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ABSTRACT

High-precision analytical methods to detect fu-
monisin B; (FB,) in a limited range of biological
samples have recently been reported. Here an ana-
lytical method for FB, for use in a wider range of
tissue and body fluid samples, such as the plasma,
kidney, liver, urine, and bile was developed. Pigs
were used in this investigation and administered
with FB, via osmotic pumps. Samples were extract-
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ed with a formic acid / acetonitrile / water mixture, purified on a phospholipid removal solid-phase extraction column, and
analyzed by ultra-high performance liquid chromatography-electrospray ionization/tandem mass spectrometry (UH-
PLC-ESI/MS/MS). The mean recovery of FB; in the plasma, kidney, liver, and urine ranged from 80%-115%, and the
corresponding relative standard deviation (RSD) was below 10%. The matrix effects resulted in ionization suppression in
the bile samples, but these effects were stable and constant, and could be accounted for; the mean recovery and RSD for
the bile samples was 10% and < 10%, respectively. Using this analytical method, FB; was precisely detected in pigs and its
levels decreased in the order of urine > bile > kidney = liver > plasma, which implied fast excretion. The detection and quan-
titation limits (1 and 3 ng g/, respectively) alongside the other results indicated that this method was suitable for the

analysis of FB, in various types of biological samples.
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INTRODUCTION

Fumonisin B; (FB)) is one of the major mycotoxins pro-
duced by Fusarium fungi and mainly contaminates corn and
corn-derived products (WHO, 2000). In Japan, FB,-producing
fungi and FB, have been widely detected in forage grains and
animal feeds (Uegaki et al., 2015, 2018). Among the various
fumonisins identified, FB; is the most harmful to animals
(EFSA, 2018) and it exhibits highly species-specific toxicities.
For example, FB, causes pulmonary edema in pigs, hepatic
and renal damage in poultry, and leukoencephalopathy in
horses, furthermore it also has teratogenic effects on the neu-
ral tubes of human neonates (WHO, 2000; EFSA, 2018). Con-
sequently, in Japan, the identified tolerable daily intake of FB,
by humans is 2 g kg ~! body weight (FSCJ, 2018). In 2020, the
Ministry of Agriculture, Forestry and Fisheries of Japan limit-
ed the combined content of three fumonisins (FB;+ FB,+FB,)
in livestock and poultry feed to 4 mg kg ~* (FAMIC, 2020).
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Pharmacokinetic knowledge of substances, particularly
their distributions in tissues, improves our understanding of
their toxicities to living organisms. Due to the low bioavailabil-
ity and short halflife of FB,, its concentrations are extremely
low (compared to the exposure levels) in animal tissues but
high in the liver and kidneys (Norred et al., 1993; Prelusky et
al., 1994; WHO, 2000; Dilkin et al., 2003; Meyer et al., 2003;
Fodor et al., 2006, 2008). However, the research condition—de-
pendent inconsistencies regarding the fate of FB, in animals
suggest that further considerations, especially for highly accu-
rate and precise analytical methods, are required.

The high sensitivity and selectivity of liquid chromatogra-
phy-tandem mass spectrometry (LC-MS/MS) makes it a pop-
ular choice for the accurate analysis of various substances.
However, the remaining biological matrices in the final ex-
tracts strongly influence detection sensitivity and should
therefore be removed during pretreatment (Matuszewski et
al., 2003; Van Eeckhaut et al., 2009). To date, numerous meth-
ods have been developed for FB, quantitation in animal tis-
sues, blood, and feces, including the extraction and removal of
proteins with acetonitrile / water or methanol / water mixtures,
extraction and purification by the QUEChERS method, liquid-
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liquid partitioning with hexane, and further purification on oc-
tadecylsilane, strong anion exchange, Oasis HLB and phos-
pholipid removal solid-phase extraction (PLR-SPE) columns
(Meyer et al., 2003; Riley and Voss, 2006; Fodor et al., 2008;
Gazzotti et al., 2011; Devreese et al., 2012; Flores-Flores and
Gonzalez-Penas et al., 2017; Souto et al., 2017; De Baere et al.,
2018). However, these methods have shown low and sam-
ple-type dependent irregularities in FB, recovery rates, or in
some cases, they have high accuracy but are only suitable for
specific sample types, such as plasma or urine. Therefore, they
may not be suitable for the precise understanding of the fate of
FB, in animals in exposure experiments. More importantly,
the structural features of FB, allow it to easily form coordina-
tion bonds and be converted to monomethyl and dimethyl es-
ters in methanolic solutions at room temperature (WHO,
2000).

Considering the above, we herein aimed to establish an
easy and highly accurate technique for the detection of FB; in
animal tissues and body fluids. Specifically, we developed a
procedure for the UHPLC-ESI/MS/MS-based quantitation
of FB, in exposed pig samples that were extracted with an acid-
ic acetonitrile /water mixture to remove proteins and were
then purified on a PLR-SPE column (Captiva EMR-Lipid col-
umn).

MATERIALS AND METHODS

CHEMICALS AND EQUIPMENT

The FB, standard, purchased from Fuji Film Wako Pure
Chemicals (Osaka, Japan; 50 ug mL ™, acetonitrile : water [1:1,
v/v]), was diluted with acetonitrile : ultrapure water (1:1,
v/v) to 1 or 5 ug mL™*. LC/MS-grade acetonitrile, formic acid,
and other organic solvents (Fuji Film Wako Pure Chemical,
Osaka, Japan), a Captiva EMR-Lipid (3 mL, 300 mg, Agilent,
CA, USA) cartridge column for purification, 0.20-um Millex-LG
(Merck Millipore, MA, USA) filter cartridges, polypropylene
(PP) vials (700 ul., La-Pha-Pack, Langerwehe, Germany; or
300 uL, Waters, MA, USA), and PP centrifuge tubes (15 mL or
50 mL; Fukase Kasei, Kobe, Japan) were also used. For sample
pretreatment, a CS-6KR centrifuge (Beckman Coulter, CA,
USA) and an MMS-510 shaker (EYELA, Tokyo, Japan) were
employed. The UHPLC-ESI/MS/MS system was comprised
of an ACQUITY UPLC (Waters, MA, USA) instrument and an
ACQUITY TQ detector (Waters, MA, USA).

SAMPLE COLLECTION

Samples were collected during a previous pig exposure
experiment. Briefly, three five-week-old male LW strain pigs
were exposed to an FB, solution (2 mL, 10 mg mL™'in 9:1
(v/v) distilled water : DMSO, 20 mg head "' week ') using a
surgically implanted osmotic pump (ALZET ® 2ML1) in the up-
per neck, behind the left ear (exposure group [T] animals:
T-1,T-2, and T-3). The control group (n =3) received a vehi-
cle without FB, (control group [C] animals: C-1, C-2, and
C-3). The average body weights of the T and C groups before
implanting the osmotic pumps were 11.1 kg and 10.6 kg, re-
spectively. They were fed twice a day with a commercial feed
(Itochu, Ito Feed Company, Aichi, Japan) and water was pro-
vided ad libitum. Blood samples were collected one and three
days after the onset of exposure. After seven days of adminis-
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tration, the animals were euthanized, and their organs and
body fluids were sampled and stored below -20°C. Liver and
kidney samples were homogenized before extraction. Blood
was stored as plasma. The animal exposure experiment was
conducted according to the guidelines for animal experiments
of the National Institute of Animal Health (NIAH-NARO,
Tsukuba, Japan). The protocol was approved by the Commit-
tee on the Ethics of Animal Experiments of the NIAH-NARO
(Protocol No.: 17-054).

CHEMICAL ANALYSIS

The extraction method used was a drastically modified
version of that described in previous studies (Souto et al., 2017;
De Baere et al., 2018). Briefly, plasma, kidney, liver, bile (from
gallbladder), and urine (from bladder) were thawed at 4°C,
and 1-g specimens were transferred to 50-mL PP centrifuge
tubes. The body fluid and tissue samples were supplemented
with 1 mL and 1.5 mL of ultrapure water, respectively, vortexed
for 20 s, and left to settle. Then, ice-cooled formic acid / aceto-
nitrile (1.25%, v/v, 4 mL) was added to each sample, and the
mixture was vortexed for 15 s, shaken for 15 min, and centri-
fuged at 3,750 rpm at 4°C for 10 min. The supernatant was
transferred to a clean 15-mL PP centrifuge tube, and the resi-
due was treated with above acidic acetonitrile (4 mL), suspend-
ed via 10-s ultrasonication, and then the above steps were re-
peated. The supernatant was combined with the first extract in
the same 15-mL PP centrifuge tube, and the mixture was thor-
oughly vortexed. The tube was stored below - 20°C overnight.
The mixture was then shaken for 15 min, centrifuged as de-
scribed above, and the supernatant was transferred to another
15-mL PP centrifuge tube as the final extract.

Each final extract (3 mL) was loaded on a Captiva EMR-Lip-
id cartridge and allowed to elute by gravity flow. When the lig-
uid level reached the top surface of the adsorbent, 20% ultra-
pure water / acetonitrile (v/v, 0.7 mL) was added and allowed
to elute by gravity flow. The remaining solvent in the cartridge
was eluted at a reduced pressure of 10 inHg (~34 kPa). The
combined eluates were nearly dried under a gentle N, stream
at 45°C. The residue was redissolved in 0.1% formic acid / 50%
acetonitrile / ultrapure water (v/v/v, 500 ul) via thorough
vortexing and ultrasonication. The samples were filtered be-
fore injection. FB, quantitation was performed by UPLC-ESI/
MS/MS in accordance with the conditions stated in Table 1.

QUALITY CONTROL AND QUALITY ASSUNACE

The linearity, instrumental detection limit (IDL), and in-
strumental quantitation limit (IQL) were determined basically
according to the method of Ministry of the Environment, Japan
(MoE 2016). An eight-point calibration curve (2, 4, 10, 20, 50,
100, 250, and 500 ng mL ' in 0.1% formic acid / 50% acetonitrile,
v/v) was prepared using either 1 or 5 ug mL ' FB, standard
solutions. The linearity and detection limits were determined
by analyzing 2—10 ng mL ! standards eight times and 20-500
ng mL ™' standards four times (calibration curve). In addition,
standard solutions of 20, 50, 100, and 500 ng mL " were con-
currently measured (daily validation) before and after FB,
analysis in the actual samples.

The IDL and IQL were calculated using following equa-
tions (MoE, 2016).
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Table 1 UHPLC-ESI/MS/MS CONFIGURATION AND PARAMETERS FOR FB, ANALYSIS

UHPLC: Waters ACQUITY UPLC system
Solvent A: 0.1% formic acid / ultrapure water

Solvent B: 0.1% formic acid / acetonitrile

Wash A: 0.1% formic acid / 20% acetonitrile / 80% ultrapure water
Wash B: 0.1% formic acid / (acetonitrile: isopropanol: ultrapure water=1:1:1)

Flow rate: 0.4 mL min~!

Gradient: liner gradient, solvent A: 80%—45% (5 min) —10% (7 min) —5% (7.1-9.75 min) —80% (10.5—-12 min)
Column: ACQUITY UPLC BEH C18 (1.7 um, 2.1 x 100 mm; Waters)

Column temperature: 40°C
Sample temperature: 5°C
Injection vol: 5 L.

ESI/MS/MS: Waters ACQUITY TQ detector
ITonization: ESI positive
Source temperature: 150°C
Desolvation temperature: 400°C
Cone gas flow: 50 L/h
Desolvation gas flow: 800 L/h
Capillary voltage: 3 kV
Detection: MRM

Quantification: 722.4—334.4 (Cone: 52 V, Collision: 40 eV)
Identification: 722.4—352.4 (Cone: 52V, Collision: 35 eV)

IDL=1,_1005% 04-1,1% 2
IQL=10x0,

Where 1,_1 s is the r-value (one side) with a risk factor of
5% and a degree of freedom of n-1, and o, , ; is the standard
deviation obtained when measuring eight times of the 2-ng
mL ! standard solution used to construct the calibration curve.

The method detection limit (MDL) and method quantifica-
tion limit (MQL) were calculated by multiplying IDL and IQL
by the parameters at the time of pretreatment and the instru-
mental measurements, respectively. The procedural blank was
performed without a sample.

Matrix effects (MEs) were estimated as follows. The final
extract of each control animal sample (180 xI.) was mixed with
an FB; standard solution (20 xL, 1.0 ug mL™*) and quantified
(FB, concentration of the final solution: 100 ng mL ™). Two
sample sets were prepared for each tissue and body fluid. MEs
were calculated as follows:

ME (%) = [(Am_Ab) _As] /Asx 100

where 4,, is the FB; peak area of the ME confirmation
sample, 4, is the peak area of the actual sample used for the
ME confirmation, and A4, is the peak area of the standard solu-
tion (100 ng mL™Y).

The FB, recovery test was carried out as follows. Each
control group tissue or body fluid (1 g) was placed in a 50-mL
PP centrifuge tube and spiked with the FB, standard solution
(50 uL of 1.0 ug mL ! or 100 xL of 5.0 ug mL ™) to afford con-
centrations of 50 ng g ' (low) and 500 ng g ! (high). The mix-
tures were thoroughly vortexed and allowed to stand for 2 h
before analysis. In addition, T-2 samples from the treated
group were analyzed twice for repeatability of the results in
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actual samples.

RESULTS AND DISCUSSION

METHOD DEVELOPMENT

Methanol was not used in the method developed in this
study, and as much as possible, metal and glass apparatus were
avoided during sample extractions. Lipids, phospholipids
(PLs), fatty acids, etc., have large MEs in ESI/MS/MS analy-
sis (Van Eeckhaut et al., 2009) and in some cases adsorb into
the apparatus. In fact, De Baere et al. (2018) reported that ana-
lytical problems can be attributed to the presence of high
amounts of PLs in the deproteinized sample. Consequently,
purification by Captiva EMR-Lipid column was conducted, as it
has high removal efficiency for lipids including PLs and a sta-
ble recovery rate for compounds that easily form coordinate
bonds. The Captiva EMR-Lipid column also has a maximum
efficacy at an acetonitrile : water ratio of 8:2 (v:v). Therefore,
extraction/ protein precipitation was conducted in two steps
using acetonitrile: water (2:1 v/v) and acetonitrile, and the
extract was applied directly to the column. The extract was
also acidified with formic acid as acidification optimizes the
extraction of fumonisins (Sulyok et al., 2006; Mol et al., 2008).
As mentioned above, this method is relatively easy as it does
not require the extract to be redissolved in different solvents
prior to the SPE clean-up.

QUALITY ASSURANCE AND QUALITY CONTROL
Despite the likelihood of carryover when FB, is injected
into the LC-ESI/MS/MS system at a high concentration
(Tamura et al., 2011), no carryover was observed when the
500-ng mL ™" FB, samples were analyzed (Fig. le). The rela-
tionship between the concentration of the injected standard
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Fig. 2 Calibration curves and linearity of the FB, standard (precursor ion m/z 722.4, product ion m/z 334.4)
determined for (a) the full range of examined FB, concentrations (2-500 ng mL ) and (b) FB, concentra-
tions of 2—-50 ng mL ™' [enlarged view of the square in (a)].

and the quantification ion sensitivity (peak area) exhibited
good linearity in the concentration range of 2-500 ng mL ™
(Fig. 2). The variation (relative standard deviation, RSD) at
each concentration was less than 10%, the intensity ratio of the
quantification ions to the identification ions was 1.08 + 0.0624
(RSD: 5.76%), and the retention time deviation was stable at
<0.02 min (Table 2). The daily linearity confirmation during
the actual sample analysis had an error within the acceptable
limit (<20%) set by the MoE (2016), and the ion ratios were
equal (Table 2). The retention time deviation was close to that
of the calibration curve.

The IDL and IQL are shown in Table 2. The related MDL
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and MQL were determined as 1 and 3 ng g, respectively. In
addition, during the actual sample analysis, the signal-to-noise
ratio (s/n) near the FB, peak was estimated. However, the
concentration calculated from the three times s/n was lower
than the MDL. The MQL in this method is comparable to
those reported previously (Meyer et al., 2003; Fodor et al.,
2008; Gazzotti et al., 2011; Devreese et al., 2012; De Baere et
al., 2018), and no FB,; peak was detected in the procedural
blank (Fig. 1f).

The results of the MEs, spiked recovery test, and repeat-
ability test are shown in Table 3. Of the MEs, except for the
bile samples, only a single urine sample showed some en-
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Table 2 RETENTION TIME, INTENSITY RATIO, AND VARIATION OF EACH POINT ON THE CALIBRATION CURVE AND
THEIR DAILY VALIDATIONS®

STD conc. (ng mL™) 2 4 10 20 50 100 250 500
Calibration curve
RT (min)® 2.83 2.83 2.83 2.82 2.82 2.82 2.82 2.82
Intensity ratio® 1.09+£0.0730 1.12+0.0847 1.06+0.0715 1.07+0.0532 1.06+0.0284 1.07+0.0142 1.07+0.0163 1.08+0.0137
RSD (%)° 8.12 6.49 2.43 5.34 1.23 0.404 1.57 0.903
IDL (ng mL™) 0.6
IQL (ng mL ™) 2
Daily validation of pre-sample injection
RT (min)® — — — 2.82 2.82 2.82 — 2.82
Intensity ratio® — — — 1.05 1.09 1.06 — 1.05
Variation (%) — — — -11.3 -3.15 -8.75 — -841
Variation (%)* — — — 3.92 14.2 11.6 — 7.27
Daily validation of post-sample injection
RT (min)® — — — 2.82 2.82 2.82 — 2.82
Intensity ratio® — — — 1.08 1.07 1.05 — 1.06
Variation (%) — — — -14.8 -16.0 -18.8 — -14.8

*Calibration curve and daily validation: see text. "Retention time. ‘Intensity ratio of quantifier ion to qualifier ion (average + standard
deviation). “Relative standard deviation of area of quantifier ions. ‘Intensity ratio of quantifier ion to qualifier ion. Variation (%) of
concentrations calculated from peak area of daily validation and calibration curve to setting concentration. *Variation (%) of peak
area of daily validation for pre- and post-sample injection.

Table 3 MATRIX EFFECTS, RECOVERY RATES, AND REPEATABILITY OF FB, IN POR-
CINE TISSUES AND BODY FLUIDS

e M B oy Ry
% % % %

Plasma 2.58,7.38 91&;252 898;3560 103

Kidney 10.8,11.2 84&235)'69 9332(1))'40 8.38

Liver 15.0, 19.0 875)2(3))'14 93&52’.12;09 4.88

Urine 5.84, 34.0 11(2?;‘;')16 992;2583 3.68

Bile ~90.6, - 87.3 9‘4(;2)'23 10'&;%'35 8.38

“Data indicates matrix effects of two samples. "Data indicates the average + standard deviation
(relative standard deviation) of triplicate analysis. “Variation of duplicate analytical results.

hancement of ionization, with the error otherwise not exceed- et al., 2003; Fodor et al., 2008). Although further analysis of
ing 20%. The recovery of this analytical method determined by unexamined tissues is required, our analytical method, which
the spiked recovery test equaled 84.1%-112% (RSD: <10%), showed good results for the plasma, urine, liver, and kidney, is
except for the bile samples. When conducting pharmacokinet- likely to be useful for studying the distribution of FB; in ani-
ic (distribution) studies of FB,, an accurate method is required mals.

to analyze FB; residues in various tissues and body fluids. An ionization suppression of ~90% was detected for bile
However, previous studies reported accurate analytical meth- samples, and a corresponding recovery rate of 10% was ob-
ods only for a limited number of sample types (Gazzotti et al., tained in the spike recovery test (Table 3). However, there was
2011; Devreese et al., 2012; Flores-Flores and Gonzalez-Pefias no clear correlation between recovery and spiking level, and
et al.,, 2017; Souto et al., 2017; De Baere et al., 2018). In previ- the variation (RSD) was constant at <10%. In both tests, the
ous papers, methods were introduced to analyze FB, in various retention time for the FB, during bile sample analysis was sta-
tissues and body fluids; however, the recovery rate was either ble at ~3.25 min, i.e., it shifted compared to that observed for
low overall or the accuracy was poor in specific tissues (Meyer the standard solutions and other sample types (Fig. 1). These
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results suggested that the poor recovery (~10%) of the bile
samples was caused by the ME-induced suppression of ioniza-
tion. As the quantification limit increases in conditions with
strong ionization suppression, the corresponding matrix
should be removed via a suitable pretreatment. However, as
the retention time, recovery, and degree of ion suppression
were stable, we concluded that FB, in bile could be analyzed.
with a certain accuracy Based on the above results, the FB,
concentration in the bile was calculated by multiplying the
measured value by 10 in this study, as it is a common way to
estimate concentrations at low and constant recovery.

Duplicate analysis of the T-2 samples (plasma: only day-7
after administration) indicated that these variations were small
in all sample types examined (Table 3). This indicates a high
level of repeatability in the actual sample analysis.

When actual samples were analyzed, the intensity ratio of
the quantification ion to the identification ion for plasma day-7
of T-1 (ion ratio: 1.30) exceeded that of the standard solution
(ion ratio: 1.08) by 20.8%. Except for this sample, the error was
<20% for all samples (ion ratio: 1.06+0.0727, range: 0.875—
1.20).

DISTRIBUTION OF FB; IN PIGS

After seven days of administration, the osmotic pumps
were removed and confirmed to contain no residual FB, solu-
tion. This affirmed that the total FB, exposure volume was 20
mg head ! week ~'. The FB, concentrations in the tissues and
body fluids of the exposed and control animals, showed that it
was not detected in any of the control animals (MDL: <10 for
bile samples, <1 for other samples; Table 4). In general, for all
individuals of the exposure group, the levels of FB, were the
highest in the urine at concentrations 2—20 times higher than
those in the kidneys and liver (Table 4, Fig. 1). In contrast, FB,
in the bile was detected for T-2 and T-3, and the observed
levels exceeded those in the other organs and plasma. In pre-
vious studies, Prelusky et al. (1994) reported that the FB, lev-
els in pig plasma were significantly decreased during the first
60 min after a single intravenous injection, which was ascribed
to its rapid distribution / excretion. They also noted that a sin-
gle intravenous injection of “C-FB, into a biliary cannulated
pig resulted in rapid excretion from the urine and bile, while
the bile excretion continued to be gradually eliminated for

24-36 h after administration. In addition, Souto et al. (2017)
found a significant positive correlation between the daily expo-
sure to FB, and plasma concentrations in pigs fed an FB; mixed
diet. The high concentrations in the urine and bile in this study
also suggested that FB, was excreted at a high rate.

FB, levels in the kidney and liver of group T exceeded
those in the plasma, in line with previous reports in which the
kidneys and liver were shown to be the major organs of resid-
ual FB, accumulation in pigs (Prelusky et al., 1994; Meyer et
al., 2003; Fodor et al., 2006, 2008).

The FB,; concentrations in the analyzed samples varied
greatly among the individuals. For instance, T-2 had the high-
est FB, accumulation, followed by T-1 and T-3. It was noted
that pigs might have large individual variations for the elimina-
tion of certain chemicals because of the halflives which may
reflect inherent variabilities in pig metabolism (Guruge et al.,
2016). Interestingly, individual differences in residual concen-
trations of FB, differed in the tissue and body fluids. The max-
imum and minimum concentration differences for the FB; in
the kidney (ratio: 4.0) and liver (ratio: 2.8) were smaller than
those in the plasma (ratio: 8—>15), bile (ratio: > 18), and urine
(ratio: 32). This might reflect the differences in the residual
patterns of the FB, in each tissue and body fluid. Specifically,
individual differences were low in the kidney and liver, which
are the main FB, residual organs. On the contrary, since FB;
has a short halflife in the body, the residues in the plasma,
urine, and bile may reflect individual differences in distribu-
tion and excretion rates.

In conclusion, the analytical method developed to deter-
mine FB; in biological samples is expected to improve our un-
derstanding and evaluation of the risks posed by this toxin in
animals and humans.
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Table 4 FB; CONCENTRATIONS (ng g ' wet wt) IN PORCINE TISSUES AND

BODY FLUIDS
Group Control group Exposure group
Pig ID Cc-1 C-2 C-3 T-1 T-2 T-3
1 day <" <1* <1 9.0 7.7 <1°
Plasma 3 days L 4.1 17 2
7 days LA — 4.9 15 <1?
Kidney <1* <1* <1* 14 35 8.7
Liver <1* <1* <1? 18 31 11
Urine <1t <1* <1? 380 670 21
Bile <10* <10* <10* <10 180¢ 12¢

“concentration lower than MDL. "not analyzed. ‘concentration lower than MQL.

danalytical concentrations x 10 (see text).
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