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Aflatoxin B, (AFB,) is a fungal toxin that causes both acute
hepatotoxicity and hepatocellular carcinoma in humans and ex-
perimental animals. Previous studies demonstrated that a small,
noninjurious dose of bacterial lipopolysaccharide (LPS) augments
the hepatotoxicity of AFB,; through activation of inflammatory
cells and production of soluble inflammatory mediators (Barton et
al., 2000b, 2001). This study was conducted to examine the effect
of LPS on the dose-response relationship for AFB,-induced liver
injury. Male Sprague-Dawley rats (250-350g) were treated with
AFB;, (0.1 mg/kg-6.3 mg/kg, ip) and 4 h later with a noninjurious
dose of E. coli LPS (7.4 X 10° EU/kg, iv). Twenty-four h after
AFB, administration, hepatic parenchymal cell injury was esti-
mated from elevations in serum alanine aminotransferase and
aspartate aminotransferase activities. Injury to intrahepatic bile
ducts was evaluated from increased serum y-glutamyl transferase
and alkaline phosphatase activities. Based on benchmark dose
(BMD) analysis, the AFB; BMD for parenchymal cell injury was
decreased 10-fold by LPS cotreatment, whereas AFB, BMDs for
bile duct injury were decreased nearly 20-fold. The data suggest
that concurrent inflammation renders the liver considerably more
sensitive to the hepatotoxic effects of AFB,.
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Aflatoxin B, (AFB,) is a mycotoxin produced b&spergillus

AFB, causes acute hepatotoxicity and liver carcinomas in
people and laboratory animals (Roebuck and Maxuitenko,
1994). It is metabolized to a highly reactive 8,9-epoxide that
binds to cellular macromolecules, primarily in the periportal
region of the liver. AFB-induced liver injury manifests itself
as periportal parenchymal cell necrosis, hemorrhage, and in-
jury to intrahepatic bile ducts. Clinical manifestations of acute
AFB,; exposure in humans include abdominal pain, pulmonary
edema, and liver necrosis, and these are collectively referred to
as aflatoxicosis (Cullen and Newberne, 1994).

Identification of populations susceptible to chemical toxicity
is an integral component of risk assessment. Epidemiological
studies of AFB exposure have proved to be crucial in identi
fication of “at risk” populations for hepatotoxicity and liver
carcinoma. In regions where AEEBxposure is commonplace,
there is a strong correlation between hepatocellular carcinoma
incidence and hepatitis B infection, a defining feature of which
is inflammation of the liver (Groopmaet al., 1993). Strong
association can be seen between expression of hepatitis B viral
proteins and an inflammatory response, and it has been sug-
gested that this may enhance the action of certain hepatocar-
cinogens by increasing rates of hepatocellular injury and pro-
liferation (Jinet al.,, 2001; Sellet al., 1991). Moreover, strong
positive correlations have been found in rats between AFB
induced acute liver injury and preneoplastic lesions (Max-

flavusandAspergillus parisiticuslt is a common contaminant yitenkoet al., 1996).

of grain foods for both human and animal consumption. Hu- gypporting the correlations identified in people are studies in
man exposure to AFBs greatly influenced by quality of grain experimental animals, which suggest that modest inflammation
stgrage, climate, and culinary custor_ns (Hall and Wild, 199ﬂicreases the hepatotoxic response to ARBarton et al.,
Wilson and Payne, 1994). Indeed, in contrast to the Unite@opa). Endotoxic lipopolysaccharide (LPS) is an outer cell-
States, human exposure to AFB developing countries can y )| component of gram-negative bacteria. It is a potent in-
be quite large. Consumption of contaminated corn is proballymmagen and contributes significantly to the pathogenesis of

the most important mode of exposure (Wood, 1989). In the,m_negative bacterial infections by activating toll-like recep-
Guangxi province of the People’s Republic of China, wheig s inflammatory cells, which in turn precipitate the ex-

cor is a dietary staple, ARBontamination of corn has beenpression of numerous soluble inflammatory mediators. Expo-

mhgasurgd ?\t 461:? mg/kg_(lejt a(lj., 20;)1)6 Human %xpo;ure in@gre to large amounts of LPS during conditions such as sepsis
this region has been estimated to be between 50 to 75 mg ¥ssociated with fever, circulatory shock, disseminated intra-

(Groopmaret al, 1992). vascular coagulation, and injury to several organs, including

To whom correspondence should be addressed. Fax: (517) 432-23f1¢ liver (Ghostet al, 1993). In contrast, small doses of LPS
E-mail: rothr@msu.edu. do not cause overt tissue injury but can nevertheless lead to
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tissue accumulation of inflammatory cells and release of in-Statistical analysis. Results are expressed as meaiSE. N for treatment
flammatory mediators. Episodes of modest inflammation, &reups was 4-11; vehicle-treated rats were included on each experimental day

P . ch than for combined animals was 24. Data were analyzed using a one-way
thoth benlgn on their own, are probably commonplace OVA, with group comparisons made with Tukey’s test. The Kolmogorov-

people and have the ability to augment the toxicities of sevekglimoy test was applied to test homogeneity of variance. Data with non-

xenobiotic agents (Ganey and Roth, 2001; Retlal, 1997). homogenous variance were analyzed using Kruskal-Wallis one-way ANOVA
The aim of this study was to quantify the ability of LPS tn ranks, with Dunn'ost hodest for multiple comparisons. The criterion for

shift the dose-response relationship for AFBduced liver Significance wap < 0.05 for all studies.

injury. AFB, was given at various doses in the presence or

absence of a small, noninjurious dose of LPS, and liver injury RESULTS

was determined via analysis of serum enzyme markers. Bench- | ,

mark dose (BMD) analysis was used to estimate the magnit/dgPatic Parenchymal Cell Injury

of LPS-induced shifts in sensitivity to AREhepatotoxicity. Animals received either intravenous saline or %410°
EU/kg LPS 4 h after AFB administration, and hepatic paren
MATERIALS AND METHODS chymal cell injury was assessed 24 h after ARBatment.

Doses for the AFBVeh curve ranged from 0.63 mg/kg to 6.3
Animals and materials. Male Sprague-Dawley rats (CD-Crl: CD-(SD)BR mg/kg AFB,, whereas doses for the ABRPS curve ranged

VAF/Plus; Charles River, Portage, MI) weighing 250—350 grams were us: .
for these studies. Reagent kits used to measure serum markers of liver inj1ﬁdorn 0.1 mg/kg to 1.0 mg/kg AFB In the AFB/saline and

; - .
(Infinity-ALT, Infinity-AST, ALP, GGT) were purchased from Sigma Chem—x‘ﬁ_‘Bl/LPS groups given the IargeSt dose of AFB]OI’tallty
ical Co. (St. Louis, MO), as was lipopolysaccharide derived filemeoli Was approximately 30% and 50%, respectively, whereas sur-
serotype 0128:B12 with an activity of 17 10° EU (endotoxin units)/mg. A vival at the other AFB doses was between 90-100%. Blood
colorometric, kinetic limulus amebocyte lysate (LAL) assay was used ‘:%lmples were taken from Surviving rats for determination of
estimate LPS-specific activity using a kit (#50-650U) purchased from Bi‘f)‘iomarkers of liver injury Increases in ALT (Fig 1A) and
whittaker (Walkersville, MD). Unless otherwise stated, all chemicals WeE&ST Fi Lo . et
purchased from Sigma Chemical Co. (Fig. 1B) actlv_ltles in AFB/_Veh-treat_ed anl_m_als were
Treatment protocol. In preliminary studies, 24-h fasting had minimaldose'dependent' with a sharp increase in activity near 4.0
effect on the magnitude of hepatotoxicity but decreased variability in respor®9/kg AFB, for both markers. No observed adverse-effect
among animals. Rats fasted for 24 h were given a dose of,Afiging from  levels (NOAELSs) for ALT and AST were 4.0 mg/kg and 2.0
0.1 mg/kg to 6.3 mg/kg intraperitoneally in a vehicle comprising 8% DMSO ian/kg AFB,, respectively. Significant increases in both mark
sterile water. Four h later they were given 7410° EU LPS/kg or sterile ers were observed at markedly smaller ARBses in animals

saline via the tail vein. This dose of LPS was not overtly hepatotoxic when . .
administered alone (Bartoet al, 2000a). Twenty-four h after AFBadmin cotreated with LPS. The NOAEL for both ALT and AST in

istration, rats were anesthetized with sodium pentobarbital (50 mg/kg, ip), arB1/LPS-cotreated animals was 0.25 mg/kg. Thus, using the

blood was drawn from the dorsal aorta, allowed to clot, and centrifuged MOAEL as a marker of hepatic parenchymal cell injury, LPS

separate serum. cotreatment resulted in an 8—16-fold increase in AEBicity.
Serum markers of liver injury. Commercial reagent kits (see above) were

used to measure serum enzyme activities. Alanine aminotransferase (ALT) @it Duct Injury

aspartate aminotransferase (AST) activities were measured spectrophotometri-

cally by the methods of Wroblewski and LaDue (1956) and Karmen (1955), Consistent with markers of parenchymal cell injury, appre-

respectively. Serumy-glutamyl transferase (GGT) and alkaline phosphatas(giamy |arger AFB doses were required to cause significant

(ALP) activities were measured by the methods of Szasz (1974) and Bow%%reases in ALP (Fig. 2A) and GGT (Fig. ZB) activities in the

and McComb (1966), respectively. AEB./Veh th in the AFBLPS treated
Benchmark dose (BMD) analysis. Background and technical information JVen group an in € B cotreated group.

on BMD analysis were obtained from the most recent United States EnvircN—OAEL values for increases in ALP activity were 4.0 mg/kg
mental Protection Agency guidance publication (U.S. EPA, 1995). Dosand 0.25 mg/kg AFBfor AFB,/Veh- and AFB/LPS-treated
response curves were analyzed using the EPA’s Benchmark Dose Respensgmals, respectively. The NOAEL value for GGT in AFB
software (Version 1.3), which was developed by the National Center fpIpS cotreated animals was 0.4 mg/kg, whereas no significant
EnV|r0nmentaI Assessment to aid in computer anz.;\IyS|s of dose-response I’ﬁ’eases in GGT were seen for animals treated with AFB
(information and software available at http://cfpub.epa.gov/nceal/cfm .
nceahome.cfm). A continuous Hill model was employed to calculate bencﬁl-one (i.e., NOAEL= 6.3 mg/kg). Therefore, the NOAEL dose
mark doses for individual dose-response curves. This model was utilizZ& markers of bile duct injury in AFBLPS cotreated animals

because it provided an adequate fit to data for each of the toxicity endpoimais about 16-fold less than the NOAEL for animals treated
measured. The benchmark response was defined as the response Co”eSpquPQAFBl alone.
to one control standard deviation from the control mean. Assuming serum ALT

activities above the 99th percentile of the control mean (control me2r33 chmark Analvsis of AEBDose Response
standard deviations) are considered adverse, this benchmark response idenﬁf%@ y 1 p

an AFB, dose at which 10% of treated animals would have serum ALT pa tg [imitations of NOAEL as an estimation of threshold
activities above the 99th percentile (Crump, 1995). Assumption of equal slopes b h K d vsi f d (US. EPA
was confirmed via calculation of the Hill slope from a best-fit, four-parameté?sPonse’ enc_ mark dose analysis was performed ( e ’
logistic model for each curve. Hill slopes for individual curves were comparet995). Table 1 illustrates the BMD calculated for a continuous

statistically using Student'stest. Hill model with a benchmark response defined as the response
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animals displayed an AFBBMD of 0.22 mg/kg, signifying a

1600 — 4 pronounced leftward shift in BMD for GGT activity. Hence,
5 1400 AFB, BMDs for markers of bile duct injury were decreased
~ 20-fold.
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FIG. 1. AFB, dose response for serum markers of hepatic parenchymal, —e— LPS
cell injury. Rats were treated with various doses of AFBen 4 h later with <= 15 {| —=— Veh
7.4 X 10° EU/kg LPS or saline. AFBdoses used for saline-treated animals_Z
were 0.63, 1.0, 2.0, 4.0, 6.0, and 6.3 mg/kg. AfBses used for LPS-treated =? *
animals were 0.1, 0.25, 0.4, 0.63, and 1.0 mg/kg. Hepatic parenchymal cpg
injury was estimated by measuring the serum activities of (A) alanine amino- 10 1
transferase (ALT) and (B) aspartate aminotransferase (AST). Data are 616
pressed as means SEM; n = 4-24 animals; *significantly different from
respective control group not treated with AFg < 0.05). o 5
£
~
corresponding to one control standard deviatiqn apove th‘% 0 =4 ————rrr ——r—rrr
control mean. AFBBMD values for ALT and AST in animals 00 0.1 1.0 10.0

treated with AFB alone were 3.97 mg/kg and 3.71 mg/kg, .
respectively. AFB BMD values for ALT and AST activities in Aflatoxin B1 Dose (mglkg)
LPS-cotreated animals Were markedly decreased to 0'3'.6 m.g/kﬁG. 2. AFB, dose response for serum markers of bile-duct injury. Rats
and 0.38 mg/kg, respectively. Thus, the BMD calculation ingere treated with various doses of AEBhen 4 h later with 7.4< 10° EU/kg
dicated a 10-fold leftward shift in the BMD for enzyme mark+pPs or saline. AFBdoses used for saline-treated animals were 0.63, 1.0, 2.0,
ers of hepatic parenchymal cell injury_ AEBMD values for 4.0, 6.0, and 6.3 mg/kg. AFBdoses used for LPS-treated animals were 0.1,
ALP were 4.61 mg/kg and 0.18 mg/kg for Ap®eh- and 0.25, 0.4, 0.63, and 1.0 mg/kg. Bile duct injury was estimated by measuring the

. . serum activities of (A) alkaline phosphatase (ALP) and {Bplutamyltrans-
AFB./LPS-treated animals, respectively. The benchmark g . o GaT) Data are expressed as meanSEM: n = 4-24 animals:
sponse for GGT activity was not achieved within the dosgignificantly different from respective control group not treated with AFB

range for animals treated with ARBlone. However, cotreated (p < 0.05).
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TABLE 1
Effect of LPS Administration on AFB,; Benchmark Doses

AFB; +Veh AFB; +LPS
Serum enzyme BMD (mg/kg) 95% Cf GOP p-value BMD (mg/kg) 95% ClI GOFp-value
ALT 3.97 1.53 0.96 0.36 0.11 0.79
AST 3.71 1.57 0.89 0.38 0.08 0.90
ALP 461 3.59 0.39 0.18 0.10 0.88
GGT ND ND 0.81 0.22 0.16 0.58

Note.Rats were treated with various doses of AFBien 4 h later with 7.4< 10° EU/kg LPS or saline. Dose-response data were fit using a continuous Hill
model. The BMD refers to an ARBlose (mg/kg) required to cause an increase in enzyme activity one control standard deviation above the control mean. ND,
not determined.

“Lower 95% confidence limit of the BMD (mg/kg).

"Goodness of fit (GOFp-value provides a measure of the degree to which the predicted incidence and observed incidence are the same (U.S. EPA, 2001
A p-value greater than 0.05 indicates that the model effectively describes the data.

Thus, based on the nature of the lesions, LPS appearsrdts, and PMN depletion prior to ARR.PS treatment causes a
enhance AFB hepatotoxicity (Bartonet al, 2000a). Dose- significant reduction in hepatocellular injury. By contrast,
response curves for markers of AFBiduced hepatic paren PMN depletion does not alter bile duct epithelial cell (BDEC)
chymal cell and bile duct injury showed a marked leftwarihjury in this model (Bartoret al., 2000b). This result suggests
shift in animals coexposed to a nontoxic dose of LPS. We usttht two different mechanisms are operative, one for hepato-
both NOAEL and BMD analysis to estimate shifts in threskeellular injury that depends on PMNs and another for bile-duct
olds for toxicity. Application of the traditional NOAEL anal- damage that is independent of PMNSs. In the present dose-
ysis to dose-response data for non-cancer health effects comesponse analysis, LPS produced a greater leftward shift in
with several disadvantages, and NOAEL values often difféiliary injury markers than in markers of hepatocellular dam-
markedly from derived BMDs (Alleet al., 1994; Gayloetal., age. This result is consistent with different mechanisms under-
1998). For example, the assignment of a NOAEL relies critlying injury to parenchymal cells vs. BDECs. Another possi-
cally on data from only one dose, whereas BMD analysis takketity is that the same mechanism contributes to injury in both
all of the dose-response relationship into account, includicgll types but that parenchymal cells are less easily damaged
slope, in determining the BMD. Moreover, in contrast to BMDBhan BDECs and require an additional, PMN-dependent insult
analysis, NOAEL values are highly dependent on sample siice the expression of overt injury.
and tend to be larger in studies with a smaller sample size (U.SAFB, hepatotoxicity requires metabolic activation of AFB
EPA, 1995). In an effort to overcome the shortcomings @b its toxic 8,9-epoxide (Eatoet al., 1994). Formation of the
NOAEL analysis, numerous investigators have used BMPBFB, 8,9-epoxide is catalyzed by cytochrome (CYP) P450
analysis to analyze dose-response toxicity data for diverfsenily members including CYP1A2 and CYP3A4 (Eatenh
effects including neurotoxicity, developmental toxicity, andl., 1994). One possible explanation for the enhancing effects
effects on the endocrine system (Mantovaati al, 1998; of LPS on AFB toxicity is that LPS might increase production
Rabovskyet al, 2001; Zhouet al, 2001). In this study, of reactive 8,9-epoxide. However, LPS treatment has been
benchmark doses determined for each curve indicated that #hewn to cause a decrease in hepatic CYP450 levelselal,
dose required to achieve the predetermined benchmark 2800). Additionally, inflammatory cytokines, including TNE-
sponse was 10-20-fold less in LPS-cotreated animals. NOABAd IL-1, decrease expression of CYP450 isoforms responsible
values for the dose-response curves were decreased 8—164imd\FB, metabolism, botln vitro andin vivo (Muntane-Relat
by LPS cotreatment. Thus, as measures of toxicity threshodd,al., 1995; Pougt al,, 1990). Accordingly, it seems unlikely
both the NOAEL and BMD analyses showed similar estimatéisat LPS enhanced hepatotoxicity in this model via increased
of the increase in AFBtoxicity in response to LPS cotreat production of reactive AFB metabolites. Nevertheless, in
ment. some human studies, evidence suggests that chronic inflamma-
Inflammatory events initiated by LPS are responsible for itgon of the liver caused by disease states (e.g., hepatitis) causes
ability to augment AFB toxicity. Elevations in plasma tumor upregulation of the CYP1A2 and CYP3A4 isoforms of
necrosis factor (TNF-a) are seen before the onset of AFB CYP450 (Kirbyet al,, 1996).
LPS-induced liver injury, and neutralization of TNFprotects One important route of AFB8,9-epoxide detoxification is
against the augmentation of both parenchymal cell injury anéh conjugation to glutathione (GSH) (Degen and Neumann,
bile duct injury (Bartonet al, 2001). Similarly, neutrophils 1978; Eatonet al, 1994). It is conceivable that LPS might
(PMNs) accumulate early in the livers of AFBPS-treated decrease liver GSH concentration, thereby decreasing capacity
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to detoxify the AFB 8,9-epoxide, and resulting in enhance@mong such factors. Inflammation should be considered along
hepatotoxicity. However, LPS given to rats at a hepatotoxwith other determinants of sensitivity in the setting of safety
dose nearly 13-fold greater than that used in this study did rfattors or estimations of risk in risk assessment paradigms.
cause significant reduction in hepatic GSH concentration

(Sneeckt al., 1997). Therefore, it is unlikely that the small dose ACKNOWLEDGMENT
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