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Introduction

Ochratoxin A OTA) is one of the small group of novel toxic fungal secondary metabolites that formed, with aflatoxin, the new field of mycotoxins and mycotoxicology in the early 1960s. Discovery of OTA was in Medical Research Council Laboratories in South Africa as a compound generally toxic to rats. The structure was then elucidated nearby at the University of Stellenbosch. So OTA can really claim to be an African substance but, unlike aflatoxin, was a toxin seeking some possible role in animal or human disease.  This soon came when OTA became recognized experimentally as the cause of a pig nephropathy that had troubled the Danish bacon industry from time to time in the mid-20th Century, causing carcasses to be rejected by meat inspectors on account of hypertrophied kidneys.

Inclusion of OTA in extensive evaluation by the US National Toxicology Programme in the 1980s showed that it was the most potent substance inducing renal cancer in male Fischer rats tested to date [1]. This finding alone elevated OTA as a mycotoxin of potential risk for humans. However, since there is no human toxicology data, because in no case of human disease has cause by OTA been established, risk assessment has relied on data from monogastric laboratory and farm animals and from natural disease occurrence in pigs, moderated by the usual safety factors. Consequently, the amount of OTA intake that is probably ‘safe’ for an adult human is about a total of only 1mg (equivalent in mass to a single grain of granulated sugar) subdivided so as to be consumed, little by little daily, over several years.

OTA is produced by just very few species in only two genera of fungi, Aspergillus and Penicillium, which are all natural opportunist colonizers of nutritious agricultural commodities if adequate water and temperature are available. In the Aspergilli, OTA biosynthesis can occur in some yellow-spored forms exemplified by A.ochraceus from which the toxin was first isolated, but many isolates do not produce OTA. Black-spored Aspergilli, A.niger and A.carbonarius, have recently been recognized as potential OTA producers; again many isolates do not produce OTA. A.carbonarius tends to produce more OTA than A. niger in comparative laboratory tests. Aspergilli are the OTA producers in tropical and sub-tropical regions.
In temperate regions, mainly in the Northern Hemisphere, the principal OTA producer is Penicillium verrucosum that was responsible for all the pig nephropathy problems in Denmark. It is still the source of the very small amounts of OTA that are commonly detected in some North European cereals. It should be noted that many species assignations to OTA producers in the older literature have been revised and that taxonomy within Penicillium sub-species Penicillium (within which OTA-producers are restricted) is subject to much current evolution according to new molecular data.

It should be emphasized that recognition and quantitation of trace amounts of OTA has only been possible so extensively in recent years by application of sophisticated analytical techniques augmented by selective concentration of commodity extracts through immunoaffinity columns. It is important to recognize that modern accurate measurement of one or two parts of OTA per billion in a commodity does not increase the significance of OTA as a potential toxin. The significance is very uncertain, but caution is still vital.

Wheat is the main European temperate region cereal in which OTA can occur. Another commodity in which OTA has been found is wine, mainly red wine due to keeping pigmented grape skin with its juice longer during early fermentation. In the tropics high value commodities such as coffee, spices and cocoa may also become contaminated, but staple grains (maize, sorghum and millet) are not notably at risk.
The concern for good quality food in developed countries has recently stimulated research into mechanism(s) of renal cancer formation by OTA to guide more accurate risk assessments and thus to improve correct attitudes to this toxin and allow rational risk management. The present report describes some very recent experimental data and discusses some conclusions.  It is important to note that administration of OTA here was always as homogenised into the feed given each day.
Experimental design

Male Fischer (F344) rats, about 8 weeks old, were used as the experimental model, as in the NTP study [1].

Ochratoxin A was produced by a selected isolate of A. ochraceus in laboratory solid-substrate fermentation on moist shredded wheat for 2 weeks at 28 C, giving an end-product containing OTA at about 5mg/g (5000ppm) [2]. This also contained a small proportion of the non-toxic ochratoxin B, but no other mycotoxins. The granular product was therefore diluted into powdered rat feed by at least a factor of 1000 in order to make feed contaminated at 5ppm for the main experimental group of rats. 

Each week, a weighed amount of the fermentation product, of standardized OTA content, was suspended in about 20ml water made slightly alkaline with sodium bicarbonate, heated to about 50 C and left to stand for several hours for OTA to diffuse into solution. Powdered standard rat feed was added, intimately mixed in a domestic food processor and further homogenized into the desired amount of feed.
By using an artificially-moulded cereal with known OTA content, the experimental design moved a little way from pure OTA towards a complex matrix that was a little more typical of natural circumstances though with only one potent toxin. 

Rats were housed in groups, on paper changed daily, and given sufficient experimental feed (15-20 g according to body weight) in a foil dish. Water was given ad libitum.
Three OTA-contaminated dietary regimes were used delivering:

Group A      300 micrograms OTA/Kg body weight daily for up to 2 years
Group B      50 micrograms OTA/Kg body weight daily for up to 2 years

Group C      300 micrograms OTA/Kg body weight daily until fully grown (1/3 Kg) and then held at100 micrograms/rat 

Plasma OTA concentration was monitored in 100 microlitre blood samples taken periodically; analysis was made at the UK Central Science Laboratory, York, UK.

Results

Sixty-four rats of group C tolerated the contaminated diet very well, growing at a rate similar to controls and reaching about 450g. Plasma OTA stabilized at about 8 microgrames/ml, demonstrating consistent toxin intake and that a steady state was established. Rats began revealing renal carcinomas from week 75 of OTA treatment as succumbing to disease made it necessary to kill an animal for autopsy. Tumours, mostly unilateral and ranging in mass up to about 40g, were discovered during the remaining 7 months so that the total incidence closely matched that in the classic NTP study at about a five-fold lower mean daily OTA dose given by oral gavage.
Tumour incidence in groups A and B were higher and lower, respectively, than in group C, confirming that tumourgenicity is dose-related.
An additional group of rats were dosed exactly as in group A, but the OTA regime was stopped after 10 months. Thereafter, plasma OTA concentration declined immediately at a steady half-life rate of about 11 days. Eleven months later, 91 weeks after OTA treatment commenced, surprising first discovery of renal tumours (often bilateral) occurred, eventually in 100% of animals.  
Histological study of tumourous kidneys consistently seemed to indicate that tumours had originated in the cortico-medullary region in which also can always be found the karyomegalic nuclei that arise in certain proximal tubule cells in response to OTA.  Persistent karyomegaly is the only renal histopathological change seen in response to modest amounts of OTA that do not significantly disturb renal function in experimental rats. Notably, the frequency of nuclei recognized visually by their size as being karyomegalic increased linearly with time during the 20 months studied in group C.  These nuclei are located in a narrow band across the cortico-medullary junction.

Discussion

Important findings in these studies are that administration of OTA continuously in feed seems to be less carcinogenic in kidney of the rat model by a factor of about 5, by close statistical comparison with data of the NTP study in which the toxin was given by oral gavage five days a week. This finding has not yet been considered by experts in risk assessment, but it could make OTA appear potentially a little less dangerous to human health with respect to malignant renal disease.

Discovery of a long, half-a-lifetime, latency period between ceasing exposure to OTA and discovery of renal tumours raises many questions about a carcinogenic mechanism that can function without the carcinogen for such a large part of life. The 10 month treatment period used was only chosen arbitrarily, and may be equally effective over a shorter period of time in early life. Discovery of this long latency is the first instance of this phenomenon in mycotoxicology and should redirect thinking about possible mechanisms of OTA tumourigenesis. 
In considering how cancer can arise in rat kidney, it is difficult to ignore evidence that the cortico-medullary area seems to be the original source. It may be even more compelling that giant and potentially unstable nuclei have arisen there in specific response to OTA circulating in plasma and maintained there by frequent oral intake.

These studies have used what is hoped to be a useful model for the human, but validity has to be uncertain in predicting for a risk when it is not even known that a proposed mechanism in the rat could occur in the human species. Thus it may be of interest in the present context that an even more potent inducer of karyomegaly in rat renal proximal tubule epithelia can be seen in the effect of wheat moulded by Penicillium polonicum and incorporated into diet [3]. This fungus is a prominent food spoilage mould in Southern Europe but the nephrotoxin has not been fully characterized. Characteristic renal histopathological changes occur in all rat strains tested but not in the hamster [4] and not in one monkey. Thus it seems the more important to test whether sub-clinical exposure of a primate model to dietary OTA for several months would result in clearly obvious renal karyomegaly. If not, it would be reasonable to suspect that experiments on rats concerning the risk of OTA to the human might not be relevant; in the extreme negative OTA might not even be a human renal carcinogen!

Meanwhile, there is no doubting the general toxic potency of OTA (e.g. nephrotoxic and/or immunosuppressive) in several mammalian systems, but such is unlikely in humans eating a mixed diet even where OTA is detectable by modern analysis in one or two components. At least it also seems that OTA is not quite as potent a renal carcinogen as may have previously been thought. 
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