessey, P. Hall,
Interaction of fumonisin By and aflatoxin B; in a short-term carcinogenesis model
in rat liver, Toxicology 171 (2-3) (2002) 161-173, https://doi.org/10.1016/
S0300-483X(01)00573-X.

O. Torres, J. Matute, J. Gelineau-van Waes, J.R. Maddox, S.G. Gregory, A.

E. Ashley-Koch, J.L. Showker, K.A. Voss, R.T. Riley, Human health implications
from co-exposure to aflatoxins and fumonisins in maize-based foods in Latin
America: guatemala as a case study, World Mycotoxin J. 8 (2) (2015) 143-159,
https://doi.org/10.3920/WMJ2014.1736.

K.S. Xue, L. Tang, G. Sun, S. Wang, X. Hu, J.S. Wang, Mycotoxin exposure is
associated with increased risk of esophageal squamous cell carcinoma in Huaian
area, China, BMC Cancer 19 (1) (2019) 1218, https://doi.org/10.1186/512885-
019-6439-x.

C. Gruber-Dorninger, T. Jenkins, G. Schatzmayr, Global mycotoxin occurrence in
feed: a ten-year survey, Toxins 11 (7) (2019) 375, https://doi.org/10.3390/
toxins11070375.

United Nations, FAO, Statistics Division, Compare Data, Available at:, 2015
http://www.fao.org/faostat/en/#home.

N.M. Johnson, G. Qian, L. Xu, D. Tietze, A. Marroquin-Cardona, A. Robinson,

M. Rodriguez, L. Kaufman, K. Cunningham, J. Wittmer, F. Guerra, K.C. Donnelly, J.
H. Williams, J.S. Wang, T.D. Phillips, Aflatoxin and PAH exposure biomarkers in a
U.S. Population with a high incidence of hepatocellular carcinoma, Sci. Total
Environ. 408 (23) (2010) 6027-6031, https://doi.org/10.1016/j.
scitotenv.2010.09.005.

Y.Y. Gong, L. Torres-Sanchez, L. Lopez-Carrillo, J.H. Peng, A.E. Sutcliffe, K.

L. White, H.U. Humpf, P.C. Turner, C.P. Wild, Association between tortilla
consumption and human urinary fumonisin B; levels in a Mexican population,
Cancer Epidemiol. Biomark. Prev. 17 (3) (2008) 688-694, https://doi.org/
10.1158/1055-9965.EPI1-07-2534.

O. Torres, J. Matute, J. Gelineau-van Waes, J.R. Maddox, S.G. Gregory, A.

E. Ashley-Koch, J.L. Showker, N.C. Zitomer, K.A. Voss, R.T. Riley, Urinary
fumonisin B1 and estimated fumonisin intake in women from high- and low-
exposure communities in Guatemala, Mol. Nutr. Food Res. 58 (5) (2014) 973-983,
https://doi.org/10.1002/mnfr.201300481.

Y. Soini, S.C. Chia, W.P. Bennett, J.D. Groopman, J.-S. Wang, V.M. DeBenedetti,
H. Cawley, J.A. Welsh, C. Hansen, N.V. Bergasa, A.M. DiBisceglie, G.E. Trivers, C.
A. Sandoval, LE. Calderon, L.E. Munoz-Espinosa, C.C. Harris, An aflatoxin-
associated mutational hotspot at codon 249 in the p53 tumor suppressor gene
occurs in hepatocellular carcinomas from Mexico, Carcinogenesis 17 (5) (1996)
1007-1012, https://doi.org/10.1093/carcin/17.5.1007.

J.D. Groopman, A.J. Hall, H. Whittle, G.J. Hudson, G.N. Wogan, R. Montesano, C.
P. Wild, Molecular dosimetry of aflatoxin-N7-guanine in human urine obtained in
the Gambia, West Africa, Cancer Epidemiol. Biomark. Prev. 1 (3) (1992) 221-227.
https://cebp.aacrjournals.org/content/1/3/221.long.

A.B. Sarr, K. Mayura, L.F. Kubena, R.B. Harvey, T.D. Phillips, Effects of
phyllosilicate clay on the metabolic profile of aflatoxin B, in Fischer-344 rats,
Toxicol. Lett. 75 (1-3) (1995) 145-151, https://doi.org/10.1016/0378-4274(94)
03179-B.

J.S. Wang, X. Shen, X. He, Y.R. Zhu, B.C. Zhang, J.B. Wang, G.S. Qian, S.Y. Kuang,
A. Zarba, P.A. Egner, L.P. Jacobson, A. Munoz, K.J. Helzlsouer, J.D. Groopman, T.
W. Kensler, Protective alterations in phase 1 and 2 metabolism of aflatoxin B; by

1740

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Toxicology Reports 8 (2021) 1734-1741

oltipraz in residents of Qidong, People’s Republic of China, J. Natl. Cancer Inst. 91
(4) (1999) 347-354, https://doi.org/10.1093/jnci/91.4.347.

B. Warth, A. Parich, J. Atehnkeng, R. Bandyopadhyay, R. Schuhmacher, M. Sulyok,
R. Krska, Quantitation of mycotoxins in food and feed from Burkina Faso and
Mozambique using a modern LC-MS/MS multitoxin method, J. Agric. Food Chem.
60 (36) (2012) 9352-9363, https://doi.org/10.1021/jf302003n.

A. Robinson, N.M. Johnson, A. Strey, J.F. Taylor, A. Marroquin-Cardona, N.

J. Mitchell, E. Afriyie.Gyawu, N.A. Ankrah, J.H. Williams, J.S. Wang, P.E. Jolly, R.
J. Nachman, T.D. Phillips, Calcium montmorillonite clay reduces urinary
biomarkers of fumonisin By exposure in rats and humans, Food Addit. Contam. Part
A 29 (5) (2012) 809-818, https://doi.org/10.1080/19440049.2011.651628.

R.H. Lyles, D. Fan, R. Chuachoowong, Correlation coefficient estimation involving
a left censored laboratory assay variable, Stat. Med. 20 (19) (2001) 2921-2933,
https://doi.org/10.1002/5im.901.

S. Van Buuren, Multiple imputation of discrete and continuous data by fully
conditional specification, Stat. Methods Med. Res. 16 (3) (2007) 219-242, https://
doi.org/10.1177/0962280206074463.

P. Jolly, Y. Jiang, W. Ellis, R. Awuah, O. Nnedu, T. Phillips, J.S. Wang, E. Afriyie-
Gyawu, L. Tang, S. Person, J. Williams, C. Jolly, Determinants of aflatoxin levels in
Ghanaians: sociodemographic factors, knowledge of aflatoxin and food handling
and consumption practices, Int. J. Hyg. Environ. Health 209 (4) (2006) 345-358,
https://doi.org/10.1016/j.ijheh.2006.02.002.

J.Q. Zhu, L.S. Zhang, X. Hu, Y. Xiao, J.S. Chen, Y.C. Xu, J. Fremy, F.S. Chu,
Correlation of dietary aflatoxin By levels with excretion of aflatoxin M; in human
urine, Cancer Res. 47 (7) (1987) 1848-1852.

D.R. Doerge, G.S. Shephard, G.O. Adegoke, D. Benford, D. Bhatnagar, M. Bolger, P.
E. Boon, P. Cressey, S. Edwards, T. Hambridge, J.D. Miller, N.J. Mitchell,

T. Ronald, R.T. Riley, M.W. Wheeler, Aflatoxins (adendum). Safety evaluation of
certain contaminants in food, Prepared by the Eighty-Third Meeting of the Joint
FAO/WHO Expert Committee on Food Additives (JECFA). WHO Food Additives
Series, 74 (2018) 17-242. https://apps.who.int/iris/handle/10665/276868.

C.P. Wild, J.D. Miller, J.D. Groopman, Mycotoxin Control in Low-and Middle-
Income Countries, International Agency for Research on Cancer, 2015.

S.L. Collins, J.P. Walsh, J.B. Renaud, A.M. McMillan, S. Rulisa, J.D. Miller, G. Reid,
M.W. Sumarah, Improved methods for biomarker analysis of the big five
mycotoxins enables reliable exposure characterization in a population of
childbearing age women in Rwanda, Food Chem. Toxicol. 147 (2020), e33197547,
https://doi.org/10.1016/j.fct.2020.111854.

T.J. Coomes, P.C. Crowther, A.J. Feuell, B.J. Francis, Experimental detoxification
of groundnut meals containing aflatoxin, Nature 209 (5021) (1966) 406-407,
https://doi.org/10.1038,/209406a0.

L.S. Lee, E.J. Conkerton, R.L. Ory, J.W. Bennett, [14C]Aflatoxin B; as an indicator
of toxin destruction during ammoniation of contaminated peanut meal, J. Agric.
Food Chem. 27 (3) (1979) 598-602, https://doi.org/10.1021/jf60223a047.

G.L. Anguiano-Ruvalcaba, A.V. Vargas-Cortina, D. Guzman-De Pena, Inactivation
of aflatoxin By and aflatoxicol through traditional “nixtamalizacion” of corn and
their regeneration by acidification of corn dough, Salud Publica Mex. 47 (5) (2005)
369-375.

M.L. Martinez, L.G. Elias, J.F. Rodriguez, R. Jarquin, R. Bressani, Valor nutritivo
del maiz infectado con hongos en pollos y de tortilla de maiz fungoso en ratas,
Archivos Latinoamericanos de Nutricién 20 (1970) 217-240. https://www.
alanrevista.org/ediciones/1970/2/art-7/.

J.A. Mendez-Albores, G.A. Villa, J.C. Del Rio-Garcia, E.M. Martinez, Aflatoxin-
detoxification achieved with Mexican traditional nixtamalization process (MTNP)
is reversible, J. Sci. Food Agric. 84 (12) (2004) 1611-1614, https://doi.org/
10.1002/jsfa.1853.

E. Palencia, O. Torres, W. Hagler, F.I. Meredith, L.D. Williams, R. Riley, Total
fumonisins are reduced in tortillas using the traditional nixtamalization method of
Mayan communities, J. Nutr. 133 (10) (2003) 3200-3203, https://doi.org/
10.1093/jn/133.10.3200.

T.D. Burns, M.E. Snook, R.T. Riley, K.A. Voss, Fumonisin concentrations and in vivo
toxicity of nixtamalized Fusarium verticillioides culture material: evidence for
fumonisin-matrix interactions, Food Chem. Toxicol. 46 (8) (2008) 2841-2848,
https://doi.org/10.1016/j.fct.2008.05.017.

K.A. Voss, R.T. Riley, N.D. Moore, T.D. Burns, Alkaline cooking (nixtamalization)
and the reduction in the in vivo toxicity of fumonisin-contaminated corn in a rat
feeding bioassay, Food Addit. Contam. Part A 30 (8) (2013) 1415-1421, https://
doi.org/10.1080/19440049.2012.712064.

K.A. Voss, R.T. Riley, M.E. Snook, J.G. Waes, Reproductive and sphingolipid
metabolic effects of fumonisin B; and its alkaline hydrolysis product in LM/Bc
mice: hydrolyzed fumonisin B; did not cause neural tube defects, Toxicol. Sci. 112
(2) (2009) 459-467, https://doi.org/10.1093/toxsci/kfp215.

R. De La Campa, J.D. Miller, K. Hendricks, Fumonisin in tortillas produced under
small-scale facilities and the effect of traditional variations on masa production on
this toxin, J. Agric. Food Chem. 52 (14) (2004) 4432-4437, https://doi.org/
10.1021/jf035160j.

N.J. Mitchell, J. Kumi, N.M. Johnson, E. Dotse, A. Marroquin-Cardona, J.S. Wang,
P.E. Jolly, N.A. Ankrah, T.D. Phillips, Reduction in the urinary aflatoxin M;
biomarker as an early indicator of the efficacy of dietary interventions to reduce
exposure to aflatoxins, Biomarkers 18 (5) (2013) 391-398, https://doi.org/
10.3109/1354750X.2013.798031.

B. Grenier, T.J. Applegate, Modulation of intestinal functions following mycotoxin
ingestion: meta-analysis of published experiments in animals, Toxins 5 (2) (2013)
396-430, https://doi.org/10.3390/toxins5020396.

W.A. Abia, B. Warth, M. Sulyok, R. Krska, A. Tchana, P.B. Njobeh, P.C. Turner,
C. Kouanfack, M. Eyongetah, M. Dutton, P.F. Moundipa, Bio-monitoring of


https://doi.org/10.1289/ehp.8221
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0040
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0040
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0040
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0040
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0040
https://apps.who.int/iris/handle/10665/276868
https://doi.org/10.3109/1547691X.2014.997905
https://apps.who.int/iris/handle/10665/276868
https://apps.who.int/iris/handle/10665/276868
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0060
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0060
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0060
https://doi.org/10.1016/j.fct.2016.07.017
https://doi.org/10.1016/j.fct.2016.07.017
https://doi.org/10.1006/taap.2001.9129
https://doi.org/10.1016/S0300-483X(01)00573-X
https://doi.org/10.1016/S0300-483X(01)00573-X
https://doi.org/10.3920/WMJ2014.1736
https://doi.org/10.1186/s12885-019-6439-x
https://doi.org/10.1186/s12885-019-6439-x
https://doi.org/10.3390/toxins11070375
https://doi.org/10.3390/toxins11070375
http://www.fao.org/faostat/en/#home
https://doi.org/10.1016/j.scitotenv.2010.09.005
https://doi.org/10.1016/j.scitotenv.2010.09.005
https://doi.org/10.1158/1055-9965.EPI-07-2534
https://doi.org/10.1158/1055-9965.EPI-07-2534
https://doi.org/10.1002/mnfr.201300481
https://doi.org/10.1093/carcin/17.5.1007
https://cebp.aacrjournals.org/content/1/3/221.long
https://doi.org/10.1016/0378-4274(94)03179-B
https://doi.org/10.1016/0378-4274(94)03179-B
https://doi.org/10.1093/jnci/91.4.347
https://doi.org/10.1021/jf302003n
https://doi.org/10.1080/19440049.2011.651628
https://doi.org/10.1002/sim.901
https://doi.org/10.1177/0962280206074463
https://doi.org/10.1177/0962280206074463
https://doi.org/10.1016/j.ijheh.2006.02.002
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0160
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0160
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0160
https://apps.who.int/iris/handle/10665/276868
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0170
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0170
https://doi.org/10.1016/j.fct.2020.111854
https://doi.org/10.1038/209406a0
https://doi.org/10.1021/jf60223a047
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0190
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0190
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0190
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0190
https://www.alanrevista.org/ediciones/1970/2/art-7/
https://www.alanrevista.org/ediciones/1970/2/art-7/
https://doi.org/10.1002/jsfa.1853
https://doi.org/10.1002/jsfa.1853
https://doi.org/10.1093/jn/133.10.3200
https://doi.org/10.1093/jn/133.10.3200
https://doi.org/10.1016/j.fct.2008.05.017
https://doi.org/10.1080/19440049.2012.712064
https://doi.org/10.1080/19440049.2012.712064
https://doi.org/10.1093/toxsci/kfp215
https://doi.org/10.1021/jf035160j
https://doi.org/10.1021/jf035160j
https://doi.org/10.3109/1354750X.2013.798031
https://doi.org/10.3109/1354750X.2013.798031
https://doi.org/10.3390/toxins5020396

S.E. Elmore et al.

[49]

[50]

[51]

[52]

[53]

[54]

mycotoxin exposure in Cameroon using a urinary multi-biomarker approach, Food
Chem. Toxicol. 62 (2013) 927-934, https://doi.org/10.1016/j.fct.2013.10.003.
C.N. Ezekiel, B. Warth, I.M. Ogara, W.A. Abia, V.C. Ezekiel, J. Atehnkeng,

M. Sulyok, P.C. Turner, G.O. Tayo, R. Krska, R. Bandyopadhyay, Mycotoxin
exposure in rural residents in northern Nigeria: a pilot study using multi-urinary
biomarkers, Environ. Int. 66 (2014) 138-145, https://doi.org/10.1016/j.
envint.2014.02.003.

C.P. Shirima, M.E. Kimanya, M.N. Routledge, C. Srey, J.L. Kinabo, H.U. Humpf, C.
P. Wild, Y.K. Tu, Y.Y. Gong, A prospective study of growth and biomarkers of
exposure to aflatoxin and fumonisin during early childhood in Tanzania.
Environmental Health Perspectives 123(2), 173-178, Erratum in: Environ. Health
Perspect. 123 (2) (2015) 173-178, https://doi.org/10.1289/ehp.1408097.

Food and Drug Administration, Guidance for Industry: Fumonisin Levels in Human
Foods and Animal Feeds. Guidance Document, 2001. https://www.fda.gov/regu
latory-information/search-fda-guidance-documents/guidance-industry-fumonisi
n-levels-human-foods-and-animal-feeds.

Food and Drug Administration, CPG Sec. 683.100 Action Levels for Aflatoxins in
Animal Feeds. Compliance Policy Guide, 2019. https://www.fda.gov/regulatory-i
nformation/search-fda-guidance-documents/cpg-sec-683100-action-levels-aflatoxi
ns-animal-feeds.

Commission Regulation (EU), No. 165/2010. Amending regulation (EC) No. 1881/
2006. Setting maximum levels for certain contaminants in foodstuffs as regards
aflatoxins, Official Journal of the European Union (2010). http://extwprlegsl.fao.
org/docs/pdf/eur92874.pdf.

S. Marin, V. Sanchis, F. Rull, A.J. Ramos, N. Magan, Colonization of maize grain by
Fusarium moniliforme and Fusarium proliferatum in the presence of competing fungi
and their impact on fumonisin production, J. Food Prot. 61 (11) (1998)
1489-1496, https://doi.org/10.4315/0362-028X-61.11.1489.

1741

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Toxicology Reports 8 (2021) 1734-1741

C. Croghan, P.P. Egeghy, Methods of dealing with values below the limit of
detection using SAS, in: Presented at Southeastern SAS User Group, St. Petersburg,
FL, September 22-24, 2003.

S. Firdous, A. Ashfaq, S.J. Khan, N. Khan, Aflatoxins in corn and rice sold in Lahore,
Pakistan, Food Addit. Contam. Part B Surveill. 7 (2) (2014) 95-98, https://doi.org/
10.1080/19393210.2013.851123.

A. Rahmani, F. Soleimany, H. Hosseini, L. Nateghi, Survey on the occurrence of
aflatoxins in rice from different provinces of Iran, Food Addit. Contam. Part B
Surveill. 4 (3) (2011) 185-190, https://doi.org/10.1080/19393210.2011.599865.
E.V. Reiter, F. Vouk, J. Bohm, E. Razzazi-Fazeli, Aflatoxins in rice-A limited survey
of products marketed in Austria, Food Control 21 (7) (2010) 988-991, https://doi.
org/10.1016/j.foodcont.2009.12.014.

V. Siruguri, P.U. Kumar, P. Raghu, M.V. Rao, B. Sesikeran, G.S. Toteja, P. Gupta,
S. Rao, K. Satyanarayana, V.M. Katoch, T.S. Bharaj, G.S. Mangat, N. Sharma, J.
S. Sandhu, V.K. Bhargav, S. Rani, Aflatoxin contamination in stored rice variety
PAU 201 collected from Punjab, India, Indian J. Med. Res. 136 (1) (2012) 89-97.
H.K. Abbas, R.D. Cartwright, W.T. Shier, M.M. Abouzied, C.B. Bird, L.G. Rice,

P. Frank Ross, G.L. Sciumbato, F.I. Meredith, Natural occurrence of fumonisins in
rice with Fusarium sheath rot disease, Plant Dis. 82 (1) (1998) 22-25, https://doi.
org/10.1094/PDIS.1998.82.1.22.

P. Castillo-Urueta, M. Carvajal, I. Méndez, F. Meza, A. Galvez, Survey of aflatoxins
in maize tortillas from Mexico city, Food Addit. Contam. Part B Surveill. 4 (1)
(2011) 42-51, https://doi.org/10.1080,/19393210.2010.533390.

H.A. Wall-Martinez, A. Ramirez-Martinez, N. Wesolek, C. Brabet, N. Durand, G.
C. Rodriguez-Jimenes, M.A. Garcia-Alvarado, M.A. Salgado-Cervantes, V.J. Robles-
Olvera, A.C. Roudot, Risk assessment of exposure to mycotoxins (aflatoxins and
fumonisins) through corn tortilla intake in Veracruz City (Mexico), Food Addit.
Contam. Part A 36 (6) (2019) 929-939, https://doi.org/10.1080/
19440049.2019.1588997.


https://doi.org/10.1016/j.fct.2013.10.003
https://doi.org/10.1016/j.envint.2014.02.003
https://doi.org/10.1016/j.envint.2014.02.003
https://doi.org/10.1289/ehp.1408097
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-fumonisin-levels-human-foods-and-animal-feeds
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-fumonisin-levels-human-foods-and-animal-feeds
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/guidance-industry-fumonisin-levels-human-foods-and-animal-feeds
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/cpg-sec-683100-action-levels-aflatoxins-animal-feeds
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/cpg-sec-683100-action-levels-aflatoxins-animal-feeds
https://www.fda.gov/regulatory-information/search-fda-guidance-documents/cpg-sec-683100-action-levels-aflatoxins-animal-feeds
http://extwprlegs1.fao.org/docs/pdf/eur92874.pdf
http://extwprlegs1.fao.org/docs/pdf/eur92874.pdf
https://doi.org/10.4315/0362-028X-61.11.1489
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0275
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0275
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0275
https://doi.org/10.1080/19393210.2013.851123
https://doi.org/10.1080/19393210.2013.851123
https://doi.org/10.1080/19393210.2011.599865
https://doi.org/10.1016/j.foodcont.2009.12.014
https://doi.org/10.1016/j.foodcont.2009.12.014
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0295
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0295
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0295
http://refhub.elsevier.com/S2214-7500(21)00172-4/sbref0295
https://doi.org/10.1094/PDIS.1998.82.1.22
https://doi.org/10.1094/PDIS.1998.82.1.22
https://doi.org/10.1080/19393210.2010.533390
https://doi.org/10.1080/19440049.2019.1588997
https://doi.org/10.1080/19440049.2019.1588997

	Evaluation of aflatoxin and fumonisin co-exposure in urine samples from healthy volunteers in northern Mexico
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 Participants recruitment and sample collection
	2.3 Determination of aflatoxin M1 in urine
	2.4 Determination of fumonisin B1 in urine
	2.5 Mycotoxins in food samples
	2.6 Statistical analysis

	3 Results
	4 Discussion
	5 Conclusion
	Author statement
	Funding
	Declaration of Competing Interest
	Acknowledgments
	References


