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Abstract

Early life exposure to aflatoxin B1 (AFB1) and low protein diet through complementary foods during weaning is
common in parts of Africa and Asia. This study evaluated the effect of co-exposure to AFB1 and low protein diet
on the extrahepatic tissues of rats. Twenty-four three-week old weanling male albino rats were used for this study
and were randomly assigned into four groups: group 1 served as control and was fed normal protein diet (20%
protein), group 2 was fed low protein diet (5% protein), group 3 was fed normal protein diet + 40 ppb AFB1 while
group 4 received low protein diet + 40 ppb AFB1, all for eight weeks. Afterward, biomarkers of anemia (packed
cell volume (PCV), hemoglobin) and kidney function (urea, uric acid, and creatinine) were determined in the
blood while biomarkers of oxidative stress were determined in the tissues spectrophotometrically. Co-exposure to
AFBI and low protein diet significantly (p < 0.05) decreased body weight gain and PCV, increased biomarkers of
kidney functions and induced oxidative stress in the tissues studied. There was significant (p < 0.05) reduction in
glutathione concentration while TBARS was significantly increased in the tissues. Co-exposure to AFB1 and low
protein diet had additive effects on decreasing the weight gain and potentiation effect of kidney dysfunction in the
rats. The co-exposure also decreased antioxidant enzymes and increased oxidant status in the tissues. Our results
demonstrate that this co-exposure has deleterious health effects on extrahepatic tissues and should be a public

health concern especially in developing countries where AFB1 contamination is common.
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INTRODUCTION

Aflatoxins are secondary metabolites of fungi belong-
ing to the Aspergillus species including A. flavus and A.
parasiticus. They contaminate staple foods- like grains
and nuts- in the tropical and subtropical areas of Africa
and Asia during pre - and post-harvest conditions (1,2).
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They are also found in eggs, milk, and meat of animals
exposed to aflatoxin-contaminated feed, including herbal
medicine (3). The major types of naturally occurring afla-
toxins are aflatoxin B1 (AFB1), aflatoxin B2, aflatoxin
G1, and aflatoxin G2 while aflatoxin M is a metabolite of
AFBI1 found in the milk of humans and animals exposed
to aflatoxins (4). Of the major aflatoxins, AFB1 is the
most toxic and the most common. Accounting for 70% of
total aflatoxin in food, it has been designated as a class 1A
carcinogen by the International Agency for Research of
Cancer (IARC). After ingestion, AFB1 is rapidly absorbed
and metabolized in the liver by a variety of CYP,,
enzymes to a highly reactive AFB1 8, 9, epoxide (5). This
epoxide covalently binds to cellular macromolecules such
as proteins and nucleic acid leading to protein degrada-
tion and genetic damage respectively (6,7). Apart from

pISSN: 1976-8257  elSSN: 2234-2753



212 O.A. Rotimi et al.

these adverse effects, AFB1 have also been found to be
hepatotoxic, immunosuppressive (8) and cause growth fal-
tering in children due to early life exposure (9).

Early life exposures to aflatoxins occur in utero via pla-
cental transfer (10), through mothers’ breast milk (9) and
through weaning foods (11). During weaning, exposure to
aflatoxins is unusually high due to the introduction of
cereal-based complementary foods, which are highly sus-
ceptible to aflatoxin contamination (4). Studies by Gong et
al. (11,12) found that children that were wholly weaned
had 2 times higher aflatoxin levels than those still par-
tially breastfed. Infants and young children in different
parts of Africa have been found to be exposed to aflatox-
ins due to the high rate of consumption of maize-based
weaning foods (13-15). To further exacerbate the poten-
tial harm to children, these weaning foods are not only
contaminated with aflatoxins, but they are also usually
low in protein.

Low protein diet during weaning could lead to protein-
energy malnutrition, an imbalance between the supply and
requirements of protein and energy, which is a serious
health problem in parts of Africa and Asia where afla-
toxin contamination exists (4,16). This leads to a situation
of co-existence of aflatoxin poisoning and protein malnu-
trition. Protein malnutrition affects body organs (17) and
induces oxidative stress, an imbalance between the body’s
free radicals and its capability to combat these radicals
because proteins are required for the synthesis of antioxi-
dant enzymes that combat free radicals (18).

Although the liver is the target organ of AFBI, it affects
other body organs. It increases oxidative stress in rat kid-
ney thereby leading to changes in renal function and ulti-
mately causing kidney damage. It has also been shown to
increase oxidative stress and apoptosis in the spleen of
broilers (19-24). The hepatotoxicity of AFB1 has been
well documented, and we have previously reported the
effect of the co-exposure on the liver (7). However, there
is a dearth of information on the effect of co-exposure on
oxidative damage in other organs. Therefore, in this study,
we investigated if the co-exposure to AFB1 and low pro-
tein diet will increase oxidative stress in these organs. We
hypothesize that co-exposure of weanling (3-week old)
rats to AFB1 and low protein diet for eight weeks will
increase oxidative stress in the extrahepatic tissues (eryth-
rocytes, kidney, heart, brain, lungs, and spleen). We study
oxidative stress by determining levels of lipid peroxida-
tion, and enzymic and non-enzymic antioxidants in these
tissues.

MATERIALS AND METHODS

Chemicals and reagents. Aflatoxin B1 was a prod-
uct of Sigma-Aldrich (St. Louis, MO, USA) while reagent
diagnostic kits for creatinine, urea, and uric acid were

products of Cypress Diagnostics (Langdorp, Belgium). All
other chemicals and reagents used in this study were of
analytical grade.

Animals and animal feed. Twenty-four three-week-
old male weanling rats were used for this study, and they
were cared for in accordance with the Department of Bio-
chemistry, Federal University of Agriculture, Abeokuta
Animal Ethical Committee. The rats were housed in plas-
tic cages at room temperature and kept under 12 hr light
and dark cycle. They had access to feed and water ad [ibi-
tum throughout the experiment. The experimental diets
were prepared according to AIN-93G and formulated to
contain 40 ppb AFB1 as previously described by Rotimi e?
al (7).

Experimental design. The animals were grouped as
follows:

* NC: Rats fed normal protein diet (20%)

» PEM: Rats fed low protein diet (5%)

* NA: Rats fed normal protein diet (20%) and 40 ppb

AFBI

» PA: Rats fed low protein diet (5%) and 40 ppb AFB1

The animals were maintained on this feed for eight
weeks after which they were sacrificed by cardiac punc-
ture under light anesthesia. Blood was collected into hepa-
rin tubes while the organs (kidney, heart, lungs, spleen,
and brain) were excised and rinsed immediately in cold
normal saline and kept at —20°C until analysis. Packed
Cell Volume (PCV) was determined using the hematocrit
centrifuge while hemoglobin was determined according to
the Drabkin’s method as described by Sari et al (25).

Sample preparation. Plasma was obtained from
whole blood by centrifugation at 3,000 rpm for 15 min at
4°C after which the erythrocytes were washed three times
by suspension in normal saline, centrifugation at 3,000 rpm
for 10 min at 4°C and aspiration of the supernatant.

10% homogenate of a portion each organ was prepared
in ice-cold homogenization buffer (125 mM sucrose, 125
mM mannitol, ] mM EGTA and 5 mM HEPES) (pH 7.2
0.25 M) using a Teflon pestle homogenizer. The homoge-
nate was centrifuged at 3,000 rpm for 15 min at 4°C, and
the supernatant was kept at —20°C until analysis.

Biochemical analysis. The protein concentration of
erythrocytes and tissue homogenates were determined
spectrophotometrically according to the method of Lowry
et al. (26) while plasma creatinine, urea, and uric acid lev-
els were determined using Cypress kits according to the
manufacturer’s instructions.

Lipid Peroxidation was determined by measuring the
concentration of thiobarbituric acid reactive substances
(TBARS) according to the method of Buege and Aust
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(27). Glutathione concentration in the tissues was deter-
mined according to the method described by Ellman (28)
while glutathione transferase activity was determined by
measuring the formation of 1-chloro-2, 4-dinitrobenzene
and GSH conjugate at 340 nm according to the method
described by Habig er al (29). Glutathione peroxidase
activity was determined according to the method of Rotruck
et al (30). Superoxide dismutase activity was determined
according to the pyrogallol autoxidation method of Marklund
and Marklund (31) while peroxidase activity was deter-
mined according to the method of Ferusson and Chance
(32). The activities of the enzymes in each organ were
expressed per mg protein.

Statistical analysis. Data are expressed as mean =+
SEM. One-way analysis of variance (ANOVA), and Dun-
can’s multiple range test were used to determine signifi-
cant differences among the groups. A p-value < 0.05 was
considered significant.

RESULTS

The co-exposure of AFB1 and low protein significantly
decreased the weight gain of the animals when compared
with the normal control and PEM control (Table 1). The
rats fed aflatoxin alone had significantly higher weight
gain when compared with the PEM group and the PA
group. Overall, weight gain decreased with each addi-
tional exposure (NC > NA > PEM > PA).

There was an increase in plasma creatinine concentra-
tion as a result of the co-exposure of AFB1 and low pro-
tein or either exposure alone (Table 2). There was no
significant difference in uric acid and urea concentrations
between NC and PEM groups. However, AFB1 alone sig-
nificantly increased their concentrations while the co-
exposure of AFB1 and low protein led to further increase
in the concentration of plasma uric acid and urea.

Hemoglobin concentration and packed cell volume
(PCV) were significantly reduced by the co-exposure to

Table 1. Effect of co-exposure of AFB1 and low protein on
the weight gain of the animals

Initial weight (g) Final weight (g) Weight gain (g)
NC 29.17 +1.74* 164.67+3.99°  135.50 +5.06"

PEM 3033+ 145" 8433+ 6.31° 54.00 + 7.16°
NA 2833 +1.71° 125.00 + 5.82¢ 96.67 £ 6.21¢
PA 28.83 +1.58° 64.17 + 3.03¢ 3533 +3.58¢

Values are mean £ SEM (n =6). Values within the same column
with different alphabets are significantly different from each other
at p <0.05. Initial weight was taken at 3 weeks and final weight
was after 8 weeks of exposure.

NC: Rats fed normal protein diet (20%), PEM: Rats fed low pro-
tein diet (5%), NA: Rats fed normal protein diet (20%) and 40
ppb AFB1, PA: Rats fed low protein diet (5%) and 40 ppb AFB1.

Table 2. Effect of co-exposure of AFB1 and low protein on
biomarkers of kidney functions

Creatinine Uric acid Urea
NC 0.64 + 0.01° 3.82 +0.02° 12.36 + 0.07
PEM 129+0.11° 3.96+0.18 12.94 +0.19°
NA 1.16+0° 5.19+0.04° 18.14 +0.30°
PA 1.29 £ 0.02° 7.23 +0.06° 19.24 £ 0.32¢

Values are mean £ SEM (n=6). Values within the same column
with different alphabets are significantly different from each other
at p <0.05.

NC: Rats fed normal protein diet (20%), PEM: Rats fed low pro-
tein diet (5%), NA: Rats fed normal protein diet (20%) and 40
ppb AFB1, PA: Rats fed low protein diet (5%) and 40 ppb AFB1.

Table 3. Effect of co-exposure of AFB1 and low protein on
hemoglobin and PCV

Hemoglobin (mg/dL) PCV (%)
NC 14.53 + 0.96" 5333+ 1.17°
PEM 11.41+1.19° 4233+ 0.67°
NA 497+0.51° 48.83 +0.95"
PA 6.73 £ 0.35° 4433 £1.28°

Values are mean + SEM (n=6). Values within the same column
with different alphabets are significantly different from each other
at p < 0.05.

NC: Rats fed normal protein diet (20%), PEM: Rats fed low pro-
tein diet (5%), NA: Rats fed normal protein diet (20%) and 40
ppb AFB1, PA: Rats fed low protein diet (5%) and 40 ppb AFB1.

AFBI1 and low protein diet (Table 3). The PCV of PEM
and PA groups were not significantly different from each
other while the hemoglobin concentrations of NA and PA
groups were not significantly different.

Co-exposure of AFB1 and low protein decreased gluta-
thione peroxidase (GPx) in the erythrocytes, kidney, heart,
brain, and spleen while an increase was observed in the
lungs. In the erythrocytes, PEM alone decreased GPx
activity when compared with the normal control group.
The activity of GPx in the NA group was not significantly
different from the PA group in all the tissues studied (Fig. 1).

The co-exposure significantly increased TBARS in all
the tissues, compared with the normal control. The con-
centration of TBARS in the PEM group was significantly
higher in all the tissues when compared with the NC
group except for the erythrocytes and brain which was not
significantly different from the NC group. The NA group
had significantly higher TBARS levels in the erythrocytes
and kidney when compared with the PA group. In the
other tissues, the TBARS concentrations in PA and NA
groups were not significantly different from each other. In
the spleen, the concentration of TBARS in the PEM group
was significantly higher than that of the other groups (Fig. 2).

The activity of glutathione-S-transferase (GST) was sig-
nificantly decreased in all the tissues as a result of the co-
exposure. GST in the NA and PA groups was not signifi-
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Fig. 1. Effect of co-exposure of AFB1 and low protein on glutathione peroxidase activity in (A) erythrocyte, (B) kidney, (C) heart, (D)
lung, (E) brain and (F) spleen of the rats. Bars represent mean + SEM (n = 6). Bars with different alphabets are significantly different
from each other at p < 0.05. NC: Rats fed normal protein diet (20%), PEM: Rats fed low protein diet (5%), NA: Rats fed normal pro-
tein diet (20%) and 40 ppb AFB1, PA: Rats fed low protein diet (5%) and 40 ppb AFB1.
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Fig. 2. Effect of co-exposure of AFB1 and low protein on TBARS in (A) erythrocyte, (B) kidney, (C) heart, (D) lung, (E) brain and (F)
spleen of the rats. Bars represent mean = SEM (n=6). Bars with different alphabets are significantly different from each other at
p <0.05. NC: Rats fed normal protein diet (20%), PEM: Rats fed low protein diet (5%), NA: Rats fed normal protein diet (20%) and
40 ppb AFB1, PA: Rats fed low protein diet (5%) and 40 ppb AFB1.
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Fig. 3. Effect of co-exposure of AFB1 and low protein on glutathione -S- transferase activity in (A) erythrocyte, (B) kidney, (C) heart,
(D) lung, (E) brain and (F) spleen of the rats. Bars represent mean + SEM (n =6). Bars with different alphabets are significantly differ-
ent from each other at p <0.05. NC: Rats fed normal protein diet (20%), PEM: Rats fed low protein diet (5%), NA: Rats fed normal
protein diet (20%) and 40 ppb AFB1, PA: Rats fed low protein diet (5%) and 40 ppb AFB1.
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Fig. 4. Effect of co-exposure of AFB1 and low protein on superoxide dismutase activity in (A) erythrocyte, (B) kidney, (C) heart, (D)
lung, (E) brain and (F) spleen of the rats. Bars represent mean + SEM (n = 6). Bars with different alphabets are significantly different
from each other at p <0.05. NC: Rats fed normal protein diet (20%), PEM: Rats fed low protein diet (5%), NA: Rats fed normal pro-
tein diet (20%) and 40 ppb AFB1, PA: Rats fed low protein diet (5%) and 40 ppb AFB1.
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Fig. 5. Effect of co-exposure of AFB1 and low protein on peroxidase activity in (A) erythrocyte, (B) kidney, (C) heart, (D) lung, (E)
brain and (F) spleen of the rats. Bars represent mean = SEM (n = 6). Bars with different alphabets are significantly different from each
other at p <0.05. NC: Rats fed normal protein diet (20%), PEM: Rats fed low protein diet (5%), NA: Rats fed normal protein diet
(20%) and 40 ppb AFB1, PA: Rats fed low protein diet (5%) and 40 ppb AFB1.
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Fig. 6. Effect of co-exposure of AFB1 and low protein on glutathione concentrations in (A) erythrocyte, (B) kidney, (C) heart, (D)
lung, (E) brain and (F) spleen of the rats. Bars represent mean + SEM (n = 6). Bars with different alphabets are significantly different
from each other at p <0.05. NC: Rats fed normal protein diet (20%), PEM: Rats fed low protein diet (5%), NA: Rats fed normal pro-
tein diet (20%) and 40 ppb AFB1, PA: Rats fed low protein diet (5%) and 40 ppb AFB1.
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cantly different from each other in any tissue except eryth-
rocytes. GST activity in the PEM group was significantly
lower than that of the NC group in all the tissues except
the brain — which had increased activity - and the spleen —
which was not significantly different (Fig. 3).

The activity of superoxide dismutase (SOD) signifi-
cantly increased in the erythrocyte while its activity in the
other organs was decreased due to the co-exposure. PEM
alone also significantly decreased the activity of SOD in
all the tissues — except the spleen compared with the NC
group (Fig. 4).

Co-exposure of AFB1 and low protein significantly
increased peroxidase (PER) activities in the kidney, lungs,
heart, and spleen while it significantly decreased peroxi-
dase activity in the erythrocyte. No significant difference
was observed in the brain when compared to the NC group
(Fig. 5).

Glutathione (GSH) was significantly decreased and nearly
depleted in the erythrocyte and all the organs following
exposure to AFB1 and low protein in combination or sep-
arately (Fig. 6). When compared with the PEM group, the
PA group had significantly lower GSH in the erythrocytes
and brain (Fig. 6).

DISCUSSION

This study demonstrates that early-life co-exposure to
AFBI and low protein diet for 8 weeks decreased body
weight gain, affected kidney function, and induced oxida-
tive stress in extrahepatic tissues of weanling rats. TBARS
was used as an expression of lipid peroxidation while
GSH concentrations as well as enzyme activity of GPx,
GST, SOD, and PER which help to defend the tissues
against oxidative insults (33) were used as indicators of
oxidant/antioxidant status. These results complement our
previous study showing oxidative stress, apoptosis, and
genomic alterations in the liver following the same expo-
sure paradigm (7). The exposure model used here is par-
ticularly relevant as infants and young children in many
developing countries are exposed to AFB1 and a primar-
ily low-protein diet following weaning.

A crucial morphological evidence of malnutrition is
impaired physical development (17,34). In this study, while
low protein diet alone significantly reduced the weight
gain of the animals, co-exposure with AFBI led to a fur-
ther reduction in weight gain. Several studies have reported
that AFB1 caused growth impairment in children (9-12)
and other studies have shown that a low protein diet could
affect proper growth in children (17). In this study, AFB1
and low protein diet had an additive effect on reducing
weight gain over 8 weeks. The decrease in weight gain
observed in rats fed low protein diet could be as a result of
low feed intake (data not shown). This could be a result of
reduced palatability due to low protein. Previous studies

have shown that rats fed low protein diet consumed less
feed and gained less weight (35,36). AFB1 has also been
shown to reduce food intake and ultimately body weight
gain by decreasing the expression of hypothalamic neuro-
peptides, orexigenic and anorexigenic, that regulate feed
intake (24). This effect has been shown to be dose-spe-
cific (24) and may explain the reason why the feed intake
of rats fed AFB1 was not significantly different from nor-
mal rats since we used a low dose in this study. Apart
from reducing feed intake, other mechanisms by which
AFBI1 could impair growth in children have been pro-
posed, these include: 1) changes in gastrointestinal tract
thereby preventing the proper absorption and utilization of
nutrients, 2) immunosuppressive effects of AFB1 could
increase susceptibility to other infections which can cause
growth impairment, 3) AFBl-induced changes in carbo-
hydrate and lipid metabolism, and 4) downregulation of
insulin-like growth factor genes by AFB1 (9,37,38).

Plasma creatinine, uric acid, and urea which are consid-
ered biomarkers of kidney function were increased in this
study, indicating renal dysfunction. Although rats fed low
protein diet alone did not have any change in uric acid and
urea, AFBI significantly increased the concentration of
the biomarkers and co-exposure led to further increases in
the biomarkers of kidney function, suggesting potentia-
tion. This is consistent with other studies that reported that
AFBI increased the levels of these biomarkers (39,40).
The renal injury observed could be linked to increased
oxidative stress observed in the kidney. In this study, co-
exposure of AFB1 and low protein increased TBARS and
PER while GSH, GPx, SOD, and GST were decreased in
the kidney indicating a pro-oxidant environment. This
observation is also consistent with the response of the
heart to AFB1 exposure, and the cardio- and reno-toxicity
of AFB1 has been previously reported (19,20).

In this study, we observed different tissues responses to
oxidative stress resulting from co-exposure to AFB1 and
low protein diet. The different responses could be due to
differences in the structure and function of these tissues.
Precisely, we found that co-exposure to AFB1 and low
protein diet significantly increased lipid peroxidation while
GSH was depleted across all the tissues. The increase in
lipid peroxidation could be due to the ability of AFB1 to
increase oxidant levels in tissues after it is metabolized to
a highly reactive epoxide that binds to biomolecules (5).
GSH directly scavenges free radicals and/or take part in
enzymatic detoxification together with GST, which cata-
lyzes the detoxification of xenobiotics, and GPx - which
reduces hydroperoxides- hence protecting the tissues from
oxidative stress. The depletion in GSH in all the tissues
studied could be a result of the increased oxidant status
caused by AFB1 and the low protein diet. GSH is a tripep-
tide; therefore an optimal protein in the diet is necessary
for its synthesis and studies have also shown that GSH is
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depleted during protein malnutrition (18). The ability of
these tissues to maintain high levels of antioxidant enzymes
in response to pro-oxidants is important for preventing
oxidative stress; hence, the decrease in the activities of
these enzymes could have led to oxidative stress in these
tissues.

In the erythrocytes, the co-exposure significantly increased
lipid peroxidation and SOD while GSH, GPx, GST, and
PER were significantly decreased. Increased lipid peroxi-
dation in the erythrocytes leads to erythrocytic burst with a
concomitant increase in hemolysis; hence, this could
account for the low PCV and hemoglobin level observed
in this study. Previous studies have shown that AFB1
decreased the PCV and hemoglobin of rabbits (41) and
broiler chicks (42). Huang ef al. (35) found that rats fed
low protein had lower hematocrit and hemoglobin than
those fed normal protein. Unlike other tissues, erythro-
cytes lack the nucleus and depend only on mRNA rem-
nant from premature erythrocytes to sustain themselves.
Hence, AFB1 could decrease the lifespan of the erythro-
cytes by inducing oxidative stress which could account for
the increased hemolysis and low PCV. After the erythro-
cytes have lived their lifespan, they are removed from the
blood by macrophages in the red pulp compartment of the
spleen. Apart from its role in removing old erythrocytes,
the spleen is also involved in immune function (43) and
has been found to play a role in innate and adaptive immune
response. We observed increase in oxidative stress in the
spleen of the rats, and this could impair the normal func-
tion of the spleen. AFB1 has been shown to increase oxi-
dative stress and apoptosis (23), cause ultrastructural changes
in the spleen of broilers (44) and modulate the spleen tran-
scriptome in turkey (45). Co-exposure could compromise
this effect since there is evidence that protein deprivation
could decrease splenic B and T- cells thereby increasing
susceptibility to infections (46). Although previous stud-
ies have reported compromised immune status in children
with malnutrition and those exposed to AFB1 (8,17), we
demonstrate in this study that oxidative stress-induced
impairment to the spleen could be part of the mechanism
involved in this compromised immune function.

Co-exposure to AFB1 and low protein diet significantly
increased lipid peroxidation while GSH, GPx, GST, and
SOD were significantly decreased in the brain. The brain
is a lipid-rich tissue; therefore, prone to lipid peroxidation
and AFB1 has been shown to have the ability to cross the
blood-brain barrier (47). The findings of this study are in
agreement with other studies and could explain the neuro-
toxic effects of AFB1 (21,24,47,48). In addition, low pro-
tein diet has been shown to increase oxidative stress in
different parts of the brain thereby resulting in cognitive
dysfunction (49,50).

Previous studies have demonstrated that both protein
malnutrition and AFB1 exposure independently result in

multiple organ dysfunctions. The results of this study cor-
roborate previous works and show the effect of AFB1 and/
or protein malnutrition alone on oxidative stress in multi-
ple tissues in young rats exposed at a vulnerable time
period in development — following weaning. Results also
suggest additive effects of AFB1 and protein malnutrition
on decreased weight gain and potentiation of kidney dys-
function with co-exposure. Oxidative damage was induced
by the co-exposure in all organs studied, and coupled with
previous findings in the liver (7), results demonstrate that
co-exposure to AFB1 and low protein diet should be a
public health concern especially for children in develop-
ing countries where AFB1 contamination is common.

Received February 12, 2018; Revised March 27, 2018;
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