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Exposure to aflatoxins causes liver fibrosis and hepatocellular carcinoma posing a significant health
risk for human populations and livestock. To understand the mammalian systems responses to
aflatoxin-B1 (AFB1) exposure, we analyzed the AFB1-induced metabonomic changes in multiple
biological matrices (plasma, urine, and liver) of rats using '"H NMR spectroscopy together with clinical
biochemistry and histopathologic assessments. We found that AFB1 exposure caused significant
elevation of glucose, amino acids, and choline metabolites (choline, phosphocholine, and glycero-
phosphocholine) in plasma but reduction of plasma lipids. AFB1 also induced elevation of liver lipids,
amino acids (tyrosine, histidine, phenylalanine, leucine, isoleucine, and valine), choline, and nucleic
acid metabolites (inosine, adenosine, and uridine) together with reduction of hepatic glycogen and
glucose. AFB1 further caused decreases in urinary TCA cycle intermediates (2-oxoglutarate and citrate)
and elevation of gut microbiota cometabolites (phenylacetylglycine and hippurate). These indicated
that AFB1 exposure caused hepatic steatosis accompanied with widespread metabolic changes including
lipid and cell membrane metabolisms, protein biosynthesis, glycolysis, TCA cycle, and gut microbiota
functions. This implied that AFB1 exposure probably caused oxidative-stress-mediated impairments
of mitochondria functions. These findings provide an overview of biochemical consequences of AFB1
exposure and comprehensive insights into the metabolic aspects of AFB1-induced hepatotoxicity in
rats.
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Introduction

Aflatoxins are produced by fungi, such as Aspergillus flavus
and Aspergillus parasiticus," and commonly found in food and
feedstuff? containing cereal grains, oilseeds, and peanuts in
humid environments. The exposure to aflatoxins can lead to
liver injuries, liver fibrosis, and hepatocellular carcinoma (HCC)
and hence poses a significant health risk for human popula-
tions and livestock.>* There are many natural aflatoxins such
as aflatoxin B1, B2, G1, and G2, among which aflatoxin Bl
(AFB1) is the most frequently occurring and highly toxic one.>®

Traditional biochemical studies have shown that the hepa-
totoxicity of AFB1 is related to its interactions with biomol-
ecules such as nucleic acid and proteins.”~® AFB1 is initially
oxidized by the microsomal mono-oxygenases in the liver
cytochrome P450 system,'®!'! yielding highly reactive AFB1-
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exo-8,9-epoxide as the ultimate carcinogen. AFBI-exo-8,9-
epoxide is a short-lived electrophile and can readily form an
8,9-dihydro-8-(N7-guanyl)-9-hydroxy-AFB1 (AFB1-N’-Gua) ad-
duct by binding to the guanine residues of DNA.” AFB1-exo-
8,9-epoxide can also undergo rapid nonenzymatic hydrolysis
to form AFBI1-dihydrodiol,’®> which in turn undergoes slow
base-catalyzed ring-opening to form a dialdehyde phenolate
ion. Such an ion can interact with protein amine groups to form
AFB1-protein adducts, such as aflatoxin—albumin.'®* The
formation of these DNA and protein adducts causes serious
DNA, RNA, and proteins dysfunctions.!*~16

Consequently, AFB1 exposure causes alterations in metabolic
processes, such as glycogenolysis/glycolysis'’ and phospho-
lipidation,'® and changes in amino acid transportation.** AFB1
exposure can also indirectly result in damages to the structural
integrity of cell membranes and ultimately lead to cell death.'?
Therefore, AFB1 exposure may cause changes in metabolisms
related to the cell membrane although no such reports have
been published so far. With the traditional biochemical method
focusing on a single metabolic pathway at a time,'” however,
it remains to be systematically investigated whether AFB1
exposure causes other metabolic alterations especially me-

10.1021/pr100792qg ~ © 2011 American Chemical Society



Systems Responses of Rats to Aflatoxin B1 Exposure

tabolism of lipids, choline, and nucleic acids. A holistic systems
approach is useful to answer these questions and to further
our understanding of metabolic effects of AFB1 in vivo. The
newly established metabonomic technology should be a suit-
able tool as indicated in investigations of systems metabolic
responses to many toxins and related mechanisms.?°~23

Technically, metabonomics involves an analysis of metabolic
profiles of biofluids or tissue extracts using 'H NMR spectros-
copy or mass spectrometry in conjunction with multivariate
data analysis.** NMR has been extensively used in metabo-
nomic analysis for biofluids and tissues since it is nonselective
to detectable metabolites, reproducible, rich in structural
information, and quantitative. NMR can also be used to detect
metabolic components from intact tissue, such as a biopsy of
liver or kidney, providing the molecular information associated
with pathological consequence. This is achieved by spinning
tissue samples at the “magic angle (54.7°)” (MAS) with respect
to a magnetic field so as to produce high resolution NMR
spectra from soft tissues by averaging out a range of NMR line
broadening factors, such as dipolar—dipolar interactions, chemi-
cal shift anisotropy, and magnetic field inhomogeneity. For
example, the metabolic features of human hepatocellular
carcinoma (HCC) were recently characterized employing 'H
high resolution MAS NMR spectroscopy in conjunction with
pattern recognition (PR) techniques.?® Similar approaches have
also been applied to study the organ-specific biochemical
responses to a number of toxins such as hydrazine,? acetami-
nophen,?” and perfluorododecanoic acid (PFDoA).?®

In the present study, we analyzed the AFB1-induced meta-
bonomic changes in rat urine, plasma, liver tissues and their
extracts using NMR-based metabonomic approaches coupled
with clinical chemistry information and histopathological as-
sessments of liver tissues. The objectives are to investigate the
multiple-matrix metabolic responses of rats to AFB1 exposure
and to further our understanding of the AFB1 toxicity at the
systems level.

Materials and Methods

Chemicals. Sodium chloride, K,HPO,+3H,0, and NaH,PO,*
2H,0 (all in analytical grade) were obtained from Guoyao
Chemical Co. Ltd. (Shanghai, China). Sodium 3-trimethylsilyl
[2,2,3,3-d,] propionate (TSP-d,) and D,O (99.9% in D) were
purchased from Cambridge Isotope Laboratories (Miami, FL).

Animal Experiments and Sample Collection. Animal ex-
perimental procedures were performed according to the Na-
tional Guidelines for Experimental Animal Welfare (MOST of
People’s Republic of China, 2006) and were approved by the
Local Animal Welfare Committee with permission No. SYXK
(E) 2009-0051. A total of 27 male Sprague—Dawley (SD) rats
(170—220 g, 7 weeks old) were purchased from Tongji Medical
College, Huazhong University of Science and Technology, and
housed in groups of five at a certified local animal experimental
laboratory with a 12 h light/dark cycle at constant temperature
of 23 + 1 °C. Animals were allowed to have free access to food
and water. After acclimatization for 4 weeks, rats were randomly
divided into two groups and subjected to treatments for 12
days; controls (n = 13) were fed with normal chow and the
treatment group (n = 14) with chow containing 1.6 ppm AFB1
(1.6 mg/kg food), which was purchased from Ruixin Agricultural
Science and Trade Co., Beijing, China. Daily food consumption
was monitored for rats and the average AFB1 intake was about
0.32 mg/ (kg body weight/day).
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The urine samples were collected every other day (i.e., day
1, 3,5, 7,9 and 11) over the AFBI treatment period with the
addition of 20 L sodium azide solution (0.5% w/v). At the end
of experimental period (day 12), all animals were sacrificed by
cervical dislocation under isoflurane anesthesia following 12 h
fasting. Blood samples were collected from the orbital plexus
into Eppendorf tubes containing sodium heparin to obtain
plasma samples with standard centrifugation procedures, and
were stored at —80 °C for later analysis. Serum samples were
also obtained for clinical biochemistry examination using
standard procedures. Liver was removed from each animal and
weighed; duplicate samples from the left lateral liver lobe were
excised, one of which was immediately snap-frozen in liquid
nitrogen and stored at —80 °C for later NMR analysis while the
other one was fixed in 10% formalin solution for histopatho-
logical assessments.

Histopathology and Clinical Biochemistry. The formalin-
fixed liver biopsies were embedded in paraffin wax, sectioned
(3—4 um), and stained with hematoxylin and eosin (H & E)
followed with examination under a microscope by a qualified
pathologist (as a paid service).

Clinical biochemistry analysis was done with a HITEC Integra
7080 automatic analyzer (Hitec Ltd., Hitachi, Japan) including
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), albumin (ALB), bilirubin (D-BIL), urea nitrogen (BUN),
glucose (Glo), triglycerides (TG), total cholesterol (CHOL), HDL-
C, LDL-C, and creatinine (Cr). Obtained data were analyzed
using SPSS 13.0 software with a Tukey post-test (one way-
ANOVA) to test discrimination significances between the
control and the treatment group.

Sample Preparation for NMR Spectroscopy. Plasma samples
were prepared by mixing 200 uL plasma with 400 uL saline
solution containing 10% D,0; 550 uL samples was transferred
into 5 mm NMR tubes after vortexing and centrifugation
(11 180g, 10 min, 4 °C).

A total of 550 uL urine sample was mixed with 55 uL
phosphate buffer (K,HPO,/NaH,PO,, 1.5 M, pD 7.4, 50% v/v
D,0)?® containing 0.005% TSP-d, as chemical shift reference
(0 0.00 ppm). After centrifugation at 16 099g for 10 min, the
supernatant was pipetted into 5 mm NMR tubes for NMR
analysis.

Tissue samples (10—15 mg) were rinsed with sufficient saline
in D,0 and packed into 4 mm zirconia rotors for HR MAS NMR
analysis.

Liver tissues (~60 mg) were extracted twice with 1 mL 50%
aqueous acetonitrile using a tissue-lyzer (Qiagen TissueLyser,
Retsch GmBH, Germany). After centrifugation at 11 180g for
10 min at 4 °C, the combined supernatants were lyophilized
after removing acetonitrile in vacuo. Each of the aqueous liver
extracts was separately reconstituted into 600 «L phosphate
buffer (0.1 M, K,HPO,/NaH,PO, and pD 7.4) containing 10%
D,0, 0.005% TSP-d,, and 0.2% NaNjs. Following centrifugation,
550 uL such solution of each extract was transferred into 5 mm
NMR tubes.

'"H NMR Spectroscopy. '"H NMR spectra of urine, plasma,
and aqueous liver extracts were recorded at 300 K on a Bruker
Avance III 600 MHz spectrometer (operating at 600.13 MHz
for 'H) equipped with a Bruker inverse cryogenic probe,
whereas 'H HRMAS NMR spectra of intact liver tissue were
acquired at 283 K on a Varian INOVA-600 spectrometer with a
Varian Nanoprobe and spinning rate of 2.5 kHz (due to
hardware restriction). For urine and aqueous liver extracts, a
standard water-suppressed one-dimensional NMR spectrum
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Figure 1. Hepatic histopathology. Light micrographs (x200) of (A) control, (B) AFB1 treated (0.32 mg/(kg/d)). Arrows indicate vacuolation

in the periportal hepatocytes.

was recorded using the first increment of NOESY pulse
sequence (recycle delay-90°-£-90°- £,,-90°-acquisition) with re-
cycle delay of 2 s, f; of 3 us and the mixing time, £, of 100 ms.
For plasma and liver tissues, a water-presaturated Carr—
Purcell-Meiboom—Gill (CPMG) pulse sequence (recycle delay-
90°-(z-180°-1) ,-acquisition) was employed to attenuate NMR
signals from macromolecules. The spin—spin relaxation delays
(2n7) of 96 and 100 ms were used for plasma and liver tissues,
respectively. Typically, 90° pulse was set to about 10.0 4s and
64 transients were collected into 32K data points for each
spectrum with a spectral width of 20 ppm. All free induction
decays were multiplied by an exponential function with a 1
Hz line broadening factor prior to Fourier transformation. The
spectra were referenced to TSP-d, at 60.00 when TSP-d, was
present. Otherwise, the chemical shift of anomeric proton
signal of a-glucose (6 5.233) was used as chemical shift
reference. To facilitate NMR signal assignments, a range of 2D
NMR spectra were acquired and processed as described
previously?®2°3! for selected samples including "H—'H cor-
relation spectroscopy (COSY), 'H—'H total correlation spec-
troscopy (TOCSY), 'H-13C heteronuclear single quantum cor-
relation (HSQC), and 'H—'3C heteronuclear multiple bond
correlation spectra (HMBC).

NMR Data Processing and Multivariate Data Analysis. All
the 'H NMR spectra were corrected manually for phase and
baseline distortions and spectral region ¢ 0.5—9.5 was inte-
grated into regions with equal width of 0.004 ppm (2.4 Hz)
using AMIX software package (V3.8, Bruker-Biospin, Germany).
Regions distorted by imperfect water saturation were discarded
with the regions containing urea signals. These regions are o
4.12-5.21 for plasma, 0 4.50—5.30 and 6 5.50—6.00 for urine, ¢
4.70-5.15 for intact liver tissue, and 6 4.20—5.15 for aqueous
liver extracts. Each bucketed region was then normalized to
the total sum of the spectral integrals to compensate for the
overall concentration differences prior to statistical data analysis.

Multivariate data analysis was carried out with the SIMCA-
P* software (version 11.0, Umetrics, Sweden). Principal Com-
ponent Analysis (PCA) was initially carried out on mean-
centered NMR data to generate an overview. Orthogonal
Projection to Latent Structure with Discriminant Analysis (O-
PLS-DA) was subsequently conducted using NMR data (scaled
to unit variance) as X-matrix and class information as Y-matrix.
The O-PLS-DA models were validated using a 6-fold cross-
validation method®? and further evaluated with a permutation
test (200 permutations).®® To facilitate interpretation of the
results, the loadings that indicate altered metabolites after
treatment were back-transformed and plotted with a color-
coded correlation coefficient for each data point using an in-
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house developed Matlab script (V7.1, the Math-works, MA). The
color-coded correlation coefficient indicates the significance
of the metabolite contribution to the class separation, with a
“hot” color (e.g., red) being more significant than a “cold” color
(e.g., blue). In this study, a cutoff value of It > 0.514 (r> 0.514
and r < —0.514) was chosen for correlation coefficient as
significant based on the discrimination significance (p < 0.05).

Results

Histopathology and Clinical Biochemistry. Figure 1 shows
that rats exposed to AFB1 have developed typical liver steatosis
with lipid droplets and vacuolated hepatocytes (Figure 1B) as
compared to the control rats. Clinical biochemistry results
indicated that the AFBI1-treated rats had significantly higher
serum levels of ALT, AST, D-BIL, BUN, CHOL, and Glc but
lower level of TG than controls. No significant changes were
observed in the levels of ALB, Cr, HDL-C, and LDL-C (Sup-
porting Information Table S1).

Metabolite Assignments with "H NMR Spectroscopy. Figure
2 shows some typical '"H NMR spectra for blood plasma, intact
liver tissue, and liver extracts obtained from a control rat (P,,
Ls, Ex) and an AFBI1-treated rat (Pg, Ly, Eg). The metabolite
resonances were assigned according to literature®®?* and
confirmed with a series of 2D NMR experiments with both 'H
and *C data shown in Supporting Information Table S2. Plasma
spectra (Figure 2, P, and Pp) showed signals from mainly
lipoproteins, glycoproteins, glucose, amino acids, carboxylic
acids such as lactate and D-3-hydroxybutyrate (3-HB), and
choline metabolites. 'H HRMAS NMR spectra of intact liver
tissues (Figure 2, Ly and Lg) contained peaks from glucose,
glycogen, choline, phosphocholine (PC), glycerophosphocho-
line (GPC), 3-HB, lactate, TMAO, betaine, and lipid moieties.
In the 'H NMR spectra of aqueous liver extracts (Figure 2, E,
and Ep), additional peaks were clearly observed for nucleotide
metabolites, such as inosine, adenosine, and uridine apart from
those metabolites observed in Figure 2, Ly—Lg. Visual inspection
of these spectra revealed that the AFBI treated rat had lower
hepatic glucose and glycogen levels but higher lipid levels than
control rat (Figure 2, L, and Lg). Analysis of NMR profiles for
the kidney tissues and extracts did not show significant
metabonomic changes induced by AFB1 treatment (data not
shown).

Figure 3 shows some representative 'H NMR spectra of urine
samples obtained from an AFB1 dosed rat at various time
points (predose, day 3, day 7 and day 11 postdose, respectively).
Main peaks observed were from ketone bodies (3-HB, acetoac-
etate), hippurate and various organic acids including 2-oxo-
glutarate, citrate, succinate, fumarate, lactate, and creatine.
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Figure 2. Representative 600 MHz '"H CPMG NMR spectra of rat
blood plasma (P), liver tissue (L), and liver aqueous extracts (E)
from the control group (A) and treated with AFB1 (B). The region
of 6 6.0—8.52 in the blood plasma spectra was vertically ex-
panded 8 times compared with the region of 6 0.5—5.4. The
regions of 6 9.2—5.1 and 6 3.1-0.5 in the liver aqueous extracts
spectra were vertically expanded 16 and 4 times compared with
the region of 6 0.56—4.7. Keys: 1, lipid; 2, isoleucine; 3, leucine; 4,
valine; 5, b-3-hydroxybutyrate; 6, lactate; 7, alanine; 8, acetate;
9, N-acetyl-glycoproteins; 10, O-acetyl-glycoproteins; 11, acetoac-
etate; 12, glutamate; 13, glutamine; 14, glutathione; 15, citrate;
16, dimethylglycine; 17, creatine; 18, choline; 19, phosphoryl-
choline; 20, glycerophosphocholine; 21, f-glucose; 22, a-glucose;
23, unsaturated fatty acid; 24, TMAQO; 25, tyrosine; 26, histidine;
27, phenylalanine; 28, formate; 29, betaine; 30, glycogen; 31, bile
acid; 32, lysine; 33, N-acetyl aspartate; 34, residual acetonitrile;
35, succinate; 36, taurine; 37, glycine; 38, inosine; 39, uridine;
40, fumarate; 41, nicotinurate; 42, adenosine; 56, glucose and
amino acids o-CH resonances.

From the third day after AFB1-treatment, obvious changes were
observable for the levels of a number of endogenous metabo-
lites such as hippurate, 2-oxoglutarate, and citrate. To extract
the detailed information about AFB1-induced metabolic alter-
ations, multivariate data analysis of these NMR profiles was
performed.
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Figure 3. Typical 600 MHz "H NMR spectra of urine collected from
an AFB1-treated rat at predose (Uyp), day 3 (Uj), day 7 (U), and
day 11 (Uq4). The region of 6 9.2—5.2 in the urine spectra was
vertically expanded 8 times compared with the region of o
0.5—4.5. Key: 43, butyrate; 44, acetamide; 45, 2-oxoglutarate; 46,
dimethylamine; 47, malate; 48, allantoate; 49, urea; 50, pheny-
lacetylglycine; 51, 3-hydroxy-isovalerate; 52, methylmalonate; 53,
hippurate; 54, indoleacetylglycine; 55, creatinine. The other keys
are shown in Supporting Information Table S2.

AFB1-Induced Metabonomic Changes. PCA of the normal-
ized NMR data from plasma, liver tissue, liver extraction, and
urine samples was conducted. One plasma sample from the
AFB1-treated group appeared to be an outlier (data not shown)
with a high concentration of lactate; therefore, this sample was
excluded from subsequent analysis. No outliers were observed
for liver tissue, liver extracts, and urine samples. Comparative
O-PLS-DA was conducted between the NMR data from the
AFB1-dosed and control rats at matched time points for
individual biological matrices. The values for R*> and (> were
employed as initial indicators for the model qualities indicating
goodness of fit and predictability of the models (Table 1).

AFBl-treated rats showed significant differences from con-
trols in the 'H NMR profiles of plasma, liver tissues, and liver
extracts as suggested by the cross-validated model parameters
(Table 1) and the results of permutation tests (Supporting
Information Figure Sla—c). The dominant metabolites for the
differentiation were shown in the O-PLS-DA coefficient plots
(Figure 4,P,, L,, and E,). Compared with the control rats, AFB1
treated animals have significant lower levels of lipids, 3-HB,
and citrate in plasma, and higher levels of glucose, O-acetyl
glycoproteins (OAQG), acetate, formate, tyrosine, and membrane
related metabolites (choline, PC, and GPC).

Metabolic profiles of intact liver tissues were also markedly
altered following AFB1 exposure as illustrated in the cross-
validated O-PLS-DA coefficient plot (Figure 4, L,). AFB1 expo-
sure significantly elevated the levels of lipid moieties, acetate,
choline, PC, GPC, TMAO, betaine, and 3-HB but significantly
decreased the levels of hepatic glucose and glycogen. Similar
to the metabolic profiles of intact liver tissues, significant
changes were observed in the liver extracts (Figure 4, E;). Such
changes were highlighted with elevation of choline, PC, GPC,
TMAO, betaine, 3-HB, glutathione, a range of amino acids, and
the nucleotide metabolites (e.g., inosine and uridine) and
nicotinurate; decline of glucose, glycogen, and lactate in the
liver extracts from AFBI treated rats were also observed.

The same O-PLS-DA strategy was further applied to the
urinary metabolic profiles of the controls and ABF1-treated rats
over 6 matched time points (day 1, 3, 5, 7, 9, and 11 postdose,
respectively). All models were rigorously evaluated with per-
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Table 1. Significantly Changed Metabolites in the Plasma,
Intact Liver Tissue and Aqueous Extract of Liver from Rats
Exposed to AFB1¢

Aflatoxin B1 exposure (0.32 mg/(kg/day); correlation coefficient, Ir >
0.514, p < 0.05)

blood plasma liver tissue aqueous liver extract

(R?X = 0.39; (R®X = 0.38; (R?X = 0.78;
key  metabolites @ =0.62) @ = 0.56) @ =0.772)
1 Lipid —0.58 +0.78
2 Isoleucine - - +0.81
3 Leucine — — +0.82
4 Valine - - +0.82
5 3-HB —0.53 +0.71 +0.76
6 Lactate +0.35 — —0.56
7  Alanine - - +0.52
8 Acetate +0.56 +0.63 +0.81
10 OAG +0.62
12 Glutamate - +0.88
13 Glutamine - +0.87
14 Glutathione +0.87
15 Citrate —0.52
18 Choline +0.52 +0.83 +0.89
19 PC +0.52 +0.76 +0.90
20 GPC +0.53 +0.75 +0.88
21 pB-Glucose +0.54 —0.89 —0.90
22  a-Glucose +0.54 -0.81
24 TMAO +0.54 +0.60
25 Tyrosine +0.55 +0.75
26 Histidine +0.73
27 Phenylalanine +0.78
28 Formate +0.52 +0.76
29 Betaine +0.54 +0.61
30 Glycogen —0.53
32 Lysine +0.72
37 Glycine +0.76
38 Inosine +0.81
39 Uridine +0.81
41 Nicotinurate +0.83
42 Adenosine +0.73

“Numbers correspond to the metabolite peak positions on NMR
spectra in Figure 2 or Table S2; the correlation coefficients shown are
based on O-PLS-DA analysis of a two-class model (control and AFB1
exposure group), positive and negative value indicate an increase and
decrease of metabolite in the AFB1 exposure group relative to control
rats. Abbreviations: OAG, O-acetyl-glycoproteins; PC, Phosphocholine;
GPC, Glycerophosphocholine; TMAO, Trimethylamine- N-oxide.

mutation tests with 200 permutations (Supporting Information
Figure S1). The correlation coefficient plots (Figure 5) indicated
the discriminating variables for the separation between control
and AFB1-treated groups. Compared with the controls, AFB1
exposure resulted in significant decreases in the levels of
2-oxoglutarate and citrate from day 3 to day 9 together with
an increase in level of hippurate from day 3 to day 7. AFB1
also caused higher urinary excretion of phenylacetylglycine
(PAG), indoleacetylglycine (IAG), creatinine, fumarate, and
acetoacetate, but lower excretions of butyrate, methylmalonate,
and lactate from day 9 to day 11 (Table 2).

Figure 6 shows the AFB1-induced dynamic concentration
variations for some urinary metabolites representing different
pathways, which was calculated as the concentration ratios
from urines of the AFBI1-treated rats against those from the
controls. Urinary citrate and 2-oxoglutarate from AFB1 treated
rats exhibited similar trends, with their depletion at early stage
of exposure (day 1—7); such changes reversed at the later stage
of exposure (day 9—11). In contrast, AFB1 caused a steady
increase in urinary hippurate, PAG, and IAG with a marked
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increase in the levels of hippurate between day 5—9 of
continuous AFB1 exposure and substantial elevation of PAG
and IAG between day 9—11 of AFB1 exposure. The recoveries
for the AFB1-induced changes in citrate, oxoglutatrate, and
hippurate suggest that there may be some adaptive responses
from liver although such recovery will be of interests for the
future investigations.

Discussions

The aim of the current study is to investigate metabolic
consequences of AFB1 exposure in a holistic manner by
employing a metabonomic strategy. We examined metabolic
alterations in extensive biological matrices including plasma
and liver after 12 days of continuous dosing AFB1 and urine
samples at day 1, 3, 5, 7, 9, and 11 during the treatments. The
effects of AFB1 on rat liver were investigated for both metabolic
profiles of intact liver tissues and aqueous extracts, so that
complementary information was obtained. No significant
changes were observed for the AFBI effects on the kidney
metabolic features. The above results indicated that AFB1
exposure caused significant liver injury and comprehensive
metabolic alterations in urine, plasma, and liver tissues involv-
ing many related metabolic pathways (Figure 7).

Liver Injuries. The dosage of AFB1 in the current work (0.32
mg/ (kg body weight/day)) can be regarded as a moderate (or
intermediate) dosage, whereas the literature has reported high
(3 mg/kg body weight, i.p.)** and low dosages (55 ug/ (kg body
weight/day)).>® Treatment with a moderate dosage of AFB1
induced liver injuries in the morphological level with the
formation of hepatic vacuole and lipid droplets (Figure 1).
Vacuole formation in the periportal hepatocytes of rat liver
exposed to a much higher dosage AFB1 (3 mg/kg) was previ-
ously observed with in vivo MRI assessment.>> Such vacuole
formation is often followed by hepatocellular necrosis, mem-
brane disruption and nuclear disintegration. These further
cause massive water and iron influxes, which subsequently lead
to severe stresses to mitochondrial and endoplasmic retic-
ulum.?”*8 Vacuole formation associated with swelling of hepa-
tocytes has also been reported for the effects of other hepato-
toxins such as halothane and carbon tetrachloride (CCly).3%4°

From a metabolism point of view, the observation of elevated
levels of OAG, choline, PC, GPC, TMAO, and betaine is
consistent with the swelling of hepatocytes. The OAG in rat
blood plasma was associated with inflammation of injured
tissue and represented “acute-phase” glycoproteins in model
animals under inflammatory conditions.*! Consistently higher
levels of membrane moieties, such as choline, PC, and GPC
found in the rat liver and plasma exposed to AFB1 in the
current investigation also agree well with the swelling of
hepatocytes because choline, PC, and GPC are essential ele-
ments for structural integrity of cell membranes.*? The swelling
of hepatocytes also leads to the accumulation of intracytoplas-
mic fluids in cells, and in order to maintain osmolarity and
protect cell damage in hypotonic conditions, several organic
osmolytes, such as TMAO and betaine, were elevated in liver.*®
Liver injuries induced by AFB1 exposure was further confirmed
by significant increases in ALT and AST (Table S1).

Supportive evidence of liver damage by AFB1 exposure could
also be found in gene expression of liver obtained from rats
dosed with AFBI for 14 days (0.24 mg/(kg/day)), where genes
encoding cytoskeleton formation were up-regulated, including
CRYAB a B-Crystallin, RhoB, SPTA2 spectrin a chain (fodrin o
chain), and TMSB 10 thymosin -10.** In addition, gene
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Figure 4. O-PLS-DA scores (P;, L;,

E,) and coefficient-coded loadings plots (P,, L,, E,) for the models discriminating the control (black

squares) and AFB1 treated groups (red dots) from data for plasma (Pq, Py), liver tissue (L;, L), and liver aqueous extracts (E;, E).
Metabolite keys to the number are shown in Figure 2 and Table S2.

expression of an inflammatory response level, TAP1 antigen
peptide transporter 1, was up-regulated in the rats exposed to
AFBL.*

In urine, we noted elevated levels of hippurate, phenylacetyl-
glycine (PAG), and indoleacetylglycine (IAG) in the dosed rats
at different time points, suggesting that AFB1 exposure pro-
moted glycine conjugation (Figure 7). This is because the liver
has a major role in conjugation of benzoic acid, phenylacetic
acid, and indoleacetic acid with glycine to produce hippurate,
PAG, and IAG.* Previous reports suggested that elevated levels
of urinary PAG exhibited in abnormal phospholipid accumul-
ated rat liver and may be useful as a surrogate biomarker for
associated changes in gut microbeota.*”>® Acyl-CoA has a major
role in glycine conjugation;*® however, no report has shown
that this enzyme was modified by AFB1 exposure. Therefore,
the newly found AFB1-induced alterations of urinary hippurate,
PAG, and IAG were not only reflective of liver dysfunction, but
variations of these urinary aromatic metabolites were frequently
related to modulation of activity or population of gut micro-
biota.*®*® Therefore, AFB1 exposure may have also caused
changes in gut microbiota, which warrants further investigation
to address the challenges to microbiome.

Lipid Metabolism and Oxidation. One of the most promi-
nent findings in the current investigation was hepatic lipidosis,
which was accompanied by decreased levels of lipids in plasma
(Figure 7). This observation appeared to be a common cellular
response to a number of liver toxic compounds, such as allyl
formate,?! acetaminophen,?” and ethionine.®® The hepatic
lipidosis caused by AFB1 exposure (Figure 1, 4, Table 1) may
also be due to the reduced alterations in lipid transportation
from liver to the plasma as in the case of the hepatic lipidosis
induced by allyl formate,® perfluorododecanoic acid
(PFDoA),?® and ethionine.* This is consistent with the down-
regulation of genes related to transportation of lipid out of the
hepatic cells in male broiler chicks fed with AFB1.>!

Furthermore, we observed increased levels of ketone bodies,
such as 3-HB in the liver and acetoacetate in urine, from the
dosed rats. These ketone bodies are the products of 5-oxidation
of fatty acid in mitochondria and elevations of them suggested
the promoted fS-oxidation of fatty acid with AFB1 exposure
(Figure 7). In agreement with our findings, previous investiga-
tion found that AFB1 exposure caused up-regulation of per-
oxisome proliferator-activated receptor o (PPARa), a key
regulator for lipid metabolism.?! In addition, we also noted an
elevated concentration of acetate, which is the end product of
fatty acid oxidation in peroxisomes.>?

Lipid oxidation often leads to generation of hydrogen
peroxides, a cause for free radical oxidative damage. Oxidative
stress followed by lipid oxidation has previously been reported
in AFB1 toxicity; reactive oxygen species (ROS), such as H,0,
and O,”, are widely considered to participate in the main
mechanism of aflatoxin toxicity.® Oxidative stress ultimately
triggers an antioxidative response of an organism. Here we
observed elevated levels of glutathione in the rat liver exposed
to AFB1, which is consistent with antioxidative responses
activated by AFB1. Previous supportive evidence comes from
AFB1-induced up-regulation of gene expressions for y-glutamyl-
transpeptidase and glutathione-S-transferase in rats.**>* The
notion of AFBl-induced oxidative stresses was further sup-
ported by the observation of the AFB1-induced up-regulation
of other genes related to antioxidant response, such as NADPH
quinone oxidoreductase (diaphorase)** and heme oxygenase,*!
in rats and male chicks.

Glucose and Glycogen Metabolism. Compared with con-
trols, rats administered with AFB1 exhibited significantly
reduced hepatic glucose/glycogen levels and an elevation of
plasma glucose (Figure 7). Such depletion of hepatic glucose
has also been observed in human HCC?® and rats dosed with
PFDoA.?® Our observation suggested that one of the conse-
quences of AFB1 exposure is accelerated rates of glycogenolysis
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Figure 5. O-PLS-DA cross validated scores and loading plots derived from "H NMR spectra of urine collected from control rats (black
squares) and AFB1 treatment rats (red dots) at various time points.

and glycolysis. There was a trend of increase in lactate
concentrations in the plasma of dosed rats, which further
supported this notion. In consistence with this finding, the
increase of glucose utilization was found to be a major
metabolic effect at acute mycotoxin exposure levels.!” Previous
investigation also reported that several enzymes metabolizing
glycogen, such as glucose 6-phosphate dehydrogenase, were
up-regulated following AFB1 exposure.”® Moreover, genes
involved in carbohydrate metabolism were also up-regulated
after AFB1 exposure, for example, glycogen synthase 1, GTP

620 Journal of Proteome Research ¢ Vol. 10, No. 2, 2011

cyclohydrolase 1 feedback regulator, and lactate dehydrogenase
H subunit.”!

The depletion of urinary citrate and 2-oxoglutarate in the
AFBI treated rats (Figure 6) suggests an alteration of TCA cycle
(Figure 7). Previous studies indicated AFB1-induced hepato-
toxicity was initiated by an inhibition of mitochondrial respira-
tory function, which inevitably led to the changes in the TCA
cycle intermediates in the urinary profile.*'? Similar observa-
tions have been reported in the cases of hepatotoxicity induced
by acetaminophen®’ and allyl formate.*'
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Table 2. Significant Changes in Urinary Metabolites of Rats Exposed to AFB1 Compared to Controls on Different Days of

Treatment?
Aflatoxin B1 exposure (0.32 mg/(kg/day); 11 > 0.514, p < 0.05)
Day 1 R*X = 0.45 Day 3 R’X = 0.56 Day 5 R*X = 0.63 Day 7 R*X = 0.65 Day 9 R>X = 0.55 Day 11 R>X = 0.47
metabolites @ =059 @ =0.63 Q@ =0.78 @ =054 @ =0.69 @ =0.62
2-oxoglutarate —0.54 —0.55 —0.58 —0.58 —0.63 -
Citrate - —0.64 —0.62 —0.65 —0.68 -
Fumarate +0.72 - — — - —
Hippurate - +0.63 +0.66 +0.74 +0.61 —
PAG — — - - +0.73 +0.76
IAG - — - - +0.74 +0.78
Creatinine - - — - — +0.57
Betaine +0.52 - — — - —
Lactate — - — — - —0.62
Methylmalonate — - — — - —0.79
Butyrate - - - - - —0.75
Acetoacetate — - — — - +0.64

“ Abbreviations: PAG, Phenylacetylglycine; IAG, Indoleacetylglycine.
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Figure 6. Time course of variations for citrate, 2-oxoglutarate,
hippurate, PAG, and IAG. The values shown on the vertical-axis
are the ratios of metabolite variation induced by AFB1 exposure
relative to control group. The error bars represent standard
deviations (from 13 biological samples).

Amino Acid and Nucleotide Metabolism. AFB1 induced a
significant increase in the levels of a range of amino acids in
the liver, including tyrosine, phenylalanine, alanine, glutamine,
glycine, leucine/isoleucine, and valine. This implies that AFB1
causes disruptions to hepatic amino acid metabolisms. This is
consistent with the AFB1-induced up-regulation of gene ex-
pression for glutamine synthetase and down-regulations of
gene expression for ornithine aminotransferase, betaine-ho-
mocysteine S-methyltransferase, and glycine- N-methyltrans-
ferase in male chicks®! and rats.**

Another prominent finding of the present study is the
marked elevation in levels of free nucleosides, such as inosine,
adenosine, and uridine, in the aqueous liver extracts from rats
exposed to AFB1 (Figure 7). This implies AFB1 exposure may
cause the degradation of nucleic acids or inhibit the synthesis
of DNA and RNA as these metabolites are the basic structural
units for nucleic acids. Previous findings in rats supported such

Energy supply Lipid 3-HB, Acetate  Lipid
A A A A

v
Acetdacetate Citrate, 2-oxoglutarate

{ Hippurate, PAG, IAG,

Blood

Glucose
b

Urine

Figure 7. The summarized variations of metabolic pathways and related metabolites in rats exposed to AFB1. Metabolites in red or
blue represent a higher or lower level in respective biological matrices (plasma, liver, and urine) obtained from AFB1-treated rats

compared with control rats.
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notions with AFB1-induced up-regulation of genes encoding
DNA damage responses including O6-methylguanine-DNA
methyltransferase, Cyclin G1, B-cell translocation gene 2, cell
growth regulatory gene 1, cyclin-dependent kinase inhibitor 1A
(p21), thymidylate synthase, and Bc12-associated x protein.**
Further supportive evidence comes from a previous report that
AFBI1 metabolite, AFB1-exo-8,9-epoxide, bound with guanine
residues of DNA,” leading to the impairment of DNA and RNA
template activity and inhibition of DNA and RNA synthesis.'*

Conclusion

Exposure with moderate AFB1 dosage induced obvious liver
damages and significant alterations in several metabolic path-
ways, including increased lipid oxidation, perturbed TCA cycle,
disrupted carbohydrate, and amino acid metabolisms as well
as inhibition of nucleic acid synthesis (Figure 7). Such toxicity
may also cause disruptions of gut microbiota functions. Our
results have shown that an integrated NMR analysis of multiple
biological matrices, such as plasma, liver, and urine samples,
together with histological assessments and traditional clinical
biochemical assays provided a holistic method for elucidating
mechanisms of a toxic insult. Further investigation on the
relationship between AFBI1 intakes and the gut microbiota
responses will enrich our understandings of the mechanistic
aspects of AFBI1 toxicity.
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