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Abstract: Penicillium polonicum K. M. Zaleski, which is common on foodstuffs in Balkan regions
that are notable for their history of endemic nephropathy, has been shown experimentally to cause
a striking histopathological renal change in rats that are given feed contaminated by this fungus.
The nephrotoxic agent(s) are only partially characterized. The principal change seen in the cortico-
medullary region is karyocytomegaly, but apoptosis, identified with the ApopTag® methodology,
is the first response to a dietary extract of P. polonicum-molded wheat after a few days of exposure.
Chromatin debris migrates along the nephrons into the medulla, but whether the damaged epithelial
fate is via autophagy is unclear. In intermittent exposure experiments, renal apoptosis was resolved
with the cessation of exposure and was restored with renewed exposure. Apoptosis became less
evident after 3 months of chronic exposure. In contrast, a relatively high dose of dietary ochratoxin
A, a potent nephrocarcinogen in male rats after many months of dietary exposure, gave no evidence
of apoptosis in asymptomatic weanlings over a few days of dietary exposure. This was attributed to
a masking effect by concomitant marked histological disruption in renal tissue. However, in young
adults, renal apoptosis was a primary outcome of dietary exposure to either the P. polonicum extract
or to ochratoxin A, but the histopathological response to the former was less distorted. The apparent
conflicted use in the literature of P. polonicum as a descriptor is highlighted.

Keywords: Penicillium polonicum; karyocytomegaly; apoptosis; confocal microscopy; propidium
iodide; nephropathy; Penicillium aurantiogriseum; ochratoxin A; DNA adduct

1. Introduction

The topic of renal apoptosis in response to fungus is contemporary with the history
of mycotoxicology, founded partly by the discovery of ochratoxin A (OTA) [1] and its
relevance to porcine renal disease [2]. It also encompasses the Balkan endemic nephropa-
thy (BEN), which was first recognized in Bulgaria in the 1950s as a silent bilateral renal
atrophy and manifested as the principal cause of human mortality in particular agricultural
communities. These communities were usually in low-altitude (flood plain) geographical
clusters, as well as in Romania and the former Yugoslavia. An early observation of the
increase in deaths during those years experiencing high rainfall [3] prompted a forensic
focus on molds. Despite the prevailing geopolitical limitations, a study in the hyperen-
demic Romanian village of Erghevita [4] enabled the sampling of mycobiota associated
with human foodstuffs, from which a common green-sporing fungus, identified as Peni-
cillium verrucosum var. cyclopium Westling (IMI 180992), formed the basis for subsequent
experimental toxicology [5]. The principal findings were renal toxicity in rats when given
as a dietary additive, and the specific growth inhibition of renal cells in tissue culture. The
former was expressed as karyocytomegaly in nephron epithelia in the cortico-medullary
region. Concurrently, since there was increasing recognition of an association of urothelial
tumors with some cases of Balkan nephropathy, the karyomegaly in Penicillium-treated
rats was seen as possibly a pre-tumor change. Meanwhile, taxonomic revision within the
Penicillium subgenus Penicillium [6] revised P. verrucosum var. cyclopium to within P. auran-
tiogriseum Dierckx, in response to which further study focused on its nephrotoxicity and
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abundance in households in the Croatian village of Kaniza [7], notable as hyperendemic
for BEN. The same fungus was common in an analogous cluster of villages in the Vratza
region in NW Bulgaria [8]. Attempts to characterize the toxin(s) causing rat renal kary-
omegaly and its histopathology continued [9], while its failure to affect the hamster was
also demonstrated [10]. Renewed experimental attention to compare rat nephropathies of
P. aurantiogriseum with that of the mycotoxin OTA resumed in the 1990s. Apoptosis located
amid karyomegalic changes then became possible with the ApopTag staining methodology
and raised questions about any etiological application to the renal atrophy of BEN [11].
Unfortunately, merely a brief explanation and color illustration of this in situ apoptosis,
revealed by the fluorescent TUNEL staining of 3′-OH caspase, now appears online only
and without its color.

Further taxonomic revision of P. aurantiogriseum [12] defined four new species descrip-
tions while retaining that name for a more restricted group of Penicillia. One of the new
redefined species is P. polonicum; rat nephrotoxicity has seemed exclusive to this species
and that descriptor has accordingly been applied ever since.

An exceptional opportunity for a comparison of rat renal histopathology, in response
to an extract of P. polonicum fermentation, with that of a vervet monkey in South Africa
found no change in the primate in contrast to the striking renal histopathological changes
in the rat [13]. This at least implied no apparent human genotoxic risk from susceptibility to
a P. polonicum karyocytomegaly, even when a primate model had been given an excessively
large dose of extract relative to the rat model. However, the expression of karyomegaly in
non-human primates has only been recorded infrequently [14] and, in general, a chemically
induced karyomegalic response in the rat does not necessarily predict a similar change in
human kidneys. Hard [14] also recommended that the threshold for diagnosing renal tubule
karyomegaly in animal studies should be accepted as requiring at least four times that of
normal nuclear size. This was not quite satisfied for one rat renal example attributed to
P. polonicum [15], being just one of a small group of rat renal tumors caused experimentally
by OTA and subjected to special DNA ploidy distribution measurements. Several aneuploid
nuclei above tetraploid occurred. Nevertheless, with hindsight, an exploration of apoptosis
in the primate experiment cited for P. polonicum [13] should have been attempted.

In contrast, OTA has a huge literature on toxicity in pigs and poultry, the potent
experimental causation of renal cancer in male rats and mice, in vitro experimental toxi-
cology, sophisticated analytical detection in food and feed components, and regulations
and legislations for human protection, but there is no proven case of human disease. An
experimental diagnosis of renal apoptosis in rats has been noted for OTA according to
Haematoxylin and Eosin (H&E) histology [16] and forms a timely basis for comparison
here, revealed by specific TUNEL staining, with P. polonicum/rat renal histopathology. To
avoid any misunderstanding, it should be stated that the P. polonicum isolate does not
produce OTA.

The present aim has been to illustrate a modern renal histopathological diagnosis of
apoptosis in the mycotoxicology of P. polonicum in rats after the semi-acute and chronic
ingestion of a selective culture extract. Tests for analogous histopathology in response to
OTA were also planned. For P. polonicum, this study serves to support a prospective report
further defining its mycotoxin(s).

2. Results
2.1. Preliminary Experiments Using P. polonicum-Molded Shredded Wheat

Preliminary studies had explored the importance of rat variety (Fischer, Sprague-
Dawley, Lewis, Wistar), gender and age, young adults (~200 g) or weanlings, for expressing
the familiar histopathological response to dietary P. polonicum. No clear differences were
evident except that Sprague-Dawley weanlings in the weight range of 25–40 g expressed
the most marked response and were used in some experiments. For continuity with the
literature [11] and as a preliminary study, adult male Sprague-Dawley rats were given feed
containing either a 20% P. polonicum-molded component or a 5% component for 5 days. For
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the 20% component, toluidine blue-stained sections showed nuclei with condensed and/or
fragmented chromatin, i.e., “mitotic figures”, as well as enlarged nuclei, i.e., changes
typical of an acute response, in the renal cortico-medullary region where the S3 segment of
nephrons is a dominant component. The changes contrasted with the regular histology of a
control rat.

A qualitatively similar pathology was observed in rats given the 5% P. polonicum
feed, but the frequency of lesions was much lower. The outer cortex and medulla in
both treatment cases showed no changes. Confirming the well-established features of
karyomegaly, necrotic cells, and cells arrested in cell division in the kidneys of rats exposed
to a feed with a P. polonicum-molded component raised the question of apoptosis as a
mechanism of cell death in this context.

The histopathology of rat kidney following 5 days of consuming feed containing a 20%
component of shredded wheat molded by P. polonicum presents, in the cortico-medullary
region, as a complex picture. This involves karyocytomegalic epithelial cells in nephrons,
large irregular condensed chromatin bodies that are suggestive of epithelial mitosis and,
apparently, necrotic luminal cellular debris in nephrons. The present report is intended to
focus on the latter, but this must be set in the context of the other histopathological changes.
To establish confidence in the efficient recognition of apoptosis by ApopTag staining,
negative controls that were stained only by propidium iodide showed no spontaneous green
fluorescence when viewed via the appropriate blue filter. Control rats, given only normal
feed, showed only very rare fluorescence in the kidney sections; the observed fluorescence
in P. polonicum-treated rats was, thus, confidently regarded as indicating apoptosis.

Kidney sections of the rat receiving the 20% component were tested for apoptosis
using the ApopTag direct labeling kit (Merck Life Sciences, Gillingham, UK), which clearly
showed apoptotic nuclei stained the characteristic green-yellow by fluorescein (Figure 1A),
in contrast to other nuclei only stained red with propidium iodide. Actually, all the nuclei
were stained red by propidium iodide, but the intense green-yellow fluorescence of fluores-
cein masks the red staining of apoptotic bodies. Apoptotic nuclei, often located toward the
lumen of tubules, were confined to the cortico-medullary junction among the many cells
with condensed and/or fragmented chromatin. These were often located adjacent to the
tubular basement membranes, which were not fluorescein-labeled (Figure 1B).

Further exploratory studies using P. polonicum or OTA employed groups of weanling
rats (25–50 g).

For OTA, the mycotoxin was given in the feed (0.2 mg or 0.8 mg daily) for 5 days.
Histopathological changes in response to the higher OTA dose were also confined to the
cortico-medullary junction and involved the extensive loss of nephron epithelia; many cells
were necrotic, with eosinophilic cytoplasm, but the changes (stained with toluidine blue,
Figure 2C) did not conform to those recorded in response to P. polonicum (Figure 2B), both
being markedly changed when compared with the control (Figure 2A).

The lower OTA dose elicited only slight changes. The other weanlings given the higher
(0.8 mg) OTA in feed were tested for apoptosis using the ApopTag protocol, but none was
detected (Figure 2D).

2.2. Experiments Using the Cell-Free Extract of P. polonicum/Wheat Fermentation: Recognizing
Apoptosis in Both P. Polonicum and OTA Nephrotoxicity after 5 Daily Doses to Groups of 2 or
3 Animals

Seven protocols were applied for administering the 200 g male rat oral intake:

• P. polonicum extract from 45 g or 15 g shredded wheat substrate in 20 g feed;
• P.polonicum extract from 15 g shredded wheat substrate in 0.75 mL water for gavage;
• Ochratoxin A: 1 mg or 0.2 mg in bicarbonate (0.3 mL) in 20 g feed or for oral gavage,

(5 or 1 mg/kg body weight (b. wt.)).
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Figure 1. Fluorescein-stained apoptotic nuclei in the renal cortico-medulla of an adult male rat given 
a 20% P. polonicum-molded wheat diet for 5 days ((A), ×200). Apoptotic nuclei are depicted in a 
tubule lumen. A propidium iodide-stained mitotic figure is shown ((B), ×450). 
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rats (25–50 g). 

For OTA, the mycotoxin was given in the feed (0.2 mg or 0.8 mg daily) for 5 days. 
Histopathological changes in response to the higher OTA dose were also confined to the 
cortico-medullary junction and involved the extensive loss of nephron epithelia; many 
cells were necrotic, with eosinophilic cytoplasm, but the changes (stained with toluidine 
blue, Figure 2C) did not conform to those recorded in response to P. polonicum (Figure 2B), 
both being markedly changed when compared with the control (Figure 2A). 

 

Figure 1. Fluorescein-stained apoptotic nuclei in the renal cortico-medulla of an adult male rat given
a 20% P. polonicum-molded wheat diet for 5 days ((A), ×200). Apoptotic nuclei are depicted in a
tubule lumen. A propidium iodide-stained mitotic figure is shown ((B), ×450).
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Figure 2. Comparative deviation in weanling rats from normal toluidine blue-stained cortico-
medullary histology: (A) by 5 days exposure to 20% P. polonicum-contaminated feed (B) or to ~25 mg
OTA/kg b. wt. (C), also in the feed. Note the absence of apoptosis, according to ApopTag staining in
a weanling rat given OTA (D); this may be a consequence of the marked necrotic damage illustrated
in (C). Settings: (A–C), 450×; (D), 200×.

General renal histopathology, illustrated in hematoxylin and eosin (H&E)-stained
sections, showed very frequent necrotic chromatin bodies in the cortico-medullary region
of a young adult male (200 g) given an extract from 45 g of shredded wheat molded by
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P. polonicum daily for 5 days, within 20 g of the normal diet (Figure 3A,C). For comparison,
the response in another rat given an extract of only 15 g of the molded feed was only
slightly less prominent (Figure 3B,D). Where the same extracts were administered once
daily by oral gavage, there was still a similar pathology; however, this was clearer at higher
magnification (Figure 4A,B), and was set against the normality of a control rat (Figure 4C).
Both weight and condition were maintained among these experimental animals.
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Figure 3. Cortico-medullary histopathology of rats given a feed for 5 days containing extract from
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P. polonicum-molded wheat (H&E; (B) ×100, (D) ×200).
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Figure 4. Comparative H&E histopathology in rats given a fermentation extract of 15 g shredded
wheat by oral gavage daily for 5 days ((A), ×100, (B), ×200) with control ((C), ×100). Further
comparisons show the effect of 1 mg OTA by oral gavage ((D), ×200) and in feed ((E), ×200).
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In rats given OTA, the greatest histopathological change was when 1 mg was given
daily by oral gavage; there were frequent necrotic cells and eosinophilic debris within the
lumen of tubules in the cortico-medullary region (Figure 4D). In contrast, administration
in the feed caused no obvious damage (Figure 4E) and 0.2 mg of the toxin by either route
similarly had no effect.

A more impressive response was revealed in the ApopTag-stained preparations, rep-
resented by the green-fluorescent bodies in the cortico-medullary region (Figure 5A,C),
seen in the young adult rat model that was given an extract from 45 g of shredded wheat
molded by P. polonicum, given daily for 5 days, within 20 g of the normal diet. This not
only verified apoptosis as an aspect of the complex renal histopathological change that can
occur in rats consuming feed contaminated by this fungus but also demonstrated that an
apoptotic factor could be extracted in alcoholic water. Other rats that were given one-third
of the above dose or an extract of the full dose by gavage also showed similar apoptosis
(Figure 5B,D) within the cortico-medullary region.
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Figure 5. Cortico-medullary region of a rat model, given the higher dose (45 g) of P. polonicum
fermentation extract in the diet, showing fluorescent apoptotic bodies, most of which either protrude
into the tubular lumen or are already free in it (A). As seen, also through a phase-contrast blue filter
((C), ApopTag ×200). The corresponding illustrations for the lower dose (15 g) given in the feed are
shown in (B), compared with administering by gavage (D). Setting: ×200.

Sprague-Dawley rats (200 g) given the higher OTA dose by oral gavage showed a few
fluorescent (apoptotic) bodies oriented within the tubular epithelium, as well as diffuse
fluorescence within tubular lumens (Figure 6A,B), possibly representing apoptotic debris.
Such histological changes extended not only across the cortico-medullary region but also
into both the cortex and medulla. This could logically correlate with the 30 g weight
loss sustained during the 5-day dosing period, reflecting a general adverse response to
the rather high OTA dose (5 mg/kg b. wt.). In contrast, no weight loss occurred in the
other OTA regimens. The lower dose by gavage and the higher dose in feed elicited only
2–3 fluorescent bodies across an entire longitudinal kidney section (Figure 6C,D), and no
such fluorescent staining occurred after the lower dose (1 mg/kg b. wt., Figure 6E).
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Figure 6. ApopTag staining of the renal cortico-medullary region of rats given OTA daily for 5 days, to
show the fluorescent apoptotic bodies (×200). (A,B) After 1 mg by oral gavage, with marked apoptosis
in tubular lumen and epithelia (×200). (C) Staining after 0.2 mg by oral gavage, showing discrete
apoptosis, particularly in the nephron epithelium (×200). (D,E) Staining after the administration of
1 mg and 0.2 mg extract, respectively, both in feed, with very occasional apoptosis (×200).

2.3. Application of Laser Scanning (Confocal) Microscopy

Due to its technical superiority over light fluorescent microscopy, confocal microscopy
allowed for the recording of fluorescence in the ApopTag-labeled kidney sections at a
much lower magnification, such as ×10 (Figure 7B–D), with a wider view of the renal
tissue. This enabled visual proof of the extent of the small fluorescent bodies in the cortico-
medullary region, illustrating dose-dependent response relationships among rats given
high- or low-dose dietary P. polonicum extract; an approximate 140:30 ratio of apoptotic
cells is evident. Also illustrated is an analogous response evoked by a rather high regimen
for OTA (1 mg by oral gavage); the daily dose approximates to 5 mg/kg b. wt. and
approximately 65 apoptotic bodies were revealed in Figure 7D. This illustrates a cortico-
medullary background in which the regular arrangement of propidium iodide-stained
nuclei showed the normal renal tubule conformation, as in Figure 7B,C. This experiment
also verified that the apoptotic P. polonicum metabolite is extractable from a fermentation
matrix, simply with alcohol and water.

Furthermore, in kidney sections stained with an ApopTag Direct kit, all nuclei are
labeled red with propidium iodide, while the apoptotic cells are additionally labeled
yellow-green by fluorescein. However, because of the masking effect of fluorescein over
propidium iodide, the apoptotic cells are always seen as bright yellow-green-fluorescent
bodies under light fluorescence microscopy (Figure 8A). Nevertheless, the powerful laser of
the confocal microscope makes it possible to distinguish between the emissions from both
fluorescein and propidium iodide within the apoptotic cells (Figures 7A and 8C), allowing
differentiation between the genuine cells undergoing apoptosis and those solely carrying
green non-specific labeling. Nuclei with condensed chromatin (“mitotic figures”) that are
stained only with propidium iodide are also clearly visible in Figure 8.
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Figure 8. Light-fluorescent micrograph showing bright yellow-green apoptotic bodies and a propid-
ium iodide-stained condensed chromatin resembling a mitotic figure at the kidney cortico-medullary
junction of a rat treated with P. polonicum. ((A) ×450). Laser-scanning micrographs showing apop-
totic bodies labeled by propidium iodide only (red, (B)) and by fluorescein (green, (C)) in ApopTag
preparations (×400).
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2.4. Intermittent Exposure to P. polonicum for Three Months; Alternating Cycles with
Normal Feed

An experiment with four male Sprague-Dawley rats commenced concerning alter-
nating cycles of the standard 5-day 20% P. polonicum-molded diet, followed by 3.5 weeks
toxin-free, offering opportunities for accumulated histopathological change or partial re-
gression. After the first toxin phase, renal H&E histology in one rat appeared typical of
the P. polonicum influence already described. The other three rats continued their normal
diet for a further 3.5 weeks, at which point two were euthanized for histology. No pyknotic
cells or cells with condensed and/or fragmented chromatin that was typical of the first rat’s
response to P. polonicum were seen. Nevertheless, cells with slightly enlarged nuclei that
were mildly karyomegalic occurred in the cortico-medullary region, implying that some
nuclear division had occurred during and shortly after the initial P. polonicum insult and
had persisted. Notably, in kidney sections also subjected to ApopTag staining, a substantial
frequency of apoptotic bodies was apparent (Figure 9A).
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Figure 9. ApopTag-revealed apoptosis after a second 5-day exposure to P. polonicum (A). Accumulated
cortico-medullary histopathological changes, following the fourth cycle of 5-day P. polonicum sub-
chronic exposure, as various populations of abnormal cells, such as karyocytomegalic ((B),a), large
mitotic figure ((C),b), or pyknotic apoptotic cells ((B),c), H&E (×200).

Experiments with the fourth rat continued for two more cycles, culminating in a
fourth 5-day P. polonicum treatment, with normal conditions continuing. Kidney H&E
histopathology showed a striking response during the three-month experiment, wherein a
large proportion of abnormally enlarged cells had much-enlarged nuclei, thus constituting
karyocytomegaly. Nephron epithelia with condensed and/or fragmented chromatin were
also prominent in the now-distorted cortico-medullary region. Some of these were much
larger than those in response to a single 5-day exposure (illustrated in Figure 3). This
suggested the cumulative building of specific nuclei during the cycles of P. polonicum
exposure. Nevertheless, the eosinophilic appearance of the corresponding cytoplasm
suggested a concomitant degree of necrosis. Another population of abnormal cells had
round or elliptical nuclei in the eosinophilic cytoplasm that protruded into the nephron
lumens, extending also into the medulla (Figure 9B,C). These might be apoptotic since they
resemble fluorescein-stained bodies in a previous ApopTag-stained example (Figure 9A).
It was concluded that intermittent exposure to P. polonicum resulted in the induction
of prominently karyocytomegalic cells through the cycles of toxic insults, presumably
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exacerbated by the last one. The persistent evidence takes the form of a combination of
“mitotic figures” composed of condensed or fragmented chromatin.

2.5. Comparative Continuous-Exposure Responses to Dietary P. polonicum or Ochratoxin A

Male Sprague-Dawley rats (180 g) were given the 20% P. polonicum-contaminated diet,
two for 3 weeks, one for 2 months, and one for 3 months. An additional rat was given a
diet contaminated with OTA (0.4 mg/rat daily: ~2 mg/kg b. wt.), also for 3 months, for
comparison. All treatments were well tolerated.

All rats given P. polonicum developed prominent karyocytomegaly, expressed both
in the frequency and magnitude of the histopathological change. Additionally, cells with
large condensed or fragmented chromatin were seen. A replicated example at 3 weeks is
shown in Figure 10A. Nevertheless, these histological abnormalities were most marked in
the rat exposed to P. polonicum for the longest period, in which the proximal convoluted
tubules had lost their arrangement at the cortico-medullary junction and cells with multiple
nuclei were evident (Figure 10B,C). The rat that was exposed for two months presented
intermediate karyocytomegaly. Although ApopTag staining for the detection of apoptosis
had not yet been performed, apoptotic cells were recognized morphologically according to
their appearance and location in H&E sections, but they were rare.
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Figure 10. Cortico-medullary histopathology after 3 weeks of dietary exposure to P. polonicum-molded
feed, showing (A) various abnormal cells: karyomegaly (a), large mitotic figure with condensed
chromatin (b), and necrotic cells (c). Histopathology after 3 months, showing karyocytomegalic cells
and cells with multiple nuclei in tubules, with distorted conformation (B,C). Comparison with mild
karyomegaly within the regular tubular conformation, after 3 months of dietary OTA (0.4 mg daily in
feed, (D) H&E (×200)).

In the rat given three months of dietary OTA, only mild karyomegaly occurred within
the regular cortico-medullary conformation (Figure 10D), contrasting with the distortions
from exposure to P. polonicum.

3. Discussion

In addition to summarizing the immediate experimental findings on rat renal histopatho-
logical responses to the ingestion of P. polonicum extrolites, along with some comparison
with the responses to OTA, the modern evolution of Penicillium taxonomy will need to be
addressed to highlight some apparent uncertainties in using this taxonomy, particularly for
P. polonicum and P. aurantiogriseum in the recent literature.
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Confirmation and refinement of the former general histopathology regarding the
dietary exposure of rats to a wheat substrate molded by P. polonicum, which is of Balkan
origin, has given us an opportunity to focus on the renal pyknotic nuclei and apoptosis and
to make some preliminary comparison with that caused by OTA. Finding that progressive
renal karyomegaly leading to karyocytomegaly can be evident in both weanling and adult
rats, simply via an extract in the feed, enables economy in the bioassays necessary to
recognize the elusive toxin(s). Notably, nephrotoxins will remain in an alcohol extract of
the P. polonicum-molded fermentation of wheat from which, after evaporation, the excess
fungal sterol can be precipitated with water. Incorporating the product into powdered feed
to mimic the natural human or animal intake also allows the opportunity for evaporation
of the traces of residual alcohol before consumption.

Since raising the question concerning any P. polonicum contribution by apoptosis to the
chronic renal atrophy of BEN [11], this study offers a more comprehensive demonstration
that at least most of the pyknotic nuclei in the cortico-medullary nephrons of the H&E-
stained kidneys of rats given OTA are apoptotic, according to TUNEL-based histology
that confirms apoptosis as contributing at least part of P. polonicum’s nephrotoxicity. One
subsequent report on apoptosis as a part of OTA nephropathy in the rat model [16] was
even more assertive concerning OTA’s putative involvement in the pathogenesis of Balkan
endemic nephropathy, offering findings after daily administration over several weeks at
an overall rate a little higher than the high dose of the NTP study [17]. Apoptosis was
diagnosed after intraperitoneal OTA toxicity was assigned to the small, condensed chro-
matin bodies deeply stained for such purposes in H&E histology preparations. The extent
to which this equates to the specificity of the TUNEL technique is an open question. How-
ever, in a further description of the same experiment, H&E staining specifically excluded
simple necrosis [18]. The enteral administration of OTA for the present experiments makes
direct comparison difficult, but the findings confirm apoptosis for P. polonicum as a not-
unexpected mycotoxicological attribute. Historically for OTA, the first major rat lifetime
exposure study [17] used oral gavage because of its accuracy of dosing in a toxicological
context, but predictably slowed bioavailability by delivering the dose in a corn oil vehicle.
The present OTA delivery used contrasting oral gavage in an aqueous vehicle or incorpora-
tion in the feed for that whole day. The Croatian study’s [16] use of an intraperitoneal route
would have given quite quick direct insults to the renal parenchyma. Such administration
near the kidneys, although needing only a short circulatory vascular pulse to the renal
artery, would of course enable maximum toxicological efficiency, while being non-natural.
A single 1 mg/kg dose to female Wistar rats caused a few cortical apoptoses across a kidney
section the next day, declining numerically during the following 9 days. After the same
dose daily three times per week for 4 weeks, ~100 apoptotic nuclei were recorded across a
kidney section, assuming that H&E staining always diagnoses TUNEL histopathology. Pre-
sumably, female rats were used because the incidence of endemic nephropathy in Croatia
is higher in women [18] and OTA might somehow generate the chronic fibrotic pathology
of the Balkan disease.

The recognition of apoptotic nuclei in Wistar male rat kidneys by TUNEL staining
after chronic exposure to OTA [19] was also achieved after 2 months of daily gavage in oil
at a dose slightly less than that of the mean daily high dose in the NTP study [17], which
had caused significant renal cancer much later in life. The exposure-related occasional
incidence of karyomegaly and pyknotic nuclei in cortical nephrons in H&E preparations
was illustrated, as were fluorescent apoptotic bodies identified specifically by the TUNEL
protocol. Another study [20], using an even higher gavage OTA dosage in oil to Sprague-
Dawley males for 2 weeks (0.5 mg/kg b. wt.), also caused renal apoptosis, as illustrated by
TUNEL staining. However, the serum OTA concentration achieved in the first experimental
study was nearly 10 µg/mL which is 10,000 times greater than that measured for a European
human exposed to a normal diet; it is important to have a realistic perspective when
extrapolating from an experimental rodent to a human model.
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In the present study, alternating short periods of dietary P. polonicum exposure of
young rats with subsequent longer periods of uncontaminated diet over 3 months led to
the progressive expansion of karyomegalic nuclei over the 3-month period. However, the
findings raise the question of whether the histological picture of progressively increasing
karyomegalic ploidy during repetitive exposure to P. polonicum is driven within replacement
nephron epithelial cells, consequent on replacing the apoptoses that had occurred during
the juvenile exposure phase. Continuous P. polonicum exposure for 3 months also supported
expansive karyocytomegaly; in contrast, continuous dietary OTA exposure at a relatively
high dose (2 mg/kg b. wt.) only caused mild karyomegaly within an otherwise undisturbed
nephron architecture.

The question arises, therefore, whether local nephron epithelial repair after apoptosis
in response to P. polonicum nephrotoxicity differs from that in response to OTA, which can
easily cause more extensive local cytotoxicity in the cortico-medullary region (Figure 2C).
Notably, the DNA ploidy distribution in rat kidneys after 4 weeks of P. polonicum dietary
exposure [15] caused several aneuploid nuclei in the tetraploid range, but also a few
toward octoploid. Such nuclei could be unstable and a potential matter of concern [21].
OTA in male rats is capable of forming renal tumors exhibiting a wide range of unstable
aneuploidy [15].

A two-week pathology study [22] with male Sprague-Dawley rats compared dietary
P. polonicum with oral gavage of the P. citrinum mycotoxin, citrinin, which shares its pen-
taketide structure with a similar moiety of OTA [23]. A 10% P. polonicum-molded shredded
wheat diet triggered the histopathological changes as presently described, combined with
only mild cytotoxicity, all in the same S3 kidney region. Citrinin (2.5 mg/kg) elicited
cytotoxicity but caused no nuclear changes when administered alone, but, when combined
with the P. polonicum regimen, pathological changes were only as those for P. polonicum. No
significant pathologies in the stomach, small intestine, spleen, thymus gland or lung were
associated with the P. polonicum regimen. For all regimens, urinary osmolarity decreased,
associated with slight glucosuria and an impaired concentration capacity of the kidneys.
Urinalysis showed the increased activity of y-glutamyl transpeptidase where rats received
P. polonicum, also demonstrating the elevated urinary composition of low-molecular-weight
proteins. The latter finding predates the proposed role of small serum proteins binding
OTA [24], together, salvaged into rat cortical nephrons’ proximal tubule epithelia from the
glomerular filtrate. A question now arises concerning whether any analogous mechanism
might be operating for a P. polonicum nephrotoxic mycotoxin.

The severity of nephrotoxic responses to environmental Penicillia, whether to OTA
from P. verrucosum or P. nordicum, or to the mycotoxins of P. polonicum, has long been
conditional not only on the dose magnitude but also on the delivery mode [25]. When there
is a marked response, oral gavage gives a greater response than natural delivery in feed; for
OTA, this has also been reflected in the mycotoxin’s plasma concentration after repetitive
dosing. The principle was extended to apply to the accumulation of DNA adducts in a
general exploration of rat kidney DNA in the specialist laboratory of Professor A. Leszkow-
icz, Toulouse, after a range of exposures to P. polonicum [26]. Although most experimental
permutations yielded unremarkable findings, the inclusion of P. polonicum fermentation
extract in the diet caused not only the characteristic histopathological changes already illus-
trated above but also created one prominent DNA adduct that was dose-related. This was
proportionately represented across a threefold difference in dose by a fivefold numerical
differential (Figure 11). Therefore, a further aspect of P. polonicum nephrotoxicology in
the rat model is added, although the amount of the genotoxin in the P. polonicum extract
consumed over 5 days by adult rats is unknown, as is whether there is any relationship
with karyomegaly. For other mammals, the P. polonicum histopathology has been seen in
guinea pigs and pigs but not in Balb-C mice [27]. Studies in hamsters, contemporary with
the rat experiments at Imperial College in the 1980s, showed no histopathological changes
after dietary exposure [10].
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Figure 11. Autoradiographs of polyethyleneimine-cellulose chromatography of 32P-post-labeled
DNA adducts from rat kidney. Left, control. Center, 5 days’ feeding with a diet containing an extract
from 3 g shredded wheat substrate molded for 20 days by P. polonicum. The right image is as in the
center, but refers to 9 g shredded wheat extract. Principal samples—a specific adduct attributed to
P. polonicum has measured a 32P disintegration ratio of 1:5. A minor spot to the right at a higher dose
has a similar ratio with the lower-dose image.

As is concurrent with the study of its nepropathic potential [5], the former Bulgar-
ian P. verrucosum var. cyclopium had been found to produce the alkaloid auranthine [28].
Another alkaloid, a benzodiazepine named anacine [29], was later described as a metabo-
lite of a Yugoslavian isolate (IMI 357488), collected in the hyperendemic nephropathy
village of Kaniza [7]) and authenticated as P. aurantiogriseum Dierckz [6,30]. Subsequently,
it is stated [12] that “the original isolate (IMI 180922A) investigated by Barnes et al. [5]
as P. aurantiogriseum was correctly identified”. It is not clear whether this amplification
of the original literature means that it was as recognized before or after its revised tax-
onomic status [12,31]; the suffix A, added to the simple IMI number as cited [12,30], is
also not explained. Ultimately, the culture of IMI 180922 had been supplied directly to
P.M. by P. Austwick [5] and revealed nephropathy in rats, enabling the first description of
auranthine as a co-metabolite with penicillic acid and verrucosidin [28].

Consequently, the previous discussion is relevant to the recent revision of the auran-
thine structure [32] since the Bulgarian P. verrucosum var. cyclopium = P. aurantiogriseum =
P. polonicum nomenclature, spanning over 40 years, implies that further study of auranthine
would need to be conducted with a modern P. polonicum. Thus, structural revision using
a modern, defined P. aurantiogriseum isolate (CBS 112021 [32]) could not necessarily be
expected to biosynthesize auranthine without access to a reference sample. Unfortunately,
none of that sample remains. However, the revised structure, aided by X-ray crystallog-
raphy, was based on biosynthetic conditions, including a substantial glutamine additive
(~15 g/L) to the medium. That additive might reasonably be regarded as not only enriching
the nitrogen source but also potentially directing the biosynthesis of a glutamine-derived
extrolite. Thus, in perhaps not using the correct fungus, and using a fermentation nu-
tritionally enriched to achieve an increased metabolite yield, the revised structure may
indeed widen its occurrence as a P. aurantiogriseum metabolite with a weak cytotoxicity
profile [32]. Notably, however, a co-metabolite, aurantiamine, markedly decreased the
viability of HepG2 cells at 30 µM and above [32]. In our experience, practical differentiation
in agar cultures between modern P. polonicum and P. aurantiogriseum is not easy; it is partly
conditioned by the individual perception of color, as was also problematic between the
former P. aurantiogriseum and P. commune in a Croatian study c. 30 years ago [7]—the two
were subsequently acknowledged as being synonymous [31]. Notably, P. commune isolates,
both from Yugoslavia and Bulgaria, and a P. aurantiogriseum from Yugoslavia had all had
been shown to produce auranthine [7]. While a structural revision after 40 years in the light
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of new analytical findings is always welcome, it is vital to be sure that the recent revision
for auranthine actually relates to the same substance as formerly described [28]. The re-
appraisal of auranthine as a structurally characterized metabolite within the Penicillium
section, Viridicata series, Viridicata under simple cultural conditions by an authenticated
fungus and augmented by biosynthetic evidence would be helpful. Nevertheless, none of
the recognized P. polonicum extrolites (penicillic acid, verrucosidin, verrucofortines, aspter-
ric acid, anacine, puberulines, cyclopenins [33]) has apparently not yet been tested in terms
of the present rat nephropathy.

Notably for the original description of the rat nephropathy described here [5], foodstuff
crop samples were collected during the early 1970s in those Balkan areas hyperendemic
for the Balkan (endemic) nephropathy. Of three collected from Yugoslavia and Bulgaria
and identified as P. verrucosum var. cyclopium, only one, from maize in Bulgaria and
originally assigned within the P. cyclopium series [34] but later cited as P. verrucosum var.
cyclopium [35], was used for the nephropathy studies in rats [5], although the other two
isolates were similarly toxic. Twenty years later, in similar localities [7,8], similar fungi
were isolated and identified as P. aurantiogriseum and P. commune, according to the currently
revised Penicillium taxonomy [6] (still not yet embellished further by color illustration,
although their appearance was subsequently well illustrated [36]). Further taxonomic
revision followed [12,31], resolved partly according to the distinctive patterns of secondary
metabolites. This revision retained P. aurantiogriseum for a more limited application (notably
excluding Penicillia producing ochratoxin A) and revived P. polonicum Zaleski [37] as a
distinct entity. The P. aurantiogriseum forms coincided with the Balkan isolates that were
designated as such [7,8] in the early 1990s, many of which were shown to be nephrotoxic in
rats; however, others designated as P. commune on account of colony morphology on agar
media were also nephrotoxic. At least one P. aurantiogriseum or P. commune representative
from each foodstuff commodity, as studied in Yugoslavia and Bulgaria, demonstrated the
karyomegaly pathology in rats as described here, to which a high consistency in expressing
nephropathy might actually have occurred. The assignment of this nephropathy as a
taxonomic characteristic of both P. aurantiogriseum and P. polonicum, but not of P. commune,
was the situation in 2004 [33] but this remains to be re-evaluated.

Diverse examples of recent biochemical publications attributed for P. polonicum isolated
from different parts of the world and from both terrestrial and marine environments
may also be stretching the taxonomic criteria (for example, see [38–40]). Caution and
mycological rigor are also important in assigning natural isolates to P. polonicum [41]. A
specific illustration of the terverticillate sporophores of the nephropathic mold highlighted
by Barnes et al. [5] is given a decade later [42]. There is clearly a need for well-disseminated
genome characterization in assigning fungi to P. polonicum, bearing in mind that its original
description nearly a century ago was from continental Europe (Poland). For reference,
cultured material from the present studies, archived privately and probably suitable for
genome analysis, is available on request to P.M. An earlier (c. 1989) deposit, then designated
P. commune from Bulgaria and producing auranthine, is IMI.180922.

The recent notable publication of a Croatian study of fungal contaminants of traditional
dry-cured meat products characterized P. polonicum and P. commune as being among the
most abundant and widespread contaminants for which genome analyses were made [43].
However, the authors seemed understandably unaware of such Penicillia having a likely
similarity to or identity with those also taken from the Croatian village of Kaniza [7] (and
the manifest generosity of a dry-cured delicacy there), studied many years ago in London in
terms of nephrotoxic molds for rats. Clearly, there remains a basis for mutual interest here.

As a programmed cell death mechanism, apoptosis has been extended to include
pyroptosis, which is associated with the body’s response to infection and can be expressed
as fragmented DNA; it has recently been applied histologically to the in vivo response to
OTA [44]. OTA was administered to male mice intermittently by the intraperitoneal route
and has some parallels ([16], although that was not cited in [44]) except for the matter of
gender. Some small urinary proteins that have a vital role in sensory behavior in both rats
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and mice have been suggested, and also as transporters of OTA in the blood [24] while
acting as a protein-bound complex augmenting the renal excretion of the mycotoxin. After
escaping circulation together through glomerular fenestrations, the natural salvage of some
of the proteins in cortical nephrons could also deliver OTA into the S3 epithelia. This could
not have been occurring in the Croatian study [16] because the rats were female. In the
present dosing of OTA via the natural feed consumption pattern, while a 1 mg/kg b. wt.
dose, therefore, predictably delivers a higher relative overall toxic renal insult in male rats
than any insult to which human females might have been exposed in the hyperendemic
Croatian villages [16], the acute intraperitoneal delivery in the rat model must have resulted
in a greater overall surge of OTA in rat renal parenchyma.

The published experimental use of OTA to reveal renal toxicological outcomes often
quotes doses that are vastly in excess of any regular human dietary experience. Optimiz-
ing the delivery to individual animals, as potential models for revealing toxicology, by
parenteral routes may appear more accurate, subject to measuring the delivery of very
small amounts. In our experience, administration in feed for sub-clinical effects while
satisfying appetite has also allowed reasonable accuracy, as well as coming close to the
natural circumstances of the intake of environmental toxins. It would be interesting, in
terms of the Li et al. publication [44], to see the renal histopathological changes from the
intraperitoneal administration of 100 µg OTA/kg on alternate days, and to perform this for
both mouse and rat males.

Therefore, it seems important to rationalize the current heterogeneity of P. polonicum
and to attribute certain aspects of rat nephrotoxicity of some forms involving ploidy pro-
liferation [14] and the nature of programmed cell death to their respective mycotoxins.
Specific nuclear death in the nephron proximal epithelia by what appears to be a rather
harmless mold contrasts with the mycotoxin OTA, a product of several other Penicillia,
which manifest experimentally as either apoptosis or pyroptosis [44]. It is also important to
relate the experimental toxicology protocols to normal routes and quantities of exposure to
improve the findings’ relevance to human health. Predicting the application of experimen-
tal in vitro toxicology involves the consideration that the toxin under study (e.g., OTA) has
been applied directly to naked, cultured human or animal cells. The published dosage for
significant toxicity often exceeds those which might ever actually occur naturally in vivo.
The natural exposure of toxin per os to a particular animal or human tissue (e.g., kidney)
needs first to surmount bioavailability barriers. Potential hepatic biotransformation may
then occur before the transfer from vascular circulation to the lumen of nephron tubules.
This may involve direct transfer from capillaries to those tubule epithelia having multiple
metabolic functions, or, via glomerular escape from blood, gain access to urinary flow. Ini-
tial studies on P. polonicum [5] clearly showed in vitro toxicity; however, in present studies,
this is matched by the quite striking histopathology of induced suicide in rat proximal
tubule epithelia and progressive karyocytomegaly, all apparently well-tolerated. In con-
trast, the renal tubule nuclear suicide induced by OTA occurs within its well-recognized
cytopathology in animals. The gentle rat renal apoptosis, from P. polonicum in feed, deserves
further study.

4. Materials and Methods
4.1. Renal Tissue Preparation for Histology

Experimental rats in the Imperial College animal facility (21 ◦C, 12-h light-dark cycle)
were caged on sawdust and given diet pellets (rat and mouse diet 1, Special Diet Services,
Essex, UK) and water ad lib. Animals given mycotoxin experimentally in their feed were
caged individually, on absorbent paper that was changed daily, and were given a powdered
diet containing the homogenized experimental material, provided in an aluminum dish.
The amount of homogenized feed was adjusted to ensure complete daily consumption
during a 24-h period, although normally this was mostly at night, based on animal weight
and experience (usually 15–20 g for adults).
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Prior to conventional hematoxylin and eosin-stained histology, fresh kidney tissue
was fixed in 4% buffered formalin for 24 h. For apoptosis detection, fixation took place for
10 h before the transfer to buffered saline. Fixed tissues were embedded in paraffin wax
using automated clinical equipment in the Hedley Atkins Unit at Guy’s Hospital, London,
then sectioned (3–4 µm) and mounted on glass slides. For subsequent Apoptag staining,
vectabond glass was used.

Renal tissue destined for DNA adduct detection was frozen to −80 ◦C at autopsy.

4.2. Histology for Apoptosis

The Apoptag fluorescein direct in situ apoptosis kit is based on the so-called TdT-
mediated dUTP-biotin nick and labeling (TUNEL) assay [45]. It is designed for the stain-
ing of histology sections from paraffin-embedded kidney samples. The TUNEL assay is
based on the specific binding of deoxynucleotidyl transferase (TdT) to the 3′-OH ends of
double-stranded or single-stranded DNA, ensuring the synthesis of a poly-deoxynucleotide
polymer. The method allows for the in situ visualization of programmed cell death (apop-
tosis) at the single-cell level, while preserving the tissue architecture, visualizing not only
histologically defined apoptotic cells but also morphologically intact cells in the process of
necrosis [46]. In following the manufacturer’s protocol for the direct kit, DNA fragments
are directly labeled with chains of fluorescein-labeled nucleotides. Finally, propidium
iodide was applied to counter-stain the DNA in all of the cells.

For laser-scanning microscopy, the confocal system and microscope used the manufacturer-
supplied software (LSM 510 v1.49.44), running on the Windows NT 4.0 operating system.
The λ = 488 nm and λ = 453 nm lines of an argon- and helium-neon-ion laser, respectively,
were used for dual excitation. Images were collected using oil-immersion objectives (plan-
Neoflua, 40×/1.3; plan Apochrome, 63×/1.4). Emission fluorescence from dual-stained
sections was separated with a combination of an FITC-type narrow band-pass filter block
(505–530 nm). The images were processed via Photoshop v5.0.

4.3. Mycotoxins

For the P. polonicum fermentation and extraction of the toxic fraction, a 1 L conical
flask in which shredded wheat breakfast cereal (60 g), moistened with 25 mL water, had
been fermented by P. polonicum (IMI 180922) at 17–19 ◦C for 2 weeks, with occasional
agitation, was treated with 20% ethanol in water (250 mL) overnight. The composition of
the extractant was important not only to wet the abundant spores but also to minimize the
extraction of their mannitol metabolite. The suspension was filtered (Whatman No 50 paper)
and extraction was repeated on the residue. The combined filtrate was evaporated down to
a small volume in vacuo, stored at 4 ◦C overnight for the precipitation of residual mannitol,
and centrifuged at 5000× g rpm for 15 min. The supernatant was used for the rat experiment
as an extract of the P. polonicum spoilage of a wheat substrate. Briefly, in terms of the
fermentation and transformation of wheat into fungal biomass and metabolites, wheat grain
carbohydrate and protein forms the principal substrate for efficient transformation into
fungal biomass via partial dissipation, as well as during respiration and the transformation
of excess sugars into mannitol. The latter, and the fungal sterols, are the principal soluble
products during the subsequent extraction with water and alcohol. Thus, the present
cell-free extract is a very small proportion of the original wheat substrate but it will still
have a complex composition.

OTA was produced by the shaken solid substrate fermentation of Aspergillus ochraceus
on shredded wheat for 2 weeks [47], extracted with ethyl acetate, and purified by prepar-
ative layer chromatography (Camlab silica gel, 1 mm thick) resolved with toluene/ethyl
acetate/formic acid (15:4:1). The blue fluorescent OTA band was excised as a powder and
eluted with ethyl acetate. The OTA purity was 98%.
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5. Conclusions

The focal histological demonstration of renal cortico-medullary nuclear pyknosis as
apoptosis has been achieved after only a few days of the dietary exposure of rats to a
fermentation extract of P. polonicum, which was of central European origin. Apoptotic
histopathology is also revealed by the similar administration of the worldwide mycotoxin
ochratoxin A, although in a more toxic profile. Thereby, a context is set for the further
elucidation of P. polonicum extrolites that are also in a fractionated fermentation extract,
supported also by a rat bioassay. Longer silent dietary exposure, causing karyocytomegaly
in the same renal region by an as-yet obscure toxin, is also illustrated and presents a further
challenge for the elucidation of etiology.

Author Contributions: Authors collaborated in all aspects of the study. All authors have read and
agreed to the published version of the manuscript.

Funding: The research received no external funding.

Institutional Review Board Statement: Experiments with animals at Imperial College by P.M. were
conducted according to the provisions of the UK Home Office Project License PPL 70/4720, dated 13
January 1999. This specifically defines the prior and concurrent holding of an animal license, as held
by P.M. for similar experimentation many years before, including those for the present context.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Financial support for A.M. from the UK Committee of Vice-Chancellors and
Principals for an Overseas Research Student Award is gratefully acknowledged, as also from the
University of London British Chevening Trust Committee, the Clothworkers Foundation, and the
Open Society of Macedonia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Van der Merwe, K.J.; Steyn, P.S.; Fourie, L.; Scott, D.B.; Theron, J.J. Ochratoxin A, a toxic metabolite produced by Aspergillus

ochraceus Wilh. Nature 1965, 205, 1112–1113. [CrossRef]
2. Krogh, P. Mycotoxic porcine nephropathy—A possible model for Balkan (endemic) nephropathy. In Endemic Nephropathy;

Puchlev, A., Dinev, V., Milev, B., Doichinov, D., Eds.; Bulgarian Academy of Sciences: Sofia, Bulgaria, 1974; p. 266.
3. Austwick, P.K.C. Comparative aspects of renal disease: Balkan Nephropathy. Proc. R. Soc. Med. 1975, 68, 219–221. [CrossRef]

[PubMed]
4. Austwick, P.K.C. Balkan nephropathy. Practitioner 1981, 225, 1031–1038. [PubMed]
5. Barnes, J.M.; Carter, R.L.; Peristianis, G.C.; Austwick, P.K.C.; Flynn, F.V.; Aldridge, W.N. Balkan (Endemic) nephropathy and

a toxin-producing strain of Penicillium verrucosum var cyclopium: An experimental model in rats. Lancet 1977, 289, 671–675.
[CrossRef]

6. Pitt, J.I. The Genus Penicillium and Its Teleomorphic States Eupenicillium and Talaromyces, 1st ed.; Academic Press: London, UK, 1979.
7. Macgeorge, K.M.; Mantle, P.G. Nephrotoxic fungi in a Yugoslavian community in which Balkan nephropathy is hyperendemic.

Mycol. Res. 1991, 95, 650–664. [CrossRef]
8. Mantle, P.G.; McHugh, K.M. Nephrotoxic fungi in foods from nephropathy households in Bulgaria. Mycol. Res. 1993, 97, 202–212.

[CrossRef]
9. Mantle, P.G.; McHugh, K.M.; Adatia, R.; Gray, T.; Turner, D.R. Persistent karyomegaly caused by Penicillium nephrotoxins in the

rat. Proc. R. Soc. Lond. B 1991, 246, 251–259.
10. Hard, G.C.; Greig, J.B. Comparative acute nephrotoxicity of Penicillium aurantiogriseum in rats and hamsters. In Mycotoxins,

Endemic Nephropathy and Urinary Tract Tumours; Lyon Scientific Publications No 115; International Agency for Research on Cancer:
Lyon, France, 1991; p. 113.

11. Mantle, P.G.; Miljkovic, A.; Udupa, V.; Dobrota, M. Does apoptosis cause renal atrophy in Balkan endemic nephropathy? Lancet
1998, 352, 1118–1119. [CrossRef]

12. Lund, F.; Frisvad, J.C. Chemotaxonomy of Penicillium aurantiogriseum and related species. Mycol. Res. 1994, 98, 481–492. [CrossRef]
13. Mantle, P.G.; McHugh, K.M.; Fincham, J.E. Contrasting nephropathic responses to oral administration of extract of cultured

Penicillium polonicum in rat and primate. Toxins 2010, 2, 2083–2097. [CrossRef]
14. Hard, G.C. Critical review of renal tubule karyomegaly in non-clinical safety evaluation studies and its significance for human

risk assessment. Crit. Rev. Toxicol. 2018, 48, 575–595. [CrossRef] [PubMed]

http://doi.org/10.1038/2051112a0
http://doi.org/10.1177/003591577506800405
http://www.ncbi.nlm.nih.gov/pubmed/1197312
http://www.ncbi.nlm.nih.gov/pubmed/7312768
http://doi.org/10.1016/S0140-6736(77)92115-8
http://doi.org/10.1016/S0953-7562(09)80812-5
http://doi.org/10.1016/S0953-7562(09)80242-6
http://doi.org/10.1016/S0140-6736(05)79758-0
http://doi.org/10.1016/S0953-7562(09)80466-8
http://doi.org/10.3390/toxins2082083
http://doi.org/10.1080/10408444.2018.1503641
http://www.ncbi.nlm.nih.gov/pubmed/30277423


Life 2022, 12, 352 18 of 19

15. Brown, A.L.; Odell, E.W.; Mantle, P.G. DNA ploidy distribution in renal tumours induced in male rats by dietary ochratoxin A.
Exp. Toxicol. Path 2007, 59, 85–95. [CrossRef] [PubMed]

16. Peraica, M.; Ferencic, Z.; Fuchs, R.; Cvoriscec, D.; Domijan, A.M.; Lucic, A.; Medugorac-Popovski, M.; Radic, B. Single and
multiple doses of ochratoxin A cause apoptosis in kidney tubular epithelium of rat. Rev. Med. Vet. 1998, 149, 650. (sourced
electronically via The British Library)

17. Boorman, G.A. NTP Technical Report on the Toxicology and Carcinogenesis Studies of Ochratoxin A in F344/N Rats (Gavage Studies);
NIH Publication No. 89-2813; US Department of Health and Human services, National Institute of Health: Research Triangle
Park, NC, USA, 1989.

18. Domijan, A.-M.; Peraica, M.; Ferencic, Z.; Cuzic, S.; Fuchs, R.; Lucic, A.; Radic, B. Ochratoxin A-induced apoptosis in rat kidney
tissue. Arh. Hig. Rada Toksikol. 2004, 55, 243–248.

19. Petrik, J.; Zanic-Grubisic, T.; Barisic, K.; Pepeljnjiak, S.; Radic, B.; Ferencic, Z.; Cepelak, I. Apoptosis and oxidative stress induced
by ochratoxin A in rat kidney. Arch. Toxicol. 2003, 77, 685–693. [CrossRef]

20. Palabiyik, S.S.; Erkekoglu, P.; Zeybek, N.D.; Kizilgun, M.; Baydar, E.; Sahin, G.; Giray, B.K. Protective effect of lycopene against
ochratoxin A induced renal oxidative stress and apoptosis in rats. Exp. Toxicol. Pathol. 2013, 65, 853–861. [CrossRef]

21. Tijhuis, A.E.; Johnson, S.C.; McClelland, S.E. The emerging links between chromosomal instability (CIN), metastasis, inflamation
and tumour immunity. Mol. Cytogenet. 2019, 12, 17. [CrossRef]

22. Dobrota, M.; Howarth, J.A.; Hinton, R.H.; Price, S.C.; Frank, J.M.; Walker, R.; Aitcheson, R.E.; Brockie, K.; Mantle, P.G. Early
effects of Penicillium polonicum and P. citrinum nephrotoxins in the rat. Hum. Exp. Toxicol. 1997, 6, 38.

23. EFSA Panel on Contaminants in the Food Chain (CONTAM). Scientific Opinion on the risks for public and animal health related
to the presence of citrinin in food and feed. EFSA J. 2012, 10, 2605. [CrossRef]

24. Mantle, P.G.; Nagy, J.M. Binding of ochratoxin A to a urinary globulin: A new concept to account for gender differences in rat
nephrocarcinogenic responses. Int. J. Mol. Sci. 2008, 9, 719–735. [CrossRef]

25. Mantle, P.G.; Miljkovic, A.; Dobrota, M. Dose and route responses of nephrotoxic mycotoxins. In Mycotoxins and Phycotoxins in
Perspective at the Turn of the Millennium; De Koe, W.J., Samson, R.A., van Egmond, H.P., Gilbert, J., Sabino, M., Eds.; Iowa State
Press: Ames, IA, USA, 2001; pp. 91–94.

26. Miljkovic, A. Production, Characterisation and Mode of Action of Some Nephrotoxic Mycotoxins. Ph.D. Thesis, University of
London, London, UK, 1999.

27. Yeulet, S.E. A Penicillium Nephrotoxin and Associated Metabolites in the Aetiology of Balkan Nephropathy. Ph.D. Thesis,
University of London, London, UK, 1986.

28. Yeulet, S.E.; Mantle, P.G.; Bilton, J.N.; Rzepa, H.S.; Sheppard, R.N. Auranthine, a new benzodiazepinone metabolite of Penicillium
aurantiogriseum. J. Chem. Soc. Perkin Trans. 1986, 1, 1891–1894. [CrossRef]

29. Boyes-Korkis, J.M.; Gurney, K.A.; Penn, J.; Mantle, P.G.; Bilton, J.N.; Sheppard, R.N. Anacine, a new benzodiazepine metabolite
of Penicillium aurantiogriseum produced with other alkaloids in submerged fermentation. J. Nat. Prod. 1993, 56, 1707–1717.
[CrossRef]

30. Pitt, J.I. A Laboratory Guide to Common Penicillium Species; Commonwealth Scientific and Industrial Research Organisation, Division
of Food Processing: Canberra, Australia, 1988.

31. Frisvad, J.C.; Lund, F. Toxin and secondary metabolite production by Penicillium species growing in stored cereals. In Occurrence
and Significance of Mycotoxins; Scudamore, K.A., Ed.; Central Science Laboratory: Slough, UK, 1993; pp. 146–171.

32. Kalinina, S.A.; Kalinin, D.V.; Hovelmann, Y.; Daniliuc, C.G.; Muck-Lichtenfeld, C.; Cramer, B.; Humpf, H.-U. Auranthine, a
benzodiazepinone from Penicillium aurantiogriseum: Refined structure, absolute configuration, and cytotoxicity. J. Nat. Prod. 2018,
81, 2177–2186. [CrossRef] [PubMed]

33. Frisvad, J.C.; Smedsgard, J.; Larsen, T.O.; Samson, R.A. Mycotoxins, drugs, and other extrolites produced by species in Penicillium
subgenus Penicillium. Stud. Mycol. 2004, 49, 201–242.

34. Raper, K.B.; Thom, C. Manual of the Penicillia; Williams and Wilkins: Baltimore, MD, USA, 1949.
35. Samson, R.A.; Stolk, A.C.; Hadlock, R. Revision of the subsection Fasciculata of Penicillium and some allied species. Stud. Mycol.

1956, 11, 1–47.
36. Singh, K.; Frisvad, J.C.; Thrane, U.; Mathur, S.B. An Illustrated Manual on Identification of Some Seed-Borne Aspergilli, Fusaria,

Penicillia and Their Mycotoxins; Danish Government Institute of seed Pathology for Developing Countries: Hellerup, Denmark,
1991; pp. 90–100, ISBN 87-7026-3175.

37. Zaleski, K.M. Über die in Polen gefundenen arten der gruppe Penicillium Link. Bull. Int. Acad. Pol. Sci. Lett. Série B 1928,
454, 417–563.

38. Neethu, S.; Midhun, S.J.; Radhakrishnan, E.K.; Jyothis, M. Green synthesized silver nanoparticles by marine endophytic fungus
Penicillium polonicum and its antibacterial efficacy against biofilm forming, multidrug-resistant Acinetobacter baumanii. Microb.
Pathog. 2018, 116, 263–272. [CrossRef]

39. Guo, X.-C.; Zhang, Y.-H.; Gao, W.-B.; Pan, L.; Zhu, H.-J.; Cao, F. Absolute Configurations and Chitinase Inhibitions of Quinazoline-
Containing Diketopiperazines from the Marine-Derived Fungus Penicillium polonicum. Mar. Drugs 2020, 18, 479. [CrossRef]

40. Cakir, E.; Maden, S. First report of Penicillium polonicum causing storage rots of onion bulbs in Ankara province, Turkey. New Dis.
Rep. 2015, 32, 24. [CrossRef]

http://doi.org/10.1016/j.etp.2007.05.001
http://www.ncbi.nlm.nih.gov/pubmed/17629687
http://doi.org/10.1007/s00204-003-0501-8
http://doi.org/10.1016/j.etp.2012.12.004
http://doi.org/10.1186/s13039-019-0429-1
http://doi.org/10.2903/j.efsa.2012.2605
http://doi.org/10.3390/ijms9050719
http://doi.org/10.1039/p19860001891
http://doi.org/10.1021/np50100a008
http://doi.org/10.1021/acs.jnatprod.8b00187
http://www.ncbi.nlm.nih.gov/pubmed/30295481
http://doi.org/10.1016/j.micpath.2018.01.033
http://doi.org/10.3390/md18090479
http://doi.org/10.5197/j.2044-0588.2015.032.024


Life 2022, 12, 352 19 of 19

41. Mantle, P.; Copetti, M.V.; Buddie, A.; Frisvad, J. Comments on “Mycobiota and Mycotoxins in Traditional Medicinal Seeds from
China. Toxins 2015, 7, 3858–3875”—In Attributing Ochratoxin A Biosynthesis Within the Genus Penicillium Occurring on Natural
Agricultural Produce. in attributing ochratoxin A biosynthesis within the genus Penicillium occurring on natural agricultural
produce. Toxins 2016, 8, 166.

42. Yeulet, S.E.; Mantle, P.G.; Rudge, M.S.; Greig, J.B. Nephrotoxicity of Penicillium aurantiogriseum, a possible factor in the aetiology
of Balkan Endemic Nephropathy. Mycopathologia 1988, 102, 21–30. [CrossRef] [PubMed]

43. Zadravec, M.; Vakcic, N.; Brnic, D.; Markov, K.; Frece, J.; Beck, R.; Lesic, T.; Pleadin, J. A study of surface moulds and mycotoxins
in Croatian traditional dry-cured meat products. Int. J. Food Microl. 2020, 317, 108459. [CrossRef] [PubMed]

44. Li, H.; Mao, X.; Liu, K.; Sun, J.; Li, B.; Malyar, R.M.; Liu, D.; Pan, C.; Gan, F.; Liu, Y.; et al. Ochratoxin A induces nephrotoxicity
in vitro and in vivo via pyroptosis. Arch. Toxicol. 2021, 95, 1489–1502. [CrossRef] [PubMed]

45. Gavrieli, Y.; Sherman, Y.; Ben-Sasson, S.A. Identification of programmed cell death in situ via specific labelling of nuclear DNA
fragmentation. J. Cell Biol. 1992, 119, 493–501. [CrossRef] [PubMed]

46. Sgone, R.; Wick, G. Methods for the detection of apoptosis. Int. Arch. Allergy Immunol. 1994, 105, 327–332. [CrossRef]
47. Harris, J.P.; Mantle, P.G. Biosynthesis of ochratoxins by Aspergillus ochraceus. Phytochemistry 2001, 58, 709–716. [CrossRef]

http://doi.org/10.1007/BF00436248
http://www.ncbi.nlm.nih.gov/pubmed/3419480
http://doi.org/10.1016/j.ijfoodmicro.2019.108459
http://www.ncbi.nlm.nih.gov/pubmed/31786413
http://doi.org/10.1007/s00204-021-02993-6
http://www.ncbi.nlm.nih.gov/pubmed/33543323
http://doi.org/10.1083/jcb.119.3.493
http://www.ncbi.nlm.nih.gov/pubmed/1400587
http://doi.org/10.1159/000236777
http://doi.org/10.1016/S0031-9422(01)00316-8

	Introduction 
	Results 
	Preliminary Experiments Using P. polonicum-Molded Shredded Wheat 
	Experiments Using the Cell-Free Extract of P. polonicum/Wheat Fermentation: Recognizing Apoptosis in Both P. Polonicum and OTA Nephrotoxicity after 5 Daily Doses to Groups of 2 or 3 Animals 
	Application of Laser Scanning (Confocal) Microscopy 
	Intermittent Exposure to P. polonicum for Three Months; Alternating Cycles with Normal Feed 
	Comparative Continuous-Exposure Responses to Dietary P. polonicum or Ochratoxin A 

	Discussion 
	Materials and Methods 
	Renal Tissue Preparation for Histology 
	Histology for Apoptosis 
	Mycotoxins 

	Conclusions 
	References

