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ABSTRACT

Fumonisn B; (FBi), produced by the mycotoxin of Fusarium verticillioides, is a
carcinogen and causes various species-specific toxicoses. FB; inhibits ceramide synthase
and induces tumor necrosis factor a (TNFa) expresson. Modulation of protein kinase C
(PKC) by FB; may be involved in its cytotoxicity in porcine rend epithdid (LLC-PK;)
cdls

Tempora effects of 1 nM FB; revedled sdective and transent increased cytosol to
membrane trandocation of PKCa excdusvely a 5 min, which was corrdated with an
increase in PKC activity. FB;-induced increased cytosol PKCa protein concentration at
15 min was not asociated with increased activity and independent of protein
biosynthess. A concentration-dependent increase in membrane PKCa was observed on
exposure to FB; concentrations of 0.1-1 nmM. Intracdlular sphinganine and sphingosine
concentrations were unaffected by FB; up to 120 min. However, myriocin, the serine

pamitoyltransferase inhibitor, did not prevent the short-term FB; effects on PKCa.



PKCa activation by 1 nM FB; was directly corrdated with ectivation of the
transcription factor, nuclear factor-kappa B (NF-kB) a 5 min. Sequentid activation of
TNFa mRNA expresson a 15 min and caspase 3 a 60 min by 1 M FB; via a PKC-
dependent pathway was aso observed in LLC-PK; cdls.

A concentration-dependent inhibition of PKC-a, -d, -e and -z isoforms, NF-kB, and
TNFa was observed on exposure to FB; concentrations of 1-50 nM at 24, 48, and 72 h in
LLC-PK; cdls. FBj-induced apoptoss (3 10 nmM) a 48 h was associated with an
increase in cagpase-3 activity.  Intracdlular sphinganine and sphingosine concentrations
were increased in a concentrati on-dependent manner.

Exogenous sphinganine 1-phosphate stimulated cytosolic to membrane trandocation
of PKCa comparative to 10 M FB; a 5 min. Inhibition of sphinganine kinase by N,N-
dimethylsphingosine, prevented the FB;-induction of PKCa a 5 min, suggesting that the
sective and trangent activation of PKCa is due to the FB;-induced accumulation of
sphinganine 1-phosphate.  FB;, sphinganine, sphingosine and ceramide repressed al PKC
isoforms a 48 h. Co-exposure of myriocin prevented the inhibitory effects of FB; on

PKC isoforms in LLC-PK; cdls suggesting that accumulation of sphinganine and its

metabolite may be predominantly involved in the repression of PKC in LLC-PK; cdls.

INDEX WORDS: Fumonign, LLC-PK; cells, PKC, NF-kB, TNFa, Sphinganine 1-

phosphate
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CHAPTER 1

INTRODUCTION



The discovery of the fumonisins mycotoxins produced by the fungus Fusarium
verticillioides, in 1988 by Marasas group (Bezuidenhout et al., 1988) provoked
congderable interest as this is the most frequently reported mycotoxin associated with
corn intended for human and anima consumption globdly (Marasas, 1995). Fumonisin
B, (FBj), the most potent and toxicologicdly dgnificant of the fumonisns has been
unambiguoudy linked to the etiology of severd species-Specific toxicoses in domestic
and laboratory animds (Riley et al., 1993). Fungd infestation of plants result in diseases
such as seedling blight, ear rot, and seedling wilts (Munkvold and Degardins, 1997).
Ingestion of FB; causes equine leukoencephaomaacia (Marasas et al., 1988), porcine
pulmonary edema (Harrison et al., 1990) and hepato- and nephro-toxicities in rats (Voss
et al. 1996). FB; induces rend tumors in mde ras and hepatic tumors in femde mice
(Howard et al., 2001) and male rats (Gelderblom et al., 1991). Consumption of FBj-
contaminated corn has been corrdated with a high incidence of cancer of the esophagus
and upper digedtive tract in South Africa (Marasas et al., 1988) and China (Chu and Li,
1994).

FB; is a potent inhibitor of de novo sphingolipid biosynthess and acts by interfering
with a key pathway enzyme, sphinganine N-acyltranderase (ceramide synthase) (Wang et
al., 1991; Yoo et al., 1992) leading to accumulation of sphingoid bases, sphingoid base
metabolites, and depletion of more complex sphingolipids (Riley et al., 1996).
Sphingolipids have been implicasted as playing a role in cdl contact, growth and
differentiation.  Subsequently, tumor necrogs factor a (TNFa) has been shown to

modulate FB;-induced toxicity in vivo in mice and in vitro. TNFa mRNA expresson n

livers was increased in FB;-treated mice (Sharma et al., 2000a, b, 2001; 2002) and TNFa



induction was dso observed in kidneys as early as 2 h following ord FB; treatment
(Bhandari et al., 2000). In vivo effects of FB; were patidly reversed by anti-TNFa
antibodies (Dugyda et al., 1998), and mouse strains lacking p75 and p55 tumor necross
factor receptors demonstrated tolerance against FB; toxicity (Sharma et al., 2000a, 2001).
Additiondly, the inhibitor of gpoptoss protein (IAP), an inhibitor of TNFa sgnding
pathway, efficiently prevented the FB;-induced apoptods in African green monkey
kidney (CV-1) cdls (Ciacc-Zandla and Jones, 1999). A TNFa-like activity has dso
been observed in swine after FB; injection (Guzman et al., 1997) and FB; increased the
TNFa expresson a 4 h in LLC-PK; cdls (He et al., 2001). In contrast, male transgenic
mice expressing the human TNFa gene expressed increased TNFa on exposure to FBy,
but displayed reduced hepatotoxicity (Sharma et al., 2000b). In addition, mice lacking
both  TNFa receptors showed reduced hepatotoxicity despite induction of TNFa
expresson (Sharma et al., 2002). These observations suggest that TNFa can adso protect
againg FB;-mediated toxicity.

The &hility of FB; to dter dgna transduction pathways, including that of protein
kinase C (PKC), can play a role in its ability to induce gpoptoss and carcinogenesis
(Riley et al., 1998). As sphingalipids are the naturd inhibitors of the phospholipid-
dependent phosphorylating enzyme, PKC, it is concelvable that FB; may dso affect
PK C-regulated functions (Hannun et al., 1986; Kharlamov et al., 1993). PKC is a family
of sainethreonine kinases that plays an important role in modulating a variety of
biologic responses ranging from regulation of &l growth to cdl death (Lee et al., 2000).

In response to gppropriate stimuli, PKC trandocates from the cytosol to the membrane of

cdls (Kraft and Anderson, 1983). Following the redistribution and subsequent activation,



this enzyme is rapidly ceaved and is proteolyticaly degraded (Pontremoli et al., 1990).
Incubation with FB; has been demondrated to simulate PKCg cytosol to membrane
trandocation without affecting PKC enzyme activity (Yeung et al.,, 1996) in rat
cerebrocortical  dices.  In contrast, Huang and coworkers (1995) have shown that
exposure to FB; for 3-16 h resulted in a dose-dependent inhibition in PKC activity in a
monkey kidney (CV-1) cdl line.

PKC is known to activate nuclear factor-kappa B (NF-kB), which is composed of
dimers of different members of the Rd protein family (Baeuerle and Henke, 1994,
Badwin, 1996; Thanos and Manidtis, 1995). PKC is associated with an inhibitor protein,
inhibitory kappa B (IkB), and is retained in the cytoplasm (Zabel and Baeuerle, 1990).
Phosphorylation is an important event of NFkB activation whereby the active NF-kB

trandocates to the nucleus where it binds to a NF-kB matif and functions as a

transcriptiona regulator (Kang et al., 2000). NF-kB is an essentid transcription factor
that regulates the gene expresson of various cytokines, chemokines and growth factors
(Barnes and Karin, 1997; Badwin, 1996; Lenardo and Batimore, 1989). The
downstream events leading to the production of TNFa are regulaed, in part, by NF-kB
(Aggawd et al., 1996; Shakhov et al., 1990; Yao et al., 1997).

Cultured pig rend epithdid, LLC-PK;, cdls are an excelent modd to eucidate the
FBi-induced dterations in PKC since they are sendtive to the FB;-induced disruption of
gphingolipid biosynthesis (He et al., 2001; Yoo et al., 1996) and cytotoxicity (Yoo et al.,
1996). In addition, it has been reported that FB; induces TNFa expresson a 4 h in these
cdls (He et al., 2001). In the current project, the effect of FB; on PKC isoforms present

in LLC-PK; cdls in rdaion to the disuption of sphingolipid metabolism will be



invettigated. | therefore propose to test the hypothesis tha “Fumonisin B;-induced
alterations in protein kinase C-mediated Signaling are via accumulation of
sphingoid bases and their metabolites in LLC-PK cells.” The following specific ams
will be attempted to accomplish the objectives:
1. To determine the effects of short-teem FB; exposure on PKC membrane
trandocation and activity of selective PKC isoformsin LLC-PK; cells.
2. To ducidate the PKC dependence of the FBi-induced alterations in NF-kB
and TNFa in LLC-PK; cells.
3. To associate the role of PKC, NF-kB and TNFa with delayed FB;-induced
apoptosisin LLC-PK; cells.
4. To reate FBi-induced alterations in PKC trandocation with disruption of

gphingolipid metabolism.



REFERENCES

Aggarwd, B. B., and Natargan, K. (1996). Tumor necross factors. developments during

the last decade. Eur.Cytokine Netw. 7, 93-124.

Baeuerle, P. A., and Henkd, T. (1994). Function and activation of NF-kB in the immune

system. Annu.Rev.Immunal. 12, 141-179.

Badwin, A. S., J. (1996). The NF-k B and kB proteins new discoveries and ingghts.

Annu.Rev.Immunol. 14, 649-683.

Barnes, P. J, and Karin, M. (1997). Nuclear factor-kB: a pivotd transcription factor in

chronic inflammatory diseases. N.Engl.JMed. 336, 1066-1071.

Bezuidenhout, S. C., Gelderblom, W. C. A., Gorst-dlman, R. M. M., Marasas, W. F. O,
Spitller, G., and Vleggaar, R. (1988). Structure eucidation of the fumonidns

mycotoxins from Fusarium moniliforme. J.Chem.Soc.Chem.Commun. 11, 743-745.

Bhandari, N., Enongene, E. N., Riley, R. T., Meredith, F. I., and Sharma, R. P. (2000).
Time-rdlated tumor necrods factor a (TNFa) expresson and dgnding due to

fumonisin By in vivo. Toxicologist 54, 387.

Chu, F. S, and Li, G. Y. (1994). Smultaneous occurrence of fumonisn B; and other
mycotoxins in moldy corn collected from the Peoples Republic of China in regions

with high incidences of esophaged cancer. Appl.Environ.Microbiol. 60, 847-852.



Ciacc-Zandla, J. R., and Jones, C. (1999). Fumonisin Bi, a mycotoxin contaminant of
cered grains, and inducer of gpoptoss via the tumour necross factor pathway and

caspase activation. Food Chem.Toxicol. 37, 703-712.

Dugyda, R. R, Shama, R. P.,, Tsunoda, M., and Riley, R. T. (1998). Tumor necross
factor-a as a contributor in fumonisn B; toxicity. JPharmacol. Exp.Ther. 285, 317-

324.

Gelderblom, W. C., Kriek, N. P., Marasas, W. F., and Thid, P. G. (1991). Toxicity and
cacinogenicity of the Fusarium moniliforme metabalite, fumonisn Bj, in ras.

Carcinogenesis 12, 1247-1251.

Guzman, R. E., Baley, K., Casted, S. W., Turk, J., and Rottinghaus, G. (1997). Dietary
Fusarium moniliforme culture maerid induces in vitro tumor necrods factor-a like

activity in the sera of swine. Immunopharmacol.lmmunotoxicol. 19, 279-289.

Hannun, Y. A., Loomis, C. R.,, Merill, A. H., J., and Bdl, R. M. (1986). Sphingosine
inhibition of protein kinase C activity and of phorbol dibutyrate binding in vitro and

in human platdets. JBiol.Chem. 261, 12604-12609.

Harrison, L. R., Colvin, B. M., Greene, J. T., Newman, L. E., and Cole, J. R., Jr. (1990).
Pumonary edema and hydrothorax in swine produced by fumonisn Bj, a toxic

metabolite of Fusarium moniliforme JVet.Diagn.Invest 2, 217-221.

He Q. Riley, R. T., and Sharma, R. P. (2001). Fumonisin-induced tumor necross factor-

a expresson in a porcine kidney cdl line is independent of sphingoid base



accumulation induced by ceramide synthase inhibition. Toxicol. Appl.Pharmacol. 174,

69-77.

Howard, P. C., Eppley, R. M., Stack, M. E., Warbritton, A., Voss, K. A., Lorentzen, R. J,
Kovach, R. M., and Bucci, T. J. (2001). Fumonisin B carcinogenicity in a two-year
feeding study using F344 rats and B6C3F1 mice. Environ.Health Perspect. 109 Suppl

2,277-282.

Huang, C., Dickman, M., Henderson, G., and Jones, C. (1995). Represson of protein
kinase C and dimulatiion of cydic AMP response dements by fumonisn, a fungd

encoded toxin which is a carcinogen. Cancer Res. 55, 1655-1659.

Kang, J. L., Pack, I. S, Hong, S. M., Lee, H. S, and Castranova, V. (2000). Silica
induces nuclear factor-k B ectivation through tyrosne phosphorylation of 1kB-a in

RAW?264.7 macrophages. Toxicol Appl.Pharmacol. 169, 59-65.

Kharlamov, A., Guidotti, A., Costa, E., Hayes, R., and Armstrong, D. (1993).
Semisynthetic  sphingolipids prevent protein kinase C trandocation and neurond
damage in the perifocd aea following a photochemicdly induced thrombotic brain

cortical leson. JNeurosci. 13, 2483-2494.

Kraft, A. S, and Anderson, W. B. (1983). Phorbol esters increase the amount of Caf™,
phospholipid-dependent protein  kinase associated with plasma membrane. Nature

301, 621-623.

Lee, J Y., Hannun, Y. A., and Obeid, L. M. (2000). Functiona dichotomy of protein

kinase C (PKC) in tumor necrosis factor-a (TNFa ) sgnd transduction in L929 cdlls,



Trandocation and inactivation of PKC by TNF-adpha JBiol.Chem. 275, 29290-

29298.

Lenardo, M. J, and Bdtimore, D. (1989). NF-k B: a pleotropic mediator of inducible

and tissue- specific gene control. Cell 58, 227-229.

Marasas, W. F., Kriek, N. P., Fincham, J. E., and van Rensburg, S. J. (1984). Primary
liver cancer and oesophaged basd cdl hyperplasa in rats caused by Fusarium

moniliforme Int.J.Cancer 34, 383-387.

Marasas, W. F., Kelleeman, T. S., Gelderblom, W. C., Coetzer, J. A., Thid, P. G., and
van der Lugt, J J (1988). Leukoencephaomdacia in a horse induced by fumonisin

B, isolated from Fusarium moniliforme Onderstepoort J.Vet.Res. 55, 197-203.

Marasas, W. F. (1995). Fumonidns thar implicaions for human and animd hedth.

Nat.Toxins. 3, 193-198.

Munkvold, G. P. and Degardins, A. E. (1997). Fumonisns in Maize-Can We Reduce

Their Occurrence? Plant Disease 81, 556-565.

Pontremali, S., Mdloni, E., Sparatore, B., Michetti, M., Salamino, F., and Horecker, B.
L. (1990). Isozymes of protein kinase C in human neutrophils and their modification

by two endogenous proteinases. J.Biol.Chem. 265, 706-712.

Riley, R. T., An, N. H., Showker, J. L., Yoo, H. S, Norred, W. P., Chamberlain, W. J.,

Wang, E., Merill, A. H., J., Matdin, G., Beadey, V. R,, and . (1993). Alteration of



10

tissue and serum sphinganine to sphingosine ratio: an early biomarker of exposure to

fumonian-containing feeds in pigs. Toxicol Appl.Pharmacol. 118, 105-112.

Riley, R. T., Wang, E., Schroeder, J. J, Smith, E. R., Plattner, R. D., Abbas, H., Yoo, H.
S, and Merill, A. H., J. (1996). Evidence for disruption of sphingolipid metabolism
as a contributing factor in the toxicity and carcinogenicity of fumonisns. Nat.Toxins.

4, 3-15.

Riley, R. T., Voss, K. A., Norred, W. P.,, Shama, R. P., Wang, E., and Merrill, A. H.
(1998). Fumonisns mechanism of mycotoxicity. Revue de Medecine Veterinaire

149, 617-626.

Shakhov, A. N., Callart, M. A., Vassdli, P., Nedospasov, S. A., and Jongenedl, C. V.
(1990). Kappa B-type enhancers ae involved in lipopolysaccharide-mediated
transcriptiond  activation of the tumor necrods factor a gene in primay

macrophages. JExp.Med. 171, 35-47.

Shama, R. P, Bhandari, N., Riley, R. T., Voss, K. A., and Meredith, F. 1. (20004).
Tolerance to fumonisin toxicity in a mouse drain lacking the P75 tumor necrods

factor receptor. Toxicology 143, 183-194.

Sharma, R. P., Bhandari, N., Tsunoda, M., Riley, R. T., and Voss, K. A. (2000b).
Fumonisn hepatotoxicity is reduced in mice carying the human tumour necross

factor a transgene. Arch.Toxicol. 74, 238-248.



11

Sharma, R. P., Bhandari, N., He, Q., Riley, R. T., and Voss, K. A. (2001). Decreased
fumonisin hepatotoxicity in mice with atargeted deletion of tumor necrosis factor

receptor 1. Toxicology 159, 69-79.

Sharma, R. P., He, Q., Meredith, F. 1., Riley, R. T., and Voss, K. A. (2002). Paradoxical
role of tumor necrogs factor dphain fumonisn-induced hepatotoxicity in mice,

Toxicology 180, 221.

Thanos, D., and Maniatis, T. (1995). NF-kB: alesson in family vaues Cdl 80, 529-532.

Voss, K. A, Riley, R. T., Bacon, C. W., Chamberlain, W. J., and Norred, W. P. (1996).
Subchronic toxic effects of Fusarium moniliforme and fumonian B, in ras and mice.

Nat.Toxins. 4, 16-23.

Wang, E., Norred, W. P., Bacon, C. W., Riley, R. T., and Merill, A. H., J. (1991).
Inhibition of sphingolipid biosynthess by fumonigns. Implications for diseases

associated with Fusarium moniliforme J.Biol.Chem. 266, 14486-14490.

Yao, J, Mackman, N., Edgington, T. S, and Fan, S. T. (1997). Lipopolysaccharide
induction of the tumor necross factor-a promoter in human monocytic cdls.
Regulation by Egr-1, c-Jun, and NF-kB transcription factors. JBiol.Chem. 272,

17795-17801.

Yeung, J. M., Wang, H. Y., and Prelusky, D. B. (1996). Fumonisin B; induces protein
kinese C trandocation via direct interaction with diacylglycerol binding dte

Toxicol Appl.Pharmacol. 141, 178-184.



12

Yoo, H. S, Norred, W. P, Wang, E., Merill, A. H., J., and Riley, R. T. (1992).
Fumonisin inhibition of de novo sphingolipid biosynthess and cytotoxicity are

corrdlated in LLC-PK; cdlls. Toxicol Appl.Pharmacol. 114, 9-15.

Yoo, H. S,, Norred, W. P., Showker, J., and Riley, R. T. (1996). Elevated sphingoid bases
and complex sphingolipid depletion as contributing factors in fumonisin-induced

cytotoxicity. Toxicol. Appl.Pharmacol. 138, 211-218.

Zabd, U., and Beeuerle, P. A. (1990). Purified human IkB can rapidly dissociate the

complex of the NF-kB transcription factor with its cognate DNA. Cdll 61, 255-265.



CHAPTER 2

LITERATURE REVIEW

13



14

Fumonisin B;: The mycotoxin

The fumonisins, a dass of food borne carcinogenic mycotoxins were firg isolaied in
1988 from the phytopathogenic fungus Fusarium verticillioides Nirenberg,
(synonym=Fusarium moniliforme Sheldon), a biologicd species of the mating
populations within the Gibberella fujikuroi complex (Bacon et al., 2001; Marasas, 2001;
Dutton, 1996). F. verticillioides is a facultaive fungd endophyte (Seo et al., 1999)
found globdly in food and non-food commodities, namely corn and corn-based products.
The asociation of this fungus in the corn plant is endophytic, while on corn kernds it is
both externa and systemic (Munkvold and Degardins, 1997). The fungus is transmitted
veticdly and horizontdly to the next generation of plants The endophytic phase is
verticaly trangmitted (Bacon et al., 2002, 2001).

During the biotrophic endophytic asociaion with maize, as wel as during
sgprophytic  growth, F. verticillioides produces the toxic secondary metabolite,
fumonisn.  Fumonisns ae a group of naurdly occurring secondary mycotoxins
comprised of a least 14 closdy related sructurd anaogues, fumonisn Bi.4, of which
only B; and B, are of toxicologicd dgnificance (Huang et al., 1995; Thid et al., 1992).
Procedures for detection and deermingion of fumonigns indude thin layer
chromatography, liquid chromatography  (with  fluorescence  deriveization), post-
hydrolyss gas chromatography, immunochemical assay, and mass spectrometry (Scott,

1993).
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Fumonisin B1: Prevalence

Fusarium verticillioides is found worldwide in corn and other agriculturd
commodities intended for human and anima consumption (Marasas, 1995). It occurs not
only in the humid and sub-humid temperate zones, but dso extending in to the
subtropicad and tropical zones and is uncommon in cooler temperate zones (Miller, 1994).
It has been isolated from Argentina, Brazil, Benin, Canada, China, Croatia, Egypt,
France, Honduras, Hungary, Italy, Japan, Korea, Nepa, Poland, Portugad, Romania,
South Africa, Spain and the United States (Dutton, 1996; Marasas, 1995). A surveillance
programme for mycotoxins in 1991 feed showed a mean level of 12.1 mgkg FB; in
United States maize screenings (Price et al., 1993). Notable high concentrations of
fumonisin in corn were 385 mg/kg in Brazil, 50 mg/kg in France, 334 mg/kg in Hungary
and 250 mgkg in Sardinia (Dutton, 1996). Although approximaidy 90% of F.
verticillioides is found in corn, it is commonly isolated from other cered grains incuding
wheet, barley and sorghum (Visconti and Doko, 1994). FB; is infrequently found in
beans, beer and milk (Tseng et al., 1995, Hlywka and Bullerman, 1999; Maragos and

Richard, 1994).

Fumonisin B;: Contral

Many infected plants do not show dgns of infedations, therefore standard cleaning
procedures are ineffective in contralling the fungd infestation and subsequent production
of fumonign. Fumonisin concentrations appear to decline as processng temperature
increese (Bullerman et al.,, 2002). Therma processng such as frying and extruson

cooking, where temperatures can exceed 175°C, result in greater fumonisin losses (90%

or more) than baking and canning, where product temperatures rarely reach 175°C.
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Adding glucose results in high losses of fumonisns during baking and extruson
processing.  Nixtamdizatiion, the dkdine processng of corn usng 01 M cdcum
hydroxide a room temperature for 24 h, hydrolyzes fumonisins and results in loss of the
major part of the FB; content (> 75%) (Dutton, 1996). To date, no completely effective
detoxification process has yet been developed for use with fumonisn-contaminated
feeds.

Breeding for increased tolerance and reduced mycotoxin levels, as well as tranggenic
goproaches to ear mold/mycotoxin resstance, transgene-mediated control of the ability
of Fusarium to infect and colonize maize and transgene approaches aimed at preventing
mycotoxin biosynthess, or detoxifying mycotoxins in planta are practicd and feasble as
well (Saunders et al.,, 2001). A biologicd sysem usng an endophytic bacterium,
Bacillus subtilis, has been developed that shows great promise for reducing mycotoxin

accumulation during the endophytic growth phase (Bacon et al., 2001).

Fumonisin B;: Structure

FB: is a water-soluble, polar metabolite gructurdly smilar to sphinganine, but with
gde chains composed of tricarbdlylic acid (Fig. 2.1, Riley et al., 1998). Its Sructure is
based on a long hydroxylated hydrocarbon chain (pentahydroxyeicosane) containing
methyl and amino groups, and two propane-1,2,3-tricarboxylic acid molecules at carbon
14 and 15 (Dutton, 1996). FB; is hydroxylated at carbon postions 5 and 10 (Degardins

et al., 1996).
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O cyon
SPHINGANINE NVW\/\/W

NH,
OR 0OH OH
FUMONISIN B, NW\I/W\W
CH, OR CH, OH NH,

k= COCH,CH(COOH)CH,COOH

Figure 2.1. Structura resemblance of sphinganine and FB; .

Fumonisin B;: Phar macokinetics

The pharmacokinetics of FB; in most species investigated involves poor absorption
from the gadtrointestina tract, rapid clearance with low digtribution and retention in
certan tissues epecidly liver and kidneys (Norred et al., 1993; Shephard et al., 1995).
Following intragestric administration of [**C]FB; in rats, approximatdy 80% of the
radiolabed was recovered in feces and up to 3% in uwrine with minima radioactivity
digributed in tissues, with the liver, kidney and blood having the highest percentages
(Norred et al., 1993). The toxin that is absorbed perssts especidly liver and kidney, both
been shown to be target organs for FB, (Gelderblom et al., 1991; Voss et al., 1993). The
dimination hdf-lives for FB; was longer for liver (4.07 h) and kidney (7.07 h) than for

plasma (3.15 h). Tissue accumulation of FB; was evidenced by the tissue/plasma area
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under the concentration-time curve (AUC) ratios;, the AUC tissueAUC plasma for FB;
was 2.03in liver and 29.89 in kidney (MartinezLarranagaet al., 1999).

Intravenous exposure to FB; in rats resulted in 10% of the intravenous dose being
eliminated in the urine, with evidence of biliary excretion and 35 % recovered in feces
(Norred et al., 1993) and the mgority (66%) of a dose administered intraperitonedly was
excreted in feces (Shephard et al., 1992). The dimination haf-life of FB, after ord
adminigration was longer (3.15) then that obtained following intravenous adminidtration
(1.03 h) (Martinez-Laranaga et al., 1999). The time intervd for maximum drug
concentration (Tmax) in plaama was 1.02 h and bicavalablility 3.5% following ord
adminigration of 10 mg/kg FB; in rats (Martinez-Larranaga et al., 1999).

At concentrations between 4 and 1000 nM of radiolabelled [U-1*C]FBy, uptake by
cultured rend epithdid (LLC-PK; cdls) was linear following fird order kinetics
(Enongene et al., 2002). In addition, the amount of FB;, based on high performance
liquid chromatography, recovered from the agueous extracts of LLC-PK; cdls dlowed to
accumulate FB; for up to 4 h was the same as the cdculated amount of accumulated FB;
based on the specific activity of [U-*C]FB; in the solution with which the cdls were
treated. The results of these experiments support the hypothess that FB; is not
metabolized to any appreciable extent.

Minima degradation of FB; by rumina microbes (about 10%) irrespective of
concentration of FB; used indicated that microbid efficiency was unaffected by the
presence of FB; (Gurung et al., 1999). Shephard and coworkers (1994) reported that the
gut microflora of non-human primates is cgpable of removing one or both tricarboxylic

acid groups from FB;.
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Fumonisin B;: Toxicity
Plants

Fusarium verticillioides is phytotoxic, which is of particular interest for its potentid
role as a virulence factor to facilitate inveson of plant tissues by the fungus (Degardins
et al., 1996). Droplets of FB; solution gpplied to the leaf surface of jimsonweed, black
nightshade, and susceptible tomatoes caused necross, growth inhibition, and death
(Abbas et al., 2000). A survey of ligings of plant diseese caused by Fusarium
verticillioides indicates that it is ether the primay or secondary incitant of seedling
blights, foot rots, sem rots, pre- and post-harvest fruit rots, stunting and hypertrophies
(Munkvold and Degardins, 1997). The mycotoxin produces chlorosis, necross, tissue
curling, stunting, and defoliation (Abbas and Boyette, 1992).
Horses

An ealy description for equine leukoencephdomdacia (ELEM) was given by Butler
in 1902, dso cdled, “hole in the head’, blind staggers, foraging disease, corn dak
disease, moldy corn poisoning, leucoencephditis, and cerebritis (Dutton, 1996). Clinica
dgns of neurotoxicoss, include nervousness followed by gpathy, a wide-based stance,
trembling, ataxia, reuctance to move, paress of the lower lip and tongue, and an inability
to eat or drink and tetanic convulsons (Marasas et al.; 1988; Dutton, 1996). The
principd higologicd lesons ae severe edema of the bran and ealy, bilaerdly
symmetrical, focad necross in the medulla oblongata In severe cases, there may be a
large liquefied cavity within the white matter of the right cerebra hemisphere, with the
cereébrum posterior to the cavity enlarged and edematous with congested blood vessds

(Dutton, 1996). The other organ affected is the liver, which often shows a mild sweling
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with a color change to ydlow-brown. In more severe cases, gross liver lesons may be
seen with fibross of the centrilobular area. Hepatocytes on the edge of the fibrotic area
have large fatty globulesin their cytoplasm (Dutton, 1996).

FBi-treated horses with clinicd dgns of neurologic diseese have evidence of
cardiovascular dysfunction. These include decreases in heart rate, cardiac output, right
ventricular  contractility, coccyged artery pulse pressure, and pH and base excess in
venous blood as well as increases in sysemic vascular resstance, compared with vaues
for control horses. FBj-induced decreases in cardiovascular function may contribute to
the pathophysiologic development of leukoencephdomaacia in horses (Smith et al.
2002). Donkeys (Hdiburton et al., 1979) and ponies (Wang et al., 1992) of the equidae
family were dso reported to develop ELEM to varying degrees on exposure to FB;. With
what is known about FB; effects on animds, horses are the most senditive species, and it
has been recommended that a maximum fumonisin level of 5 ng/g should be dlowed in
horse feed to avoid the danger of inducing ELEM (Report of Joint Mycotoxin
Committee, 1994).

Pigs

In 1990, an outbresk of an apparently species-specific disease in pigs, cdled porcine
pulmonary edema (PPE), was investigated by Harrison and coworkers (1990). On
necropsy, animas had pulmonary edema and hydrothorax, with the thoracic cavities
being filled with a yelow liquid (Harrison et al., 1990). The hyperplastic nodules in the
liver and the changes in the digd esophagea mucosa illusrate the unique chronic
toxicity of this mycotoxin in pigs (Casted et al., 1993). All pigs exposed to FB; show

subacute  hepatotoxicoss with individua hepatocdlular necross, hepatomegaocytos's,
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and increased numbers of mitotic figures (Osweiler et al., 1992) and pancreatic acinar
cel degeneration (Haschek et al., 1992). Ultrastructurad changes in oraly dosed swine
incduded loss of gnusoidd hepaocyte microvilli; membranous materid in  hepdtic
snusoids, and multilamellar bodies in hepatocytes, Kupffer cdls, pancregtic acinar cells
and pulmonary macrophages. Thus, the target organs of FB; in the pig are the lung, liver,
and pancreas. At lower doses, dowly progressive hepatic disease is the most prominent
feature, while a higher doses, acute pulmonary edema is superimposed on hepatic injury
and may cause death (Haschek et al., 1992; Motdin et al., 1994). Feeding FB; to
lactating sows did not affect suckling pigs and there was no evidence of the toxin present
in the milk (Becker et al., 1995). Cardiovascular function is dtered by FB; and FBj-
induced PPE is caused by pulmonary hypertenson caused by hypoxic vasocongriction
(Smith et al., 1996) and acute left-sded heart falure mediated by dtered sphingolipid
biosynthesis (Haschek et al., 2001) and not by dtered endothelia permesbility @mith et
al., 2000; Congtable et al., 2000). For swine, a maximum leve of 10 ny/g has been
recommended to avoid PPE (Report of Joint Mycotoxin Committee, 1994).
Rodents

Hepato- and nephrotoxicities, disrupted sphingolipid metabolism, and liver cancer
have been found in rodents fed FB; (Voss et al., 1998). The hepatocarcinogenic effects
of FB; involve the devdopment of hepatic nodules, adenofibross, hepatocdlular
cacinoma, cholangiofibrods and cholangiocarcinoma (Voss et al., 1989). Diets
contaning FB; induced rena tubule carcinomas in mae F344/N rats and hepatocelular
carcinomas in femade B6C3F; mice (Howard et al., 2001). FB; is hepatotoxic (Voss et

al., 1993) and nephrotoxic (Suzuki et al., 1995; Voss et al., 1993). The kidneys are
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considered to be the primary target organs in male rats (Bondy et al., 1996), but not mice.
The liver lesons include apoptoss and hepatocdlular and bile duct hyperplasa in both
sexes, with the femde rats being more responsve a lower doses. Lesons in the kidney,
which include gpoptoss and cdlular degeneration, are predominately found in the outer
medulla (Voss et al., 1996; Voss et al., 1989, Pozzi et al., 2001). FB; is
immunosuppressve in mice the magnitude of FB;-induced immunosuppresson is highly
dependent on gender, femaes being more susceptible than maes (Johnson and Sharma,
2001). FB; is fetotoxic to rats & 8 t012 days of gestation by suppressng growth and
fetal bone development (Lebepe et al., 1995).
Poultry

Purified FB; was incorporated into the diets of broiler chicks a 0, 20, 40, and 80
mg/kg, and fed to chicks from O to 21 d of age (Henry et al., 2000). Dietary FBs, a
concentrations of 80 mg/kg or less, did not adversdly affect body weight, feed efficiency,
or water consumption of broiler chicks. The relaive weights of the liver, spleen, kidney,
proventriculus, and bursa of Fabricius were aso unaffected by any dietary concentration
of FB;. Higologicdly, chicks fed fumonisn has been shown to have multifocad hepatic
necross, biliary hyperplasa, muscle necross, intestind goblet-cell hyperplaga, thymic
cortica atrophy, and rickets (Brown et al., 1992; Ledoux et al., 1992). FB; isdso shown
to be immunosuppressive in chicks (Li et al., 1999). Ducklings and turkeys, like other
poultry, are reldively resgant to the toxic effects of FB; (Bemudez et al., 1995).
Because of the greater resstance of poultry to FB; toxicity, maximum feed levds of 50

ny/g have been suggested (Report of Joint Mycotoxin Committee, 1994).
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Non Human primates and humans

Classfied as a Class 2b carcinogen (IARC, in press), consumption of FBy-
contaminated corn is correlated to a high incidence of cancer of the esophagus and upper
digedtive tract in eastern and southern Africa (Marasas et al., 1988; Rheeder et al., 1992),
the Peoples Republic of China (Cheng et al., 1985; Chu and Li, 1994), coasta South
Carolina (Brown et al., 1988; Fraumeni and Blot, 1977) and northern Italy (Franceschi et
al., 1990; Ross et al., 1982).

Apat from the adverse effects in the liver and kidneys, cholesterol and credtinine
kinase were affected in vervet monkeys (Gederblom et al., 2001). Severad blood
parameters, including white and red blood cells, dso sgnificantly decreased in the treated
animds  Eevaed liver enzymes gamma-glutamyl trandferase, agpartate transaminase
and danine transaminase were aso observed (van der Westhuizen et al., 2001). Baboons
developed hepatic cirrhoss and intraventricular thrombosis (Kriek et al., 1981).

Other animals

One case of LEM symptoms in white-tailed deer has been described in the US
(Howerth et al., 1989). Cdves and Angora goats given feed containing FB; were
unaffected in terms of feed intake or weight gain, dthough certain blood enzymes were
elevated dong with cholesteral (Osweller et al., 1993), concluding that cattle and goats
were less susceptible to FB; than other animds (Gurung et al., 1998). Because of the
greater resstance of cattle to FB; toxicity, maximum feed levels of 50 ng/g have been
suggested (Report of Joint Mycotoxin Committee, 1994).

In rabbits, microscopic examination reveded foca smdl hemorrhages in cerebrd

white maiter, with maacia and hemorrhage adso present in the hippocampus (Bucci et al.,
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1996). The lesons were bilaterd. Both animas dso had marked degeneration of rend
tubule epithdium and of hepatocytes. Apoptoss was the dominant degenerative change
in kidney and liver. Studies were done on catfish fed with culture materid containing
FBi1, and it was concluded that levels of 20 mg/kg or above are toxic to both + and 2
year old fish (Brown et al., 1994).
Cell culture

FB; is cytotoxic (Norred et al., 1991) and can induce gpoptoss in severa mammdian
cdl lines, including rat hepatoma, dog kidney epithdid cdls (Shier et al., 1991) and
African green monkey kidney fibroblasts (CV-1) (Jones et al., 2001). FB; sdectivey
affected glid cdls in paticular, FB; delayed oligodendrocyte development and impaired
myein formation and depostion in glid cdls (Monnet-Tschudi et al., 1999). Both the
elevation of free sphingoid bases and the decrease in complex ghingolipids contribute to
the decreased cdl growth and cytolethdity of FB; by inducing gpoptoss in pig kidney
LLC-PK; cdls (Yoo et al., 1996). Cytotoxic concentrations of FB; induce cdlular cycle
ares in phase Go/M in ra C6 glioma cels possbly in reation with genctoxic events
(Mobio et al., 2000). FB; has been described as a mitogen in Swiss 3T3 cells based on
simulation of [*H]thymidine incorporation (Tolleson et al., 1996). COS-1 cdls, Chinese
Hanmger Ovay (CHO) cdls, primay rat hepatocytes and liver dices ae reaivey
resstant to FB; cytotoxicity (Yu et al., 2001, Ciacci-Zandla et al., 1998; Riley et al.,

1998).



25

Fumonisin B; and sphingolipids:

The pathway of de novo sphingolipid biosynthess begins with the condensation of
srine with pamitoyl-CoA a the endoplasmic reticulum and proceeds repidly to the
biosynthess of ceramide and more complex sphingolipids (Riley et al., 2001, Fig. 2.2).
The turnover of more complex sphingolipids results in the production of ceramide,
gphingosine and its metabolites (Riley et al., 2001).

FB1 is known to be a potent inhibitor of sphingolipid biosynthess, specificaly
inhibiting the key ezyme N-agyltransferase (synonym=ceramide synthase), which
cadyzes the acylation of sphinganine and sphingosine to ceramides (Norred et al., 1996;
Wang et al., 1991; Yoo et al., 1992). Ceramide synthase appears to recognize both the
amino group (sphingoid binding domain) and the tricarbdlylic acid sde chains (fatty acyl
CoA domain) of FB; (Merill et al., 1996) and FB; exhibits compsiitive-type inhibition
with respect to both subdtrates of this enzyme (sphinganine and fatty acyl-CoA) having
ICs0 of 50-100 nM (Wang et al., 1991).

The FB;-induced diguption of sphingolipid metabolism indudes inhibition  of
dihydroceramide biosynthess, a depletion of more complex sphingolipids, an increase in
free gohinganine, a decrease in reacyldion of sphingosne derived from complex
gphingolipid turnover (and degradation of dietary sphingolipids), an increase in phingoid
base degradation products (i.e. sphingosine (sphinganine)-1-phosphate, ethanolamine
phosphate, and faity aldehydes), and dterations in other lipid pools (Merrill et al., 1996,
Fig. 22). The FB;-induced disruption of sphingolipid metabolism is an importart event
in the cascade of events leading to dtered cel growth, differentiation, and cdl injury

observed in both in vitro and in vivo (Riley et al., 1994). The accumulaion of these
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bioactive compounds, as well as the depletion of complex sphingolipids, may account for
the toxicity, and perhgps the carcinogenicity, of fumonisns (Merrill et al., 1996; Wolf,
1994).

Studies with diverse types of cdls (hepatocytes, neurons, kidney cdls, fibroblads,
macrophages, and plant cells) have established that FB; not only blocks the biosynthesis
of complex sphingolipids, but aso causes sphinganine to accumulate and be released,
therefore it can be used as a biomarker for exposure (Merill et al., 1996). Changes in
free gohingoid base concentrations have been demondrated in vivo in horsesponies
(Wang et. al., 1992), pigs (Riley et al., 1993), rats (Riley et al., 1994), and mice (Tsunoda
et al., 1998), rabbits, and non-human primates and chickens (Gumprecht et al., 1995;

Riley et al., 1994; Shephard et al., 1996; Henry et al., 2000).

Sphingoalipids:

The "gphingosin” backbone of sphingolipids was so named by J. L. W. Thudichum in
1884 for its enigmatic ("Sphinx-like") propeties (Merill et al., 1997). Until the late
1970's, sphingolipids were primarily thought to serve as inert gructura compounds, the
suggestion that sphingolipids might be directly implicated in intracdlular  sgnding
pathways followed the discovery tha sphingosne, a product of complex sphingolipid
metabolism, inhibited protein kinase C (PKC) activity (Hannun et al., 1986; Hannun and

Bell, 1989).
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Figure 2.2. A schematic illugtration of the inhibition of ceramide synthase by FB;.

Different  sphingolipids modulate PKC activity and/lor PKC-mediated events
differently in a variety of experimenta modds. Sphingosine 1-phosphate is known to be
ineffective effect on PKC activity (Sadahira et al., 1992) or increase PKC expression
(Lampasso et al., 2001) and PKC activity (Meacci et al., 1999) in various cdls.
Gangliosde GM3 activated PKC when subdituted for phosphatidylyserine (Momoi,

1986). Ceramide has been reported to both activate (Limatola et al., 1997; Lozano et al.,
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1994) and prevent activation of PKC depending on cdl type and exposure conditions
(Lee et al., 1996; Jones and Murray, 1995; Chmura et al., 1996; Bourbon et al., 2001). In
contrast, PKC activation can be prevented by severd gangliosides, as demonstrated in in
vitro systems, intact neura cdls and neurd tissues (Hakomori, 1990). Sphingosne and
lysosphingolipids are potent and reversble inhibitors of PKC in vitro (Hannun et al.,
1986; Hannun and Bedl, 1987). Smith et al. (1997) showed that eevation of free
sphingoid bases, ether by the act of changing J774A.1 macrophages to fresh growth
medium or by addition of FB; caused a dgnificant decrease in phorbol dibutryrate
binding and an increase in cytosolic PKC activity.

Sphingolipids and ther metabolites can mediate either mitogenic or gpoptotic effects
depending on the cdl type and exposure conditions Hannun, 1996; Kolesnick and Fuks,
1995; Spiegd and Mildtien, 1995). The biologica functions of sphingosine, sphingosine
1-phosphate and sphinganine are paradoxical in effect; they can induce cdl proliferation
(Davalle et al., 2002, Merrill et al., 1997; Linn et al., 2001) or trigger apoptosis
(Davallle et al., 2002; Gennero et al., 2002; Linn et al., 2001). In addition to the newly
discovered role of ceramide as an intracdlular second messenger for tumor necross
factor a (TNFa) and other cytokines, it has been reported to induce both apoptosis (Hsu
et al., 1998; Tepper et al., 1997) and dimulate cel proliferation (Olivera and Spiegd,

1992).

Fumonisin B; and tumor necrosisfactor a
In various dudies tumor necrogss factor a (TNFa) has adso been shown to modulate

FB; toxicity. FB; increased TNFa expresson in severd drains of mice in vivo (Sharma
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et al., 2000a, b, 2001) and in vitro (Dugyda et al., 1998; He et al., 2001). The in vivo
hematologicd effects of FB; were partiadly reversed by anti-TNFa antibodies (Dugyda
et al., 1998). Mouse drans lacking p75 or pS5 tumor necross factor receptor aso
showed reduced liver toxicity following FB; exposure (Sharma et al., 2000a, 2001).
Macrophages derived from mice treated with FB; produced higher amounts of TNFa
when simulated by the mitogenic endotoxin, lipopolysaccharide (LPS), compared to
untrested cells (Dugyaa et al., 1998). A TNFa-like activity has dso been obsarved in
swine after FB; injection (Guzmen et al., 1997). In addtion FB; incressed TNFa
expresson a 4 h in LLC-PK; cdls (He et al., 2001). FB; toxicity in CV-1 (African green
monkey kidney fibroblasts) was prevented by inhibitor of apoptoss protein (IAP), an
inhibitor of the TNF pathway (Ciacc-Zandla and Jones, 1999). Expresson of tumor

necrosis factor type 1 receptor associated protein 2 was induced in FB;-sendgtive CV-1
cdls but repressed in FBp-resstant COS-7 cdls demondrating the involvement of TNFa -
induced desth pathway in FB;-cdl degth (Zhang et al., 2001).

In contrast, mae transgenic mice expressing the human TNFa gene expressed
increased TNFa on exposure to FB;, but displayed reduced hepatotoxicity (Sharma et al.,
2000b). In addition, mice lacking both TNFa receptors showed reduced hepatotoxicity
despite induction of TNFa expresson (Shama et al., 2002). These observations suggest

that TNFa can aso protect against FB;-mediated toxicity.

Tumor necrosisfactor a:
The pro-inflammatory cytokine tumor necross factor (TNFa) is recognized as a key

mediator of inflammation with actions directed towards tissue destruction and recovery
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from damage (Bakwill and Mantovani, 2001; Bakwill, 2002). The biologicd activities
of TNFa ae mediaed by two dructurdly relaed but functiondly distinct receptors,
designated pS5 and p75 TNFa receptors (Arnott et al., 2002). It has become apparent
that a complex aray of dgnding events are initiated in response to TNF receptor
activation, giving rise to the pleiotropic effects of TNFa on cells (Baud and Karin, 2001;
Lockdey et al., 2001). The cytokine has pardoxica roles in the evolution and treatment
of mdignancy, where high locd adminigration of TNFa is anticarcinogenic (Leeune et
al., 1998), but TNFa appears to act as an endogenous tumor promoter when chronicaly

produced (Bakwill and Mantovani, 2001).

Fumonisin B; and protein kinase C:

FB:1 is an inhibitor of ceramide synthase, a key enzyme in de novo sphingalipid
biosynthess and reecylation of free sgohingosne. As sphingolipids are naturd inhibitors
of the cddum (Ca®)-activated, phospholipid-dependent phosphorylating enzyme,
protein kinase C (PKC) (Hannun et al., 1986; Hannun and Bell, 1987), FB; a0 affects
PK C-regulated functions. Huang and coworkers (1995) demonstrated that FB; decreased
deady date levels of specific PKC isoforms in African green monkey kidney cdls (CV-1
cdls). Represson of PKC activity was evident following exposure to 0.01 to 10 M FB;
for 3 and 16 hr. In contrast, Yeung and co-workers (1996) showed that FB; added in
vitro, did not affect totd PKC activity a concentrations of 1-1000 nm in rat
cerebrocortical dices. However, a 20-min incubation with FB; (1-1000 nm) resulted in a
concentration-dependent  reduction in cytosolic PKCg proten and activity and a

comparable increase in membrane-associated PKCg. It was aso found that in a crude
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cerebrocorticad membrane preparation, both FB; and exogenous sphingosine inhibited
phorbol dibutryrate binding in short term incubetions. The results suggested that both
FB: and sphingoid bases interacted directly with the diacylglyceral binding dte in the
membrane preparation.

Since mogt cells express more than one type of PKC, differences among the isozymes
with respect to activation conditions and subcdlular locations suggest that individud
PKCs mediate distinct biologicad processes (Gopalakrishna and  Jaken, 2000).
Experiments in which activities of indivud isozymes are upregulated or downregulated
confirm that individud PKCs mediate diginct cdlular events (Nishizuka, 1992, Stabel

and Parker, 1991).

Protein kinase C:

The discovery of protein kinase C (PKC) in 1977 by Nishizuka and co-workers
represented a maor breskthrough in the sgnd transduction fidd (Teka et al., 1977).
PKC is a multigene family that encodes a least 12 phospholipid-dependent
seringlthreonine kinases, composed of 3 mgor classes, tha are involved in a variety of
pathways that regulate cell growth, desth, differentiation, neoplastic transformation and
sress responsveness (Jeong et al., 2001; Buchner, 2000). The discovery that PKC
represents a large family of isoforms differing remarkably in ther dructure and
expresson in different tissues, in their mode of activation and in subdrate pecificity may
enable us to ducidate the key role of PKC isoenzymes in sgna transduction and to link
PKC isoform action to the modulation of gene expresson necessary for changes in the

proliferative and differentiation status of cells (Hug and Sarre, 1993).
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PKC isozymes have been grouped into three subclasses according to their regulatory
properties, which are conferred by specific domains of the proteins (Ron and Kazanietz,
1999). The ‘conventiona’ or ‘classica’ PKCs (cPKCs) include PKC a, bl, bll and g are
Ca’*-dependent and  simulated by  second-messenger  diacylglycerol  (DAG)
(Gopdakrishna and Jaken, 2000; Ron and Kazanietz, 1999). The ‘novel’ PKCs (nPKCs)
d, e, g, and h can aso be activated by DAG and phorbol esters but are Ca?* independent
(Gopdéakrishna and Jaken, 2000; Ron and Kazanietz, 1999). The ‘atypicd’ PKCs
(aPKCs), which include PKCz and PKCi (its mouse homologue has been named PKCl ),
ae unresponsve to Ca™ and DAG/phorbol esters (Ron and Kazanietz, 1999;
Gopdakrishna and Jaken, 2000). Each PKC isoform is composed of a single polypeptide
chain of 77-83 kDa (Azzi et al, 1992) having two sructuraly well-defined domains the
amino-termina regulatory domain and the carboxy-termind cataytic doman (Ron and
Kazanietz, 1999). PKC isoforms show a markedly different tissue digtribution as most
cdl types express only a subset of PKC isoforms, which are differentidly activated upon
appropriate stimulation (Dekker and Parker, 1994).

Conventiond and novel PKCs have been identified as the cdlular receptor for the
lipid messenger diacylglcerol (DAG), and is therefore a key enzyme in the sgnding
mechanisms by activation of receptors coupled to phospholipase C, which leads to a
trangent devation in DAG levels (Ron and Kazanietz, 1999). Activaion of conventiond
and noves PKCs by Ca&" andlor DAG or phorbol esters is thought to involve the
redigribution of the enzyme from a cytosolic location in resting cells to a membrane-
associated Ste during stimulation (Kraft and Anderson, 1983). The discovery that PKC

is a high-affinity receptor for the phorbol ester tumor promoters established the basis of
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its involvement in multigage cacinogeness and has provided us with powerful
pharmacologicd tools with which to manipulate PKC both in vitro and in cdlular
sysems (Blumberg, 1988). It has been shown that there are two populations of
membrane-associated PKC, a reversble bound form and a membrane-insarted form
(Bazzi and Nelsestuen, 1988, b, c¢). The connection between PKC activation and its
cdlular responses is mediated by proteins, which become physiologicaly phosphorylated
by PKC (Woodgett et al., 1987) many of which are involved in the sgnd transduction
that influence cytokine production, growth, differentiation, gpoptoss and mitogeness
(Jeong et al., 2001). Some of the putative substrates of PKC include the myristoylated
danine-rich C-kinase substrate (MARCKYS) (Isacke et al., 1986), the epiderma growth
factor (EGF) receptor (Lin et al., 1986), inhibitory-kappa B (IkB) (Lenardo and
Badtimore, 1989), the Na'/H" exchanger (Sardet et al., 1990), mitogen-activated protein
(MAP) kinase (Ray and Sturgill, 1988), neurogranin (Baudier et al., 1991) and lamin B
(Hornbeck et al., 1988).

Activation of PKC has been documented to result in the activation of specific

transcription factors (La Porta and Comolli, 1998) and subsequent production of TNFa,

Interleukin-1b (IL-1b) and Interleukin-6 (IL-6) in human monocytes (Kontny et al.,
1999). In addition, PKC is the mgor high-afinity intracdlular receptor for phorbol
eders, a class of potent tumor promoters (Buchner, 2000), and its activation has been
documented to be involved in involvement in multisage carcinogeness (La Porta et al.,
1997, Benzl et al., 1992; Liu et al., 1992; Bamberger et al., 1996). Paradoxicaly,
represson of PKC is aso linked to its ability to induce maignant transformation (Craven

and DeRubertis, 1992; Guillem et al., 1987; Kopp et al., 1991; Kusunoki et al., 1992,



34

Kahl-Rainer et al., 1994; Suga et al., 1998; Morris and Smith, 1992; Scaglione-Sewdl et
al., 1998) and induction of apoptoss (Reyland et al., 1999; Chmuraet al., 1996).

Following trandocation to the membrane and ectivation of PKC, there is a rapid and
eventual proteolytic degradation or down-regulation of the enzyme (Pontremoli et al.,
1990). Calpain, a cadcium-dependent cysteine proteinase, releases the catdytic domain of
PKC yidding the irreversibly activated Ca#* (Inoue et al., 1977; Takai et al., 1977), and
the lipid-cofactor-independent fragment known as PKM. Converson of PKC to PKM

may represent aphysiologica regulatory mechanism (Pontremoali et al., 1990).

Protein kinase C and sphingolipids:

Until the late 1970's, sphingolipids were primarily thought to serve as inert Structurd
compounds, the suggestion that sphingolipids might be directly implicated in intracdlular
ggnding pahways followed the discovery tha sphingosine, a product of complex
gphingolipid metabolism, inhibited PKC activity (Hannun et al., 1986). The discovery
that breskdown products of cdlular sphingolipids ae biologicdly active and can
modulate PKC activity has generated great interest in the role of these molecules in cdl
ggnding (Hannun and Bel, 1989) as different sphingolipids are able to affect PKC
activity and/or PKC-mediated events in a vaiety of experimentd modds. Sphingosine,
gphinganine and lysosphingolipids are potent and reversible inhibitors of PKC in vitro
(Hannun et al., 1986; Hannun and Bell, 1987). Sphingosine 1-phosphate is stimulatory
(Lampasso et al., 2001; Banno et al., 1999) to PKC and ceramide, has been reported to
both activate (Limatola et al., 1997; Lozano et al., 1994) and prevent activation of PKC

depending on cdl type and exposure conditions (Lee et al., 1996; Jones and Murray,
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1995; Chmura et al., 1996; Bourbon et al., 2001). Sphingolipids and therr metabolites
can mediate either mitogenic or gpoptotic effects depending on the cel type and exposure

conditions (Hannun, 1996; Kolesnick and Fuks, 1995; Spiegel and Milstien, 1995).

Nuclear factor-kappa B:

Nuclear factor-kappa B (NF-kB) is a prototypic transcription factor involved in the
regulation of numerous genes (Baeuerle and Henkd, 1994; Baeuerle and Bdtimore,
1989) involved in the regulation of a variety of biological processes, such as immune
response, inflammatory response, cell adheson, growth control and cdl death, depending
on cdl type and dimulus (Bddwin, 1996). Many gimuli induce NFKB activity,
induding TNFa, Interleukin-1 (IL-1), activators of PKC, viruses, bacterid LPS, ionizing
radiation, and oxidants (Jeon et al., 2000). NF-kB activation is subject to severd levels
of control, involving phosphatase and kinase activity (Fernandez and Dobbel aere, 1999).

NF-kB is composed of homo- or heterodimers of the members of the Rd protein
family of transcription factors (Baeuerle and Henkel, 1994; Baldwin, 1996; Thanos and
Maniatis, 1995), which is associated a rest with an inhibitor protein, inhibitory-kappa B
(IkB), and is retained in the cytoplasm (Zabel and Baeuerle, 1990). Phosphorylation of
IkB a two serine resdues, Ser 32 and Ser 36 is followed by ubiquitin-dependent
processing of IkB in the 26S proteosome. NF-kB rapidly trandocates to the nucleus
(Vertegad et al., 2000) where it binds to a NF-kB moatif and functions as a transcriptiona

regulator (Kang et al., 2000).
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Nuclear factor-kB and tumor necrosisfactor a:

NF-kB plays an important role in the transcriptiond activation of TNFa gene
expresson (Sweet and Hume, 1996; Aggarwa et al., 1996). TNFa expression following
LPS dimulation is dependent on the activation of the transcription factor NF-kB

(Shakhov et al., 1990; Yao et al., 1997).

Protein kinase C and nuclear factor-kB:

NF-kB has been shown to be activated by various members of the PKC family
(Sgnordli et al., 2001). Activators of PKC activates severa transcription factors,
induding NFkB, are involved in cytokine synthesis (Drouet et al., 1991). Vertegaad and
coworkers (2000) have demondrated that PKC is an upstream activator of the 1kB
complex in the 12-O-tertradecanoyl phorbol 13-acetate (TPA) sgnal transduction
pathway to NF-kB in U20S cdls. Sanz and coworkers (1999) have demonstrated that
two members of the atypicd protein kinase C subfamily (PKC-z and PKC-l) are
involved in the control of NFkB. Ldlena et al. (1999) reported that the atypical PKCs
and PKCa seem to be important intermediaries in the phosphorylation of inhibitory
kappa B by TNFa and PMA, respectively. It has been found that PMA activates NF-kB
through direct activation of classcd and/or novd PKC isoforms and was inhibited by
PKC inhibitors (Vertegad et al., 2000; Lalena et al., 1999; Trushin et al., 1999). A role
for PKC in the regulation of NF-KB activation pathway has dso been evidenced by the

demondtration that PKCz associates with IkBa kinase activity and that over-expresson
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of a dominant-negative mutant of PKCz blocked NF-kB activation (Diaz-Meco et al.,

1993; Folgueiraet al., 1996).

Protein kinase C, nuclear factor-kB and tumor necrosisfactor a:

The activation of NF-kand TNFa via a PKC-dependent pathway is shown is Figure
2.3. Exposure of macrophages to LPS activates PKC (Shapira et al., 1994) and
experiments usng various PKC activators and inhibitors indicated that PKC activity is
required for the expresson of severd macrophage functions, including TNFa and IL-1
secretion, nitric oxide production and tumoricidd activity (Shapira et al., 1994;
Taniguchi et al., 1989; Kovacs et al., 1988). PKC inhibitors inhibited LPS-induced
TNFa synthess and secretion in murine peritoneal macrophages and human monocytes
(Kovacs et al., 1988; Taniguchi et al., 1989). Norcardia water-soluble mitogen (NWSM)
and Norcadia lysozyme digest (NLD) was shown to simulate TNFa secretion by human
monocytes in a PKC-dependent manner as sphingosine, staurosporine and caphostin C
markedly inhibited TNFa secretion in response to NWSM and NLD (Mege et al, 1993).
Studies in human monocytes, utilizing daurosporine, H7, cdphostin, and chderythrin,
determined that PKC activation was required for TNFa production and NF-kB DNA
binding (Shapira et al., 1994; Prabhakar et al., 1993). Stimulation of PKC directly with
PMA resulted in NF-kB activation and TNFa production by human monocytes (Shames
et al., 1999). Shames and coworkers (1999) found that stimulation of PKC directly with
PMA reaulted in NF-kB activation and TNFa production by human monocytes. TNFa
production in  murine dveolar and peritoneal macrophages in response  to

lipopolysaccharide occurred via PKC activation (Medrum et al., 1998; West et al.,
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1997). Angiotensin Il provokes TNFa biosynthess in the adult heart through a pathway
that involves the sequentid activation of PKC, followed by activation of NF-kB (Kara et

al., 2002).

Plasrna merhtane

Figure 2.3. PKC cdl sgnding.

Porcinerenal epithelial (LLC-PK1) cells:

The origin, devdopment and specid characterigics of the dable epithdid-like pig
kidney cdl drain, LLC-PK; cdls, were fird described by Hull et al. (1976). This strain
has been carried through more than 300 serid passages, has remained free of microbial

and vird contaminants, and has retained a near diploid number of chromosomes (Hull et
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al.,, 1976). These cdls are epithdid-like, with rather large round-to-dightly-ova-shaped
nucle. Mog nucle contain one to three nucleoli. Multinuclesied cdls are rare, but
occasond binucleated cdls may be observed. Severd morphologica fegtures have been
observed in thee cultures including ring-like dructures that are three-dimensond and
described as “domes’ (indicated by arow in Fig. 24). The fluid-filled domes of
confluent cultures of LLC-PK; cdls arise from the unidirectiona transport of solutes and
water from the culture media bathing the apicd sde of the cdls (Clarke et al, 2000). The
presence of intact tight-junctiond seds between the epithdid cdls is necessay to
maintain these domes. Exposure to the PKC activator, phorbol ester, TPA, increases
leskiness of tight junctions and result in collapse and disappearance of the domes (Clarke
et al., 2000). In addition, when cultures are grown on serum-free medium, but not in the
presence of fetal bovine serum, many smdl circular bodies or “globules’ appear attached
to the cdl surface (Hull et al., 1976), which may be pieces of the cell membrane pinched

off during periods of high activity and then reettach firmly to cell surface.

Fgure 2.4. Huid-filled “dome’ in confluent LLC-PK; cdlls.
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ABSTRACT

Fumonisn Bj, a potent and naturdly occurring mycotoxin produced by the fungus
Fusarium verticillioides, has been implicated in fatd and debilitating diseases in animas
and humans Fumonisn B; dffects a variety of cdl dgnding proteins including protein
kinae C (PKC); a sarinefthreonine kinase involved in a number of sgnd transduction
pathways, incuding those involved with cytokine induction, carcinogeness and
gooptoss.  The am of this sudy was to investigate the short-term tempord and
concentration-dependent  effects of fumonisn B; on PKC isoforms present in LLC-PK;
cdls in rdaion to the fumonian Bj-induced accumulation of sphinganine and
ghingogne utilizing various inhibitors and activators.  Our dudies demondrated that
fumonisn By (E 1 nmM) caused sdective and trandent activation of PKCa, but did not
affect PKC -d, -e and -z isoforms. At higher fumonisin B; concentrations and later time
points (15120 min), PKCa membrane concentrations declined to untrested levels. An
increase in cytosolic PKCa protein expresson at 15 min was not associated with an
increase in activity or protein biosynthess. Caphostin C, a PKC inhibitor, abrogated the
fumondn Bs-induced trandocetion of PKCa. Preincubation with the PKC activator,
phorbol 12-myrigate 13-acetate (PMA) resulted in an additive effect of membrane
trandocation as compared to PMA or fumonisn B; done. Intracdlular sphinganine and
gphingosine concentrations were not dtered a al time points teted. Myriocin, the
specific inhibitor of serine pamitoyltranderase, the fird enzyme in de novo sphingolipid
biosynthess, did not prevent the fumonisn B;-induced PKCa trandocation. Altering
PKC and its dgnd transduction pathways may be of importance in the ability of

fumonisin B; to induce apoptosis and/or carcinogenes's.
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1The abbreviations used are: PKC, protein kinase C; PMA, phorbol 12-myristate 13-
acetate; TNFa, tumor necrosis factor a; DAG, diacylglycerol; Ca&*, cacium; SPT, serine
pamitoyltranderase;, PKM, catalytic fragment of PKC; Myr; myriocin; Cd-C, cdphostin

C and CHX, cycloheximide.

INTRODUCTION

Fumonisns ae the principd mycotoxins, produced by the fungus Fusarium
verticillioides, associated with corn intended for human and anima consumption globaly
(1). Fumonisn Bi, the mog potent and toxicologicdly ggnificant of the fumonidans, is
unambiguoudy linked to the etiology of severd species-specific toxicoses in domestic
and laboratory animads (2). Fumonidn B; causes equine leukoencephdomaacia (3),
porcine pulmonary edema (4) and hepato- and nephro-toxicity in rats (5). Fumonisn B;
induces rend tumors in male rats and hepatic tumors in femae mice (6) and male ras (7).
Consumption of fumonisn B; has aso been corrdated with a high incidence of cancer of
the esophagus and upper digestive tract in humans (3).

Fumonisn B; bears remarkable dructurd gmilarity to sphinganine and is the firgt
known naurdly occurring inhibitor of de novo sphingolipid biosynthesis via its ability to
inhibit the enzyme sphinganine (sphingosine) N-acetyltransferase (ceramide synthase) (8)
(Fig. 31). TNFa ds modulaes fumonisn Bj-induced toxicity where repeated
fumonign B; exposure has been shown to increase TNFa in severd drans of mice
(9;10) and anti- TNFa antibodies partidly reversed the fumonisin B; toxicity in vivo (11).

Fumonisn  Bsi-induced sphingolipid disruption depletes complex  sphingolipids and

increases free gphingoid bases, sphinganine and sphingosine, and their  degradation
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products (eg. sphinganine 1-phosphate, sphingosine 1-phosphate) (12) (Fig 3.1). The
disuption of sphingolipid metabolism is an ealy event that is closdly rated with the
onset and progresson of proliferation and increased cdl death, both in primary cdl
culture and cdl lines (13). Sphingolipid breskdown products are potent modulators of
protein kinase C (PKC) activity in vitro (14). Fumonisn B; for 20 min simulaed
cytosolic to membrane trandocation of PKCg and increases PKC activity in the presence
of phosphatidylserine and C&* in rat brain (15). In contrat, a later time points, Huang
et al. (16) repressed PKC expresson in African green monkey kidney cells. To date, the
acute tempord effects of fumonisn Bi-induced dterations on various PKC isoforms
utilizing known PKC activators and inhibitor in relaion to disuption of sphingolipid
metabolism have not been discerned.

The PKC multigene family encodes a least 12 phospholipid-dependent
seringlthreonine kinases, composed of 3 mgor classes, that are involved the regulation of
cdl growth, death, differentiation, neoplagtic transformation, and stress responses
(17;18). Conventiond PKCs (cPKCs such as a, bl, bll and g) are activated by
diacyiglycerol (DAG) or phorbol ester in a cacium (Caf")-dependent manner (19;20). In
contrast, activation of novel PKCs (nPKCs such as d, e, g, and h) is Ca?*-independent
(19;20). Neither Ca®* nor DAG is required for the activation of atypica PKCs (aPKCs)
represented by the isoforms | and z (21). In response to DAG or the tumor promoters,
eg., phorbol esters, PKC translocates from the cytosol to the membrane of cdls (22).
Following redidribution and subsequent activation, this enzyme is rapidly cleaved and is

proteolytically degraded (23).
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Cultured pig rend epithdid LLC-PK; cdls are an excdlent paradigm to ducidate the
fumonisn Bj-induced dterations in PKC since an eevation of free sphingoid bases or a
decrease in complex sphingolipids contributes to decreased cdl growth and cytolethdity
of fumonisn B; in thee cdls (24). In addition, TNFa expresson occurs following
expoaure to fumonisn By (25). The ams of these studies were to determine the effect of
short-term exposure to fumonisn B; on PKC isoforms present in LLC-PK; cells and to
confirm the effects of fumonisn B; on PKC using PKC inhibitors and activators. We
further atempted to define the mechanism by which fumonisn B; modulates PKC
utilizing the serine pamitoyltranderase (SPT) inhibitor, myriocin (Fig. 3.1). Here we
aso demondrate that fumonisn B; sdectively and trangently activates PKCa and that

the responses are not prevented by myriocin.

EXPERIMENTAL PROCEDURES
Materials

Fumonisn B; (> 98% purity) was obtained from Programme on Mycotoxins and
Experimental  Carcinogenesis (PROMEC, Tygerberg, South Africa).  Cycloheximide
(CHX), phorbol 12-myristate 13-acetate (PMA) and horseradish peroxidase (HRP)-
conjugated goat secondary anti-mouse antibody were obtained from Sigma (. Louis,
MO). Cadphostin C was obtained from Cabiochem (San Diego, CA). Myriocin was
obtained from Biomol Research Laboratory (Plymoth, PA). Primary mouse polyclond
anti-PKCa, rabbit polyclond anti-PKCd, rabbit polyclona anti-PKCe, fluoresceain
isothiocyanate (FITC)-conjugated secondary anti mouse 1gG and HRP donkey anti-rabbit

secondary antibodies were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
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CA). Primary anti-PKCz antibody was obtaned from Upsate Biotechnology (Lake

Placid, NY).

Cell cultures and Treatment

Porcine kidney epithdid cdls (LLC-PK;, CRL 1392, passage 197) were obtained
from American Type Culture Collection (ATCC, Rockville, MD). Cdls were grown in
75 o culture flasks containing Dulbecco's modified Eagle's medium/Ham's F12 (1:1)
supplemented with 5% fetd bovine serum (FBS) and maintained a 37° C in 5% CO; ar
amosphere.  Cdls were subcultured in 100 ~ 15 mm derile petri dishes and dlowed to
attach and grow for 2 days. The media was replaced with serum-free media 18 h prior to
treatment on the third day. To prevent the burst of free sphingoid bases after addition of
fresh medium (26), 0.1 ml medium from each wel was taken out, and 0.1 ml of
gopropriate chemica dissolved in serum-free medium, was added. LLC-PK; cdls were
treated with 0.01 nM PMA diluted in 0.1% dimethyl sulfoxide (DMSO) (Fisher
Scdentific, Pittsburgh, PA) in serum-free medium, for 30 min. Caphogtin C represents a
cass of kinase inhibitors specific for PKC (27). Inhibition of PKC by cadphostin C is
photo-dependent (28) therefore we preincubated LLC-PK; cels with 100 nM caphostin
C diluted in serum-free medium for 60 min in the presence of light to ensure adequate
inhibition of PKC. For the myriocin study, LLC-PK; cels were incubated 200 nM
myriocin for 4 h prior to treeiment with fumonisn B; to ensure adequate inhibition of

SPT and subsequent inhibition of intracellular free de novo sphinganine biosynthess.
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I mmunoblot analysis for PKC isoforms

Cytosolic and membrane fractions were obtained usng modifications to the methods
as described by of Clake et al. (29). Briefly, cdls were washed 3 times in cold
phosphate-buffered sdine (PBS) and scraped into 100 m of lyds buffer A (20 mmoal/L
TrissHCl, pH 7.5, 0.25 mol/L sucrose, 10 mmol/L EGTA, 2 mmol/L EDTA, 20 ng/mL
leupeptin, 10 ng/mL aprotinin and 200 mmoal/L phenylsulfonyl fluoride) a 4°C and
sonicated on ice. Samples were centrifuged a 42,000 © g for 2 h a 4°C and the
supernatants (&ytosolic fractiond was trandferred to separate tubes. Lysis buffer A (50
m) containing 1% TritonX-100 at 4°C was added to each pellet were mixed for 1 h a
4°C. The solutions were centrifuged a 42,000 ~ g for 2 h and the supernatants
(¢nembrane fraction) were transferred to separate tubes. Protein concentrations were
determined usng a Bio-Rad protein assay (Bio-Rad, Hercules, CA) using bovine serum
dbumin (BSA) (Sgma, St. Louis, MO) as the standard. Equa amounts of protein from
each sample (10 ngy/ lane) were then loaded on 8% polyacrylamide minigds,
electrophoresed and transblotted (99 V) to nitrocdlulose membranes.  Nongpecific
binding was blocked in 5% milk protein for 1 h prior to incubating with appropriate
primary antibodies. Membranes were then rinsed 5 times and incubated with HRP-
conjugated secondary antibody. The blots were rinsed 5 times and protein bands were
visudized by Pierce Super SigndO chemiluminescent substrate (Pierce, Rockford, IL).
Blots from each trestment group were exposed on film (Kodak X-OMAT AR, Rochester,
NY) and images were acquired with a scanner and andyzed with UN-SCAN-IT software

(Slk Scientific Inc.,, Orem, UT). Following appropriate visudization, membranes were
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washed, dripped utilizing Pierce RestoreO Western Blot Stripping  Buffer  (Pierce,

Rockford, IL), blocked and reprobed with appropriate primary and secondary antibodies.

PKC activity in total cell lysates

To obtain total protein, cells were washed 3 times in cold PBS and scraped in 100 mi
lyss buffer (20 mmal/L TrissHCl, pH 7.4, 1 mmol/L EGTA, 1 mmol/L dithiothretol
(DTT), 1 mmol/L PMSF, 0.2 mmol/L leupeptin, and 10 ng/mL aprotinin). The lysates
were sonicated on ice and centrifuged for 5 min a 600 °~ g and the supernatants were
used for the PepTagO assay for nonradioactive detection of PKC (Promega Corp.,
Madison, WI). To confirm the specificity of isoform activation, lysates were incubated
for 2 h a room temperature in 96 well assay plates (Becton Dickinson, Franklin Lakes,
NJ) coated with anti-PKC antibodies of specific isoforms to immunoprecipitate out the
PKC isoform being tested. The fluorescence of phosphorylated substrate was determined
usng a Spectramax Gemini fluorescent plate reader (Molecular Devices, Irvine, CA) and
the fluorescence signd was digitized and andyzed usng SoftMax Pro® (version 3.1.1,
Molecular Devices, Irving, CA). The amount of protein added to the kinase assay was

Sandardized using the Bio-Rad assay.

Membrane localization of PKCa by immunofluorescence
LLC-PK; cdls were grown to subconfluence in derile 4-chambered dides (Nage
Nunc Internationd, Naperville, IL) and treated with PMA or caphostiin C in the absence
or presence of fumonisn B. The dides were washed 3 times in cold PBS and fixed and

permesbilized for 30 min in 1:1 cold methanol:acetone followed by 2 washes with cold
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PBS. Sides were incubated for 50 min with 1% norma goa serum in PBS containing
0.1% Triton X-100 followed by an overnight incubation with mouse polyclond anti-
PKCa antibody diluted in PBS containing 2 mg/ml faity acid free BSA and 0.1% Trion
X-100. Sides were then washed 3 times with PBS followed by 2 h incubation with
FITC-conjugated anti-mouse 1gG antibody. The dides were washed and mounted and
viewed with an Olympus IX71 inverted fluorescence microscope (Méville, NY)
microscope equipped with gppropriate optics.  Images from the microscope were

recorded by Olympus digital camera using the Olympus Magnifier SP software.

Quantitation of intracellular free sphingoid bases

Free sphinganine and sphingosine concentrations were determined by the method of
He et al. (25). Briefly, cdls were washed once with ice-cold PBS and then were scraped
into 1 ml ice-cold PBS. An diquot (0.1 ml) of cdl suspenson in ABS was transferred to
another tube, spun a 2,000 ~ g a 4°C for 5 min. The cel pdlet was solubilized using
lyss buffer and andysis of totd protein was performed as described above.  Free
sphingoid bases were extracted from the remainder of cells by usng the modified method
of Yoo et al. (30). The rdative amounts of free sphinganine and sphiongosine in base-
treated cdl extracts were determined by high-performance liquid chromatography
(HPLC) utilizing a modification (30) of the method origindly described by Merill et al.
(31). Sphingoid bases were quantitated based on the recovery of a Cyo spohinganine
internd  dandard.  The indrument limit of detection for Cyy was 26.8 fmol/assay

(equivdent to 1 fmol/ mg protein).
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Statistical analysis
Data presented here represent a minimum of three experiments and where appropriate
are expressed as mean + SE.  Differences among the various trestment groups were
determined by one-way andyss of vaiance followed by Duncan’'s multiple range tests
utilizing Verson 8 of the Statigticdl Anadyss Software (SAS) (SAS Inditute Inc, Cary,

NC). A P vdue £ 0.05 was taken to denote statistical difference.

RESULTS

Fumonisin By induced transient membrane translocation and activation of PKCa
in LLC-PK; cells: In response to externd stimuli, PKC trandocates from the cytosol to
the membrane of cdls (24) Accordingly, immunoblot andyses were conducted using
cytosolic and membrane fractions prepared from cdls following incubation with
fumonign By for 5, 15, 30 and 120 min (Fig. 3.2). Treatment of LLC-PK; cdls with 1
mM  fumonisn B; resulted in a trandent and ggnificat increese & 5 min in the
membrane fraction PKCa exclusvely (Fig. 3.2A), followed by its down-regulation and
return to control levels a later time points (15-120 min). Cytosolic PKCa was decreased
in response to 1 M fumonisn B; a 5 min followed by a sgnificant increase a 15 min
and eventud return to untrested levels at later time points (Fig. 3.2B).

To determine whether the changes in PKC distribution corresponded to atered
enzyme activity, totd PKC activity usng the PepTagO assay for non-radioactive
detection of proten kinese C was measured from cels treated as described in
experimental procedures above. Total PKC activity increased in response to 1 niv

fumonisn By a 5 min, followed by a reduction to control levels a 15, 30 and 120 min
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(Fig. 32C). To confirm specificity of PKCa activation by fumonisn Bi, cdl lysaes
were incubated with anti-PKCa antibodies to precipitate out PKCa proteins from the
lysstes Fumonisn B; increased PKC activity in the absence of anti-PKC antibodies,
whereas lysates incubated anti-PKCa antibody which immunoprecipitated out PKCa
proteins, prevented the effects of fumonisn B on PKC activation (Fig. 3.2D). To further
confirm the activation of PKCa by fumonian B;, lysaes obtained from fumonisn B;
trested cells were incubated with a mixture of anti-PKC-d, -e and -z antibodies, thus

these PKC isoforms were precipitated out, resulting in increased PKC activity. This
finding confirms that PKCa cytosolic to membrane trandocation in response to

fumonisn B; pogtively correlates with a comparative increase in its activity, and not that

of the other isoformstested, in LLC-PK 4 cdls.

PKC isoforms-d, -e, and -z were insensitive to acute exposure to fumonisin B1: In
addition to PKCa, Huwiler and coworkers (32;33) demonstrated the presence of FKC -d,
-e, and -z in rend mesangid cdls. Immunoblot andyss of cytosolic and membrane
fractions indicated that LLC-PK; cdls express PKC-d, -e, and -z proteins (Fig. 3.3).
Protein concentrations of PKC- isoforms-d, and -z were present predominantly in the
cytosolic fraction whereas PKCe was more abundant in the membrane of both fumonisin
B;-treated and untrested LLC-PK; cdls. At dl time points tested, fumonisn B did not

dter the cytosolic to membrane redistribution of these PKC isoformsin LLC-PK; cdls.

Fumonisin B;-induced overexpression of cytosolic PKCa was not associated

with increased activity or protein biosynthesisin LLC-PK; cells: Theincreased PKCa
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cytosolic protein concentration following 15 min exposure to 1 M fumonisn B; was not
asociated with an increase in PKC activity (Fig. 3.4A). In addition, the increase in
PKCa protein levels in the cytosol a 15 min was not associated with protein
biosynthess, snce pretrestment with 10 ng/ml cycdoheximide, a potent protein synthess
inhibitor, did not prevent the fumonisn Bj-induced incresse in the cytosolic PKCa

protein concentration (Fig. 3.4B).

Fumonisin B; induced a concentration-dependent increase in membrane
translocation of PKCa at concentrations £ 1 mM in LLC-PK; cells: In order to discern
whether fumonisn B; aters PKCa membrane trandocation in a concentration-dependent
manner, LLC-PK; cels were exposed increasng concentrations of fumonisn B; (0.1-10
nM) for 5 min. A concentration-dependent increase and concurrent decrease in PKCa
membrane and cytosolic protein  concentrations was observed with  fumonisn B
concentrations of 0.1-1 M, respectively (Fig. 3.5). Fumonisin B1 concentrations of 0.3
and 1 nM induced a dgnificant increese in PKCa membrane protein expresson. This

increase in membrane trandocation of PKCa a fumonisn B; concentrations of £ 1 M,
was followed by subsequent down-regulation and return to control levels at
concentrations of > 1 mM. Cytosolic PKCa protein concentrations were reduced
compared to the untrested LLC-PK; odls a dl fumonisn B; concentrations

administered.

PKCa membrane translocation by fumonisin B; was sensitive to the PKC activator,

PMA, and inhibitor, calphostin C: Fumonisn B; induced a sgnificant increase in the
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membrane fraction of PKCa (Fig. 3.6A). Preincubation of LLC-PK; cdls with 0.01 niM
PMA for 30 min, resulted in an additive €effect in membrane protein PKCa
concentrations as compared to PMA or fumonisin B done. This concentration of PMA
was the lowest concertretion that dicited sgnificant changes in PKCa redidribution in
LLC-PK; cdls (data not shown). Additiondly, cytosolic PKCa protein concentration
was dgnificantly decreased on exposure to PMA done or in combination with fumonisn
B1. In contrast, the fumonisn Bj-induced redistribution of PKCa was abrogated by

preincubating LLC-PK; cdls for 60 min with 100 nM of the photo-activated caphogtin C

(Fig. 3.6B).

Membrane translocation of PKCa by fumonisin B; was corroborated by
immunostaining: ~ Fumonign Bj-induced redisribution of PKCa from cytosol to
membrane was aso andyzed by immunofluorescence.  Immunogtaining for PKCa usng
goecific antibody to this isoform reveded diffuse cytpoplasmic saining of untrested
control cdls (Fig. 3.7A). Following exposure to 1 M fumonisn B; for 5 min, PKCa
daning gopeared to be intendfied within the plasma membrane compatments (Fig.
3.7B), indicative of membrane trandocation. PMA (0.01 niM) aone (Fig. 3.7C) and in
the presence of fumonisn B; (Fig. 3.7D) showed intendfied daning a the cdlular
membrane for PKCa. In contragt, trestment with cdphostin C (100 nM) displayed

gmilar diffuse cytosolic saning as untrested LLC-PK; cdls (Fig. 3.7E). Exposure to
cdphogin C prior to fumonign B; treatment prevented the fumonisn B;-induced
intendfied plasma membrane daning and displayed smilar diffuse cytosolic daning as

untrested LLC-PK; cdls (Fig. 3.7F).



Short-term fumonisin B; exposure did not significantly alter sphingoid base
concentration in LLC-PK; cells: Figures 3.8A and 3.8B show the effect of 1 niv
fumonign B; on the intracdlular sphinganine and sphingosine concentrations in LLC-
PK1 cdls as function of time of exposure. The gphinganine concentrations were not
sonificantly incressed in both untrested cdls and following exposure to 1 M fumonisn
B, at dl times tested (Fig. 3.8A). In contragt, in both untreated and fumonisn B -treated
LLC-PK; cdls, thee was an obsarvable reduction in intracdlular sphingosine
concentrations (Fig. 3.8B). Ovedl, The sphinganine and sphingosne concentrations in
the cdls remained rdativey constant compared to the untrested cdls for dl the times of
fumonisn B; exposure. More than 2 h was necessary for fumonisn B was necessary to

effidently inhibit ceramide synthase and increase in sphinganine and sphingosine levels.

The serine palmitoyltransferase inhibitor, myriocin, did not prevent the
fumonisinB;-induce translocation of PKCa: Fumonisn B; is a potent inhibitor of de
novo sphingolipid biosynthess and acts by interfering with a key pathway enzyme, N-
acyl-trandferase (11). As such, inhibition of SPT, an enzymatic step that occurs before
N-acylaion of gohinganine should prevent the fumonidn Bj-induced accumulation of
gohinganine.  Fumonisin By caused an increase in membrane protein PKCa concentration
and a concomitant decrease in cytosolic protein (Fig. 3.9). Exposure of LLC-PK cellsto
200 nM of the SPT inhibitor, myriocin, did not dter PKCa subcdlular redisribution and

showed smilar cytosolic and membrane protein expressons dmilar to untreated cdls.
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Preincubation of LLC-PK; cdls with 200 nM myriocin did not prevent the fumonisn B -

induced increase in PKCa cytosol to membrane redistribution.

0
Palmitoyl-CoA A A 0 A + Serine

Myrioein ——— Semepabnwmf
Sphinganine 1-phosphate

OH OH
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Figure 3.1. Schematic diagram of inhibitors in the de novo biosynthetic pathway
and the sphingolipid turnover pathway. Fumonisn B; and myriocin may incompletey
inhibit ther respective enzymes resulting in the possble formation of sphingoid bases
and their degradation products that may be involved in PKC cdl dgnding such as

sphingaine, sphingosine, sphinganine 1- phosphate and sphingosine 1- phosphate.
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Figure 3.2. Temporal effect of fumonisn B on cytosol to membrane trandocation
of PKCa and PKC activity in LLC-PK; cells. LLC-PK; cells were exposed to 1 niv
fumonisn B; a the times indicated. Cell lysates were obtained and immunoblot and
PKC activity assays were performed as described under “Experimental Procedures’. The
effect of 1 nM fumonisn B; on PKCa membrane (A) and cytosol (B) concentrations in
regponse to fumonisn B; at the times indicated are shown. Representative photographs
are shown above each graph where the bands correspond to the same order as the bar
graph. PKC assay of tota cel lysates Q0 ng) on exposure to fumonisn B at the times
indicated (C). A representative photograph is shown above the graph where lanes 1, 3, 5
and 7 and lanes 2, 4, 6 and 8 correspond to the untreated and treated samples at 5, 15, 30
and 120 min, respectivdy. PKC assay of totd cdl lysates incubated exposed to
fumonisn B; (FB;) and incubated with anti-PKCa antibody (anti-PKCa) (D) and a
mixture of anti-PKC-d, -e and -z antibodies (anti-PKCd, e, z). Data represents the mean
+ dandard error of triplicate determinations (n=3) from a representative experiment that
was repested a least twice with dmilar results * Significantly different from the

respective control a P £ 0.05.
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Figure 3.3. Effect of fumonisin B; on cytosol and membrane protein concentrations
of PKC-d, -e, and -z isoformsin LLC-PK; cells. LLC-PK; cells were grown for 2 days
and replaced with serum-free HDMX 18 h prior to trestment. The cdls were then
exposed to 1 MM fumonign B; for 5, 15, 30 and 120 min. Cdl lysates were then
obtained and 10 ng of protein was resolved by 8% SDS-PAGE gel, dectroblotted to a
nitrocelulose  membrane and visudized autoradiographicdly usng  chemiluminesocent
reagents. Isoform protein cytosolic (A, C and D) or membrane (B, E and F) didributions
for PKCd (A and B), PKCe (C and D), and PKCz (E and F) are displayed.
Representative photographs of one experiments are aove each graph and the bands
correspond to the bars on the graph. Results are expressed as the mean + standard error
of triplicate determinations (n=3) from a representative experiment that was repeated at

least twice with amilar results. * Significantly different from the control a P £ 0.05.
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Figure 34. Effect of fumonisn B; on PKC activity and cycloheximide on PKCa
cytosol protein concentrations at 15 min in LLC-PK; cells. A, LLC-PK; cdls were
grown for 2 days and replaced with serum-free HDMX 18 h prior to treatment.
Following 15 min exposure to fumonisn B; (1 nM), cdls were lysed, and
phosphorylation of a synthetic colored substrate assessed cytosolic PKC activity. B,
Immunoblot analyss of the cytosolic PKCa protein expresson in response to fumonisin
B, (FB;) and the protein synthess inhibitor, cycloheximide (CHX) were performed.
LLC-PK; cdls were grown for 2 days and replaced with serum-free HDMX 18h prior to
treetment. They were subsequently preincubated with or without, 10 ng/ml CHX for 120
min prior to exposure 1 MM FB; for 15 min. Denatured proteins (10 ng) from the
cytosolic fraction were separated by 8% SDS-PAGE. Following SDS-PAGE and transfer
of proteins to nitrocdlulose  membranes, immunodetection was  peformed.
Representative photographs are present above each graph and the bands correspond to the
bars of the graph. Data represents the mean + standard error of triplicate determinations
(n=3) from a representative experiment that was repeated at least twice with sSmilar

results. * Significantly different from the control a P £ 0.05.
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Figure 35. Fumonisn B; induces a concentration-dependent increase in PKCa
membrane protein at 5 min in LLC-PK; cells. LLC-PK; cdls were grown for 2 days
and replaced with serum-free HDMX 18 h prior to treatment. The cdls were then
exposed to 0.1-10 mM fumonisn B; for 5 min. Cdl lysates were obtained and 10 ny of
protein was resolved on an 8% SDS-PAGE gd, dectroblotted to a nitrocelulose
membrane and visudized autoradiogrephicdly usng  chemiluminescent  reagents.
Representative photograph is present above the graph and the bands correspond to the
points on the line. Results are expressed as the mean + dtandard error of triplicate
determinants (n=3) from a representative experiment that was repeated at least twice with

gmilar results. * Significantly different from the respective control a P £ 0.05.
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Figure 3.6. Effect of the PKC activator and inhibitor on the fumonisn B 1-induced
membrane trandocation of PKCa in LLC-PK; cells. Cdls were treated with PMA
(0.01 mM) for 30 min or 100 nM caphogtin C (Ca-C) for 60 min in the presence or
absence of fumonisn By (FB;) (1 mM for 5 min). Membrane and cytosolic fractions
were obtaned and immunoblots were peformed as described in “Experimentd
Procedures’. Representative photographs are presnt above each graph and the bands
correspond to the bars on the graphs. Vaues are mean £ standard error of triplicate
determinants (n=3). The experiment is repeated a least 3 times. * Significantly

different from the respective control at P £ 0.05.
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Figure 3.6. Effect of the PKC activator and inhibitor on the fumonisn B ;-induced

membranetrandocation of PKCa in LLC-PK cells.
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Figure 3.7. Fumonisn B1-induced cytosol to membrane redistribution of PKCa
is corroborated with immunogtaining. Immunofluorescent gtaining of PKCa isoform
in LLC-PK; cdls treated with 100 nM caphogtin C (Cd-C) for 60 min in the light or
PMA (0.01 mM) (D) for 30 min in the presence or absence of fumonisn B for 5 mn.
Untreated LLC-PK; cdls digolayed diffuse cytosolic giang a 5 min (A). Intensfied
daning a the plasma membrane is obsarved in LLC-PK; cdls treated with fumonisn B;
(B) compared to untreated cells. PMA, in the absence (C) or presence of fumonisn B;
(D), displayed intendfied plasma membrane staining Cdphogin C disolayed smilar
diffuse cytosolic gaining (E) to untregted cdls and inhibited the fumonisn B; membrane
gdaning (F) as a reduction in cdlular membrane ganing indicates a reduction in isoform
PKCa trandocation. A representative photograph of three smilar experiments is

displayed. Increased plasma membrane Saining isindicated by arrows
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Figure 3.7. Fumonisn B1-induced cytosol to membrane redistribution of PKCa is

corroborated with immunogtaining.
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Figure 38. Temporal effect of fumonisn B; on accumulation of intracdlular
gphinganine and sphingosine in LLC-PK; cells. LLC-PK; cdls were serum starved
overnight in HDMX-F12 defined media prior to exposure to 1 nM fumonisn B; (FBy).
At the indicated times agppropriadte HPLC was peformed as described under
“Experimenta  Procedures’ in order to determine the intracdlular sphinganine (A) and
ghphingosne (B) concentrations.  Vadues are mean + dandard error of triplicate
determinants (n=3) from a representative experiment that was repeated at least twice with

gmilar results. * Significantly different from the respective control a P £ 0.05.
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Figure 3.8. Temporal effect of fumonisn B; on accumulation of intracdlular

sphinganine and sphingosinein LLC-PK; célls.
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Figure 3.9. The effect of myriocin on fumonisn Bj-induced membrane
trandocation of PKCa in LLC-PK;cells. LLC-PK; cdls were grown for 2 days and
replaced with serum-free HDMX 18 h prior to tresetment. The cdls were then
preincubated with 200 nM myriocin (Myr) for 4 h prior to addition of 1 nmM fumonisn
B1 (FBp) for 5 min. Cdl lysates were then obtained and 10 ny of protein was resolved
by 8% SDS-PAGE gd, dectroblotted to a nitrocdlulose membrane and visudized
autoradiographicadly usng chemiluminescent resgents.  Results are expressed as the
mean + dandard error of triplicate deteminants (n=3) from a representative experiment
that was repested a least twice with amilar results. * Sgnificantly different from the

respective control a P £ 0.05.
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DISCUSSION

The am of the present sudy was to examine the effects of short-teem fumonisn B;
exposure on PKC isoforms present in LLC-PK; cdls and to relate these effects to the
disuption of sphingolipid biosynthess utilizing an SPT inhibitor. To this end, we have
shown that fumonisn B; sdectively and trandently activates PKCa in LLC-PK; cdls as
documented by immunoblot, immunofluorescent locdization and enzyme activity. The
fumonign Bj-induced membrane trandocation of PKCa was prevented by caphogtin C
and additive with PMA. Intracdlular sphinganine and sphingosine concentrations were
not atered in response to fumonisn B; and myriocin did not prevent the fumonisn Bi-
induced activation of PKCa in LLC-PK cdls.

PKC isoforms show a markedly different tissue digtribution as most cell types express
only a subsst of PKC isoforms, which are differentidly activated upon appropriate
dimulaion (34). We therefore investigated the subcdlular digtribution of various PKC
isoforms present in LLC-PK 1 cdls and found that these cells express PKC-a, -d, -e, and -
z isoforms. As in mogt cdl lines invedtigated, PKC-a, -d, and -z in LLC-PK; cdls was
predominantly expressed in the cytosol (32;33;35-37). PKCe is predominantly
membrane-associated in LLC-PK; cdls as it is in U937 cdls (38), rat6 fibroblasts (36)
and rend mesangid cdlls (32).

Teking into account the posshility that only some isoforms might be affected upon
dimulgtion (21) the subcdlular digribution of PKC-a, -d, and -z isoforms after
fumonign B; treatment in LLC-PK; cdls was examined. The data presented here showed
that 5 min exposure to fumonisin B concentrations of 0.1-1 M excdusivey activates and

induces cytosolic to membrane trandocation of PKCa, a Ca?* and DAG dependent
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isoform, followed by its rapid down-regulationat higher concentrations and later time
points. In agreement with our findings, Yeung et al. (15) dso reported smilar results for
PKCg in cerebrocortical dices on exposure to fumonisn B; (£ 1 nM), however higher
concentrations were not addressed in this study. The resuts suggest that distinct PKC
isoforms regulate different functions within different cdls lines  Fumonisn B; may be
reponsble for sdectively and transently activating the reversble form of PKCa in the
present study (39). Trandent PKC activation is a phenomenon that is physiologicdly
rlevant and has adso been reported to occur in many cel lines (40;41). Rapid down-
regulation of PKC is due to cdpan, a cacium-dependent cysteine proteinase, which
releases the catdytic domain of PKC yidding independent fragment of PKC known as
PKM (42).

The adlity of fumonisn B; to dter sSgna transduction pathways, including thet of
PKC, can play a role in its ability to induce agpoptoss and carcinogenesis (43). The
cytosol-to-membrane trandocation of PKCa with subsequent activation of various
transcription factors represent critical steps in the induction of sgnding cascade leading
to the production of proinflammatory cytokines, including TNFa (44), which is known to
modulate fumonisn B; toxicty (9;10). The fumonisn B;-induced modulation of PKC,
the mgor high-afinity intracdlular receptor for potent tumor promoters (17) may aso
edablish the bass of its involvement in multitage carcinogeness (45). While the
physologicd dgnificance of the effects of fumonisn B; on PKCa activaion is 4ill not
known, the role of PKC in dgnd transduction may play a role in the mechanisms

involved in mycotoxin-induced mitogenesis and/or apoptosis.



102

The fumonign B; increase in the dabilization cytosolic PKCa protein following a 15
min observed in the present sudy may be due to retardation in the degradation of the
activated PKCa by fumonisn B;. Alternatively, Ramljak et al. (46) demonstrated that
fumonisn B; trestment causes post-trandational modification of cydin D1 in such a way
as to make it less negatively charged (possbly less phosphorylated) resulting in an
increase its cytosolic gability in response to fumonisn B;. A dmilar mechanism may
aso be respongible for the increase cytosolic PKCa observed in the present study.

We found that PMA (0.01 nM) had an additive effect on the fumonisn B;-induced
membrane trandocation of PKCa in LLC-PK; cdls. In contrast, Yeung and coworkers
(15) demondtrated that the effects of fumonisn B; and 1 nM PMA is neither additive nor
gynergigic in cerebrocorticd dices.  The discrepancy may be due to the lower
concentration of PMA used in the respective dudies. In addition, the inhibition of PKCa
membrane trandocation in response to fumonisn B; by cdphosin C may be explained
by the fact that cdphostin C specificdly interacts with the regulatory DAG domain of
PKC and it is hypotheszed that the action of fumonisn B; is likdy mediaied by its
interaction with this DAG dte of PKC (15).

To corrdae the effects of fumonisn B; on PKC activity and dtered sphingolipid
metabolism, we invedigaed the effect of acute fumonisn B; exposure on sphingolipid
tunover. No dgnificant changes in the leveds of free sphinganine or sphingosine in
response to 1 M fumonisn B; in LLC-PK; cels were observed over the time periods
teged. This finding is conagent with that of Pindli et al. (47) who demondrated that in
human bronchid W126 VA cdls both sphinganine and sphingosine concentrations did

not dgnificantly increese until 2 h following exposure to 10 M fumonisn B;. The
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complete inhibition of ceramide synthase by fumonisns causes the intracdlular
sphinganine concentration to increase rapidly (8). However, before this can occur, the
capacity of gphingosine kinase to degrade free sphinganine must be exceeded. Free
gohingosne concentration may adso increese through fumonsn B; inhibition of
reecylcation of sphingosne derived from sphingolipid turnover or dietary sources/growth
medium. It is possble that partid inhibition of ceramide synthase could increase the rate
of gohingoid base 1-phosphate biosynthess, and activate PKC, without any apparent
increese in the free sphinganine or sphingosine concentrations (Fig. 3.1). In our studies
(unpublished data) we have observed sphinganine 1-phosphate to produce a similar
response as 1 mM fumonisn B; & 5 minin LLC-PK; cells.

Myriocin, a specific inhibitor of SPT, a key enzyme responsble for the de novo
biosynthess of sphinganine (48) did not prevent the fumonisn Bi-induced activetion of
PKCa in LLC-PK; cdls Although He et al (25) demondrated tha myriocin
concentrations 0.15-1.0 nM €fficiently prevented the accumulation of free sphingoid
bases as a result of fumonign B; treatment without affecting LLC-PK; cdl vidility.
The rate of inhibition of fumonisn B; on ceramide synthase may be much fagter than that
of myriocin on SPT, thereby generating bioactive breskdown products of cdlular
sphingolipids that can activate PKC (14) (Fig. 3.1).

We hypothesize severd contingent mechanisms by which fumonisn B; can activate
PKCa. The trandent activation of PKCa by fumonisn B; may be due to generation of
bioactive sphingoid base metabolites, eg. sphinganine 1-phosphate, that may or may not
directly interact with PKC (14). Yeung and coworkers (15) demonstrated that fumonisin

B;-induced PKC trandocation from cytosol to membrane is likdy mediated by its action
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of fumonisn B; on the DAG dte. Alternaivdly, it is dso possble that fumonisn By may
interact with another digtinct Ste on PKC or through another mechanism.  Fumonisn B
has been demondrated to induce lipid peroxidation (49-51) and severd lines of evidence
demongrate that PKC is an upstream target for both oxidants and chemopreventive
antioxidants (19).

In conclusion, our data contributes dgnificantly to the understanding of the ability of
fumonisn B; to sdectively and trangently activate PKCa activation in LLC-PK; cdls.
Alterations in PKC dgnd transduction pathways may have implicaions in the ability of
fumonign B; to produce both apoptosis and carcinogenesis.  Further studies are being
undertaken to determine the downstream effectors of PKCa, chronic effects of fumonisn
B; on PKC isoforms as well as relating these changes in fumonisn B1 to the disruption

in sphingolipid biosynthessin LLC-PK; cdlls.

ACKNOWLEDGEM ENTS
We thank Quanren He for his help in anadyss of sphingolipids by HPLC. This work
was supported by NIH grant ES-09403 from the Nationd Inditutes of Environmenta

Health Sciences, U.SA.

REFERENCES

1. Marasas, W. F. (1995) Nat.Toxins. 3, 193-198

2. Riley, R. T., An, N. H., Showker, J. L., Yoo, H. S., Norred, W. P., Chamberlain, W.
J, Wang, E., Merill, A. H.,, J.,, Motein, G, Beadey, V. R, and . (1993)

Toxicol .Appl.Pharmacol. 118, 105-112



10.

11.

105

Marasas, W. F., Kdlerman, T. S, Gdderblom, W. C., Coetzer, J. A., Thid, P. G,

and van der Lugt, J. J. (1988) Onder stepoort J.Vet.Res. 55, 197-203

Harrison, L. R., Colvin, B. M., Greene, J. T., Newman, L. E., and Cole, J. R., Jr.

(1990) J.Vet.Diagn.Invest 2, 217-221

Voss, K. A., Riley, R. T., Bacon, C. W., Chamberlain, W. J., and Norred, W. P.

(1996) Nat.Toxins. 4, 16-23

Howard, P. C., Eppley, R. M., Stack, M. E., Warbritton, A., Voss, K. A.,
Lorentzen, R. J.,, Kovach, R. M., and Bucci, T. J. (2001) Environ.Health Perspect.

109 Suppl 2, 277-282

Gelderblom, W. C., Kriek, N. P, Marasas, W. F., and Thiel, P. G. (1991)

Carcinogenesis 12, 1247-1251

Wang, E., Norred, W. P., Bacon, C. W., Riley, R. T., and Merrill, A. H., Jr. (1991)

J.Biol.Chem. 266, 14486-14490

Sharma, R. P., Bhandari, N., Riley, R. T., Voss, K. A., and Meredith, F. I. (2000)

Toxicology 143, 183-194

Sharma, R. P., Bhandari, N., Tsunoda, M., Riley, R. T., and Voss, K. A. (2000)

Arch.Toxicol. 74, 238-248

Dugyda R. R, Shama R. P, Tsunoda, M., and Riley, R. T. (1998)

J.Pharmacol .Exp.Ther. 285, 317-324



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

106

Merill, A. H., J., Wang, E, Vdes, T. R, Smith, E. R, Schroeder, J J,
Menddino, D. S, Alexander, C., Crane, H. M., Xia, J, Liotta, D. C., Meredith, F.

I, and Riley, R. T. (1996) Adv.Exp.Med.Biol. 392, 297-306

Merill, A. H., X., Schmelz, E. M., Dillehay, D. L., Spiegd, S, Shayman, J. A,
Schroeder, J. J, Riley, R T, Voss K. A, and Wang, E. (1997)

Toxicol . Appl.Pharmacol. 142, 208-225

Hamnun, Y. A. and Bell, R. M. (1989) Clin.Chim.Acta 185, 333-345

Yeung, J. M., Wang, H. Y., and Prelusky, D. B. (1996) Toxicol.Appl.Pharmacol.

141, 178-184

Huang, C., Dickman, M., Henderson, G., and Jones, C. (1995) Cancer Res. 55,

1655-1659

Buchner, K. (2000) J.Cancer Res.Clin.Oncol. 126, 1-11

Jeong, D. H., Lee, S. J, Lee, J. H., Bae, I. H., Jeong, K. S, Jang, J. J,, Lim, |. K,

Kim, M. R., Lee, M. J,,and Lege, Y. S. (2001) J.Gastroenterol .Hepatol. 16, 34-40

Gopalakrishna, R. and Jaken, S. (2000) Free Radic.Biol.Med. 28, 1349-1361

Schnaper, H. W. (2000) Pediatr.Nephrol. 14, 254-258

Nishizuka, Y. (1995) FASEB J. 9, 484-496

Kraft, A. S. and Anderson, W. B. (1983) Nature 301, 621-623



23.

24,

25.

26.

27.

28.

29.

30.

31

107

Pontremali, S, Mdloni, E., Sparatore, B., Michetti, M., Sdamino, F., and

Horecker, B. L. (1990) J.Biol.Chem. 265, 706-712

Norred, W. P, Voss, K. A, Riley, R. T., and Platner, R. D. (1996)

Adv.Exp.Med.Biol. 392, 225-236

He, Q. Riley, R. T., and Sharma, R. P. (2001) Toxicol.Appl.Pharmacol. 174, 69-

77

Smith, E. R., Jones, P. L., Boss, J. M., and Merill, A. H., Jr. (1997) J.Biol.Chem.

272, 5640-5646

Nakano, H., Kobayashi, E., Takahashi, I., Tamaoki, T., Kuzuu, Y., and Iba, H.

(1987) J.Antibiot.(Tokyo) 40, 706-708

Bruns, R. F., Miller, F. D., Meariman, R. L., Howbert, J. J, Heath, W. F,
Kobayashi, E., Takahashi, ., Tamaoki, T. and Nakano, H. (1991)

Biochem.Biophys.Res.Commun. 176, 288-293

Clarke, H., Ginanni, N., Soler, A. P.,, and Mullin, J. M. (2000) Kidney Int. 58,

1004-1015

Yoo, H. S, Norred, W. P, Showker, J, and Riley, R. T. (1996)

Toxicol .Appl.Pharmacol. 138, 211-218

Merill, A. H., J., Wang, E., Mullins, R. E., Jamison, W. C., Nimkar, S, and

Liotta, D. C. (1988) Anal.Biochem. 171, 373-381



32.

33.

35.

36.

37.

38.

39.

40.

41.

42.

108

Huwiler, A, Fabbro, D., and Pfelschifter, J (1991)

Biochem.Biophys.Res.Commun. 180, 1422-1428

Huwiler, A., Fabbro, D., Stabedl, S., and Pfellschifter, J (1992) FEBS Lett. 300,

259-262

Dekker, L. V. and Parker, P. J. (1994) Trends Biochem.Sci. 19, 73-77

Crabos, M., Imber, R., Woodtli, T. Fabbro, D., and Erne, P. (1991)

Biochem.Biophys.Res.Commun. 178, 878-883

Borner, C., Guadagno, S. N., Fabbro, D., and Wensten, |. B. (1992

J.Biol.Chem. 267, 12892-12899

Grabarek, J.,, Raychowdhury, M., Ravid, K., Kent, K. C., Newman, P. J, and

Ware, J. A. (1992) J.Biol.Chem. 267, 10011-10017

Ways, D. K., Messer, B. R, Garris, T. O., Qin, W., Cook, P. P., and Parker, P. J.

(1992) Cancer Res. 52, 5604-5609

Bazzi, M. D. and Nelsestuen, G. L. (1988) Biochemistry 27, 7589-7593

Hamovitz Friedman, A., Baaban, N., McLoughlin, M., Ehleiter, D., Michadi, J,

Vlodavsky, 1., and Fuks, Z. (1994) Cancer Res. 54, 2591-2597

Bouche, M., Zappdli, F., Polimeni, M., Adamo, S., Wetsdl, W. C., Senni, M. 1.,

and Moalinaro, M. (1995) Cell Growth Differ. 6, 845-852

Azzi, A., Boscoboinik, D., and Hensey, C. (1992) Eur.J.Biochem. 208, 547-557



43.

45.

46.

47.

49,

50.

51.

109

Riley, R. T., Voss, K. A., Norred, W. P., Sharma, R. P., Wang, E., and Merill, A.

H. (1998) Revue de Medecine Veterinaire 149, 617-626

Kontny, E., Ziolkowska, M., Ryzewska, A., and Madinski, W. (1999) Cytokine

11, 839-848

La Porta, C. A., Tesstore, L., and Comoalli, R. (1997) Carcinogenesis 18, 715-

719

Ramljak, D., Cavert, R. J, Wiesenfeld, P. W., Diwan, B. A., Caipovic, B.,
Marasas, W. F., Victor, T. C., Anderson, L. M., and Gelderblom, W. C. (2000)

Carcinogenesis 21, 1537-1546

Pindli, E., Poux, N., Garen, L., Fipy, B., Castegnaro, M., Miller, D. J, and

Pfohl-Leszkowicz, A. (1999) Carcinogenesis 20, 1683-1688

Riley, R. T. and Plattner, R. D. (2000) Methods Enzymol. 311, 348-361

Abd, S. and Gelderblom, W. C. (1998) Toxicology 131, 121-131

Yin, J. J, Smith, M. J, Eppley, R. M., Page, S. W., and Sphon, J. A. (1998)

Biochim.Biophys.Acta 1371, 134-142

Atroshi, F., Rizzo, A., Biesg, |., Vejdanen, P., Sdoniemi, H., Sankari, S, and

Andersson, K. (1999) Pharmacol.Res. 40, 459-467



CHAPTER 4
INHIBITION OF CERAMIDE SYNTHASE BY FUMONISIN B; TRANSIENTLY
ACTIVATESNUCLEAR FACTOR-kB AND SUBSEQUENTLY TUMOR
NECROSISFACTOR a EXPRESSION IN PORCINE RENAL CELLSVIA

ACTIVATION OF PROTEINKINASEC a*

'Gopee, N.V. and Sharma, R.P. Submitted to Biochemistry, 11/12/02.

110



111

ABSTRACT

Fumondan B; (FBi1) is a toxic metabolite produced by the phytopathogenic fungus
Fusarium verticillioides predominantly present in corn.  The principd biochemicd
responses of FB; involve diguption of sphingolipid metabolism from the inhibition of
ceramide synthesis and induction of tumor necross factor a (TNFa). The ability of FB;
to modulate sgnd transduction pathways dso plays a role in its toxicity. Two important
obsarvations underlie the am of this sudy, namdy (1) FB; sdectivdy and trangently
activates protein kinase C a (PKCa) in porcine rend epitheid cdls (LLC-PK3) and (2)
PKC can activate nuclear factor-kappa B (NF-kB), an important transcription factor for
the proinflammatory cytokine, TNFa. The am of this dudy was to investigate the effect
of PKCa activation by FB; on NF-kB activation and subsequently on TNFa gene
expresson and caspase induction in LLC-PK; cdls. FB; (1 nM for 5 min) trangently
activated PKCa and increased nuclear trandocation of NF-kB, followed by their down-
regulation at later time points. Preincubating LLC-PK; cdls with the PKC inhibitor,
caphogtin C, prevented the activation of NF-kB by FB;. TNFa mRNA expresson was
increased following 15 min exposure to ether FB; or the PKC activator, phorbol 12-
myrigate 13-acetate (PMA). In addition, an increase in caspase 3 activity was observed
after addition of FB; for 1 h. Caphostin C prevented the FB;-induced increase in TNFa
gene expresson and caspase 3 activation. In summary, the PKCa-dependent activation
of NF-kB with the subsequent induction of TNFa and caspase 3 puts forward a plausible

mechanism involved in FB;-induced toxicity in LLC-PK 1 cells.
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! Abbreviations used are: FB;, fumonisn Bi; PKC, protein kinase C; PMA, phorbol 12-
myrigate 13-acetate; TNFa, tumor necross factor-a; NF-kB, nuclear factor-kappa B;
IkB, inhibitory keppa B; Cd-C, cdphosin C; SDS-PAGE, sodium dodecyl sulfate-

polyacrylamide gel eectrophoresis.

INTRODUCTION

Toxigenic isolates of the ubiquitous fungus Fusarium verticillioides Nirenberg
frequently contaminates corn and produce a group of mycotoxins known as the
fumonigns (1). In domedtic animds, consumption of fumonisn B; (FB;) causes various
species-specific  syndromes, including equine leukoencephdomadacia (2) and pulmonary
edema in pigs (3). In laboratory animas, FB; has been shown be hepatotoxic and
nephrotoxic (4). In addition, FB; is a hepatic carcinogen in rats and femae mice and a
rend carcinogen in mde ras (5, 6. There has dso been a high corrdation between the
consumption of FBj-contaminated corn and human esophagedl cancer in South Africa
and China (7).

FB: is a potent inhibitor of sphinganine N-acyl-transferase (ceramide synthase), the
important rate limiting enzymatic gep in de novo sphingolipid biosynthesis (8). The FBs-
induced digruption of gphingolipid biosynthess and turnover can dter lipid second
messengers resulting in dtered cdl dgnding and cytokine production.  Additiondly,
there is evidence that tumor necrosis factor a (TNFa) may dso be a contributing factor to
FB1-induced gpoptosis and other observed toxic effectsin vivo and in vitro (9-12).

FB; dters the subcdlular redigtribution and activity of protein kinase C (PKC) (13, 14)

and we have found that a 5 min exposure to FB; trandently activated the conventiond
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cddum- and diacylglycerol-dependent PKC isoform, PKCa, in porcine rend epithdid
cdls (LLC-PK;) cdls PKC is a family of phogpholipid-dependent seringthreonine
kinases that activates nuclear factor-kappa B (NF-kB). NF-kB is composed of dimers of
different members of the Rd protein family (15), which is associated a rest with an
inhibitor protein, IkB, and is retaned in the cytoplasm (16). Phosphorylation is an
important event of NF-kB activation whereby the active NF-kB trandocates to the
nucleus and binds to a NF-kB moatif, functioning as a transcription factor (15). NF-kB
regulates the gene expresson of chemokines, growth factors and various cytokines (17),
induding TNFa (18-20). TNFa is a pleotropic proinflammatory cytokine reported to
modulate proliferation, differentiation, and gpoptotic or necrotic cel death in a number of
cdl types (21). Activation of caspases, a group of cysteine proteases, by TNFa which
contribute to the degradation of various cdlular components thereby inducing apoptosis
(22). Thus, the influence of TNFa may be a contributing factor to FB;-induced apoptosis
and other observed toxic effects (23).

The am of this sudy was to provide evidence for the FB; activation of NF-kB, TNFa
and caspase 3 via a PKCa-dependent pathway in LLC-PK; cdls LLC-PK; is arend
epithdid cdl line which has severd characterigics of proximal tubular cdls and is
sendtive to FBj-induced dterations in sphingolipid biosynthess, TNFa induction and
apoptosis (24-26). Specificdly, we investigated the effect of PKCa activation by FB; on
NF-kB and TNFa induction and we found that FB; trangently activated PKCa resulting
in the sequentid activation of NF-kB and induction of TNFa. The FB; induction of

TNFa resulted in an increase in cagpase 3 activity. The results confirm that FB;-induced
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NF-kB activation and TNFa expresson leading to an increase in cagpase 3 activity in

LLC-PK; cdls are dependent on PKCa activetion.

MATERIALSAND METHODS

Materials. FB; (98% > purity) was obtaned from Programme on Mycotoxins and
Experimentad Carcinogenesis (PROMEC, Tygerberg, South Africa). Phorbol  12-
myridate 13-acetate (PMA) and horseradish peroxidase (HRP)-conjugated anti-mouse
secondary antibody was obtained from Sigma (St Louis, MO). Cdphostin C was
procured from Cabiochem (San Diego, CA). Primary mouse polyclond anti-PKCa,
primary mouse anti-NF-kB p65 subunit and fluorescein  isothiocyanate (FITC)
conjugated anti mouse 1gG secondary antibodies were obtaned from (Sata Cruz
Biotechnology, Inc., Santa Cruz, CA). Primary mouse monoclond anti-NF-kB p65
subunit antibody for immunofluorescence was purchased from Boehringer Mannheim
(Indiangpolis, IN).  NF-kB consensus sequences were purchased from Promega
(Madison, W1).

Cell culture. LLC-PK1 cdls (CRL 1392, passage 197) were obtained from the
American Type Culture Collection (Rockville, MD). Cdls were cultured a 37°C in a
humidified amosphere with 5% CO, in Dulbecco’'s modified Eagles Medium/Ham's
F12 (1:1) medium supplemented with 5% feta bovine serum.  For dl experiments, the
cells were subcultured in 100 x 15 mm derile Petri dishes. Cells were dlowed to attach
and grow for 2 days and the media was replaced with serum-free media 18 h prior to
appropriate trestment. To prevent the burst of free sphingoid bases after addition of fresh

medium (27), 0.1 ml medium from each well was taken out prior to adding 0.1 ml of
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gopropriate chemicd dissolved in serum-free medium.  For appropriate experiments,
LLC-PK; cdls were treated with 0.01 nM PMA diluted in 0.1 % dimethyl sulfoxide in
serum-free medium, for 30 min. Inhibition of PKC by cdphostin C is photo-dependent
(28), therefore LLC-PK cdls were preincubated with 100 nM cadphostin C for 1 h in the
presence of light to ensure adequate inhibition of PKC.

Subcellular fractionation. Following appropriate treatments, LLC-PK; cdls were
washed 3 times in cold phosphate-buffered sdine (PBS). Maodifications to the method
described by Clarke et al. (29) were used to extract cytosolic and membrane fractions for
PKC. Briefly, cdls were scraped into 100 m cold homogenization buffer containing 20
mmol/L Tris-HCI, pH 7.5, 0.25 mol/L sucrose, 10 mmol/L EGTA, 2 mmol/L EDTA, 20
ny/mL leupeptin, 10 ng/mL gprotinin and 200 mmol/L phenylsulfonyl fluoride (PMSF) a
4°C and sonicated on ice. The resulting homogenate was centrifuged at 42,000 ~ g for 2
h & 4°C and the supernatant (&ytosolic fractiond was collected. To the pellet 50 i of
homogenization buffer containing 1% Triton X-100 at 4°C was added and the samples
were mixed for 1 h a 4C, followed by centrifugation at 42000 = g for 2h a 4°C. The
supernatant (¢nembrane fractiond) was transferred to separate tubes.

Nuclear and cytoplasmic extraction for NF-kB involved washing of cdls 3 times in
cold PBS and homogenization in 100 m buffer (0.6% IGEPAL, 150 mM NaCl, 10 mM
HEPES, 1 mM EDTA, 0.5 mM PMSF, 0.5 mM dithiothreitol (DTT), 5 nmg/ml goratinin, 5
nyml leupeptin, 1 MM sodium orthovanadate). Samples were sonicated and incubated
for 5 min on ice while shaking prior to centrifugation at 5,000 rpm for 5 min a 4°C. The
supernatant was collected (Gytoplasmic fractiond) and stored at -80°C. To the pellet, 30

m of lyss buffer B (25% glycerol, 0.5 mM DTT, 20 mM HEPES, 420 mM NaCl, 1.2
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mM MgCl,, 0.2 mM EDTA, 0.5 mM PMSF, 5 ng/ml leupeptin, 5 ng/ml gorotinin) was
added and incubated on ice while shaking for 20 min. Samples were centrifuged at
13,000 “ g for 15 min and the supernatant (duclear fractiond) stored at -80°C.

Gel Electrophoresis and Western blotting. Protein concentrations were determined by
Bio-Rad protein assay (Bio-Rad, Hercules, CA) with bovine serum dbumin (BSA)
(Sgma, . Louis, MO) as a sandard. Proteins were separated by eectorphoresis on 8%
SDS-PAGE gds and transblotted to nitrocellulose membranes.  The protein bound
nitrocellulose membranes were incubated in 5% milk protein for 1 h prior to incubating
with appropriate primary antibodies. Membranes were then rinsed 5 times and then
incubated with HRP-conjugated mouse secondary antibody.  Protein bands were
visudized by Pierce Super SigndO chemiluminescent substrate (Pierce, Rockford, IL).
In each experiment, blots from each trestment group were exposed on the same piece of
film (Kodak X-OMAT AR, Rochester, NY). Images were acquired with a scanner and
andyzed with UN-SCAN-IT software (Silk Scientific Inc., Orem, UT).

Immunofluorescence and microscopy. Cdls grown to subconfluence in derile 4-
chambered dides (Nalge Nunc International, Naperville, IL) were treated with 0.01niv
PMA or 100 nM cdphostin C in the absence or presence of 1 M FB;. After washing,
cdls were fixed and permesbilized in 1.1 cold methanol:acetone for 30 min, washed
twice with PBS, and blocked for 50 min with 1% normd goa serum in PBS containing
0.1% Triton X-100. Mouse monoclond anti-NF-kB p65 subunit primary antibody
diluted in PBS containing 2 mg/ml faity acid free BSA (Sigma, St. Louis, MO) and 0.1%
Trion X-100 was gpplied the dides and incubated overnight & 4°C in a humidified

chamber. Cdls were washed 3 times with PBS followed by 2 h incubation with FITC-
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conjugated anti-mouse secondary antibody. Slides were washed 3 times with PBS and
then twice with digtilled weter, cover dips mounted and viewed with an Olympus IX71
inverted fluorescence microscope (Mdville, NY) equipped with appropriate optics.
Images from the microscope were recorded by Olympus digitd camera usng the
Olympus Magnifier SP software.

Fluorescent Electrophoretic Mobility Shift Assay. Nuclear extracts were obtained as
described by Weber et al. (30). Briefly, LLC-PK1 cdls were collected and lysed in a
HEGD buffer (25 mM HEPES, pH 7.6, 1.5 mM EDTA, 10% glycerol, 1 mM DTT, and
0.1 mg/ml PMSF) in a sonicator. Homogenates were centrifuged at 12,000g for 5 min a
4°C, and the supernatant discarded. The remaining pellet was centrifuged for 10 s, and
the resdua supernatant was aspirated. The pelet was extracted with 30 Ml HEGDK
buffer (25 mM HEPES, pH 7.6, 1.5 mM EDTA, 10% glycerol, 1 mM DTT, 0.1 mg/ml
PMSF and 0.5 M KCl) for 1 h on ice. Extracted pellets were centrifuged at 16,000 ~ g
for 20 min a 4°C, and the supernatant was designated as the nuclear extract. Protein
concentration was determined as described above.

For the fluorescent mobility shift assays, oligonucleotides were anneded by heating for
10 min a 70°C in 10 X anneding buffer (200 mM Tris-HCI, pH 7.6, 50 mM MgCls;,
1ImM DTT and 0.1 mM EDTA) followed by incubation a 36.5°C for 30 min. The DNA
binding procedure involved coincubating 4 ng of protein with the oligonucleotide duplex
for 0.5 h on ice. Bound DNA was separated on a 6% polyacrylamide nondenaturing gel
for 1.5 h at 120 V a #C. Specificity for the binding reaction was confirmed by addition
of NF-kB p65 subunit to one of the binding reactions. Following eectrophoress, the ge

sandwich was separated and stained with SYBR Gold (Molecular Probes, Eugene, OR).
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The gd was rinsed and bands were detected on a UV tranglluminator (Ultra Lum Inc.,
Carson, CA) and photographed.

Semiquantitative analysis of TNFa mRNA by reverse transcriptase polmerase chain
reaction (RT-PCR). The amplification of TNFa mRNA by RT-PCR was performed as
described by He et al. (25). Briefly, totd RNA was isolated from LLC-PK; cdls usng
TRI reagent (Molecular Research Center, Cincinnati, OH). Tota RNA was transcribed
into cDNA, which was then amplified by PCR. PCR reactions were performed in a
therma cycler (Coy Inc., Ann Arbor, MI). The thermo amplification program conssted
of an initid denaturation (5 min a 95°C), followed by 32 cycles (for TNFa) or 24 cycles
(for GAPDH) of 05 min denaturation (94°C), 0.5 min anneding (50°C), and 1 min
elongation (72°C), with a find extenson period of 1 min a 72°C. For rdaive
mesasurements, the number of cycles within a linear increase in the both products was
selected (as indicated by arrows in Figure 4.6 A). The sense and antisense primers were
5-AAT GGC AGA GTG GGT ATG-3 and 5-CTT GAT GGC AGA GAG GAG-3 for
TNFa, and 5-TCC CTG CTT CTA CTG GTG CT-3, and 5-TGA GCT TGA CAA
AGT GGT CG3 for GAPDH, respectively (chosen by Primer3 program; Whithead
Ingtitute, Cambridge, MA). PCR products were separated on 2% agarose gel containing
0476 mM ethidium bromide and detected by a UV translluminator (Ultra Lum Inc,
Carson, CA) and photographed. The photographs were scanned and bands were
quantified by usng UN-SCAN-IT software (Silk Scientific Inc., Orem, UT). TNFa was
normalized to the housekeeping GAPDH gene.

Determination of caspase 3 activation. Caspase 3 activity was determined using the

CaspACEQ fluorometric  activity asssy (Promega) with modifications as  follows.
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Briefly, cdls were trested in 24 wdls following which Triton X-100 was added and
repeatedly pipetted to lyse the cells. The homogenates were centrifuged at 10,000g for
10 min to remove cell to remove cel debris. The supernatant was assayed for caspase 3
activity using the CaspACEO system according to the manufacturer’s ingtructions.  The
fluorescence of cleaved subgtrate was determined using a Spectramax Gemini fluorescent
plate reader (Molecular Devices, Irvine, CA). The fluorescence signd was digitized and
analyzed using SoftMax ProO (version 3.1.1, Molecular Devices, Irvine, CA).

Statistical analysis. The results are expressed as mean + standard error. Differences

among the various trestment groups were determined by one-way andyss of variance
folowed by Duncan's multiple range test utilizing Verson 8 of the Satisicd Andyss

Software (SAS). Theleve of P £ 0.05 was taken to denote satistical significance.

RESULTS

FB1 induced membrane translocation of PKCa. FB; concentrations of £ 1 niM
induced a concentration-dependent increase in cytosolic to membrane trandocation of
PKCa, which podtivdy corrdated with an increase in PKC activity (data presented
elsewhere). The concentration of FB; and time of PKCa activation was optimized as 1
mM a 5 min, respectively. Exposure of LLC-PK; cdisto 1 nM FB; a 5 min resulted in
an increaxe in the membrane protein concentration and a concurrent decrease in the
cytosolic fraction PKCa (Figure 4.1).

Temporal effect of FB; on NF-kB nuclear translocation. Exposure of LLC-PK cdls

to 1 MM FB; for 5 min sgnificantly decreesed NFKB cytosolic protein concentrations,
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with concomitant increased nuclear protein concentrations (Figure 4.2). At laer time
points, cytosolic and nuclear protein concentrations returned to control levels.

Fumonisin Bi-induced NF-kB nuclear translocation was inhibited by the PKC
inhibitor calphostin C. To confirm that PKC activation was directly related to the NF-kB
nuclear trandocation in LLC-PK; cdls, the PKC inhibitor caphostin C was added to cells
in the absence or presence of FB;. Céls exposed to caphostin C done displayed
cytosolic and nuclear protein levels comparable to those of untreated cells (Figure 4.3).
Fumonisn B; caused an approximate 4-fold increase in nuclear protein concentration and
a concomitant reduction in the cytosolic protein levels. However, preincubation with
cdphogtin C, prevented the FB;-induction of cytosolic to nuclear trandocation suggesting
that the activation of NF-kB by FB; is dependent upon PKC stimulation.

Effect of FB1, PMA and calphostin C on NF-kB activation. NF-kB activity increased
a 5 min in both FB; (Figure 4.4, lane 2) and PMA-treated cdls (Figure 4.4, lane 4),
compared to untreated controls (Figure 4.4, lane 1) as indicated by the intengity of the
shifted bands. Pretrestment with 100 nM caphostin C for 55 min prevented the FB;-
induced activation of NF-kB (Figure 4.4, lane 3). Supershift studies confirmed that the
p65 NF-kB subunit was involved in the FB;-induced NF-kB DNA binding (Figure 4.4,
lane5).

Nuclear localization of NF-kB cells on exposure to FB; is corroborated by
immunofluorescence. To further confirm the PKC dependent activation of NF-kB by
FB1, immunogaining usng specfic anti-NF-kB primary antibody was conducted in
LLC-PK; cdls. Exposure of LLC-PK; cells to FB; (1 niM for 5 min) (Figure 4.5B) or

0.01 MM PMA (Figure 4.5D), showed intendfied nuclear staining compared to the diffuse
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cytosolic gtaining of untreated cells (Figure 4.5A). Preincubation of cdls with capogtin
C prevented the FB;-induced nuclear locdization of NFKB, as can be seen in Figure
4.5C, these cdlls displayed smilar diffuse cytosolic Saining as untreated cells.

Temporal effect of FB; on TNFa mRNA expression. The tempord effect of FB; on
TNFa mRNA expresson was determined by the semi-quantitative RT-PCR and found
that TNFa mRNA expresson was dgnificantly increased following 15 min exposure to
FB;1 in LLC-PK; cdls (Figure 4.6). TNFa leves were equivaent to control a later time
points.

Effects of FB; on TNFa expression in response to PMA and calphostin C.
Confirmation of the PKC-dependence of the FBi-induced incresse in TNFa expresson
was performed using PMA or caphostin C. A two fold increase in TNFa expresson was
observed after 15 min exposure to FB;, whereas there was a four fold induction in TNFa
MRNA expresson on exposure to PMA (Figure 4.7A). However, co-exposure of cels
with PMA and FB; were nether additive nor synergisic. Cdphostin C done did not
affect TNFa expresson in LLC-PK; cdls (Figure 4.7B); however, preincubation of cels
with caphostin C abrogated the FB; -induced stimulation of TNFa expresson.

FB1 activation of caspase 3 is inhibited by calphostin C. A dgnificant increase in
cagpase 3 activity was observed on exposure to 1 nM FB; for 1 h (Figure 4.8A). The
activity returned to untrested levels a later time points tested. The reversible caspase 3
inhibitor, Ac-DEVD-CHO® (Promega), prevented the effects of FB; where the enzyme's
activity fel to untrested levels (data not shown). Preincubation with caphosin C

prevented the FB;-induced increase in caspase 3 activity (Figure 4.8B).
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Figure 4.1. FB; increases cytosol to membrane trandocation of PKCa in LLC-PK;
cedls at 5min. LLC-PK; cels were grown for 2 days and replaced with serum-free
HDMX 18 h prior to trestment with 1 nM FB; for 5 min. Cdl lysates were then obtained
and 10 ng of protein was resolved by 8% SDS-PAGE gd, eectroblotted to a
nitrocdlulose  membrane and visudized autoradiographicdly usng  chemiluminescent
reagents. Results are expressed as the mean £ SE. (n=3). * Sgnificantly different from

the respective control at P £ 0.05.
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Figure 4.2. FB; stimulates NF-kB cytosol to nuclear trandocation in LLC-PK; cells
at 5 min. LLC-PK; cels were exposed to FB; (1 nM) for 5, 15, 30 and 120 min.
Cytosolic (A) and nuclear (B) proteins were resolved by 8% SDS-PAGE gd,
eectroblotted to a nitrocdlulose membrane and visudized autoradiographicaly using
chemiluminescent reagents.  Results are expressed as the mean + SE. (n=3). *

Significantly different from the respective control a P £ 0.05.
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Figure 4.3. Calphogtin C inhibits the FB1-induced nuclear trandocation of NF-kB in
LLC-PK; cells. Following 5 min exposureto 1 mM FB;, LLC-PK; cdls were lysed, and
cytosolic and nuclear protein concentrations were determined by Western blot andyss.
Reaults are expressed as the mean =+ SE. (n=3). * Significantly different from the

respective control a P £ 0.05.
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Figure 4.4. Effect of FB1, PKC activator and inhibitor on NF-kB activation in LLC-
PK1 cells. LLC-PK; cels were treated with PMA or FB; in the dosence or presence of
cdphogtin C prior to isolation of nuclear proteins as described under Experimenta
Procedurest FB; induced an incresse in NF-kB activation (lane 2) as compared to
untreeted cdls (lane 1). Pretretment with caphogtin C attenuated the FB;-induced NF-
kB activation (lane 3). PMA d&so increased NF-kB activation comparative to that of
fumonisn B; (lane 4). The reaults of supershift experiments where addition of antibody
to p65 caused a supershift in the DNA/protein complex is shown in lane 5. A

representative gel is shown of three experiments which showed similar results.
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Figure 4.5. Immunofluorescent staining of NF-kB in LLC-PK; célls treated with
FB1 in the absence or presence of calphostin C or PMA. Untreated LLC-PK; cdls
digplay diffuse cytosolic saning (A), wheress intendfied gdaning in the nudeus is
obsarved in LLC-PK; cdls trested with FB; (B) is indicative of NF-kB nuclear
trandocation. Caphostin C abrogated the FBj-induced nuclear trandocation of NF-kB
and displayed diffuse cytosolic staining smilar to untreated cdls (C). An intensfied
nuclear gaining indicative of NF-kB nuclear trandocation was displayed in response to
PMA done (D). Representative photographs are shown. Bold arrows indicate nuclesr

staining and blank arrows indicate cytosolic staining.
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Figure 4.6. Temporal effect of FB; on TNFa mRNA expression in LLC-PK; cells.
LLC-PK; cdls were treated with FB; (1 nmM) for the times indicated and RT-PCR
peformed. Representative gels are shown, as well as the use of 24 cycles for GAPDH
and 32 cycles for TNFa (A). The photographs were scanned and bands were quantified
and TNFa was normalized to the house keeping GAPDH (B). Vaues are mean + SE.

(n=3). * Sgnificantly different from the control at P £ 0.05.
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Figure 47. TNFa mMRNA expresson in LLC-PK; cels treated with PMA or
calphostin C in the presence or absence of FB; for 15 min. LLC-PK; cels were
preincubated with 0.01 nM PMA (A) or 100 nM caphostin C (Ca-C) (B) in the light
prior to exposure to 1 M FB; for 15 min and RT-PCR performed. Representative gels
correspond to the order of the bars. Vaues are expressed as mean + SE. (n=3). *

Sgnificantly different from the control a& P £ 0.05.
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Figure 4.8. FBi-induced increase in caspase 3-activity is prevented by calphostin C
in LLC-PK; cells. Cdls were trested with 1nM FB; & the times indicated and the
fluorescence of cleaved substrate was determined (A). LLC-PK; cells were preincubated
with 100 nM cdphogin C for 60 min in the presence of light prior to the addition of 1

mM FB; for 1 h and assay for caspase 3activity (B). Vaues are expressed as mean *

SE. (n=3). * Significantly different from the control a P £ 0.05.
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DISCUSSION

The am of this sudy was to determine the implications of trangent ectivation of
PKCa by FB; on induction of NF-kB, TNFa and caspase 3 in LLC-PK; cdls The
results demondtrate that FB; (1 nM) trangently activates PKCa and NF-kB in LLC-PK
cdls and this FB;-induced activation of NF-kB appears to be PKC-dependent since the
PKC inhibitor, caphostin C, prevented the effects of FB;. In addition, activation of NF-
kB by FB; induced TNFa mRNA expresson by a probable PKC-dependent mechanism,
gnce PMA induces TNFa expresson, and calphostin C prevented the FBj-induced
TNFa expresson. Subsequent to TNFa induction was an increase in caspase 3 activity
which was aso dependent upon PKCa activation by FB;. The mgor conclusion to be
drawvn from these findings is that FB;-induced NF-kB activation and subsequent TNFa
expresson and increase in caspase 3 activity in LLC-PK; cdls is dependent on the
sdective and transent activation of PKCa in LLC-PK; cdls.

The ability of FB; to adter dgna transduction pathways of PKC can play a role in its
ablity to induce apoptoss and carcinogenss (31). The present study showed that FB;
sectivdy and trangently activated PKCa in LLC-PK; cdls  This finding is in
agreement with Yeung and coworkers (13) who aso showed that FB;, by possbly
binding to the diacylglycerol binding dste of PKC, increased membrane trandocation and
activity of PKC in bran dices. Alternatively, cdlula sphingolipids (sphinganine and
gohingosne) and ther metabolites (sphinganine- or sphingosne 1-phosphate) resulting
from the inhibition of ceramide synthase by FB; ae biologicdly active in modulaing
PKC activity (32) and are either mitogenic or gpoptotic depending on the cel type and

exposure conditions (33-35). The cytosol-to-membrane trandocation of PKCa may
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exposure conditions (33-35). The cytosol-to-membrane trandocation of PKCa may
represent critical steps in the induction of dgnaling cascade leading to the production of
proinflammatory cytokines, including TNFa, which is known to be involved FB; toxicity
(36). In addition, PKC is the mgor high-afinity intracellular receptor for phorbol esters,
a class of potent tumor promoters (37) may medide a vaiey of intracdlular sgnding
edablishing the bads of its involvement in multistage carcinogenesis (38).

NF-kB is activated by various members of the PKC family (39) and since FB; activates
PKCa, we sought to determine whether FB; could dso activate NF-kB in LLC-PK cdls.
We found that FB; (1 nM) stimulated rgpid and trandgent trandocation of NF-kB a 5 min
in LLC-PK; cdls. Although this is the firg sudy to demondrate increase cytosolic to
nuclear trandocation and hence activation of NF-kB in vitro in response to FBy, it has
been reported that FB; increased cytosolic NF-kB in C56BL/6J (9) and in mde
transgenic mice expressng human TNFa gene (10).

The PKC inhibitor, calphostin C, prevented the FB; activation of NF-kB, further
suggesting that FB; activates NF-kB via a PKC dependent-pathway. NF-kB activation is
subject to severd levels of control, involving phosphatase and kinase activity (40) and
PMA is reported to activate NF-kB through direct activation of conventiond PKC
isoforms in severd cel lines (41, 42). In LLC-PK; cdls, adbumin exposure induces a
rapid increase in NF-kB protein activity in rend proxima tubule cels of different species
via a protein kinase C-dependent pathway, and this dbumin-induced increase in NF-kB
DNA-binding activity was inhibited by bisndolylmaemide, a protein kinase C inhibitor

(43).
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NF-kB is a prototypic transcription factor involved in the regulation of numerous genes
(44) incuding the transcriptiond activation of TNFa (19). The results of the present
sudy demonsrate that FB; induces TNFa expresson a 15 min in LLC-PK; cdls
Induction of TNFa in response to FB; has been documented in LLC-PK cdls (25), in
liver and in lipopolysaccharide-simulaied macrophages from mice (9-12). The FB;-
induced toxicity may be due to the induction of this potent pleotropic proinflammatory
cytokine as the in vivo hematologica effects of FB; were partidly reversed by anti-TNFa
antibodies (12), and mouse drain lacking p75 or p55 TNFa receptor showed reduced
hepatotoxicity following FB; trestment (9, 11).

We found that the increase in TNFa expression in response to FB; was prevented by
cdphogin C, whereas PMA dgnificantly stimulated TNFa expresson in LLC-PK; cdls
a 15 min, supporting the role of PKCa in the FB;-induction of TNFa expresson in
LLC-PK; cdls. In monocytes and macrophages, the induction of TNFa have been
reported to be prevented by the use of PKC inhibitors in a number of cdls (45-48). In
addition, activation of PKC has dso been shown to sequentialy activate NF-kB and
TNFa (42, 47, 49, 50).

Subsequent to TNFa induction & 15 min, an increase in caspase 3 activity was
observed a 1 hin LLC-PK; cdls. The increase in caspase 3 activity was dependent upon
PKC activation of TNFa snce cdphosin C prevented the effects of FB;. Trandent
activation of caspases by TNFa has been extensvely documented (51, 52). NF-kB

modulates TNFa and the modulation of TNFa-induced apoptosis by NF-kB has been
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LLC-PK; cdls. To our knowledge, this is the firg study, which describes the PKC-
dependent sgnd transduction pathway that may be involved in the FBj-induced

gooptosisin LLC-PK cdls.
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CHAPTER 5

FUMONISIN B1-INDUCED APOPTOSISISASSOCIATED WITH DELAYED

INHIBITION OF PROTEIN KINASE C, NUCLEAR FACTOR-kB AND TUMOR

NECROSISFACTOR a INLLC-PK; CELLS!
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ABSTRACT

Fumonisn Bj, the most potent of the newly described fumonisn mycotoxins, is a
cacinogen and causes a wide range of gspeciesspecific toxicoses.  Fumonisn B;
modulates the activity of protein kinase C (PKC), a family of phospholipid-dependent
serinefthreonine kinases that play important roles in modulating a variety of biologic
regponses ranging from regulaion of cdl growth to cdl death. In this dudy, we
investigated the mechanism of fumonisn B;-induced cytotoxicity at 24, 48, and 72 h and
rdated this to PKC activity and its downstream targets, namey nuclear factor-kappa B
(NF-kB) and tumor necrogs factor a (TNFa) in porcine rend epithdid (LLC-PK) cdls.
In cells exposed to > 1 m M fumonisn By, viability was decreased, due in pat to
gpoptosis as demongrated by an increase in capase 3 activity and nuclear fragmentation.
Increesing concentrations of fumonisn B; repressed cytosolic to membrane trandocation
of PKC-a, -d, -e, and -z isoforms at 24, 48, and 72 h. The fumonisn B1-induced PKC
membrane protein represson was corroborated by a concentrationdependent decrease in
totd PKC activity. Exposure to fumonisn B; (1-50 nmM) was also associated with a
concentration-dependent  inhibition of NF-kB nuclear trandocation and TNFa gene
expresson a 24, 48, and 72 h. At dl time points, intracdlular free sphinganine and
gpohingosine concentretions were elevated upon exposure to fumonisn B; in a
concentration-dependent manner.  These results demondrate that fumonisn B;-induced
apoptosis is associated with represson of PKC isoforms, NF-kB and TNFa, events that

may be involved in the toxicity of this mycotoxin.

Keywords: fumonign B;; protein kinase C; nuclear factor-kappa B; tumor necross factor

a; caspase 3
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INTRODUCTION

Corn, overtly hedthy or diseased, harbors the endophytic fungus Fusarium
verticillioides (Stockenstrom et al., 1998). Fumonisn B;, the mos potent of the newly
described fumonisin mycotoxins, is the causdtive agent of the gpecies-specific toxicoses,
equine leukoencephdomdacia (Marasas et al., 1988) and porcine pulmonary edema
(Harrison et al., 1990). Fumonisin B; is carcinogenic in laboratory animas (Howard et
al., 2001) and a suspected human carcinogen, being linked to a higher incidence of
esophageal cancer in rurd areas of South Africaand China (Sydenham et al., 2000).

Fumonisn B; is dructurdly dmilar to the gsphingolipids, sphingosne and
gphinganine (Wang et al., 1991) and is believed to evoke its toxicity by blocking the
enzyme, N-acyltransferase (ceramide synthase), which converts  sphinganine  (or
sphingosine) and fatty acyl CoA to ceramide (Norred et al., 1999). Disuption of
sphingolipid metabolism is an early event tha is closdy corrdated with dterations in cdl
proliferation and increesed cell desth in most primay cdl cultures and cdl lines
examined (Riley et al., 1998). In addition, tumor necross factor a (TNFa) is shown to
play an important role in fumonisn B; toxicity in vivo and in vitro (Dugyda et al., 1998;
Sharmaet al., 2000a,b, 2001).

Protein kinase C (PKC) represents a family of more than 12 phospholipid-dependent
seringthreonine  kinases, modulating a variety of biologic responses ranging from
regulation of cel growth to cel desth (Lee et al., 2000). The PKC family congsts of
cacium (Ca")-dependent conventional (cPKCa, by, and @), Ca®*-independent or novel
(NPKCd, e, g, h and m) and C&®* and dioleoyl-sn-glycerol (DAG)-independent or atypica

(@PKCz, i and |) isoenzymes (Mdlor and Parker, 1998). Activation of PKC usually
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results in the trandocation of the enzyme from cytoplasm to plasma membrane and this is
often followed by the rgpid cleavage and down-regulation of this protein (Pontremoli et
al., 1990).

Activation of PKC results in the phogphorylation and activation of downstream
effectors, including the transcription factor nuclear factor-kappa B (NF-kB) (Kontny et

al., 2000). When activated NF-kB trandocates from the cytosol into the nucleus where it

binds to a NF-kB motif and functions as a transcription factor (Kang et al., 2000),
regulating the gene expresson of various cytokines, chemokines and growth factors
(Barnes and Karin, 1997), including TNFa (Aggawa et al., 1996). The pathogenic
effects fumonisn B; are paradoxicd and involve dimulaion of mitogeness or induction
of gpoptosis (Riley et al., 2001). In vitro and in vivo, cells exposed to fumonisin B, have
undergone a mixture of necrotic and apoptotic cell desth (Tolleson et al., 1996; Voss et
al., 1996, Sharma et al., 1997), which may be followed by compensatory regeneration
(Howard et al., 2001). Caspases are a group of cysteine proteases that play a critica role
in the execution of gpoptoss (Koriyamaeet al., 1999; Au et al., 1997).

Sphingolipids are potent and reversble modulators of PKC in vitro and in cdl
systems (Hannun et al., 1986; Hannun and Bell, 1987). Moreover, Huang and coworkers
(1995) have demondrated that exposure of African green monkey kidney cels for 3 or
16 h resulted in dose-dependent represson of PKC. In contrast, Yeung et al. (1996)
demongtrated fumonisn B activated PKCg a 20 min in brain dices. However, the effect
of long-teem fumonisn B; exposure to increesing concentraions of fumonisn B; on
PKC isoforms and its downstream targets namey NF-kB and TNFa in porcine rend

epithdid (LLC-PK) cedls have not been addressed.
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Porcine rend epithdid, LLC-PK1, cdls ae sendtive to the fumonisn B;-induced
disuption of sphingolipid biosynthess (He et al., 2001; Yoo et al., 1996a) and
cytotoxicity (Yoo et al., 1996a). In addition, we have observed that 1 nmM fumonisn B
sectivdy and trandently activated PKCa a 5 min with repression a later time points
and higher fumonisn B; concentrations (unpublished data), in addition to induction of
TNFa expresson (He et al., 2001) via a PKC-dependent pathway (unpublished data).
The hypothess driving this sudy was that the fumonisn Bj;—induced apoptoss is
associated with represson of PKC isoforms, NF-kB and TNFa. The ams of the present
sudy were to: (1) to determine whether caspase 3 and apoptoss are involved in the
cytotoxicity of fumonign B a 24, 48, and 72 h, (2) to explore and identify the PKC
isoforms affected following exposure to varying concentrations of fumonisn B; and (3)
to rdae the fumonsn Bsi-induced dAterations in PKC to downstream signd transduction

pathways, namely NF-kB and TNFa, in LLC-PK; cells.

MATERIALSAND METHODS

Materials. Fumonign B; (> 98% purity) was purchased from Programme on
Mycotoxins and Experimentd Carcinogeness (PROMEC, Tygerberg, South Africa).
Horseradish peroxidase (HRP)-conjugated anti-mouse secondary antibody was purchased
from Sgma (. Louis MO). Primay mouse polyclond anti-PKCa, rabbit polyclond
anti-PKCd, rabbit polyclond anti-PKCe, mouse anti-NF-kB p65 subunit and HRP
donkey anti-rabbit secondary antibodies were purchased from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA). Primary anti-PKCz antibody was procured from Updtate

Biotechnology (Lake Placid, NY).
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Cell culture. Porcine rend epithdid, LLC-PK4, cdls (American Type Culture
Collection, Rockville, MD; CRL 1392, passage 197) were cultured in Dulbecco's
modified Eagleés Medium/ Ham's F12 (1:1), supplemented with 5% fetd bovine serum
in a 5% COy-humidified incubator a 37°C. LLC-PK; cdl number and viability were
asessed by trypan blue excluson using a hematocytometer. Cells were subcultured at
approximatdly 5 x 10° viable cdls in 100 x 15 mm terile petri dishes and alowed to
attach and grow for 72 h prior to appropriate treatment. To prevent the burst of free
phingoid bases after addition of fresh medium (Smith et al., 1997), 0.1 ml medium from

each well aspirated, and 0.1 ml of appropriate chemica diluted in medium was added.

MTT assay for cell wviability. Cdl viglity was delemined usng 3-(4,5-
cmethylthiazal-2-yl)-2,5-diphenyl  tetrazolium bromide (MTT) assay as described by
Mossman et al. (1983). Briefly, LLC-PK; cdls were seeded in 96-wdll plaes a a
dengity of ~1,000 cells per well. The cultures were grown for 72 h, prior to addition of
varying concentrations of fumonisn B; (1-50 nM) for 24, 48, and 72 h. MTT solution
(20 M of 5 mg/ml in medium) was added to the 96-well plates 4 h prior to the respective
endpoints and incubated at 37 °C. Following aspiration of 150 m o the medium, the cell
and dye crystds were solubilized by adding 100 ni of HClisopropanol and the

absorption was measured a 570 nm.

Measurement of cell proliferation by FH]thymidine incorporation. Cels were
seeded in 96-well microtiter plates & a densty of ~1,000 cdls per well. The cultures
were grown for 72 h, prior to addition of increasng concentrations of fumonisn B; (1-50

mMV) for 24, 48, and 72 h. Each well was pulsed with 20 mi of [methyl-3H]thymidine (25
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nCi/ml, 6.7 Ci/mmol, DuPont NEN products, Boston, MA) 6 h prior to the 24, 48, and 72
h endpoints. Following incubation, cdls were harvested onto glass fiber filter drips
(Cambridge Technology, Watertown, MA) usng a cdl haveser (PHD, Cambridge
Technology) and radicactivity was couted usng a liquid scintillation counter.

Proliferative responses were represented as disintegrations per minute (DPM).

Quantitation of intracellular free sphingoid bases. Free gphinganine and
gphingosine concentrations were determined by the method described by He et al.
(2001). Brifly, cdls were washed once with ice-cold PBS and then were scraped into 1
ml ice-cold PBS. An diquot (0.1 ml) of cel suspension in PBS was trandferred to another
tube, spun a 2000 C g, 4°C for 5 min. To obtain totd protein, the cel pdlet was
olubilized in lyss buffer (20 mmol/L Tris-HCI, pH 7.4, 1 mmol/L EGTA, 1mmol/L
DTT, 1 mmol/L PMSF, 0.2 mmoal/L leupeptin, and 10 ng/mL gprotinin) and the lysates
centrifuged for 5 min a 600 ~ g. Protein concentrations in each sample were determined
usng a Bio-Rad protein assay kit (Bio-Rad, Hercules, CA) with bovine serum abumin
(Sigma, St. Louis, MO) as a standard. Free sphingoid bases were extracted from the
remainder of cels by usng the modified method of Yoo et al. (1996b). The redtive
amounts of free gsphinganine and sphingosne in basetreated cel extracts were
determined by high-performance liquid chromatography (HPLC) utilizing a modification
(Yoo et al., 1996h) of the method origindly described by Merrill et al. (1988). Sphingoid
bases were quantitated based on the recovery of a Cyo sphinganine internd standard. The
indrument limit of detection for Cyp was 26.8 fmol/assay (equivdent to 1 fmol/mg

protein).
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Subcellular fractionation for PKC and NF-kB. The procedure for cytosolic and
membrane protein extraction for PKC was performed as described by Clarke et al.
(2000), with centrifugetion a 42,000 ~ g for 2 h as a modification. To obtain cel cytosol
and nuclear fractions for NF-kB, cells were washed 3 times in cold phosphate-buffered
sdine (PBS) and scraped into 100 i of lyss buffer A (0.6% IGEPAL, 150 mM NaCl, 10
mM HEPES, 1 mM EDTA, 05 mM PMSF 05 mM dithiothreitol (DTT), 5 ng/ml
gorotinin, 5 ng/ml leupeptin, 1 M sodium orthovanadate). Samples were sonicated and
incubated for 5 min on ice while shaking prior to centrifugation a 5,000 rpm for 5 min a
4°C. The supernatant was collected (&ytoplasmic fractiond and stored at -80°C. To the
pellet, 30 m of lyss buffer B (25% glycerol, 0.5 mM DTT, 20 mM HEPES, 420 mM
NaCl, 1.2 mM MgCh, 0.2 mM EDTA, 0.5 mM PMSF, 5 ng/ml leupeptin, 5 ng/ml
gorotinin) was added and incubate on ice while shaking for 20 min.  Samples were
centrifuged a 13,000 ~ g for 15 min and the supernatant @uclear fractiond stored at -

80°C.

Western blot analysis for PKC and NF-kB translocation. Protein concentrations
were determined as described above using the Bio-Rad assay. Proteins were fractionated
on 8% gds and then dectrophoreticdly trandferred to a nitrocdlulose membrane
followed by blocking in 5% milk proten for 1 h prior to incubating with appropriate
primary and secondary antibodies. Protein bands were visudized utilizing FPierce Super
Signdo chemiluminescent subgtrate (Pierce, Rockford, IL) on film (Kodak X-OMAT
AR, Rochester, NY). Images were acquired with a scanner and analyzed with UN-

SCAN-IT software (Slk Scentific Inc, Orem, UT). Following visudization,
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membranes were washed, dripped utilizing Pierce RestoreO Western Blot Stripping
Buffer (Pierce, Rockford, IL), blocked and reprobed with appropriate primary and

secondary antibodies and digitized as above.

Assay for PKC activity. Totd protein was obtained and their concentrations were
determined as described. The lysates were sonicated on ice and centrifuged for 5 min a
600 ~ g and the supernatants were used for the PepTagO assay for non-radioactive
detection of protein kinase C (Promega Corp., Madison, WI). The amount of protein
added to the kinase assay was standardized Bio-Rad protein assay. The fluorescence of
phosphorylated subgtrate was determined using a Spectramax Gemini fluorescent plate
reeder (Molecular Devices, Irving, CA). The fluorescence dgna was digitized and

analyzed using SoftMax ProO (version 3.1.1, Molecular Devices, Irvine, CA).

Semiquantitative analysis of TNFa mRNA by reverse transcriptase polmerase
chain reaction (RT-PCR). This procedure was conducted according to He et al. (2001).
Totd RNA was isolated from LLC-PK; cdls usng TRI reagent (Molecular Research
Center, Cincinnati, OH), cDNA was syntheszed and amplified by PCR. PCR reactions
were peformed in a theemd cycler (Coy Inc., Ann Arbor, MI). The thermoamplification
program conssted of an initia denaturation (5 min a 95°C), followed by 32 cycles (for
TNFa) or 24 cycles (for GAPDH) of 30 s denaturation (94°C), 30 s anneding (50°C),
and 1 min eongation (72°C), with a fina extensgon period of 1 min a 72°C. For relative
measurements, the numbers of cycles within a linear increase in the both products were
sdected (as indicated by arrows in Fig. 9A). The sense and antisense primers were 5'-

AAT GGC AGA GTG GGT ATG-3 and 5-CTT GAT GGC AGA GAG GAG-3 for
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TNFa, and 5-TCC CTG CTT CTA CTG GTG CT-3, and 5-TGA GCT TGA CAA
AGT GGT CG3 for GAPDH, respectively (chosen by Primer3 program; Whithead
Ingtitute, Cambridge, MA). PCR products were separated on 2% agarose gel containing
0476 mM ethidium bromide and detected by a UV translluminator (Ultra Lum Inc.,
Carson, CA) and photographed. The photographs were scanned and bands were
quantified by usng UN-SCAN-IT software (Slk Scientific Inc., Orem, UT). TNFa was

normalized to GAPDH, the housekegping gene.

Determination of apoptosis by caspase 3 activity and Hoechst staining nuclear
morphology. Caspase 3 activity was determined using the CaspACEQ  fluorometric
activity assay (Promega Corporation, Madison, WI). Briefly, cells were treated in 24
wdls fallowing which Triton X-100 was added and repeatedly pipetted to lyse the cells.
The homogenates were centrifuged a 10,000 = g for 10 min to remove cell debris. The
Supernatant was assayed for caspase 3 activity by measuring the fluorescence of cleaved
ubstrate using Spectramax Gemini fluorescent plate reader (Molecular Devices, Irvine,
CA). The fluorescence signa was digitized and andyzed usng SoftMax ProQ (version
3.1.1, Molecular Devices, Irving, CA). Nuclear morphology for detection of agpoptotic
bodies was determined using epifluorescence following saning with Hoechst 33258
(H33258) (Sigma, S. Louis, MO). Cdls were plated at a density of 3,000 cdls/cn? in
24-well plates. Following 24, 48, and 72 h exposure, cells were stained with H33458 (10
ng/ml in PBS) for 5 min and fluorescence microscopy was performed using the Olympus
IX71 inverted microscope (Olympus America Inc., Méville, NY). Digitd images were

acquired using the Magnafire S d gital camera
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Statistical analysis. The results were expressed as mean + standard error. Differences
among the various treatment groups were determined by one-way andyds of variance
followed by Duncan's multiple range test utilizing Verson 8 of the Staidicd Andyss

Software (SAS). Theleved of P £ 0.05 was taken to denote statistical significance.

RESULTS

Fumonisin B; is cytotoxic to LLC-PK; cellsin a concentration-dependant manner
at 24, 48, and 72 h. LLC-PK; cdl injury in response to increasng concentrations of
fumonisn B; was edimated by examining cdlula metabolism usng the MTT assay.
Ovedl, there was a concentrationdependent reduction in cdl viability and proliferaive
cgpacity over time. At dl time points tested, fumonisn B; concentrations 3 10 M
gonificantly decressed cdl viability (Fig. 51A).  The reduction in viability was
asociated with a decrease in the proliferative cagpacity of these cells at 24 and 48 h at
fumonisn B; concentration of 50 mM (Fig. 5.1B), confirming the cytotoxicity of
fumonisn B; and sengtivity of LLC-PK; cdls to increasing concentrations of fumonisin

B, at 24, 48, and 72 h.

Fumonisin B increased intracellular sphinganine and sphingosine concentrations.
Intracdllular  sphinganine and  sphingosine  concentrations  were  increesed  in a
concentration-dependent manner on exposure to fumonisn B; concentrations of > 1nM
a 24, 48, and 72 h (Fig. 5.2A). At 72 h, intracdlular sphinganine concentrations were
ggnificantly increased @ fumonisn By concentrations of 3 10 nM. However, a 24 and
48 h gphinganine concentrations were dggnificantly increesed exclusvey a 3 50 nM

fumonisn B;. To a lesser extent, intracdlular sphingosine concentrations were increased
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in a concentration-dependent manner on exposure to increasing concentrations of
fumonisn B; (Fig. 5.2B). Fumonisn B; concentrations 3 10 nmM dgnificantly increased

intracellular sphingosine concentrations at 24, and 48, and 72 h.

Concentration-dependent repression of PKC isoforms by fumonisin By in LLC-PK;
cells.  Immunoblot analyses were conducted using cytosolic and membrane fractions
prepared from LLC-PK; cdls snce the cytosolic to membrane redigribution of PKC
upon gimulation represents an important step in the activation of this enzyme (Kraft and
Anderson, 1983). Ovedl, treetment of LLC-PK; cdls with incressing concentretions of
fumonign B; resulted in a concentration-dependent increase in the cytsolic fraction and a
concomitant decrease in the particulate fraction of PKC-a, -d, -e, and -z isoforms at 24,
48, and 72 h (Fig. 5.3-5.6).

A dggnificant increese in the PKCa (Fig. 5.3) cytosolic fraction compared to the
untreated control was observed a fumonisn By concentrations 310 nM at 24 h and at 50
nmM a dl time points tested. The membrane protein concentration was sgnificantly
decreased on exposure to al concentrations of fumonisn B a 24 h and 1 and 10 nM a
48 h, respectively. For PKCd (Fig. 5.4), a dgnificant increase in the cytosolic fraction
was observed at 48 and 72 h on exposure to fumonisin B, concentrations 3 10 miM and 3 1
nM, respectively. Concomitant with the increase in cytosolic PKCd was a sgnificant
reduction in membrane protein levels a fumonisn B; concentrations 2 10 nM at 24 and
48 h.

In contrast to the other PKC isoforms tested, PKCe was predominantly present in the

membrane fraction of treated and untreated LLC-PK; cdls (Fig. 55). There was an



151

oveadl increase in cytosolic protein and a concomitant decrease in membrane protein
PKCe concentrations a 24 h, 48 h and 72 h. A dgnificant decrease in the membrane
protein concentration a 3 1 nmM fumonisn B; was accompanied by increases, athough
not sgnificant, in cytosolic protein levels a 24 h. The decrease in PKCe membrane
protein concentration on exposure to 10 mM fumonisn B; and the increase in cytosolic
PKCe protein levd a 50 nM fumonian B; a 48 h, were both Satisticaly sgnificant.
Overdl, PKCz cytosolic protein levels were accompanied by a concurrent decrease in
membrane protein expresson a 24, 48, and 72 h (Fig. 5.6). A dgnificant increase in
cytosolic protein levels following exposure fumonisin B; concentrations 3 1 mM at 24 h
was asociated with Sgnificant reduction in membrane protein levels & fumonisn B;
concentrations 2 10 nmM. Membrane protein concentration for this isoform was
ggnificantly reduced a 48 and 72 h following exposure to 3 10 nM fumonign Bj,
whereas the increment in cytosolic protein of PKCz was daidicdly sgnificant on

exposure to 50 M fumonisin B; a 48 h excdlusvdly.

Fumonisin Bi-induced PKC protein repression in membrane translocation was
correlated with a concentration-dependent reduction in PKC activity. Expression leve
and activity may or may not correlate, as isoforms can be present in an inactive form. In
order to determine whether the changes in PKC distribution corresponded to dtered
enzyme adivity, totd PKC activity usng the PepTagO assay for non-radioactive
detection of protein kinase C was measured. In agreement with the above findings there
was a concentration-dependent decrease in PKC on exposure to 3 1 niM fumonisn B; a

24, 48, and 72 h (Fig. 5.7). This finding confirms that the represson in the g/tosolic to
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membrane trandocation of PKC isoforms in response to fumonisn B; postivey

correlates with a comparative decrease in the enzyme' s activity in LLC-PK; cdls.

Fumonisin B; induces a concentration-dependent decrease in NF-kB nuclear
translocation. NF-kB lies downgream of PKC and PKC is known to regulate the
activation of NF-kB, we invedtigated the effects of fumonian B; on NF-kB activation.
Since dl concentrations of fumonisin B; used repressed PKC, we tested the effects of 1
and 10 nM fumonign B; on NF-kB subcdlular redigribution in LLC-PK; cdls
Incressng concentrations of fumonisn B; resulted in a concentration-dependent decrease
in NF-kB nuclear protein concentration and a concomitant increese in the cytosolic
fraction a dl time points tested (Fig. 58). At 24 h, exposure to fumonisn B;
concentrations of 2 1 mM resulted in dgnificant increese in cytosolic NFkB  protein
levels a 24 h, whereas only 10 nM fumonisn B; concentrations sgnificantly increased
cytosolic fraction a 48 and 72 h. NF-kB nudear proten levds were Sgnificantly

decreased on exposure to 10 nM fumonisn B; at 72 h.

Fumonisin B; induced a concentration-dependent decrease in TNFa mRNA
expression. Fumonisn B; (1-10 niM) resulted in a concentration-dependent inhibition of
TNFa mRNA expression in LLC-PK; cells a 24, 48, and 72 h (Fig. 5.9). At 24 and 48

h, TNFa expression was sgnificantly inhibited at both fumonisin B; concentrations used.

Fumonisin B; activated caspase 3 in LLC-PK; cells. Caspase 3 activity increased in

a concentration-dependent manner in response at 24, 48, and 72 h (Fig. 5.10). However,

a dgnificant increase in caspase 3 activity was observed only on exposure to 3 1 M
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fumonisn By a 48 h. The reversible cagpase 3 inhibitor, Ac-DEVD-CHOO (Promega),
reversed the effects of fumonisn B; where the enzyme's activity fdl to untreated levels

(data not shown), indicating the specificity of inhibition of cagpase 3 by fumonisin B;.

Fumonisin B; induced nuclear fragmentation in LLC-PK; cells, indicative of
apoptosis. The nudear morphology of cdls exposed to fumonisn B; concentrations 3
10 nmM displayed increased number of cells sained with H33458 (Fig. 5.11), mainly at 48
and 72 h. In addition, fumonisn B; (310 mM) increased the number of fragmented

nucle, ahalmark of apoptosis, notably at 48 and 72 h (Fig. 5.11).
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Figure 5.1. The effects of fumonisn B on cel viability and proliferation in LLC-
PK;1 cédls. LLC-PK; cels were added to 96-wel microtiter plates and exposed to
increasing concentrations of fumonisn By (1-50 nM) for 24, 48, and 72 h. Cdl viahility
was determined by MTT assay (A). For proliferation, cells were pulsed with 20 ml of
[methyl-*H]thymidine for 6 h prior to the respective endpoints (B). Resllts are
representative of 3 independent experiments, the mean + dandard error (N=3) are

presented. * Significantly different from the respective control & P £ 0.05.
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Figure 52. Fumonisn B; increases intracelular sphinganine and sphingosine in
LLC-PK; cells. Cdils were grown for 72 h prior to exposure to increasng
concentrations of fumonisin B (1-50 nM). At the times indicated, HPLC was performed
as described in @Materids and Methodst to determine the intracellular sphinganine (A)
and sphingosne (B) concentrations. Results are representative of 3 independent
experiments, the mean + dandard error (N=3) are presented. *Significantly different

from the respective control & P £ 0.05.
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Figure 53. Fumonisn B; inhibits cytosol to membrane trandocation of PKCa in
LLC-PK; cells. Cdls were grown for 72 h and exposed to fumonisn B 1 (1-50 M) at
the times indicated. Cdl lysates were obtained and 10 ng of protein was resolved on an
8% gd, dectroblotted to a nitrocdlulose membrane and visudized autoradiographicaly
usng chemiluminescent resgents. Reaults ae representative of 3 independent
experiments, the mean + dandard error (n=3) are presented. *Sgnificantly different
from the respective control a P £ 0.05. Representative PKCa cytosolic and membrane

protein concentrations at 24 (A), 48 (B) and 72 h (C) are displayed.
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Figure 5.3. Fumonisn B inhibits cytosol to membrane trandocation of PKCa in

LLC-PK, cells.
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Figure 5.4. Fumonisn B inhibits cytosol to membrane trandocation of PKCd in
LLC-PK; cells. Cdls were grown for 72 h and exposed to fumonisin B 1 (1-50 nM) at
the times indicated. Cdl lysates were obtained and 10 ng of protein was resolved on an
8% gd, dectroblotted to a nitrocdlulose membrane and visudized autoradiographicaly
usng chemiluminescent reagents. Reaults ae representative of 3 independent
experiments, the mean = standard error (n=3) are presented. *Sgnificantly different from
the respective control a P £ 0.05 Representative cytosolic and membrane protein

concentrations for PKCd at 24 (A), 48 (B) and 72 h (C) are displayed.
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Figure 5.4. Fumonisn B inhibits cytosol to membrane trandocation of PKCd in
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Figure 55. Fumonisn B inhibits cytosol to membrane trandocation of PKCe in
LLC-PK; cells. LLC-PK; cdls were grown for 72 h and exposed to fumonisn B ; (1-50
nM) at the times indicated. Cedl lysates were obtained and 10 nyg of protein was resolved
on an 8% gd, dectroblotted to a nitrocdlulose membrane and visudized
autoradiographicaly using chemiluminescent resgents  Results are representative of 3
independent experiments, the mean + standard error (n=3) are presented. * Sgnificantly
different from the respective control & P £ 0.05. Representative cytosolic and membrane

protein concertrations for PKCe at 24 (A), 48 (B) and 72 h (C) are displayed.
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Figure 5.6. Fumonisn B; inhibits cytosol to membrane trandocation of PKCz in
LLC-PK; cells. LLC-PK; cdls were grown for 72 h and exposed to fumonisn B ; (1-50
nM) at the times indicated. Cedl lysates were obtained and 10 nyg of protein was resolved
on an 8% gd, dectroblotted to a nitrocdlulose membrane and visudized
autoradiographicaly using chemiluminescent resgents  Results are representative of 3
independent experiments, the mean + standard error (n=3) are presented. * Sgnificantly
different from the respective control & P £ 0.05. Representative cytosolic and membrane

protein concentrations for PKCz at 24 (A), 48 (B2) and 72 h (C) are displayed.
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Figure 5.7. Fumonisn B; decreases PKC activity in a concentration-dependent
manner in LLC-PK; cells. LLC-PK; cdlls were grown 72 h prior to exposure to 0, 1, 10
and 50 mM fumonisin B;. At the indicated times total protein was obtained and PepTagO
assay for nonradioactive detection of PKC activity assay was peformed. A
representative gel is shown in (A) and quantitative determination of PKC activity is
shown in (B). Data shown are representative of 3 independent experiments, the mean =

gandard error (n=3) are presented. *Significantly different from the respective control at

P £ 0.05.
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Figure 5.8. Fumonisin B ; inhibits NF-kB cytosol to nuclear trandocation in LLC-
PK1 cells. LLC-PK; cdls were grown for 72 h and treated with increasing
concentrations of fumonisn B; (1-10 mM). Cytosolic (A) and nuclear (B) proteins (2
ng) were resolved on an 8% gd, dectroblotted to a nitrocdlulose membrane and
visudized auttoradiographicaly usng chemiluminescent  reegents. Reaults ae
representative of 3 independent experiments, the mean + dandard error (N=3) are

presented. * Significantly different from the respective control at P £ 0.05.
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Figure 5.8. Fumonisn B inhibits NF-kB cytosol to nuclear trandocation in LLC-

PK cells.
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Figure 5.9. Effect of fumonisn B 1 on TNFa mRNA expression in LLC-PK; cells at
24, 48 and 72 h. LLC-PK; cdls were tregted with increesing fumonisn B; (1-10 niM)
concentrations a the times indicated and RT-PCR performed. RNA was extracted and
cDNA syntheszed and amplified. PCR products were separated on 2% agarose gel and
detected by a UV translluminator and photographed. A representative gel at 24, 48, and
72 h and the optimization of the cycle number for TNFa and GAPDH is shown (A). The
photographs were scanned, bands were quantified and TNFa was normdized to the
house keeping GAPDH (B). Vaues are mean + standard error for 3 independent
experiments eech peformed in triplicate.  * Significantly different from the respective

control at P £ 0.05.
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Figure 5.9. Effect of fumonisn B; on TNFa mRNA expression in LLC-PK; cells at

24,48 and 72 h.
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Figure 5.10. Effect of increasing concentrations of fumonisin B; on caspase 3

activity in LLC-PK cells at 24, 48, and 72 h. Cdls were treated with fumonisin B, (1-

50 m) for 24, 48, and 72 h in 24 wedls and the supernatant was assayed for caspase 3

adivity usng the CaspACEO system.

The fluorescence of cleaved subdrate was

determined usng a Spectramax Gemini fluorescent plate reeder. Vaues are mean =

dandard error for 3 independent experiments each peformed in triplicate.

Sgnificantly different from the respective control at P £ 0.05.

*
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Figure 511. Effect of increasing concentrations of fumonisn B; on nuclear
morphology at 48 h in LLC-PK; cells. Cdls were grown in 24-wel plates for 72 h
prior to exposure to fumonisn B (1- 50 nM) for 24, 48, and 72 h. Cells were stained
with H33458 and visudized via fluorescence microscopy. Representative photographs
show increased nuclear staining with H33458 at 48 h in cdls exposed to O M fumonisin
B1 (A), 1 nM fumonisn B1 (B), 10 nM fumonisn B; (C) and 50 niM fumonisn B1 (D)
a 48 h. Arrows indicae intact nucle in untreated cells (E) and fragmented nucle in

cells exposed to 50 mM fumonisn B (F) at 48 h.
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DISCUSSION

This study demondrated that exposure to increesing concentrations of fumonign Bi
resulted in a concentration-dependent decrease in cdl viability, which was associated
with an increase in caspase 3 activity and nuclear fragmentation indicative of gpoptoss a
24, 48, and 72 h in LLC-PK1 cdls Increase in intracdlular sphinganine and sphingosine
concentrations were also increased in a concentration-dependent manner a these time
points.  In addition, a concentration-dependent represson PKC was observed as
determined by a reduction in cytosolic to membrane trandocation and PKC activity. The
globa inhibition of PKC was associated with a concomitant reduction in NFkB
cytosolic nuclear trandocation and TNFa gene expresson. The results demongtrate that
fumonign Bs-induction of apoptoss is associated with an overdl inhibition of PKC, NF
kB and TNFa inLLC-PK; cdls.

We found that fumonsn B; concentrations 210 nM increased intracdlular
gphinganine, and to a lesser extent sphingosine, in a concentration-dependent manner. In
agreement with our findings, Yoo et al (1992) determined the ECso for dterdions in
gphingolipid biosynthesis in LLC-PK; cells to be 10 to 15 nM fumonisn B; where levels
of free sohinganing and to a lessr extent sphingosine, increased in fumonisin-treated
cdls in a dose-dependent manner. Both devation of free sphingoid bases and the
decrease in complex sphingolipids preceed and contribute to the decreased cell growth
and lethdlity of fumonisin B; in LLC-PK; cdlls(Yoo et al., 1996a).

Smilaly, we showed that cytotoxicity and inhibition of proliferation of LLC-PK;
cdls exposed to fumonisn B; concentrations 310 miM. In addition to LLC-PK; cdls

(Yoo et al., 1992), the rat hepatoma HATG and dog kidney MDCK cdl lines (Shier et al.,
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1991) are highly sendtive to the inhibitory and cytotoxic effects by fumonisn B;. In the
present study, agpoptoss was found to be partidly responshble for the fumonisn Bi
cytotoxicity as determined by an increase in cagpase 3 activity and nuclear fragmentation.
The ability of fumonign B; to induce apotoss via increase in cagpase 3 activity was dso
reported to occur in astrocytesand LLC-PK; cdls (Gavano et al., 2002; Yu et al., 2001).

Huwiler et al. (1991, 1992) have demonstrated the presence of PKC -a, -d, -e, and -z
in rend mesangid cdls and taking into account the posshbility that only some isoforms
might be affected (Schnaper, 2000), the protein concentrations of these isoforms were
examined in LLC-PK; cdls. Fumonisn B; concentrations 3 1 nM represses cytosolic to
membrane trandocation of PKC-a, -d, -e, and -z, as well astota PKC activity, at 24, 48,
and 72 h in LLC-PK; cdls. In agreement with these findings, Huang et al. (1995)
demondrated that fumonisn B; (0.01-10 nM) repressed PKC activity in a dose
dependent manner in African green morkey CV-1 kidney cdls. Induction of apoptosis
by fumonisn B; may be linked to its represson of PKC activity, snce PKC inhibition
can induce gpoptoss in a number of cel lines (Reyland et al., 1999; Chmura et al.,
1996). In addition, the ability of fumonign B; to act as a carcinogen may be linked to its
ability to repress specific PKC isoforms and consequently dter sgna  transduction
pathways (Suga et al., 1998; Scaglione-Sewell et al., 1998). Therefore, down-regulaion
of PKC expresson could be corrdated with maignant transformation and/or apoptotic
activity in response to fumonisin B;.

There are severd possble mechanisms by which fumonisn B; could down-regulate
PKC. Sphingolipids, namely sphingosine, sphinganine and lysosphingolipids, are potent

and reversble inhibitors of PKC in vitro and in cdl sysems (Hannun et al., 1986;
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Hannun and Bdl, 1987). Therefore, it would gppear that these sphingolipids could serve
as naturd antagonigts to the lipid activators of PKC (Merill et al., 1993), which could
explan the fumonign B;-induced represson of PKC in LLC-PK; cells. Second, chronic
exposure of PKC to phorbol esters leads to overall down-regulation of PKC leves in the
cdl (Clemens et al., 1992). Yeung and coworkers (1996) suggested that the action of
fumondgn B; on PKC activity is likey to be mediated by its interaction with the DAG
gtes that dso bind phorbol esters. Therefore, long-teem fumonisn B; exposure could
result in PKC down-regulation via a mechaniam dmilar to that of chronic phorbol ester
exposure.  Another potentid mechanism to explan the fumonisn B;-induced down-
regulation of PKC may the depletion of DAG, the physologicd activaior of PKC.
Fumonisn B; decreases the DAG content of GF17 cdls in a time dependent manner
(Baron and Mdhotra, 2002). Thus, lowering the DAG levels by fumonisin B, treatment
may be responsible, in part, for the PKC repression observed.

In additiond experiments, we demondrated that transent fumonisn B; activation of
PKC directly activates NF-kB leading to TNFa induction in LLC-PK; cdls (unpublished
dad). In the present sudy we found that in addition to PKC represson, fumonisn B;
inhibited the activation of NF-kB in a concentration dependent manner in LLC-PK
cdls. It is conceivable that inhibition or down-regulation of PKC by fumonisn B; in
LLC-PK; cdls is associated with inhibition of NFkB, as demondrated in this study.
Subsequently, the fumonisn Bj-induced globa down-regulation of PKC isoforms and
NF-kB in LLC-PK; cdls was associated with a concentration-dependent reduction in

TNFa gene expression at 24, 48, and 72 h. Other reports have demonstrated that down-
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regulation and eventua depletion of PKC inhibit TNFa (Mege et al., 1993; Kontny et al.,
1999).

In concluson, the fumonign Bjinduced represson of PKC and its downstream
targets, NF-kB and TNFa, is associated with its capacity to induce gpoptoss. Taken
together, these findings suggest that fumonisn B; disrupts PKC cdl sgnding events in
LLC-PK; cdls caudng cdls to engage an apoptotic program. Presently, studies are being
undertaken to determine whether the observed response on PKC is due to disrupted

sphingolipid metabolism induced by fumonisin B;.
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SPHINGOID BASESAND THEIR PHOSPHATES: TRANSIENT ACTIVATION
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ABSTRACT

Fumonisn Bj, an inhibitor of ceramide synthase, leads to accumulation of
gphinganine, and later, sphingosine in vivo and in vitro. Fumonisn B; modulates the
activity of protein kinase C (PKC), however, which metabolite of disrupted sphingolipid
metabolism is involved, has not been ascertained. In the present study, we evauaed the
modulation of PKC by sphingoid bases and ther metabolites using exogenous
sphingolipid anadlogues in porcine rend epithdid (LLC-PK1) cdls.  Previoudy, we found
tha fumonign B; (1 nmM) sdectively and trangently activated PKCa, whereas fumonisin
B1 concentrations of 1-50 mM at 24, 48, and 72 h repressed PKC-a, -d, -e and -z isoforms
in a concentration-dependent manner.  Addition of exogenous sphinganine 1-phosphate
(3 mM for 5 min) done dimulated cytosolic to membrane trandocation of PKCa
compadive to fumonisn B;.  Co-exposure fumonisn B; with N,N-dimethylsphingosne
(DMS), an inhibitor of gphingosne/sphinganine kinase, prevented the effects of
fumonisn B; on PKCa.  Sphinganing sphingosne, sphingosne 1-phosphate  and
ceramide added exogenoudy, did not dter PKCa cytosolic to membrane trandocation at
5 min.  Fumonigsn B; (10 nM), sphinganing, sphingosne and ceramide sgnificantly
repressed PKC-a and -d isoforms a 48 h, whereas dl the exogenoudy added
gphingolipids sgnificantly repressed PKC-e and z amilar to fumonisn B;.  Co-exposure
of myriodn with fumonisn B; prevented the inhibitory effects of fumonisn B; on PKC
isoforms in LLC-PK; cdls. DMS was cytotoxic to LLC-PK cdls a 48 h even a very
low concentrations. This study demondrated that sdective and trandent activation of
PKCa may be due to the fumonisn Bj-induced accumulation of the bioactive

sphinganine 1-phosphate, whereas the long-term represson of PKC isoforms may be
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predominantly due to the accumulation of sphinganine or its phosphate, and to a lesser
extent sphingosne or its metabolite in LLC-PK; cdls. These findings suggest that the
direct or indirect modulation of PKC by these sphingolipids is involved a leagt in part in

the action of fumonisn B;.

Keywords: Fumonisn Bj, Protein kinase C, Sphingolipids, Sphinganine, Sphinganine 1-

phosphate, Myriocin

INTRODUCTION

Fumonisn B; is a ubiquitous toxic secondary metabolite produced by the fungus
Fusarium verticillioides present predominantly on corn. Consumption of contaminated
corn leads to leukoencephdomaacia in horses, pulmonary edema in pigs, and liver and
kidney toxicity in domedtic and laboratory animds (Riley et d., 1998). This mycotoxin
has been reported to be carcinogenic in laboratory animas (Howard et al., 2001) and it
has been correlated to the incidence of human esophagea cancer (Rheeder et al., 1992).

Fumonisn B; is a waer soluble, polar metabolite which posses a lipophilic
(sphingoid-like) backbone and dructurdly related to the sphingoid base, sphinganine
(Wang et al., 1991; Yin et al., 1996). Based on the remarkable structurd smilarity of
fumonisins to sphingoid bases, it has been established that fumonign B; is a potent and
reversble inhibitor of sphinganine or sphingosne N-acyltransferase (ceramide synthase),
located in the endoplasmic reticullum (Wang et al., 1991), resulting in disruption of
ghingolipid metabolism (Fg. 6.1). Fumonisn Bj-induced disruption of sphingolipid
metabolism leads to inhibition of ceramide biosynthess, an increase in free sohinganine

and sphingosne, a decrease in rescylaiion of sphingosne derived from complex
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gphingolipid turnover and degradetion of digtary sphingolipids, an increase in sphingoid
base degradation products i.e. sphingosne and sphinganine 1-phosphate, ethanolamine
phosphate, and fatty adehydes, and dteraions in other sphingoid lipid pools (Riley et al.,
1998).

Until the late 1970's, sphingolipids were primarily thought to serve as inert dructurd
compounds, the suggestion that sphingolipids might be directly implicated in intracdlular
ggnding pahways followed the discovery that sphingosine, a product of complex
sphingalipid metaboliam, inhibited protein kinase C (PKC) activity (Hannun et al., 1986).
The discovery tha breskdown products of cdlular sphingolipids are biologicdly active
and can modulate PKC activity has generated greet interest in the role of these molecules
in cdl dgnding (Hannun and Bell, 1989) as different sphingolipids are able to affect
PKC activity and/or PKC-medigted events in a vaiety of experimentd models.
Sphingolipids and their metabolites can mediate ether mitogenic or gpoptotic  effects
depending on the cel type and exposure conditions (Hannun, 1996; Spiegd and Milgtien,
1995).

We recently observed that 1 nM fumonian B; sdectivdly and trandently ectivates
PKCa a@ 5 min in porcine rend epithdid cdls (LLC-PK; (unpublished data).
Exogenoudy added myriocin, an inhibitor of serine pamitoyltransferase (SPT), the first
enzymein de novo sphingolipid biosynthess (Yoo et al., 1996) (Fig. 6.1), did not prevent
the fumonisn B; activation of PKCa a 5 min. In contrast, a concentration-dependent
represson of PKC-a, -d, -e and -z isoforms were observed on exposure to fumonisin B
concentrations of 250 mM at 24, 48, and 72 h in these cells. The purpose of this study

was to ducidate the mechanidic rdationship between sphingoid base and thelr
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metabolites-induced dterations in PKC activity and reate these to the fumonisn B;
effects in LLC-PK1 cdls. In order to cary out this, LLC-PK; cels were trested with
fumonisn B; in the absence or presence of various inhibitors or exogenous sphingolipid

andogues PKC cytosol to membrane trandocation a 5 min and 48 h.

MATERIAL AND METHODS
Materials

Fumonisn B; (purity > 98%) was obtained from Programme on Mycotoxins and
Experimentad  Carcinogeness (PROMEC, Tygerberg, South Africa). D-erythro-
gohinganine (purity > 99%), D-erythro-sphingosne (purity > 99%), sphinagnine 1-
phophate (purity > 99%), <sphingosine 1-phosphate (purity > 99%), N,N-
dimethylsphingosine (DMS) (purity > 99%) were obtained from AvantiO Polar Lipids,
Inc. (Alabaster, AL). Myriocin was obtaned from Biomol Research Laboratory
(Plymoth, PA). Cdl permeable Cg-ceramide, horseradish peroxidase (HRP)-conjugated
goat secondary anti-mouse antibody, bovine serum abumin (BSA) and free faity acid
BSA were obtained from Sigma (St. Louis, MO). Primary mouse polyclond anti-PKCa,
rabbit polyclona anti-PKCd, rabbit polyclona anti-PKCe and HRP donkey anti-rabbit
secondary antibody were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA). Primary anti-PKCz antibody was obtaned from Upsate Biotechnology (Lake

Placid, NY).
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Preparation stock solutions of sphingolipids, myriocin and DMS

The gpecific chemicd was added to methanol a 0.5 mg/ml, the mixture heated to
45°C-65°C and sonicated until the chemica dissolves. The methanol stock solution was
diquotted to a glass tube and the methanol was removed using a sream of nitrogen. The
glass tube containing the dried chemica was stored a -20°C until ready to use. Prior to
addition to cultures faty acid free BSA (4 mg/ml) dissolved in deonized water was
added to the glass tube containing the dried chemicd and incubated for 30 min a 37°C,

vortexing occasonaly. The solution was filtered and used for subsequent experiments.

Cell culture and treatment

LLC-PK; cdls (CRL 1392, passage 197), origindly derived from porcine rena cortex
(Hull et al., 1976) were obtaned from American Type Culture Collection (ATCC,
Rockville, MD). Cdls were maintained at 37° C in a humidified amosphere with 5%
CO; in Dulbecco's modified Eagles Medium/Ham's F12 (1:1) supplemented with 5%
fetd bovine serum, penicillin (100 mg/ml), and dreptomycin (100 mg/ml). The cdls
were subcultured in 100 © 15 mm derile petri dishes. For the short-term 5 min studies,
cells were dlowed to attach and grow for 2 days and the media replaced with serum-free
media 18 h prior to trestment on the third day. For the long-term 48 h studies, cdls were
alowed to attach and grow for 3 days prior to treatment. To prevent the burst of free
gphingoid bases after addition of fresh medium (Smith et al., 1997), 0.1 ml medium from
each wdl was taken out, and 0.1 ml of appropriate chemicd dissolved in serum-free

medium, was added.
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For dl sudies, cdls were trested with 1 nM of sphinganine, sphingosine, sphinganine
1-phosphate, sphingosine *phosphate or ceramide, for 5 min or 48 h.  The concentrations
were optimized in prediminary experiments. In appropriagte experiments, cels were
preincubated with 200 nM myriocin for 4 h prior to addition of 1 nM fumonisn B; for 5
min, to ensure adequate inhibition of SPT and prevent intracdlular free sphinganine
accumulation (He et al., 2001). Myriocin (20 nM) and fumonisn B; (10 nM) were
added together for 48 h, this concentration of myriocin was shown to adequately inhibit
SPT (Riley et al., 1999). Cdls were preincubated for 1 h with DMS (1 M), the
gphingosineg/sphinganine kinase inhibitor (Fig. 6.1), for 1 h prior to adding fumonisn B;
for 5 min. The concentrations of sphingolipids and enzyme inhibitors used in these
dudies produced minima cytotoxicity at 48 h as determined by MTT assay (data not

shown).

I mmunoblot analysis for PKC isoforms

Cytosolic and membrane fractions were obtained usng modifications to the methods
as described by of Clarke et al. (2000). Briefly, cdls were washed 3 times in cold
phosphate-buffered sdine (PBS) and scraped into 100 m of lyds buffer A (20 mmol/L
TrissHCl, pH 7.5, 0.25 mol/L sucrose, 10 mmol/L EGTA, 2 mmol/L EDTA, 20 ng/mL
leupeptin, 10 ng/mL aprotinin and 200 mmol/L phenylsulfonyl fluoride) a 4°C and
sonicated on ice. Samples were centrifuged a 42, 000 © g for 2 h a 4°C and the
cytosolic fractions (supernatants) transferred to separate tubes.  Lysis buffer A (50 ml)

containing 1% Triton X-100 at 4 C was added to each pellet were mixed for 1 h at 4°C.
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The solutions were centrifuged a 42, 000 ~ g for 2 h at £C and the membrane fractions
(supernatants) were transferred to separate tubes.

Protein concentrations were determined usng a Bio-Rad protein assay (Bio-Rad,
Hercules, CA) using bovine serum dbumin (BSA) ( Sigma, . Louis, MO) as a standard.
Equa amounts of protein from each sample (10 ny/ lane) were loaded on 8%
polyacrylamide minigdls, dectrophoresed and transblotted to nitrocdlulose membranes.
Nonspecific binding was blocked in 5% milk protein for 1 h prior to incubating with
gopropriate primary and HRP-conjugated secondary antibodies.  Immunoreactive bands
were visudized by Pierce Super SigndO chemiluminescent substrate (Pierce, Rockford,
IL). Images were acquired with a scanner and andyzed with UN-SCAN-IT software
(Silk Scientific Inc.,, Orem, UT). Following gppropricte visudization, membranes were
washed, dtripped utilizing Pierce RestoreO  Western Blot  Stripping Buffer (Pierce,

Rockford, IL), blocked and reprobed with appropriate primary and secondary antibodies.

Statistical analysis

Data presented here represent a minimum of three experiments and where gppropriate
are expressed as mean + SE.  Differences among the various trestment groups were
determined by one-way andyss of variance followed by Duncan’'s multiple range teds
utilizing Verson 8 of the Satisicadl Andyss Software (SAS) (SAS Inditute Inc., Cary,

NC). A P vdue £ 0.05 was taken to denote Satitical difference



195

RESULTS

Fumonisin B; and sphinganine Iphosphate significantly increased cytosolic to
membrane translocation of PKCa at 5 min. Fumonisn B; (1 nM) ggnificantly
increased PKCa membrane protein concentration & 5 min in LLC-PK; cdls (Fig. 6.2).
A compadive increase in PKCa membrane protein level was observed on exposure to
exogenous sphinganine 1-phosphate (1 mM).  The increase in PKCa membrane levels
was associated by a decrease in cytosolic PKCa protein concentrations.  Addition of
exogenous sphinganine (1 M), sphingosine (1 M), sphingosine 1-phosphate (1 M)
and ceramide (1 nmM) had no effect on PKCa membrane or cytosolic protein

concentrations at 5 min.

DMS prevented the fumonisin B; increase in PKCa membrane protein
concentrations at 5 min. Since sphinganine 1-phosphate stimulated cytosolic to
membrane trandocation of PKCa a 5 min, we employed DMS, which inhibits
sphingosing/'sphinganine kinase. Exposure of LLC-PK; cdls to fumonisn B; (1 nM for
5 min) dimulated a sgnificant increese in PKCa membrane protein concentrations (Fig.
6.3). This was associated with a decrease in cytosolic PKCa protein levels. DMS (1
nmM) aone had no effect on PKCa cytosolic or membrane protein levels. However,

preincubation with DMS prevented the fumonisn B; effects on cytosolic and membrane

PK Ca concentrations.

Effect of fumonisin B; and exogenous sphingolipids on membrane protein

concentrations of PKC-a, -d, -e and -z isoforms at 48 h. Fumonisn B; (10 niM),
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ghinganine (1 M), sphingosne (1 niM) and ceramide (1 M) dgnificantly repressed
PKC-a and -d membrane protein concentrations & 48 h in LLC-PK; cdls, whereas
gphinganine 1-phosphate (1 nM) and sphingosine 1-phosphate (1 M) had no effect on
the membrane proten leves of these isoforms.  In contrast, dl these sphingolipids
ggnificantly repressed PKC-e and -z membrane protein concentrations a 48 h (Fig. 6.4).

The cytosolic protein concentrations of these isoforms were not significantly atered upon

any of the treatments, therefore only membrane protein concentrations are shown.

Myriocin reversed the fumonisin B; repression of PKC-a, -d, -e and -z membrane
protein concentrations at 48 h in LLC-PK; cells. PKC-a, -d, -e and -z membrane
protein concentrations in response to myriocin (20 nM) was Smilar to untrested control
(Fig. 6.5), whereas fumonign B; (10 niM) dggnificantly decreased membrane protein
levels a 48 h. However, co-exposure of LLC-PK; cdls with myriocin and fumonisn B;
reversed the inhibitory effects of fumonisn B; on PKC-a, -d, -e and -z membrane

protein concentrations a 48 h.
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Figure 6.1. Structures of sphinganine and fumonisin Bi, sphingolipid metabolism
pathway and stes of inhibition by fumonisn B, DMS and myriocin. Fumonisn B
dructurdly resembles the sphingoid base, sphinganine (A) Inhibition of ceramide
gynthase by fumonisn B; results in prevention of complex sphingolipid biosynthess,
accumulation of sphinganine and to a lessr extent sphingosine, and diverson of
gohinganine and sphingosine to sphinganine- and  sphingosine-1-phosphate and  related
metabolites (B). Mryiocin inhibits serine pamitoyltranderase, the fird enzyme in de
novo sphingolipid biosynthess, preventing the accumulaion of sphinganine induced by
fumonisn B;. Dimethylsphingosne (DMS) inhibition of sphingosne/sphinganine kinase
inhibits phosphorylation of sphingosne and sphinganine preventing the accumulation of

gphingosine- and sphinganine- 1- phosphate.
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Figure 6.1. Structures of sphinganine and fumonisin B;, sphingolipid metabolism

pathway and sites of inhibition by fumonisin B;, DM Sand myriocin.
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Figure 6.2. Effect of fumonisn B; and exogenous sphingolipids on PKCa
membrane protein concentrations at 5 min. LLC-PK; cdls were grown serum-free
media 18 h prior to addition of fumonisn By, (FB;1) (1 niM), exogenous sphinganine (Sa)
(1mM), sphingosine (So) (1 M), sphinganine 1-phosphate (Sa-1-P) (1 M), sphingosine
1-phosphate (So-1-P) (1 M) and ceramide (Cer) (1mM) for 5 min. Membrane (A) and
cytosolic (B) PKCa proteins visudized autoradiographicaly using chemiluminescent
reegents. Smilar findings were noted in 3 independent experiments, results from a
representative experiment (mean + standard error, n=3) have been shown above.

* Sgnificantly different from the respective control & P £ 0.05.
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Figure 6.3. Effect of dimethylsphingosne on fumonisn B; induction of PKCa
cytosol to membrane redigribution at 5 min in LLC-PK; cells. Cdls were
preincubated with 1 M dimethylsphingosne (DMS) for 60 min prior to the addition of
fumonisn By (FBj) (1 mM) for 5 min. Membrane (A) and cytosolic (B) proteins were
obtained and immunoblot assays were peformed as described under Materids and
Methods¢ Results presented are mean + standard error (n=3) from a representative
experiment independently repeated three times. *Sgnificantly  different  from  the

respective control at P £ 0.05.
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Figure 6.4. Effect of fumonisn B; and exogenous sphingoid bases on membrane
protein concentrations of PKC-a, -d, -e and -z isoformsin LLC-PK; cells at 48 h.
LLC-PK; cdls were grown for 72 h prior to addition of fumonisn By (FB;) (10 nmM),
exogenous sphinganine (S (1nM), sphingosine (So) (1 M), sphinganine 1-phosphate
(Sa-1-P) (1 miM), sphingosine 1-phosphate (So-1-P) (1 M) and ceramide (Cer) (1nmiM)
for 48 h. Membrane protein for PKC-a (A), -d (B), -e (C) and -z (D) were visudized
autoradiogrgphicdly usng chemiluminescent reegents.  Results (mean = standard error,
n=3) ae from a representative experiment of 3 independent trids.  * Sgnificantly

different from the respective control at P £ 0.05.
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Figure 6.5. Myriocin reversed the effects of fumonisin B; inhibition on PKC-a, -d, -
e and -z membrane protein concentrations at 48 h in LLC-PK cells. LLC-PK; cdls
were grown for 72 h prior to co-exposure of 10 nM fumonisn B; (FB;) and 20 nM
myriocin (Myr) for 48 h. Membrane proteins for PKC-a (A), -d (B), -e (C) and -z (D)
isoforms were visudized autoradiographicaly usng chemiluminescent resgents.  Similar
findings were noted in 3 independent experiments, results from a representative
experiment (mean + standard error, n=3) have been presented. *Sgnificantly different

from the respective control & P £ 0.05.
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Figure 6.5. Myriocin reversed the effects of fumonisin B; inhibition on PKC-a, -d, -

e and -z membrane protein concentrationsat 48 h in LLC-PK cells.
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DISCUSSION

The present study supported the hypothess that fumonisn Bi-induced dterations in
PKC were due to accumulation of sphingoid bases or their metabolites.  Previoudy we
have shown tha fumonisn B; (1 nmM for 5 min) sdectivdy and trangently activates
PKCa min followed by its down-regulation a later time points in LLC-PK; cdls
(unpublished). We dso found that preincubation with myriocin did not prevent the
trangent activation of PKCa by fumonisn Bi. In current study, exogenous sphinganine
1-phosphate, stimulated cytosolic to membrane trandocation of PKCa dmilar to that of
1 nmM fumonisn B; a 5 min. the effect was prevented by preincubating cels with
gphingosng/sphinganine kinase inhibitor, DMS. At later times fumonisn B; (10 niM)
repressed the membrane protein trandocation of al isoforms of PKC examined here ¢a,
-d, -e and -z) in LLC-PK cdls. All of the exogenous sphingolipids used here produced a
ddayed inhibition of diffeeent PKC isoforms, co-exposure of cdls with myriocin
reversed the inhibitory effects of fumonisn B, on the PKC.

The reaults of the present study suggested that sphinganine :phosphate (1 mM for 5
min) gimulates cytosolic to membrane trandocation of PKCa in a manner dmilar to
fumonisn B;. The trangent activation of PKCa by fumonisn By may be involved in the
activation of transcription factors, such as nuclear factor-kappa B (NF-kB, La Porta and
Comoalli, 1998) leading to the production of proinflammatory cytokines, including tumor
necrosis factor-a (TNFa, Kontny et al., 1999) or mdignant transformation (La Porta et
al.,, 1997; Bamberger et al., 1996). The complete inhibition of ceramide synthase by
fumonisn B, which has an 1Csp of 0.05-0.1 M, increases the rate of sphingoid base 1-

phosphate biosynthess without any egpparent increese in the free gphinganine
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concentration (Wang et al., 1991; Yoo et al., 1996) (Fig. 1). In fumonisn B;-treated
cultured neurons hdf of the exogenoudy applied sphinganine was metabolized to polar
compounds, induding sphinganine- 1-phosphate (Merrill et al., 1993).

He et al (2001) demonstrated that myriocin concentrations 0.15-1 M effidently
prevented the accumulation of free sphingoid bases as a result of fumonisn B; treatment.
However, the rae of inhibition of fumonisn B; on ceramide synthase may be faster than
that of myriocin on SPT, generating sufficient sphinganine to be rapidly phosphorylated
to sphinganine Xphosphate and activate PKCa. To our knowledge, this is the first study,
which documents the effects of sphinganine Ephosphate on PKC. The biologica roles of
gohinganine  1-phosphate remains enigmatic; however, it may be involved in growth
dimulaion (Linn et al., 2001), inhibition of gpoptoss (Linn et al., 2001), heat stress
resstance (Skrzypek et al., 1999), regulation of intracdlular cdcium homeostass and
cdl motility (Merrill et al., 1997).

The role of sphinganine 1-phosphate in the transent activation of PKCa was
confirmed by preincubation with DMS, which prevented the effects of fumonisn B; on
PKCa a 5 min. DMS is a gspecific competitive inhibitor of sphingosne/sphinganine
kinase and has no effect on protein kinase C activity or its membrane trandocation as
demongrated here and in other dudies (Edsdl et al., 1998). Since sphingosne and
gphinganine differ only by a double bond, sphinganine 1-phosphate acts as an effective
ubstrate for sphingosine kinase, to produce sphinganine 1-phosphate (Edsdl et al.,
1998).  Inhibition of gphinganine kinase by DMS inhibits the phosphorylation of
sphinganine and hence the formation of sphiganine 1-phosphate thereby preventing the

dimulatory action of this sphinganine metabolite on PKCa .
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Fumonisn B (10 M) repressed the membrane protein trandocation of PKC-a, -d, -e
and -z isoforms a 48 h. Mdignant transformation (Suga et al., 1998; Scaglione-Sewell
et al., 1998) and induction of apoptosis have both been reported to be associated to PKC
inhibition in a number of cdl lines (Reyland et al., 1999; Chmura et al., 1996). This
effect of fumonian B; was reversed when LLC-PK; cedls were co-exposed with
myriocin.  Approximaidy 95% of the fumonisn Bs-induced increase in free sphingoid
bases is due to the increase in sphinganine (Yoo et al., 1992) and inhibition of SPT by
myriocin adequately prevents the fumonisn Bj-induced accumulation of sphinganine
(Riley et al., 1999). However, myriocin may not prevent the accumulation of free
gphingosine (~5%) and its metabolites through fumonsin B; inhibition of reecylcation of
gphingosine derived from sphingolipid turnover prior to the development of cytotoxicity
(Fig. 1). In another unpublished study we egtimated the accumulation of sphingosine by
10 mM fumonisn B; at ~0.1 nmM in LLC-PK; cels at 48 h, an order of magnitude lower
a which we observed inhibitory effects of exogenous sphingosine or its phosphate (1
nM). Therefore, the fumonisn Bsi-induced down-regulation of PKC isoforms, which is
prevented by myriocin, suggeds that sphinganine or its metabolites may be
predominantly involved in the fumonisn Bsi-induced delayed represson of the above
PKC isoforms. However, sphingosine and its phosphate may also contribute, to a lesser
extent, to the ddlayed represson of PKC by fumonisn B;. DMS was found to be
cytotoxic to LLC-PK; cdls as wel as other cdls (Edsdl et 4., 1988), a dl
concentrations tested and therefore was not used to eucidete its effect on PKC a this

time
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Addition of exogenous sphinganing sphingosine, sphingosine  1-phosphate  and
ceramide had no effect on PKCa membrane protein concentrations at 5 min in LLC-PK;
cdls.  In addition, sphinganine 1-phosphate and sphingosine *phosphate did not produce
any effect on PKC-a and -d proteins a 48 h. These sphingolipid andogues may not be
effective a such exposure times possibly due to ther extremedy low cdlular uptake,
indability of these sphingdlipids (Riboni et a., 1997), and/or the PKC isoform involved.
At 48 h, sphinganine, sphingosne and ceramide were inhibitory to membrane PKC-a and
-d proteins, whereas PKC-e and -z membrane protein concentrations were sgnificantly
decreased on exposure to all the exogenous sphingolipids used in these sudies at 48 h.

Sphingosine, sphinganine and other long—chain sphingoid bases inhibit PKC in vivo
and in cdl sytems (Merrill et al., 1986; Spiegd et al., 1993; Hannun and Bell, 1989,
Hannun and Linardic, 1993). There is a paucity of informatiion on the inhibitory role of
gohingosne 1-phosphate on PKC; however, it has been reported to have no effect
(Sadahira et al., 1992) or may be stimulatory (Lampasso et al., 2001; Banno et al., 1999)
to PKC. To our knowledge, inhibition of PKC by sphingosine 1 phosphate has not been
documented, as observed in our studies on the inhibition of membrane protein of PKC-e
and -z isoforms.  The biologicd functions of sphingosne, sohingosne 1-phosphate and
gphinganine are paradoxicd as they can induce mitogenesis (Davaille et al., 2002; Merrill
et al., 1997, Zhang et al., 1991; Linn et al., 2001) or trigger apoptoss (Davaille et al.,
2002; Gennero et al., 2002; Linn et al., 2001).

Ceramide, documented to induce both gpoptosis (Hsu et al., 1998; Tepper et al.,
1997) and mitogenesis (Hauser et al., 1994), has been reported to activate (Limatola et

al., 1997; Lozano et al., 1994) and prevent activation of PKC (Bourbon et al., 2001;
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Chmura et al., 1996). The use of fumonisn B; in combination with myriocin should
block dl de novo faty acyl CoA-dependent sphingolipid biosynthess and ceramide
gynthess that use free sphingoid bases derived from sphingolipid turnover or dietary
sources (Riley et al., 2001). It has been demonstrated that a 48 h, fumonisn B;
inhibited TNFa expresson in LLC-PK; cdls (unpublished datd), therefore generation of
ceramide from TNFa will be minima and the ceramide will eventudly be converted to
gpohingosne in the sphingolipid catabolic pathway.  This may result in the eventud
decrease in intracelular ceramide concentrations, suggesting that ceramide may not be
directly involved in the globa represson of PKC isoforms by fumonisn B & later times
inLLC-PK cdls,

This is the fird sudy that demondrates tha sphinganine 1-phosphate stimulated
cytosol to membrane trandocation of PKCa in a dmilar to fumonisn B; a 5 min. The
role of gphinganine 1-phosphate was confirmed by the use the sphinganine 1-phosphate
andogue and DMS, an inhibitor of sphingosne/sphinganine kinase.  In  addition,
myriocin reversed the fumonisn B; represson of PKC isoforms a 48 h in LLC-PK;
cdls, suggesting sphinganine, and to a lesser extent sphingosing, or ther metabolites may

be involved in the modulation of PKC by this mycotoxin.
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Fumonisn B; (FB1) belongs to a group of mycotoxins produced primarily by the
fungus Fusarium verticillioides, which commonly contaminates corn and other
agriculturd commodities intended for consumption. FB; causes a wide range of species-
gpecific diseases in animas and is a known carcinogen. Inhibition of ceramide synthase
by FB; leading to disruption of sphingolipid metabolism is one mechanism by which FB;
produces its toxicity. In addition, the induction of tumor necrods factor a (TNFa) by
FBihas been shown to modulate the FB; toxicity. The ability of FB; to ater protein
kinese C (PKC), a multigene family of serinefthreonine kinases involved in diverse
regulatory processes, and may be part of the cascade of events through which FB; exerts
itstoxicity and carcinogenic potentid.

FB1 (E 1 nmM) caused sdective and trangent activation of PKCa but did not affect
PKC -a, -d, -e and -z isoforms & 5 min in LLC-PK; cdls An increase in the
dabilization of cytosolic protein expresson of PKCa a 15 min was not associated with a
concomitant increase in activity or protein biosynthess. Cadphogtin C, a potent inhibitor
of PKC, abrogated the fumonsin Bi-induced trandocation of PKCa. Preincubation with
the PKC activator phorbol 12-myrigtate 13-acetate (PMA), a PKC activator, resulted in
an additive effect of membrane trandocation as compared to PMA or fumonsn B; aone.
Myriocin, the specific inhibitor of serine pamitoyltranderase, the firg enzyme in de novo
gphingolipid biosynthess, did not prevent the trangent fumonisn Bs-induced PKCa
trandocation. Altering PKC and its sgna transduction pathways may be of importance
in the adility of fumonisin B, to induce agpoptosis and/or carcinogeness.

Fumonisn B; (1 nM for 5 min) transently activated PKCa and increased nuclear

trandocation of NF-kB, followed by ther down-regulation a later time points
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Preincubating LLC-PK; cdls with the PKC inhibitor, caphogin C, prevented the
activation of NF-kB by FB;. TNFa mRNA expresson was increased smilarly following
15 min exposure to either FB; or the PKC activator, phorbol 12-myristate 13-acetate
(PMA). Cdphogtin C prevented the FBsj-induced increase in TNFa gene expression.
The PKCa-dependent induction of TNFa via NF-kB activation puts forward a plaushble
mechanism involved in FB;-induced toxicity in LLC-PK 1 cells.

In cells exposed to > 1 mM fumonisn B4, viability was decreased and due in part to
gpoptosis as demongtrated by an increase in caspase 3 activity and nuclear fragmentation
by Hoechst dsaining a 24, 48, and 72 h. Increasng concentrations of fumonisn B;
repressed cytosolic to membrane trandocation of PKC-a, -d, -e, and -z isoforms at 24,
48, and 72 h. The fumonsn Bj-induced PKC represson was corroborated by a
concentration-dependent decrease in totd PKC activity. Exposure to fumonisn By (1-50
nmM) was associated with a concentration-dependent inhibition of nuclear trandocation of
NF-kB and TNFa gene expression at 24, 48, and 72 h. At dl time points, intracelular
free gohinganine and sphingosine concentretions were eevated upon exposure to
fumonign B; in a concentration-dependent manner.  These results demondrate that
fumonisn Bj-induced agpoptosis is associated with represson of PKC isoforms and
consequently NF-kB and TNFa, events that may be involved in the toxicity of this
mycotoxin.

Addition of exogenous sphinganine 1-phosphate (1 M for 5 min) done simulaed
cytosol to membrane trandocation of PKCa dmilar to fumonisn B, aone. Co-exposure
of fumonisn B; with  N,N-dmethylsphingpsne (DMS), an inhibitor  of

gohingosng/sphinganine  kinase, prevented the fumonisn Bj-induction of PKCa.
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Sphinganine, sphingosing, sphingosine 1-phosphate and ceramide added exogenoudly,
did not dter PKCa cytosolic to membrane trandocation at 5 min.  Fumonisn B; (10
nmM), sphinganine, sphingosine and ceramide Sgnificantly repressed PKC-a and -d
isoforms a 48 h, whereas dl the exogenoudy added sphingolipids sgnificantly repressed
PKC-e and z gmilar to fumonign B;. Sphinganine 1-phosphate and sphingosine 1-
phosphate had no effect on PKC-a and -d membrane levels a 48 h. Addition of myriocin
done a 48 h had no effect on the membrane protein trandocation of al isoforms teated.
However, co-exposure of myriocin with fumonisn B; prevented the inhibitory effects of
fumonign B; on PKC isoforms in LLC-PK; cdls. DMS was cytotoxic to LLC-PK; cdls
a 48 h even a very low concentrations. This study demondrated that sdlective and
trangent activation of PKCa may be due to the fumonian Bs-induced accumulation of
the bioactive sphinganine 1-phosphate.  The long-term represson of PKC isoforms by
fumonisn B; can be prevented by the saerine pamitoyltransferase inhibitor, suggesting
that accumulation of sphinganine or its metabolite may be involved in the represson of
PKC in LLC-PK; cdls. These findings suggest that the direct or indirect modulation of
PKC by these sphingolipidsisinvolved at least in part in the action of fumonisin B;.

In summary, the results of these findings suggest thet the accumulation of sphingoid
bases and ther metabolites is in pat responsble for the fumonisn Bj-induced
modulation of PKC activity in LLC-PK1 cdls Brief treetment with fumonisn B; results
in the rgpid production of sphinganine 1-phosphate, which in tun sdectivdy and
trandently activate PKCa. PKCa then activates NF-kB, which ultimatey transcribes
TNFa. Sphinganine and its metabolites may be predominantly responsble for the

fumonign B; inhibition of PKC, NF-kB and TNFa at 24, 48, and 72 h. Although, to a
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lesser extent, sphingosine and its phosphate may dso play a role in the represson of PKC
by fumonisn B,, if devaed to high enough concentrations. The inhibition of PKC and
its downdream dgnding pathway by fumonisn B; was associated with increased
gooptoss.  In summary, modulation of PKC and its signa transduction pathways as a
result of the accumulation of sphingoid bases and their metabolites by fumonisn B; are

of importance fumonisin B;-induced apoptosis and/or carcinogenesis.





