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Abstract: The objective of the present study was to evaluate sphingolipid levels
(sphingosine-So and sphinganine-Sa) and to compare the Sa/So ratio in liver, serum and
urine of Wistar rats after prolonged administration (21 days) of fumonisin B; (FB3). In
parallel, the kinetics of sphingolipid elimination in urine was studied in animals receiving
a single dose of FB;. Prolonged exposure to FB; caused an increase in Sa levels in urine,
serum and liver. The most marked effect on sphingolipid biosynthesis was observed in
animals treated with the highest dose of FB;. Animals receiving a single dose of FB;
presented variations in Sa and So levels and in the Sa/So ratio.
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1. Introduction

Fumonisins are a group of toxic metabolites produced by fungi of the genus Fusarium, especially F.
verticillioides (Syn., F. moniliforme) and F. proliferatum [1, 2]. These species have been found in
several agricultural products worldwide, especially in maize [3]. Among the fumonisins identified so
far, fumonisin B; (FB,) is considered to be the most toxic and the most abundant, representing ca. 70%
of the total concentration in naturally contaminated food and feeds, followed by fumonisins B, (FB,)
and Bz (FBs). Ingestion of FB; causes a variety of toxicosis in animals, including
leukoencephalomalacia in horses [4], porcine pulmonary edema [5], and hepatocarcinoma and liver
disease in rats [6]. Body weight and average daily weight gain have been shown to decrease in chicks
in parallel with increasing dietary FB; [7]. Hepatic and renal toxicity can be observed in several
species, including rats, broilers, turkeys and ducks [8]. Additionally, the occurrence of FB; in foods
has been statistically associated with a high incidence of human esophageal cancer [9-11]. On the basis
of existing toxicological evidence, the International Agency for Research on Cancer (IARC) has declared
that F. verticillioides toxins are potentially carcinogenic to humans (Group 2B carcinogens) [12].

Due to its analogous structure to the precursor bases of sphingolipids, FB; is able to block ceramide
synthase, an enzyme that catalyzes the acylation of sphingosines (So) within the biosynthetic pathway
of sphingolipids, causing immediate effects such as the depletion of complex sphingolipids, an
increase in free sphinganines (Sa), or reduced reacylation of So [13-18]. Inhibition of ceramide
synthase, results in an increase of cellular Sa concentration and, occasionally, a less pronounced
increase of So, with a consequent increase in the Sa to So ratio [19]. Since the accumulated Sa cannot
be completely metabolized, part of it is released into the extracellular medium, a fact that permits the
detection of this compound in urine, tissue and blood [20-22]. These changes are observed before the
occurrence of other biochemical indicators of cytotoxicity and the Sa/So ratio is thus an indicator or
functional biomarker of exposure to toxic levels of fumonisin, although it is inefficient since
fumonisins are eliminated from the organism immediately after ingestion [19, 22, 23]. Carcinogenicity
is related to the accumulation of sphingoid bases (So and Sa) that trigger unprogrammed DNA
synthesis, alterations in signaling mechanisms (cyclic AMP) and inhibition of protein kinase C, events
culminating in the interruption of the normal cell cycle [24].

According to Shephard et al. [18] the elevation of Sa or of the Sa/So ratio is a useful biomarker in
animal studies where exposures or doses are high. However, exposure in most human populations may
be too low to produce marked changes in these parameters, which are naturally present in human
physiological fluids. Solfrizzo et al. [20] concluded that, although the urine samples from areas with
high maize consumption showed mean Sa/So ratio significantly higher as compared to low or no maize
consumption areas, further studies is necessary before the Sa/Sa ratio can be considered a useful
biomarker of fumonisin exposure in human.

According Pozzi et al. [25] the kidneys were affected by the joint action of AFB; and FB; in Wistar
male rats and to some authors male rats are more susceptible than female rats to the nephrotoxic action
of FB;. They observed that renal lesions appear to be more marked lower doses of FB; in males,
whereas the study was performed in Fischer 344 rats and B6C3F mice and kidney toxicity was studied
in Sprague-Dawley rats [26-28]. The kinetics of fumonisin B; after a single oral dose of 10 mg FB1/kg
in male Wistar rats were studied by Martinez-Larranaga et al. [29] that observed almost 15 time more
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FB; in the kidney than the liver. In view of the importance of investigations about biomarkers to
fumonisin B, exposure, the objective of the present study was to evaluate the levels of sphingolipids in
urine, serum and liver of Wistar rats submitted to prolonged and single oral dose of fumonisin By,

2. Materials and methods
2.1. Mycotoxins

Purified FB; (>95%) administrated to rats was purchased from the Programme on Mycotoxins and
Experimental Carcinogenesis (PROMEC, Tygerberg, South Africa).

2.2. Animals and diet

Fifty male Wistar rats with at 45 days of age a mean weight of 150 g, obtained from the Central
Animal House of the State University of Campinas (UNICAMP), were studied. Thirty animals were
used for the evaluation of the effects of prolonged exposure and 20 for the study of the effects of a
single FB; dose. The animals were divided into five groups and housed in cages of five animals each,
with water and commercial chow being available ad libitum. In the case of animals submitted to
prolonged exposure (21 days), urine, serum and liver tissue were collected before and 21 days after
administration. In the case of animals used in the single dose assay, urine was collected at 24-hour
intervals during the 96-hour administration period. The urine collection was performed by containment
and by spontaneous urination. The diets especially prepared for rats by Nuvital Nutrients S/A were
analyzed for the presence of aflatoxinas, ochratoxins, sterigmatocystin, zearalenone [30] and
fumonisins [31]. The study was approved by the Institutional committee on the Care and Use of
Laboratory Animals of the University of Sdo Paulo.

2.3. Experimental protocol

All animals received FB; solution in sterile saline by gavage, and were sacrificed under anesthesia
with 3% sodium pentobarbital. The animals were divided into the following experimental groups:
Prolonged exposure: the animals were divided into three groups — control group I (GI - no mycotoxins
— control), group Il (GII - 5 mg FB1/kg b.w. /day), and group 111 (GIlI - 10 mg FB1/kg b.w. /day);
Single dose: the animals were divided into two groups: group | (no mycotoxins — control) and group 11
(5 mg FB; /kg b.w).

2.4. Sphingolipid analysis

The total amounts of sphingosine (So) and sphinganine (Sa) in liver, serum and urine were
determined as described by Riley et al. [32] and Castegnaro et al. [33, 34]. The extracts were
derivatized with reactive OPA and analyzed by HPLC analysis on a Supelcosil LC18 reverse-phase
column according to Shephard and Van Der Westhuizen [35] using a mobile phase of methanol and
water (9:1, v/iv) at a flow rate of 1 mL/min. Sphinganine (DL-erythrodihydrosphingosine) and
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sphingosine (D-sphingosine), used as standards, were obtained from Matreya Inc. The amounts of
sphinganine and sphingosine were calculated using the relative areas of the unknowns vs the Cy
sphinganine internal standard.

2.5. Statistical analysis

Analysis consisted of a 2 x 2 factorial scheme in a fully randomized design, with four replicates
calculated on a case by case basis. Analysis of variance (Tukey test) was performed combining the
treatments used with the liver, serum and urine samples by order.

3. Results

3.1. Prolonged effect

The prolonged administration of FB; (groups Il and I11) resulted in an increase of Sa levels in urine,
serum and liver or rats treated with the toxin compared to the control group. In addition, mean Sa
levels were higher than the observed So concentrations. The highest concentrations of Sa were
detected in serum (38.03 ng/mL), liver (27.73 ng/mL) and urine (23.54 ng/mL) of group IIl animals
administrated with the highest FB; dose (10 mg/kg). With respect to So, the highest levels were
observed in rats treated with the lower FB; dose (5 mg/kg), especially in serum (24.53 ng/mL). The
highest Sa/So ratios were observed in urine (8.03) of group 111 animals inoculated with the higher FB;
concentration (Table 1).

Table 1. Mean sphingosine (So) and sphinganine (Sa) levels and mean Sa/So ratio in urine,
liver and serum or rats submitted to prolonged exposure (21 days) to FB;.

Material Group So (hg/mL) Sa (hg/mL) Sa/So

| 13.01% (£ 4.27) 7.30° (+ 3.18) 0.56° (+ 0.19)

Urine (n=10) I 7.08° (+ 1.25) 17.95% (+ 0.57) 2.53° (+ 0.52)
I 2.93° (+ 1.25) 23.54% (+ 8.28) 8.03% (+ 1.35)

| 9.12° (+ 3.93) 3.09° (+ 3.12) 0.34° (£ 0.21)

Serum (n=10) I 24.53% (+11.49) 34.49% (+ 21.59) 1.40° (+ 0.24)
I 21.67% (+ 21.25) 38.03% (+ 26.59) 1.75% (+ 4.83)

| 9.20° (+ 3.82) 1.67° (x 0.84) 0.18°(x 0.12)

Liver (n=10) I 4.81° (+2.91) 13.85° (+ 6.73) 2.90° (+ 1.56)
11 4.79° (+ 1.82) 27.73%(+ 8.71) 5.80° (+ 2.43)

Group I: control; group I1: 5 mg FBy/kg b.w.; group I11: 10 mg FB; /kg b.w.
Means followed by the same letters in the same column, in each clinical material, did not differ significantly
by the Tukey test (p < 1%).
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3.2. Single dose

Mean urinary So concentrations were below the values observed in the first sampling (TO) in
animals receiving a single dose of FB; (5 mg/kg b.w.). In contrast, Sa levels showed a significant
increase (p<0.05) 48 hours after the administration of the toxin (13.39 ng/mL), reaching a maximum
level at 72 hours (30.46 ng/mL) (Table 2). The same was observed for the Sa/So ratio, which reached
maximum values at 72 hours (3.03) and tended to return to normal at the end of the study period
(0.68). Mean Sa/So ratio in rats receiving a single dose of FB; ranged between 0.57 to 3.03.

Sa and So concentrations remained constant (p>0.05) in the control group (G 1) throughout the
study period with Sa/So ratio ranging from 0.57 to 0.63 with value close to those observed in TO.

Table 2. Mean sphingosine (So) and sphinganine (Sa) levels and urine Sa/So ratio in
rats receiving a single dose of FB;.

Time (hours) So Sa Sa/So
0 10.52% +4.70* 6.05° +0.87 0.57°+0.24
24 3.55° +1.97 6.64° +2.87 1.9% +0.89
48 7.34° +0.70 13.39° +1.39 1.82% +0.33
72 10.03* +3.12 30.46° +9.88 3.03°+0.72
96 8.64° +4.77 5.87° +0.73 0.68° +0.83

n =10 animals.

Group I1: 5 mg FB1/kg b.w./day.

Sa and So are reported as ng/mL.

Means followed by the same letters in the same column did not differ significantly by the Tukey
test (p >0.01).

4. Discussion

Rats have been used over decades as an experimental model in mycotoxicology studies, especially
investigations on aflatoxins [24], and were also employed in the first studies on fumonisins conducted
by Gelderblom et al. [1] in South Africa. The choice of the use of male rats in the present study was
based on previous investigations demonstrating a higher sensitivity of males to the effects of
fumonisins compared to females [36]. Furthermore, Riley et al. [13] studying differences in FB;
sensitivity between sexes in Sprague-Dawley rats, observed higher Sa levels and a higher Sa/So ratio
in male rats compared to female animals. Differences in the responses to FB; between sexes of the
same animal strain have also been demonstrated by Tolleson et al. [37]. In order to characterize the
effect of natural intoxication on the synthesis of sphingolipids, we chose to administer the toxin by the
oral route over 21 days. The FB; doses were selected based on the literature in which the most notable
effects of FB; were observed in liver, bone marrow, adrenal glands and kidneys, with doses ranging
from 1 to 75 mg FB1/kg b.w./day administered for 14 days [38, 39].

The effects of FB; have been investigated since its discovery in 1988 by Gelderblom et al. [1].
Although studies in this area are still incipient, the observation of the blockade of sphingolipid
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synthesis has clarified the origin of some lesions and physiological alterations resulting from FB;
intoxication [40].

FB1, by reacting with ceramide synthase (N-acyltransferase), the key enzyme of the sphingolipid
biosynthetic pathway, triggers various signaling mechanisms for cell damage [41], causing the
accumulation of immediate ceramide precursors, mainly Sa which is no longer acylated after its
formation. The increase in the concentration of this precursor triggers a chain of events that are aimed
at eliminating this substance which has become harmful to the cells, with the production of sphingosin-
1-phosphate as the main product functioning as a secondary intracellular messenger that regulates the
mobilization of calcium and cell survival. Thus, the dynamic equilibrium between the sphingolipid
metabolites ceramide and sphingosine-1-phosphate, which regulate opposite signaling mechanisms, is
an important factor in the determination of cell survival or cell death [21]. Under normal conditions,
these degradation reactions are efficient. However, in some situations FB; blocks ceramide synthase
and metabolization of the accumulated Sa, which is continuously produced. As a compensatory
mechanism, Sa is released into the extracellular medium, which permits its detection in urine and
blood. Increased concentrations of free sphingoid bases in serum, urine, liver and kidneys have been
reported to be correlated with the severity of hepatotoxicity, nephrotoxicity or other indicators of
cytotoxicity [40, 42].

This fact was also demonstrated in the present experiment in which an increase of Sa levels was
observed in urine, serum and liver, especially in animals receiving the highest dose of the toxin (10 mg
FBi/kg b.w./day, group IlI). Although urinary Sa levels (23.54 ng/mL) were below those detected in
serum (38.03 ng/mL) and liver (27.73 ng/mL) in group Ill and the urinary Sa/So ratio was more
pronounced (8.03). According to these data is possible to observe that the kidney is a potential target
organ indicating a possible nephrotoxic effect of FB;. The accumulation of Sa and the increased
urinary Sa/So ratio closely reflected the changes that occurred in the kidney, the organ most sensitive
to fumonisin-induced sphingolipid alterations, as defined by Riley et al. [13]. In male Sprague-Dawley
rat and Fischer 344N rats, the accumulation of sphingoid bases and toxicity in kidney are much greater
than in liver, at the same dose [28].

Garren et al. [39] found no detectable alterations in the kidney Sa/So ratio in rats receiving doses of
up to 0.5 mg FB1/kg b.w., whereas doses ranging from 1.0 to 5.0 mg/kg had an effect on the kidney but
no apparent dose-response was observed (p < 0.0001), with the increase in the Sa/So ratio in the
kidneys not reflecting changes in the urinary Sa/So ratio (3.3 to 4.5).

Approximate urinary Sa/So ratios were observed in the present study when a dose of 5 mg FB1/kg
was administered (2.53), whereas the dose of 10 mg/kg caused a 3-fold increase in the Sa/So ratio
(8.03) (Table 1). Wang et al. [42] reported a significant increase of the Sa/So ratio in both kidney and
urine of rats fed approximately 0.25 to 0.5 mg FBi/kg per day, while a diet containing 5 times lower
FB; levels resulted in a 2-fold increase of the Sa/So ratio in the kidney but no increase in urine. With
respect to reversibility, the same author showed that in rats fed a dose of 10 pg FBi/g the levels of
sphingoid bases returned to normal within a period of 10 days. Similar results have been reported by
Garren et al. [39] who analyzed alterations in the Sa/So ratio in rat kidneys after the end of treatment
with FB.

An elevated Sa/So ratio has also been detected in the liver, the organ apparently most affected by
FB;1 [43]. In the present study, prolonged administration of FB; demonstrated a direct relationship
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between the doses of 5 and 10 mg/kg (groups Il and Il1) and an increase in liver Sa/So ratio, with the
higher dose causing a 2-fold increase (2.90 and 5.80, respectively), thus demonstrating the dose-
response sensitivity of this organ. The effect of FB; on the biosynthesis of sphingolipids, as
demonstrated by an increase of Sa levels and of the Sa/So ratio in urine, serum and liver, has also been
observed by other investigators studying other species such as mammals and birds [44]. Different
routes and frequencies of administration of FB; influence the dose response in different species.
Studies on rabbits have shown that the serum and urinary Sa/So ratio increased markedly compared to
the control groups after intravenous administration of 1 mg FB1/kg w.b., for 5 days [45] and by gavage
for 21 days [46]. On the other hand, the same dose administered by gavage to rats five times per week
for 5 weeks resulted in no significant increase in the serum Sa/So ratio. Furthermore, only a marginal
increase in serum Sa/So ratio was observed in rats receiving 16.8 mg FB1/kg b.w. three times per week
by gavage [32].

Our results demonstrated a 3 and 4.5 times lower serum Sa/So ratio, compared to the ratios found in
urine and liver, respectively, even when the maximum dose (10 mg FB1/kg) was administered for 21
days. Progressive increases in Sa and in the Sa/So ratio can be considered to be safe biomarkers for the
evaluation of the effects of FB1[48], even in the case of exposure to small doses. In rats, determination
of the Sa/So ratio in urine and liver was found to be more sensitive than its determination in serum,
probably due to the transitory state of the sphingoid bases in this material as a result of metabolization
and excretion in rats. In contrast, Van der Westhuizen [47] demonstrated in monkeys that the plasma
Sa/So ratio is a more sensitive biomarker of exposure to fumonisins than the urinary ratio. Urine levels
of Sa/So ratio were more useful than serum levels in this present study. In despite of high levels of So
and Sa in serum, the Sa/So levels were below in group Il and Il comparing to values of urine. In our
experiment, the standard deviation of Sa/So level in serum very large can be attributed the low
efficiency of extraction, fact indicated by Riley et al. [32], and also due to the majority of absorbed
FB, might bind to serum lipids or proteins, making undetectable as the free form [48]. The detected
values of So, Sa, Sa/So in liver and urine were similar but urinary Sa/So ratio increased markedly
compared to Sa/So in liver, as was observed in the animals that received 10 mg/kg b.w. Because of
these difficulties, urine showed to be the best material for detection Sa/So ratio in Wistar rats.

Administration of a single dose of FB; (5 mg/kg b.w.) provoked changes in urinary Sa, So and
Sa/So ratio within the first 24 hours. Maximum Sa levels (30.46 ng/mL) were observed after 72 hours,
followed by a marked decline (5.87 ng/mL) at the end of the study period (96 hours), with the levels
being below those detected at TO (6.05 ng/mL). The Sa/So ratio showed a 3-fold increase in the first 24
hours compared to baseline (from 0.57 to 1.90). After the ratio reached a maximum level at 72 hours
(3.03), a marked reduction was observed until the end of the study period (96 hours), with the ratio
tending to return to normal (0.68). In rats, many studies have showed the reversibility of damage in
liver and kidney tissue induced by fumonisin [50]. The average of So values in single dose (24, 48, 72
and 96 hours) was 7.39 ng/mL and in comparison with prolonged dose after 21 days (7.08 ng/mL) the
data showed a similar tendency in the decrease of So in urine. There are few reports that discuss the
kinetic of Sa/So ratio in rats exposed to a single dose of FB;, rendering difficult the comparative
analysis with our study. Cai et al. [49] studying time course changes in urinary Sa/So, in F344 rats
treated with single-dose FB1 (10 and 25 mg/kg), observed that urinary Sa/So began to increase at 12 h
after administration, continually increased, reached a maximum on days 5 and 7, respectively, and
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decreased thereafter. The urinary Sa/So of rats in the high-dose group was significantly higher than of
the low-dose group at days, 5,7 and 10, showing dose-dependent increases of Sa/So and this fact was
also observed in some studies [32,39], according to our results that showed similar tendency of Sa/So,
using low doses of FB; (5 mg/kg).

In the present study, urinary Sa/So also began to increase at 12 h after administration, continually
increased, reached a maximum at 72 h. The interval between the maximum peak and decline in the
Sa/So ratio was 24 hours and the return to normal within 96 h. VVan der Westhuizen et al. [47], studied
the effects of a single dose of FB; (1 and 10 mg/kg) on Sa and So levels in vervet monkeys. The
authors also observed a maximum peak in urinary Sa/So ratios at 72 hours, followed by a gradual
decrease up to 120 hours, but the initial decline occurred in 96 hours. Cai et al. [49] and Delongchamp
and Yong [51] reported that it is uncertain if the results obtained in rats can be extrapolated to larger
animals since FB; reported that the FB; are rapidly eliminated from rats and mice while elimination in
humans is believed to be slower.

Garren et al. [39] observed a rapid decrease of the Sa/So ratio in rat kidney after cessation of daily
exposure to 1 mg FB1/kg b.w. within 24 h after the end of treatment, but the Sa/So ratio only returned
to normal after a period of 1 to 3 weeks.

5. Conclusions

Comparison of prolonged (group I1) and single-dose treatment with FB; revealed a similar mean
urinary Sa/So ratio (2.53 and 3.03, respectively). This finding indicates an almost constant excretion
rate of sphingoid bases, irrespective of the duration of treatment when the same dose was administered
(5 mg FB1/kg in both cases). In addition, no marked differences in urinary So levels were observed
between group Il (prolonged treatment) and animals receiving a single dose, with So levels showing a
slight decline over time (Table 1 and 2). This finding confirms that Sa is responsible for the increase in
the Sa/So ratio as reported in the literature; however, in the present study this effect was observed both
after prolonged exposure and after administration of a single dose of FB;. Urine was found to be a
good material for the determination of the Sa/So ratio in male Wistar rats compared to liver and serum
since higher urinary levels are observed with increasing doses (group Ill, 10 mg FB1/kg). Van der
Westhuizen et al. [47] working with vervet monkeys, dosed with 10 mg FBi/kg body weight, in a
single dose, observed that the urinary Sa/So ratios showing an earlier increase than the serum, peaked
after two days (72 h) and rapidly declined thereafter to pre-dosing levels after four days. However, the
urinary ratio returned to its original level within the seven-day experimental period. Cai et al. [49]
showed that in rats F344, dosed with the same dose, a maximum of Sa/So in urine at five day (120
hours), but the authors discussed that there are limited published data on Sa/So Kkinetics in
experimental animals treated with single-dose FB; to compare with their results. Our findings are
significant, as observed in Wistar rats, which results approached to the monkeys data, receiving 5 mg
FB1/kg b.w. besides, the kinetics of Sa/So showed that adverse effects are reversible after 72 h, as was
observed in a single dose. The present work showed that male Wistar rats strains are good model to
study about biosynthetic pathway of sphingolipids, and we suggest these animals to future researches
about synergic effects of FB; alone and in combination with other mycotoxins to evaluate the
detectable threshold limit of Sa/So and the time of reversibility in urine.
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