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Abstract
Abdominal organs (liver, kidney, spleen) are frequent targets of cancer cell invasion but their primary tumours are less known 
for their metastatic potential to other organs e.g. to the breast. Despite the known connection of the pathogenesis from breast 
cancer to liver metastasis, the study of the spread in the opposite direction has been neglected. The notion that breast cancer 
could be a metastasis besides being a primary tumour is based on rodents’ tumour models upon implantation of tumour 
cells under the capsule of the kidney or under the Glisson’s capsule of the liver of rats and mice. Tumour cells develop into a 
primary tumour at the site of subcutaneous implantation. The metastatic process starts with peripheral disruptions of blood 
vessels near the surface of primary tumours. Tumour cells released into the abdomen cross the apertures of the diaphragm, 
enter the thoracal lymph nodes and accumulate in parathymic lymph nodes. Abdominal colloidal carbon particles injected 
into the abdomen faithfully mimicked the migration of tumour cells and deposited in parathymic lymph nodes (PTNs). An 
explanation is provided why the connection between abdominal tumours and mammary tumours escaped attention, notably, 
parathymic lymph nodes in humans were referred to as internal mammary or parasternal lymph nodes. The apoptotic effect 
of Janus-faced cytotoxins is suggested to provide a new approach against the spread of abdominal primary tumours, and 
metastatic development.
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Introduction

Janus‑faced molecules

Molecules acting as double-edged swords, also referred 
to as Janus-faced molecules possess both beneficial and 
harmful biological effects. Due to their side effects, these 
compounds were not preferred in medical practice, which 
does not mean that their health benefits could not be uti-
lized. A known double-edged sword is resveratrol, found 
in many plant species that belong to the polyphenol stilbe-
noids group containing two phenyl rings attached through an 

ethylene bridge [1]. The polyphenol resveratrol contributes 
to the potential health benefits attributed to moderate wine 
consumption known as the “French Paradox” [2]. The term 
Janus-faced molecules also refers to the harmful genotoxic 
(teratogenic, carcinogenic, mutagenic) effects [3, 4]. on the 
one hand and the cytocidal and antineoplastic properties on 
the other hand [5–7]. An enormous source of Janus-faced 
molecules is represented by the secondary metabolites of 
fungal mycotoxins affecting eukaryotic cell growth, structur-
ally and functionally contributing to the multitude of their 
classifications. The”double-edged sword” effect suggested 
the utilization of mycotoxins against plant pathogenic fungi 
causing life-threatening human diseases [8].

A classical example of a double-edged sword is choles-
terol. High levels of cholesterol cause diabetes, high blood 
pressure, vascular and other diseases. Due to the low solu-
bility, its high level may cause coronary heart attack that 
can lead to death. The amphipathic property and the shape 
of the cholesterol molecule make it suitable as a membrane 
insert [9]. Cholesterol is providing both mechanical stiffness 
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and elasticity to cells by the polar head groups of choles-
terol oriented toward the polar heads of phospholipids. The 
relationship of cholesterol to anticancer drugs revealed that 
antitumour agents selectively inhibit cholesterol biosynthetic 
enzymes [9]. Prokaryotic cells do not contain cholesterol 
but the related pentacyclic triterpenoids collectively termed 
hopanes. The most promising hopane is celastrol, a triter-
pene that exhibits significant anticancer activities [10].

Another double-edged sword is nitric oxide (NO), one of 
the major air pollutants but also a gaseous signalling mol-
ecule playing an important role as a key vertebrate biologi-
cal messenger [11–13]. Nitroso compounds, among them 
polycyclic aromatic hydrocarbons and heterocyclic amines 
formed during food preservation, and cooking have benefi-
cial anticarcinogenic activities [14]. The chemical carcino-
genesis is also inhibited by allyl sulfur compounds such as 
diallyl sulfide [15, 16], isolated from garlic. The double-
edged curcumin is known for its cancer-preventive effect 
[17].

Three types of antifungal agents have been reviewed 
recently, including double-edged mycotoxins, aminoglyco-
side molecules as double-edged swords, among them the 
most efficient minor fraction gentamicin B1, and the classi-
cal antifungal agents. Particular attention was given to the 
antifungal activities of these compounds in comparison with 
other classical antifungal drugs (amphotericin B, clotrima-
zole, nystatin, and griseofulvin). The poisonous mycotoxins 
ubiquitous in nature are produced by various fungi species 
whose occurrence in the food chain is inevitable. Mycotox-
ins pose a serious problem on a global scale [18, 19] since 
toxic human exposure to mycotoxins is commonly due to 
food and feed contamination [20, 21]. The double-edged 
sword effect of antineoplastic mycotoxins has been reviewed 
concerning selected mycotoxins that affect eukaryotic cells 
with a broad range of structural and functional groups, 
allowing different types of contributing classifications [22].

IARC categories of Janus‑faced mycotoxins

The anticancer properties of double-edged compounds could 
be utilized for the benefit of patients when their survival is 
more important than the mutagenic side effects caused by 
these compounds. To decide which fungal toxins could be 
utilized alone or in combination with other antimetastatic 
agents, the side effects have to be clarified. The International 
Agency for Research on Cancer (IARC, Lyon, France, 2021) 
distinguished three categories. Group 1) IARC compounds 
are carcinogenic to humans, and Group 2 compounds are 
probable carcinogens. Group 2A is probably carcinogenic to 
humans, group 2B is reasonably anticipated to be a human 
carcinogen. Group 3 is lacking carcinogenic properties, 
possesses tolerable side effects, and more importantly is 
among the candidates for antimetastatic agents. From the 

structure–function relationship of mycotoxins, only general 
conclusions have been drawn. Ring structures that contain 
heteroatoms, functional groups and the cumulative presence 
of oxygen atoms contribute to the oxidative stress and cyto-
toxicity of mycotoxins. The preselection of mycotoxins for 
medical treatment excludes category 1 and 2 IARC carcino-
gens, and only the IARC category 3 compounds have been 
considered as potential antitumour agents against the meta-
static spread of abdominal tumours. By analogy in humans, 
a similar tumour spread could take place that could be pre-
vented by apoptotic antineoplastic double-edged sword mol-
ecules. In conformity with this strategy in mind, the focus is 
placed on those mycotoxins and their precursors that besides 
being highly cytotoxic, attest to antitumour properties. No 
doubt that some of them will not only be considered anti-
metastatic agents but used to prevent patients diagnosed of 
having thoracal and mammary lymph node tumours. The 
cytotoxic side effect could induce mutagenesis that could 
develop into scondary tumours but later when the Janus-
faced molecules already exerted their beneficial antineoplas-
tic effects.

Double‑edged antitumour mycotoxins

Different types of antifungal agents have been reviewed 
recently, including the’double-edged’ mycotoxins, and 
aminoglycoside molecules as double-edged swords, among 
them gentamicin B1, the most efficient minor fraction of 
the gentamicin family. Particular attention was given to the 
antifungal activities, compared to classical antifungal drugs 
such as amphotericin B, clotrimazole, nystatin, and griseof-
ulvin [23]. Fungi contain structurally diverse metabolites. In 
the past, it was thought that medicine was present in grass 
and wood. In the future, we have to include fungi as useful 
sources of pharmaceuticals. The double-edged sword effect 
of those antineoplastic mycotoxins has been reviewed that 
affect eukaryotic cells and contain a broad range of structural 
and functional groups, contributing to their classification. 
Without striving for completeness only those double-edged 
mycotoxins will be dealt with that possess besides the strong 
cytotoxic activity the beneficial anticancer potential (Fig. 1). 
The strong toxic effects and the beneficial anticancer poten-
tial of the mycotoxins captured our attention [22].

The beneficial apoptotic effect of cytotoxicity is one of 
the potentials that can be utilized against the spread of can-
cer. Antifungal cytotoxins have been reluctantly applied 
against fungal infections as they raise ethical issues due 
to their mutagenic impact. Nevertheless, their utilization 
deserves consideration and could be useful not only for 
patients who suffer from fungal infections. This study 
suggests the extension of the application of Janus–faced 
molecules against breast cancer and mammary metasta-
sis. Breast cancer patients are normally older than their 



756	 Apoptosis (2023) 28:754–768

1 3

fertility age. The short-term cytotoxicity of cancer treat-
ment is likely to be favoured over the long-term mutagen-
icity. The short-term and beneficial anticancer treatment 
could induce secondary tumour development but years 
later of treatment when primary cancer or metastasis has 
been eradicated. Primary tumours were used to establish 
tumour cell lines that allowed to follow the development of 
metastasis in different organs and lymph nodes in the body 
of rodents (rats and mice). The establishment of tumour 
cell lines is unavoidable to secure the implantation of an 
exact number of cells and follow reproducibly the temporal 
aspects of the metastatic development. The preparation of 
tumour cell lines is schematically shown in Fig. 2.

We did not carry out research that involved human sub-
jects. Regarding the ethical issue of animal experiments: rats 
and mice were kept in a conventional laboratory environ-
ment and fed on a semi-synthetic diet (Charles River Mo, 
Kft, Godollo, Hungary) and tap water ad libitum. The con-
ditions under which animal experiments were performed 
are consistent with prevailing standards in the UK. Animals 
received human care to the criteria outlined in the Guide 
for the Care and Use of Laboratory Animals authorised by 
the Ethical Committee for Animal Research, University of 
Debrecen, Hungary (permission # 22). All experiments con-
formed to the European Convention for the protection of 
Vertebrate Animals used for Experimental and Other Sci-
entific Purposes, 2010.

Fig. 1   Chemical structures of 
selected mycotoxins with strong 
toxic effects and anticancer 
potential. a Ergotamine, b 
cyclopiazonic acid, c T-2 toxin, 
d satratoxin H, e alternariol,f 
pseurotin, g synerazol, h rubra-
toxin, i beauvericin, j enniatin, 
k tenuazonic acid,l cytochalasin 
B, m cytochalasin C, n MT81, 
and o roquefortine of beneficial 
low toxicity. Permitted by [22]

Fig. 2   Establishment of rat hepatocarcinoma tumour cell line (HeDe). 
Under strictly sterile conditions a Hepatocarcinoma tumour of the 
rat was surgically removed, b designated part of the tumour (boxed), 
c was minced into 2 × 2x2 mm pieces, d and digested with elastase 
medium, filtered through sterile gauze, suspended in RPMI 1640 

medium. After overnight incubation at 37 °C in a CO2 incubator, the 
non-adherent cells were discarded and the adherent cells were sub-
cultured. e After 20 subcultures the new hepatocarcinoma He/De cell 
line was established. The same procedure was applied when other 
(Ne/De, My1/De and My2/De) cell lines were isolated [40]
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The majority of the anticancer Janus-faced mycotoxins 
belong to the trichothecene analogues [22]. Mycotoxins 
belonging to the large family of trichothecenes are produced 
by moulds such as Fusarium, Trichoderma, Trichthecium, 
Myrothecium, Trichothecium, Cephalosporium, Ventrici 
Monosporium. The most important structural elements of 
trichothecenes are the 12,13-epoxy rings responsible for the 
major toxicity, the presence of hydroxyl and acetyl groups 
and the side chains [24]. The trichothecenes induce apop-
totic cell death [25]. Trichothecenes, primarily anguidine 
anal have already been subjected to drug trials [26–29]. 
Mycotoxins with antitumour activities have been found in 
different fungal cell lines [30, 31]. The antitumour activi-
ties among others the following mycotoxins deserve further 
investigation [22]:

- mycophenolic acid, penicillic acid, 5-methoxyster-
igmatocystin
- anguidine analog scirpenol, di- and triacetoxyscirpe-
nols
- T-2 toxin and related trichothecenes
- cytochalasin B
- patulin
- hydromytoxin B
- 16-hydroxyroridin E
- tenuazoic acid
- betaacetoxyscirpendiol
- gliotoxin
- fluorinated pseurotin A
- synerazol
- rubratoxin B
- beauvericin
- the macrocyclic trichothecenes verrucarin A and 
roridin A
- leuteoskyrin, a hydroxyanthraquinonederivativee 
related to MT81.

The efficient apoptotic effect of cytotoxicity seems to be 
suitable to be utilized against the spread of cancer. Despite 
some secondary metabolites reaching clinical trial phase 
II and more mycotoxin derivatives being expected to enter 
human clinical trials shortly, no fungi-derived agent has 
been approved as a cancer drug so far [31, 32]. Despite 
the tremendous effort being aimed at the identification of 
fungal metabolites, the lack of breakthrough is probably 
related to the mutagenicity of mycotoxins. Ethical issues 
of consideration deserve careful selection, restructuring of 
selected mycotoxins, replacements and testing of the role of 
functional groups. The following rule applies to all double-
edge compounds: insufficient knowledge requires caution 
before the anticancer and antimetastatic potentials can be 
realistically estimated. This study suggests that after selec-
tion and fine-tuning the antiapoptotic effect Janus–faced 
molecules could be used against the spread of metastasis. 

The short-term and drastic anticancer treatment of mycotox-
ins is favoured to reduce the risk of long-term mutagenicity 
side effects. The warning is repeated: the mutagenic side 
effect may induce secondary tumour development at a later 
time but the immediate antitumour treatment might be more 
important. Tumorigenic mycotoxins are not discussed here 
as they are not to be involved in medical treatment. Several 
structural features of tumorigenic mycotoxins contribute to 
their IARC classification.

Metastatic animal models

Due to the complexity of animal tumours, it is impossible 
to use a single solution and requires selection and applica-
tion among models. The chicken chorioallantois-membrane 
model is among the oldest ones to study metastasis [33] 
but its simplicity is contrasted by its suitability questioning 
whether the evolutionary gap between birds and mammali-
ans can be bridged. The metastatic tumour model is not to 
be confused with the metastatic hypothesis the bests known 
of which is the”seed and soil” hypothesis. This assumption 
suggested that tumour cells similarly to seeds of plants are 
carried in all directions but grow only at locations where 
conditions are suitable for growth [34]. The”seed and soil” 
theory was challenged [35] and revisited [36]. Metastatic 
tumour models that have been favoured are syngeneic and 
xenograft designs, which are commonly and successfully 
used to model the metastatic processes associated with vari-
ous types of cancers in animals. We deal first with the meta-
static tumour models and summarize the favoured metastatic 
theory at the end of the review.

The administration of tumour cells is prohibited in 
man, thus we have developed rat and murine models from 
N-dimethylnitrosamine–induced tumours, namely from 
mesenchymal nephroblastoma and hepatocarcinoma [37]. 
The major advantage of using tumour cell lines over tumour 
slices is that they were applied earlier for the transplantation 
of tumour cells under the subrenal capsule of the kidney or 
Glisson’s capsule of the liver of rodents (rats, mice) securing 
the implantation of an exact number of cells. The accurate 
number of transplantation allowed to follow the reproducible 
temporal progression of the metastatic process.

Secondary tumour growth (metastasis) was measurable 
after 8 days of tumour cell implantation under the subre-
nal capsule or in the Glisson’s pocket of the liver of rats 
resulting in secondary tumours in the thoracal lymph nodes 
primarily in parathymic lymph nodes (PTNs). The initial-
haematogenouss growth of the primary tumour is charac-
terized by its hypoxic conditions and apoptosis inside the 
tumour, growth outward and disruption of the peripheral 
blood vessels due to the lagging angiogenesis and release of 
blood and tumour cells into the peritoneal cavity. The lym-
phatic part of the tumour spread starts when the increased 
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volume of ascitic fluid and tumour cell accumulation in the 
peritoneal transudate forces tumour cells to cross the trans-
diaphragmatic pores and drain tumour cells into the thoracal 
lymphatic vessels and lymph nodes. Metastatic cells accu-
mulate in the sentinel lymph nodes primarily in the internal 
mammary and parathymic lymph nodes (IMNs, PTNs). The 
accumulation of tumour cells could increase the volume of 
PTNs up to 70-times and their weight from 10 to 700 mg. 
India ink was implanted under the kidney capsule of rats and 
mice to mimic the lymphatic spread of colloidal particles in 
the thoracal lymph duct and nodes. The metastatic process 
was mimicked by the implantation and appearance of India 
ink colloidal particles in PTNs and confirmed the general 
mechanism from abdominal primary tumour growth through 
blood circulation and lymphatic development of metastasis 
in the thorax.

The 18FDG-miniPET tumour diagnostic test has been 
adapted to investigate tumour growth in vivo in local and 
metastatic rat models. We have confirmed that (i) local s.c. 
administration of tumour cells generated local tumours 
unsuitable to follow the spread of metastasis (ii) Intrave-
nous administration of tumour cell cause the unpredictable 
location of tumour formation, thus not regarded as a reliable 
metastatic tumour model. (iii) Subrenal and liver implanta-
tion proved to be suitable to follow the metastatic process 
in rats [38, 39]. The size range of administered particles 
should correspond to colloids that are between 1 nm and 
10 µm. Viruses, bacteria, small eukaryotic cells (among 
them yeast, mammalian, and tumour cells), cell remnants, 
carbon particles (e.g. India ink), and fibrous crystals (e.g. 
asbestos) belong to this size range. Foreign particles in the 
body are attacked by white blood cells (subsets of granulo-
cytes, monocytes and lymphocytes). Figure 3 was designed 
by the author and presened at the World Congress of Breast 
Cancer, Birmingham, 2015.

Primary tumours metastasized from organs to other, 
often distant organs. The exception is the liver, which in this 
regard is not exactly known where it is projecting tumour 
cells. To estimate the metastatic potential of liver tumour 
slices or cells were implanted in the liver’s Glisson pocket 
and tumour growth is shown in Fig. 4.

The appearance of tumour cells in PTNs was also con-
firmed by the reimplantation of tumour-bearing parathymic 
lymph node slices. Reimplantation induced tumour growth 
under the subrenal capsule. Results corresponded to expecta-
tions, after one week of tumour growth there were sufficient 
number of metastatic cells in PTNs to reinduce primary 
tumour growth [3].

Liver, cancer homing centre

The organs before the implantation of tumour cells are seen 
in Fig. 5a. Hepatocellular carcinoma liver tumour cells 
that metastasized primarily to parathymic lymph nodes 
and cause the moderate spread to other abdominal organs 
(kidney, spleen) (Fig. 5b). Nephroblastoma cells implanted 
in the liver generated tumour and projected metastases to 
PTNs, impacted liver, but did not induce metastasis in other 
organs (Fig. 5c). Myeloid leukaemia (My1De, My2De) cells 
besides causing primary kidney tumour, appeared as para-
thymic, liver and spleen metastases (Figs. 5d and Fig. 5e. 
Corresponding to the idea that abdominal tumours spread 
through the liver regarded as the cancer cell homing centre. 
India ink implanted under the kidney mimicked metastatic 
tumour spread, and colloidal carbon particles appeared in the 
liver but also deposited in the spleen and the more distant 
parathymic lymph nodes (Fig. 5f). Tumour cell lines have 
been prepared from rat tumours such as hepatocarcinoma 
and named Hepatocarcinoma Debreceniensis, abbreviated 
to He/De, nephroblastoma Debreceniensis (Ne/De), myeloid 
leukaemia I (My1/De myeloidoid leukaemia 2 (My2-De) 
from rat tumours [40]. The rat kidney capsule-parathymic 
lymph node complex as well as the implantation of tumour 
cells into the liver’s Glisson capsule was proposed for the 
examination of in vivo primary tumour growth that turned 
into a metastatic process. Xenograph models, due to the 
longer periods (weeks) of cancer cell growth were tested 
after heterotopic and orthotopic implantation of tumour cells 
into rats and mice. Orthotopic tumours were induced in rats, 
and tumour cell movement was mimicked after the implanta-
tion of India ink colloidal particles. Direct xenografts with-
out cell lines were used to reimplant tumour-bearing slices. 

Fig. 3   Primary tumours spread 
to distant organs. The location 
of the primary tumours in major 
human organs is indicated by 
concentric rings
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The kidney capsule-parathymic lymph node complex was 
proposed as a new metastatic model for the isolated in vivo 
examination of secondary lymphatic tumour development 
[37, 41]. The method of implanting tumour cells under the 

renal capsule of mice was applied [42] originally for the 
screening of chemotherapeutic agents [43].

PTNs in rats are located outside the thymus. In mic,e 
they are harboured inside the thymic capsule [42]. Human 

Fig. 4   Primary liver tumours spread to other organs. a Organs of 
rats before implanting tumour cells into the liver. b-e Implantation 
of tumour or cells inducing abdominal primary tumours or f) colloi-
dal particles. Solid tumour (HeDe, NeDe) cells, (My1De or My2De) 
(106) were placed under the capsule of the left kidney or the Glis-
son’s capsule of rats. Two weeks after HeDe or NeDe and four weeks 
after myeloid leukaemia cell implantation animals were euthanized. 
The liver, the impacted left kidney, spleen and parathymic lymph 
nodes (PTNs) were removed surgically postmortem. a Control: liver, 
right kidney, spleen and parathymic lymph nodes 14 days after subre-
nal implantation of saline. b Liver hepatocarcinoma formation after 

HeDe cell (106) implantation under the Glisson’s capsule. Bottom 
panel: enlargement of parathymic lymph nodes (PTNs). c Nephro-
blastoma formation in the kidney after subrenal implantation of NeDe 
cells (106) into the liver. Bottom panel: Enlargement of PTNs. d 
Liver, kidney, spleen, PTN enlargement upon subrenal implantation 
of My1De cells (106). e Subrenal implantation of My2De cells (106). 
f Implantation under the renal capsule of 0.1 ml 0.1% India ink and 
appearance 24  h after administration in the cortical region of para-
thymic lymph nodes. Abbreviations: LN, lymph node; PTN, para-
thymic lymph node. Bar, 0.5 cm each

Fig. 5   Tumour models to fol-
low the metastatic migration 
of tumour cells from primary 
tumours to PTNs Hetero-
topic rat model. Growth and 
metastatic spread of abdominal 
primary tumour upon hetero-
topic implantation of hepato-
carcinoma (HeDe) rat tumour 
cells (106) under the subrenal 
capsule of rats. a Haemorrhagic 
ruptures in the primary kidney 
tumour two weeks after implan-
tation. Ruptures are indicated 
by the arrowheads. The outer 
part of the primary tumours is 
seen in the upper right corner of 
f panel. b Hematoxylin–eosin 
staining of a tissue section near 
the surface of the tumour. c. 
Hematoxylin–eosin staining of 
control PTNs.d) Haematoxy-
lin–eosin staining of PTNs two 
weeks after subrenal implanta-
tion of HeDe cells
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parathymic lymph nodes similarly to murine PTNs are hid-
den inside the thymus. This could be the reason why in 
the last century only a few reports have dealt with human 
PTNs. Under the term “parathymic lymph nodes” 62 entries 
have been found and 1445 items as homologous organs 
under”internal mammary lymph nodes” in PubMed (as of 
Apr. 28, 2022). These data show that the clinical research 
of internal mammary lymph nodes (IMNs) and the study of 
parathymic lymph nodes inrodentst was done independently 
without recognizing the structural similarities and functional 
relationship between them. The tumour development and 
metastasis formation in these homologous organs need some 
explanation for the human relevance of animal experiments. 
Attempts to inoculate human xenografts into rodents, prefer-
entially to immune depleted mice to study metastasis did not 
result in significant progression. It is even doubted whether 
such changes caused by human xenografts in mice are char-
acteristic of human cancer.

After the implantation of hepatocarcinoma (HeDe) rat 
tumour cells under the capsule, the bleeding of the retroperi-
toneal primary HeDe tumour indicated lagging angiogenesis 
and ruptures of blood vessels near the surface of the tumour 
(upper left side in Fig. 5a). The initial infiltration of tumour 
cells into the healthy tissue gradually turned to an invasion 
inside the kidney tissue and outward through the periph-
eral disruptions to the abdominal cavity (Fig. 5). Hema-
toxylin–eosin staining of tumour sections showed that the 
primary tumour was more compact and tightly packed with 
tumour cells outward the primary tumour and released red 
blood cells and tumour cells through the ruptures seen as red 
patches. There was a significant difference between the tis-
sue sections of parathymic lymph nodes hematoxylin–eosin 
staining of control cells (Fig. 5c/), and after 2 weeks of 
HeDe implantation under the subrenal capsule (Fig. 5d). 
The invasion of PTNs by the appearance of haemorrhagic 
patches (Fig. 5d). 

Mimicking the spread of metastasis (Fig. 5e‑f)

Mice were administered i.p. India ink. Delivery of India ink 
particles to mimic tumour cell transmission to PTNs in mice 
is demonstrated in Fig. 5e-g.

Saline (2 ml) without ink was administered i.p. into 
control C3H mice and healthy thymus was isolated after 
euthanization (Fig. 5 e).Control murine thymus was isolated 
after subjecting mice to saline treatment (Fig. 5f). PTNswere 
filled with colloid 24 h after i.p. injection of India ink. Four 
black nodes show the accumulation of ink particles in the 
PTNs of thymic tissue. Bar: 0.5 cm. g) Schematic view of 
the thymus. RT, right lobe of the thymus; LT, left thymic 
lobe; IMN, internal mammary lymph node identical with 
PTN, parahymic lymph node; TC, thymic capsule. With per-
mission [40]. (Presented at the Congress on Breast Cancer. 

Banfalvi G. Origin of breast cancer metastasis. 2015, Bir-
mingham, UK).

After 48 h of i.p. delivery of India in,k the parathymic 
lymph nodes of the murine thymus were packed with the 
ink. The ink particles accumulated in two larger and two 
smaller nodes (Fig. 5). In earlier work Lynn described two 
to four nodes lying immediately behind the murine thymus 
[44]. Figure 5f confirmed that the four PTNs covered by the 
thymic capsule were not harboured inside the PTNs of rats 
extruded and could be isolated by microsurgery. The micro-
surgical removal of these tiny lymph nodes will be of medi-
cal importance, especially when the spread of metastatic 
migration to others e.g. mammary lymph nodes should be 
avoided and when the gaining of time would be critical for 
a combined therapy to extend the life of patients.

The surgical removal of PTNs could be important in thy-
mus transplantation to avoid transfusion-associated graft 
versus host disease. The secure microsurgery of murine 
PTNs needs improvement, whereasthoset-mortemem 
removal of clearly distinguishable rat PTNs especially after 
metastatic enlargement was rutinely performed. As far as 
cancer cell homing is concerned, liver is the second most 
frequently impacted organ worldwide [45].

Human aspects of metastasis

By analogy human tumours in the lymph nodes of the 
thoracic cavity are likely to accumulate in the parathymic 
lymph nodes and cause metastasis not only in the internal 
mammary lymph nodes but could spread to the mammary 
lymph nodes. The review of human aspects of metastatic 
spread is based on animal experiments using tumour cell 
lines: Hepatocarcinoma (HeDe) and mesoblastic nephroma 
(NeDe) solid tumours [3] as well as myelomonocytic leu-
kaemia lines [39, 46]. The advantage of indirect xenografts 
from cell lines, over original tumour explants without a 
cell line intermediary obtained from tumour-bearing rats 
was that direct tumour implantation into rodents could be 
avoided. The reproducible implantation of exact number of 
cells from tumour cell lines allowed the tracing of primary 
tumour development and metastatic spread in recipient 
inbred Fischer 344 rats of the same litter. Clinical oncology 
is not only supported by, but depends on strictly controlled 
animal experiments that provide a suitable means to follow 
abdominal tumour growth and its escalation to thoracal and 
mammary metastatic lymph nodes.

Despite their mutagenic impact,’double-edged’ mol-
ecules could help those patients who are older than their 
fertility age, and the anticancer treatment could be more 
important than the long-term mutagenic affect the devel-
opment of which could take years or decades. Two groups 
of patients could be particularly interested in the treatment 
with Janus-faced anticancer agents. The incidence of breast 
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cancer, the most common malignancy in women increases 
with age, with the patients diagnosed after menopause. In 
about 15–25% of cases, patients are premenopausal at the 
time of diagnosis of cancer, and about 7% are below the age 
of 40 [47].

The treatment of postmenopausal breast cancer patients 
with Janus-faced anticancer cytotoxins is preferentially rec-
ommended, unlike prostate patients. Although the decline in 
sperm count, and quality (morphology, motility, fragmenta-
tion of DNA) is measurable but men typically never stop 
producing sperm, thus the fertility age is less important than 
in women.

Immunocompromised mouse strains allowed researchers 
to implant human tumour cells into mice without the risk 
of cell-mediated immunological tissue rejection but are not 
useful for studying immune-mediated responses to malig-
nancy [48].

As abdominal tumour development and its appearance in 
distant thoracal sentinel lymph nodes and regional spread 
of gynaecological or other malignancies [48–50] is not well 
known, we have followed the metastatic activities of organs 
after in vivo implants have been established.

The growth pattern of primary abdominal tumours in 
rodents (rats, mice) exhibited markedly similar features: 
peripheral ruptures of blood vessels near the surface of the 
primary tumour, shedding tumour cells into the abdominal 
cavity, crossing the stomata of the diaphragm and causing 
metastatic spread in thoracal, primarily parathymic lymph 
nodes (PTNs). Similarly, the intraperitoneal administration 
of Indian ink colloidal particles bypassed the distributing 
vascular route and tumour cells accumulated in PTNs. The 
thoracic duct drains into the systemic blood circulation at 
the angle of the left subclavian and internal jugular veins. 
At this point, the tumour spread becomes generalized and 
metastatic foci can develop wherever the circulation of blood 
is obstructed.

The metastatic spread of tumour cells was supported 
by 18FDG-PET examinations. High differential absorp-
tion ratios (DAR values) as”hot spots” as well as miniPET 
images of rats served as potential metastatic indicators for 
the early diagnosis of micrometastases before the upper tho-
racal lymph nodes would have been affected (Fig. 6).

It is forbidden to inject live cancer cells into patients since 
the highly unethical practice of injecting HeLa tumour cells 
into elderly patients [51]. Basic and translational breast 
cancer research relies exclusively on experimental animal 
models. It was suggested that results obtained by animal 
models can be extrapolated to human medicine as a mam-
mal is sufficiently like humans in its anatomy and physiol-
ogy (https://​www.​merri​amweb​ster.​com/​dicti​onary/​animal%​
20mod​el). Rodents, especially mice and rats, are the most 
popular animals for breast cancer research [52].

Connections among thoracic and mammary lymph nodes 
are poorly understood but could explain the metastatic dif-
ferences not only between marsupials and mammals but also 
among mammalian species. The chain of human thoracic 
lymph nodes that continues in the axillary region suggests 
that in man and modified higher in mammals, these nodes 
are in a closer relationship than in marsupials (Fig. 7a) simi-
larly to lower mammals such as rodents (Fig. 7b). Regard-
ing human lymphatic spread associations of breast lymph 
nodes exist between parasternal and thoracic lymphatic 
vessels, abdominal cancer cells tend to spread along lym-
phatic passages, main lymphatic drainage of the breast takes 
place via axillary nodes, and the remaining part of drainage 
through parasternal nodes, until the haptic blockade could 
be redirected to tumour spread, and lymph carrying cancer 
cells drain to the opposite direction (Fig. 7c). The direct 
lymphatic connection between abdominal tumour cells and 
thoracal lymph nodes suggests that early detection of micro-
metastases in thoral lymph nodes could provide enough time 
for tumour therapy and prevent breast cancer development.

Experiments related to animal models [52], veterinary 
and clinical medicine [53], comparative oncology [54, 55], 
and cancer drug resistance [56, 57], significantly contributed 
to the development of metastasis research and prepared the 
way for alternate sources of anticancer drug therapy.

Janus‑faced cytotoxins against metastasis

Mycotoxins are promising candidates but not yet applied 
as medicine. One of the noncerns is the high resistance of 
tumour cells toward chemotherapy [56] aggravated by the 
multidrug resistance representing a further impediment to 
the chemotherapy [57]. Nevertheless, the high cytotoxic-
ity of pro-apoptotic antifungal mycotoxins represents a 

Fig. 6   Tissue distribution of radioactivity after i.v. administra-
tion of  18FDG in Ne/De and He/De tumour-bearing rats. Metastatic 
potential of Ne/De and He/De cells, plasma, muscle, tumour, paratu-
mourlymph nodes, thymus, liver and kidney expressed as differential 
absorption ratio (DAR). With permission [37]

https://www.merriamwebster.com/dictionary/animal%20model
https://www.merriamwebster.com/dictionary/animal%20model
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promising tool against the spread of metastatic tumours. 
Promising examples of future hopes are those mycotoxins 
that are listed in Table 1. These mycotoxins possess both the 
apoptotic and the antitumour potential such as alternariol 
causing apoptosis in murine hepatoma cells [58]. Similarly, 
it was found that several other mycotoxins including beau-
vericin [59–63], cytochalasins and derivatives [63–67], 
deoxynivalenol [68], mixed with mycotoxins (T-2 and HT-2) 
[69], deoxynivalenol and fumonisin [85], enniatins A1, B 
and B1 [86], rubratoxin A [87], rubratoxin B [88], safra-
toxin H [89] exerted an apoptotic effect on tumour cells. 
The cytotoxicity of trichothecene type (T-2 and HT-2), type 
B (deoxynivalenol, nivalenol) and type D (satratoxin G and 
H) is towards different cell lines quite similar, within 4 nM 
and 5 µM IC50 concentration range, suggesting that the anti-
tumor potential of trichothecenes has been underestimated 
[90].

The metastatic development of peritoneal and retroperito-
neal primary tumours to parathymic lymph node metastasis 

reflects a general mechanism of tumour spread starting with 
the effusion of tumour cells of the primary tumour through 
the disrupted veins, crossing the diaphragm entering thora-
cal lymph nodes and potential progression into mammary 
lymph nodes.The data of Table 1 suggest that there could be 
many more antineoplastic mycotoxins that cause apoptosis 
and could be candidates in the fight against metastasis.

The growth of perioneal and retroperitoneal tumors devel-
oping into parathymic lymph node metastasis reflects a gen-
eral mechanism of tumour spread starting with the effusion 
of tumour cells of the primary tumour through the disrupted 
veins, crossing the diaphragm entering thoracal lymph nodes 
and potential progression into mammary lymph nodes.

Blood‑borne and lymphatic phases of metastasis

The human aspects of metastatic spread are based on ani-
mal experiments using tumour cell lines established from 
chemically induced rat tumours. The advantage of indirect 

Fig. 7   Comparison of lymph 
nodes in the thoracic region. 
a The low number and small 
size of thoracic lymph nodes 
explain why opossums are 
inefficient against tuberculo-
sis. b The lymphatic system 
of rats is resistant to tubercle 
bacilli. c The lymphatic system 
of the human thorax is more 
resistant to tuberculosis than 
marsupials but less developed 
than the upper thoracal lymph 
nodes of rats. With permission 
[56]

Table 1   Apoptotic and 
antitumour mycotoxins

Mycotoxins Apoptotic effect on References

Alternariol Murine hepatoma cells [58]
Beauvericin Lymphoblastic leukaemia [59–63]
Cytochalasins and drivatives Cancer cells, actin [63–66]
Deepoxy- deoxynivalenol Bovine ovarian theca cells [67]
Deoxynivalenol Human cells [68]
Mixed mycotoxins (T-2 and HT-2) Primary hepatocytes in broilers [69]
Mycophenolates Pancreatic tumours, sarcoidosis [70–84]
Nivalenol, deoxynivalenol and fumonisin Human erythroleukaemia cell line [85]
Enniatins A1, B and B1 Hepatoma cells [86]
Rubratoxin A Inhibits protein phosphatase 2A and sup-

presses cancer metastasis
[87]

Rubratoxin B Antitumor effect [88]
Satratoxin H Generated ROS in PC12 cells [89]
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xenografts created from cell lines, over original tumour 
explants without a cell line obtained from tumour-bear-
ing rats was that direct tumour implantation into rodents 
could be avoided. The abdominal-thoracal route suggests 
a novel lymphatic connection between abdominal tumours 
and mammary lymph nodes and could provide the miss-
ing link between the abdominal tumours and breast can-
cer. Thoracal lymph carrying tumor cells can drain the 
opposite direction, when lymphatic blockade redirects 
tumour spread. The direct lymphatic connection between 
the diaphragm and mammary lymph nodes was published 
in Gray’s human anatomy [91]. Unfortunately, the close 
relationship between internal mammary lymph nodes 
(IMNs) and parathymic lymph nodes as well as the direct 
lymphatic route from the diaphragm to IMNs remained 
unnoticed.

Based on the structural analogy between mammalian lym-
phatic systems and functional similarities in tumour devel-
opment and spread, it is reasonable to assume that tumour 
cells shredded the human abdomen cross the diaphragm and 
deposit in internal mammary lymph nodes (IMNs) under-
neath the chest wall, similarly to the accumulation of tumour 
cells in the parathymic lymph nodes (PTNs) in rats. Experi-
mental tumour models helped to summarize the metastatic 
hypothesis and subdivide it into four phases. Abdominal pri-
mary tumour formation—phase 1. Growth of abdominal pri-
mary tumour, with necrotic cells inside the tumour (black) 
and reduced angiogenesis outward causing the release of 
tumour cells through the, disrupted blood vessels. Phase 
2 passage of tumor cells through the diaphragm (Fig. 8b) 
Tumour cells cross the diaphragm through the three major 
pores and enter the chest. Phase 3: lymphatic phase (Fig, 
8b). Tumour cells are taken up by the lymphatic capillaries 
in the thorax. Lymphatic capillaries are larger in diameter 
than blood capillaries. The lymph capillaries are between10 
and 60 µm and permit interstitial fluid and tumour cells to 
flow in but not out. The lymphatic phase ends when the chyle 
flowing from the thoracic duct into the systemic blood circu-
lation at the angle of the left subclavian and internal jugular 
veins. Phase 4: Generalization of metastasis—2nd vascular 
phase. The tumour cells return to the blood circulation cells 
and can spread everywhere in the body where circulation is 
hindered and the soil is fertile enough for cell to settle down 
and suitable for metastatic growth.

Lymphatic vessels of the diaphragm follow the course 
of their corresponding vessels and terminate not only in 
the anterior and posterior mediastinal lymphatics but more 
importantly in the intercostal and internal mammary lymph 
nodes of the laboratory rat [92]. This route drains the 
abdominal tumour cells via the lymphatic vessels from the 
diaphragm directly to the mammary glands. The neglected 
lymphatic connection between abdominal primary tumours 
and mammary lymph nodes could provide the missing link 

between the abdominal tumour growth and metastases in the 
mammary gland. Equally important is the observation that 
the lymph carrying cancer cells can drain to the opposite 
direction, and the lymphatic blockade can redirect tumour 
spread (www.​oucom.​ohiou.​edu/​dbms-​witmer/​downl​oads/​
2012-​04-​24_​dashn​er_​rpac-​breas​tanat​omy.​pdf)

Improved reproducibility, larger than murine body size, 
well-characterized and human-like physiology, made the 
rat tumour model indispensable for metastatic research. 
Another likely reason why human mammary lymph nodes in 
the development of breast cancer metastasis cannot be used 
is the hidden location of IMNs inside the thymic capsule. 
The rat metastatic model helped to recognize the spread of 
metastasis through the enlargement of PTNs, whereas the 
accumulation of tumour cells in murine and human PTNs 
enclaved in the thymic tissue remained undetectable. In 
addition to the findings of experimental metastasis, clinical 
data support the hypothesis that human breast cancer may 
originate from primary tumours.

Anatomical and clinical evidence for the metastatic 
spread of abdominal tumours

The tumour development in rodent models is supported 
by clinical and anatomical evidence suggesting that a 

Fig. 8   Blood-borne and lymphatic phases of metastasis. Phase (1). 
Hematogeneous growth of primary tumour cells (a). Phase (2) Hema-
togeneous growth of primary tumour and release of tumour cells into 
the abdominal cavity, and passage through the diaphragm (b). Phase 
(3) Lymphatic migration of tumour cells from the thoracal capillar-
ies to the blood circulation at the left subclavian and internal jugular 
veins (b). Phase (4) Generalization of metastasis through blood circu-
lation (b)

http://www.oucom.ohiou.edu/dbms-witmer/downloads/2012-04-24_dashner_rpac-breastanatomy.pdf
http://www.oucom.ohiou.edu/dbms-witmer/downloads/2012-04-24_dashner_rpac-breastanatomy.pdf
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considerable proportion of metastases in the breast may 
originate from internal mammary (alias parathymic) lymph 
nodes, or spread via direct connections between the abdo-
men and the thorax in a lymphatic rather than a vascular 
manner. Anatomical evidence for the lymphatic connection 
between the diaphragm and mammary lymph nodes was 
provided [93].

Clinical investigations related to the lymphatic drain-
age of the breast reported the possibility of bidirectional 
movement to the axillary lymph nodes and drainage from 
the internal mammary lymph nodes [94, 95]. The impor-
tance of the metastatic spread is supported by the following 
clinical observations: In almost all breast cancer patients the 
internal mammary lymph node tumour was the forerunner of 
the metastatic disease [96]. In cases of carcinomata without 
axillary involvement, there was mortality from recurrence 
of about 25% in the first five years after breast operation 
[97] leading to the conclusion that if the axillary lymphatics 
were the only path by which carcinoma cells could escape 
from the breast, this high mortality would be inexplicable. 
The clinical cases suggested that internal mammary glands 
were invaded before cancer cells have reached the axilla 
[98]. Clinical evidence indicated a relatively high incidence 
(~ 25%) of secondary tumour spread to the breast [98]. In a 
Canadian study, the radiation therapy involved 1,000 women 
who were subjected to internal mammary node radiation. It 
was feared that if cancer has spread to these lymph nodes, 
it could have increased the risk of uncommon heart and 
lung problems as the tissues could have been unintention-
ally exposed to radiation (http://​www.​breas​tcanc​er.​org/​resea​
rch-​news/​20110​912). However, advances in radiation ther-
apy technology make it unlikely that healthy nearby tissues 
would be exposed. Moreover, advances in diagnostic and 
surgical skills prove that IMN biopsy and removal can be 
performed safely without complications [98]. Another study 
attempted to confirm IMN metastasis pathologically and to 
improve the survival rate through simple surgical removal 
and additional radiotherapy. Although most of the lymph 
nodes and intercostal fat harboring metastasis were removed, 
some lymph nodes may have remained behind the sternum 
and ribs [99]. Studies in this respect have shown that axillary 
nodal dissection alone resulted in understating up to 16% of 
women with negative findings from exploration of axillary 
nharbouredbored occult metastases to the internal mammary 
nodes [100]. These observations confirmed the notion that 
IMN metastasis is likelproceedeceed axillary lymph node 
metastasis and support the metastatic view of breast can-
cer, namely that breast cancer is not exclusively a primary 
tumour, but can be a metastasis as well [55, 101].

Conclusion

It is assumed that in mammals the tumour cells shed by 
primary tumours through the disrupted blood vessels of the 
primary tumour to the peritoneal and retroperitoneal cavities 
cross the diaphragm and are taken up by the thoracal lymph 
vessels, carried to and accumulated in the internal mammary 
lymph nodes. Several arguments have been listed support-
ing the idea that tumour-bearing lymph nodes among them 
mammary lymph nodes are not primary tumours, but metas-
tases [102]. This review by comparing the lymphatic spread 
of abdominal tumours in different mammals concludes that:

–	 associations of breast lymph nodes exist between par-
asternal and thoracic lymphatic vessels,

–	 abdominal cancer cells tend to spread along lymphatic 
passages,

–	 main lymphatic drainage of the breast (75%) is via axil-
lary nodes, but the remaining drainage (25%) is through 
parasternal nodes,

–	 unilateral lymphatic blockade may redirect tumour 
spread,

–	 lymph that is carrying cancer cells can also dinin to 
opposite te direction www.​oucom.​ohiou.​edu/​dbms-​wit-
mer/​downl​oads/​2012-​04-​24_​dashn​er_​rpac-​breas​tanat​
omy.​pdf.

The metastatic spread of tumour cells was supported by 
18FDG-PET examinations. High DAR values as”hot spots” 
and miniPET images of rats served as potential metastatic 
indicators for the early diagnosis of micrometastases before 
other organs (e.g. mammary lymph nodes) would have 
been affected [37]. Our view of progressive and stepwise 
metastasis is supported by others who found that breast 
cancer cases with patients upon internal mammary lymph 
node recurrence or local metastasis is still having a good 
prognosis [101]. Results call attention to the early diagno-
sis of abdominal tumour cell and thoracal micrometastases 
before the last defence line represented by PTNs has been 
exhausted and before the lymph would return to the blood 
circulation and cause the generalization of the metastatic 
process. Early detection of micrometastases in thoracal 
thymphlymph is recommended to prevent mammary breast 
cancer development and to gain time for tumour therapy. 
As far as the treatment of the metastatic process is con-
cerned antifungal agents have been included’Janus-faced’ 
mycotoxins, and aminoglycoside molecules among them 
the most efficient minor fraction gentamicin B1 [8]. The 
antifungal potential of mycotoxins was comparable to the 
classical antifungal drugs. The double-edged sword effect 
of antineoplastic mycotoxins affecting eukaryotic cells due 
to the broad range of structural and functional groups, of 

http://www.breastcancer.org/research-news/20110912
http://www.breastcancer.org/research-news/20110912
http://www.oucom.ohiou.edu/dbms-witmer/downloads/2012-04-24_dashner_rpac-breastanatomy.pdf
http://www.oucom.ohiou.edu/dbms-witmer/downloads/2012-04-24_dashner_rpac-breastanatomy.pdf
http://www.oucom.ohiou.edu/dbms-witmer/downloads/2012-04-24_dashner_rpac-breastanatomy.pdf
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these cytotoxins contributed to their different types of clas-
sification. The drastic anticancer potential of the following 
mycotoxins deserve further tests: ergotamine, cyclopiazonic 
acid, T-2 toxin, satratoxin H, alternariol, pseurotin, syn-
erazol, rubratoxin, beauvericin, enniatin, tenuazonic acid, 
cytochalasin B, cytochalasin C, MT81[40] among the ever 
increasing number of new compounds [22].

The incidence of breast cancer, the most common malig-
nancy in women increases with age, with the majority of 
patients diagnosed after menopause. In about 15–25% of 
cases, patients are premenopausal at the time of diagnosis 
of cancer, and about 7% are below the age of 40 [40]. The 
treatment of postmenopausal breast cancer patients with 
Janus-faced anticancer cytotoxins is preferentially recom-
mended, unlike prostate patients. The utilization of apoptotic 
effects against tumour growth by agents that, at the same 
time, induce mutations may be of ethical concern. Nev-
ertheless, despite the mutagenic impact of’double-edged’ 
molecules could be helpful for patients who are over their 
fertility age, and the prevention of breast cancer is likely to 
be more important than the long-term mutagenic effect that 
may impact their health in years or decades yet to come.

Acknowledgements  The Hungarian National Scientific Research 
Foundation (OTKA) supported the study with an OwithA TO 42742 
grant to G.B. This work was supported by the Hungarian Scientific 
Research Grant OTKA T-42762 Grant to G.B.

Author contributions  GB is the sole author and corresponding author, 
who is responsible for the content of the manuscript. His contributions 
to the manuscript: conceptualisation, conducting a literature review, 
taking care of transparency, data curation, formal analysis, funding 
acquisition, investigation, methodology, administration, validation, 
visualization, writing the original and the final version of the MS, 
approval,editing and submission.

Funding  Open access funding provided by University of Debrecen. 
The research was supported by the Hungarian National Scientific 
Research Foundation (OTKA) TO42762 Grant to G.B.

Data availability  The authors confirm that the data supporting the 
findings of this study are available within the article. Supplementary 
material associated with this article can be found at HTTPS: HTTP.

Declarations 

Conflict of interest  The author has declared that no conflict of interest 
exists.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 

need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Salehi B, Mishra AP, Nigam M, Sener B, Kilic M, Sharifi-Rad 
M, Fokou PVT, Martins N, Sharifi-Rad J (2018) Resveratrol: 
a double-edged sword in health benefits. Biomedicines 6:91. 
https://​doi.​org/​10.​3390/​biome​dicin​es603​0091

	 2.	 Renaud S, de Lorgeril M (1992) Wine, alcohol, platelets, and the 
French paradox for coronary heart disease. Lancet 339:1523–
1526. https://​doi.​org/​10.​1016/​0140-​6736(92)​91277-f

	 3.	 Malir F, Ostry V, Pfohl-Leszkowicz A, Novotna E, Ochratoxin 
A (2013) Developmental and reproductive toxicity. an overview. 
Birth Defects Res B Dev Reprod Toxicol 98:493–502. https://​doi.​
org/​10.​1002/​bdrb.​21091

	 4.	 Wang JS, Groopman JD (1999) DNA damage by mycotoxins. 
Mutat Res 424:167–181

	 5.	 Dornetshuber R, Heffeter P, Kamyar MR, Peterbauer T, 
Berger W (2007) Lemmens-Gruber R (2007) Enniatin exerts 
p53-dependent cytostatic and p53-independent cytotoxic activ-
ities against human cancer cells. Chem Res Toxicol 20:465–
473. https://​doi.​org/​10.​1016/​s0027-​5107(99)​00017-2

	 6.	 Behm C, Degen GH, Föllmann W (2009) The Fusarium toxin 
enniatin B exerts no genotoxic activity, but pronounced cyto-
toxicity in vitro. Mol Nutr Food Res 53:423–430. https://​doi.​
org/​10.​1002/​mnfr.​20080​0183

	 7.	 Tedjiotsop Feudjio F, Dornetshuber R, Lemmens M et  al 
(2010) Beauvericin and enniatin: emerging toxins and/or rem-
edies? World Mycotox J 3:415–430. https://​doi.​org/​10.​3920/​
WMJ20​10.​1245

	 8.	 Banfalvi G (2021) Janus-faced molecules against plant patho-
genic fungi. Int J Mol Sci 2:2021. https://​doi.​org/​10.​3390/​ijms2​
22212​323

	 9.	 Madan B, Virshup DM, Nes WD, Leaver DJ (2022) Unearthing 
the Janus-face cholesterogenesis pathways in cancer. Biochem 
Pharmacol 196:114611. https://​doi.​org/​10.​1016/j.​bcp.​2021.​
114611

	 10.	 Shi B, Chang X, Xu Y et al (2020) Origin and migration path-
way of biodegraded oils pooled in multiple reservoirs of the 
Chepaizi Uplift, Junggar Basin, NW China: insights from geo-
chemical characterization and chemometrics methods. Mar Pet 
Geology 122:104655. https://​doi.​org/​10.​1016/j.​marpe​tgeo.​
2020.​104655

	 11.	 Liu H, Weng L, Yang C (2017) A review on nanomaterial-
based electrochemical sensors for H2O2, H2S and NO inside 
cells or released by cells. Microchimica Act 184:1267–1283. 
https://​doi.​org/​10.​1007/​s00604-​017-​2179-2

	 12.	 Weller R (2012) Nitric oxyde: a key mediator in cutaneous 
physiology. Clin Exp Dermatol 28:511–514. https://​doi.​org/​
10.​1046/j.​1365-​2230.​2003.​01365.x

	 13.	 Rőszer T (2012) The biology of subcellular nitric oxide. 
Springer, Dordrecht Heidelberg. https://​doi.​org/​10.​1007/​
978-​94-​007-​2819-6

	 14.	 Jakszin P, Agudo P, Ibáñez R, García-Closas R, Pera G, Ami-
ano P (2004) González CA development of a food database 
of nitrosamines, heterocyclic amines, and polycyclic aromatic 
hydrocarbons. J Nutrition 134:2011–2014. https://​doi.​org/​10.​
1093/​jn/​134.8.​2011

	 15.	 Yang CS, Chhabra SK, Hong JY, Smith TJ (2001) Mechanisms 
of inhibition of chemical toxicity and carcinogenesis by diallyl 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/biomedicines6030091
https://doi.org/10.1016/0140-6736(92)91277-f
https://doi.org/10.1002/bdrb.21091
https://doi.org/10.1002/bdrb.21091
https://doi.org/10.1016/s0027-5107(99)00017-2
https://doi.org/10.1002/mnfr.200800183
https://doi.org/10.1002/mnfr.200800183
https://doi.org/10.3920/WMJ2010.1245
https://doi.org/10.3920/WMJ2010.1245
https://doi.org/10.3390/ijms222212323
https://doi.org/10.3390/ijms222212323
https://doi.org/10.1016/j.bcp.2021.114611
https://doi.org/10.1016/j.bcp.2021.114611
https://doi.org/10.1016/j.marpetgeo.2020.104655
https://doi.org/10.1016/j.marpetgeo.2020.104655
https://doi.org/10.1007/s00604-017-2179-2
https://doi.org/10.1046/j.1365-2230.2003.01365.x
https://doi.org/10.1046/j.1365-2230.2003.01365.x
https://doi.org/10.1007/978-94-007-2819-6
https://doi.org/10.1007/978-94-007-2819-6
https://doi.org/10.1093/jn/134.8.2011
https://doi.org/10.1093/jn/134.8.2011


766	 Apoptosis (2023) 28:754–768

1 3

sulfide (DAS) and related compounds from garlic. J Nutrition 
131:1041S-1045S. https://​doi.​org/​10.​1093/​jn/​131.3.​1041S

	 16.	 Milner JA (2001) A historical perspective on garlic and cancer. 
J Nutrition 131:1027S-1031S. https://​doi.​org/​10.​1093/​jn/​131.3.​
1027S

	 17.	 Gupta MM, Garg A, Kaur K, Joseph L, Goyal V, Srivastava 
AK (2021) A neurocysticercosis infestation masquerading as a 
malignant brain tumour. Ann Indian Acad Neurol 24:970–972. 
https://​doi.​org/​10.​4103/​aian.​AIAN_​725_​20

	 18.	 Wiederhold NP, Najvar LK, Bocanegra R, Graybill JR, Pat-
terson TF (2010) Efficacy of posaconazole as treatment and 
prophylaxis against Fusarium solani. Antimicrobial Agents 
Chemother 54:1055–1059. https://​doi.​org/​10.​1128/​AAC.​
01445-​09

	 19.	 He J, Zhou T, Young C, Boland GJ, Scott PM (2010) Chemical 
and biological transformations for detoxification of trichothecene 
mycotoxins in human and animal food chains: a review. Trend 
Food Sci Technol 21:67–76. https://​doi.​org/​10.​1016/j.​tifs.​2009.​
08.​002

	 20.	 Pinton P, Oswald IP (2014) Effect of deoxynivalenol and other 
type B trichothecenes on the intestine: a review. Toxins 6:1615–
1643. https://​doi.​org/​10.​3390/​toxin​s6051​615

	 21.	 Janik E, Niemcewicz M, Ceremuga M, Stela M, Saluk-Bijak J, 
Siadkowski A, Bijak M (2020) Molecular aspects of mycotoxins-
a serious problem for human health. Int J Mol Sci 21:81–87. 
https://​doi.​org/​10.​3390/​ijms2​12181​87

	 22.	 Pócsi I, Király G, Banfalvi G (2018) Antineoplastic potential 
of mycotoxins. Acta Microbiol Immunol Hung 65:267–307. 
https://​doi.​org/​10.​1556/​030.​65.​2018.​015

	 23.	 Banfalvi G (2020) Antifungal activity of gentamicin B1 against 
systemic plant mycoses. Molecules 25:2401. https://​doi.​org/​10.​
3390/​molec​ules2​51024​01

	 24.	 McCormick SP, Stanley AM, Stover NA, Alexander NJ (2011) 
Trichothecenes: from simple to complex mycotoxins. Toxins 
3:802–814. https://​doi.​org/​10.​3390/​toxin​s3070​802

	 25.	 Gao X, Mu P, Wen J, Wen J, Sun Y, Chen Q, Deng Y (2018) 
Detoxification of trichothecene mycotoxins by a novel bacte-
rium, Eggerthella sp. DII-9. Food Chem Toxicol 112:310–319. 
https://​doi.​org/​10.​1016/j.​fct.​2017.​12.​066

	 26.	 Claridge CA, Schmitz H (1979) Production of 3-acetoxy-
scirpene-4, 15-diol from anguidine(4 15-diacetoxyscirpene-
3-ol) by Fusarium oxysporum f.sp.vasinfectum. Appl Environ 
Microbiol 37:693–696. https://​doi.​org/​10.​1136/​jnnp.​73.6.​746

	 27.	 Murphy WK, Burgess MA, Valdivieso M, Bodey GP (1978) 
Phase I clinical evaluation of anguidine. Cancer Treat Rep 
62:1497–1502

	 28.	 Yap HY, Murphy WK, DiStefano A, Blumenschein GR, Bodey 
GP (1979) Phase II study of anguidine in advanced breast can-
cer. Cancer Treat Rep 63:789–799

	 29.	 Diggs CH, Scoltock MJ, Wiernik PH (1978) Phase II laridge 
of anguidine (NSC-141537) for adenocarcinoma of the colon 
or rectum. Cancer Clin Trials 1:297–299

	 30.	 Nascar S, Chakraverty R, Ghosh A (2015) Mycotoxin: an 
alternate source of anticancerdrug. Int Res J Phamaceut Biosci 
2:31–41

	 31.	 Kornienko A, Evidente A, Vurro M, Mathieu V, Cimmino A, 
Evidente M, van Otterlo WAL, Dasari R, Lefranc F, Kiss R 
(2015) Toward a cancer drug of fungal origin. Med Res Rev 
35:937–967. https://​doi.​org/​10.​1002/​med.​21348

	 32.	 Evidente A, Kornienko A, Cimmino A, Andolfi A, Lefranc F, 
Mathieu V, Kiss R (2014) Fungal metabolites with anticancer 
activity. Nat Prod Rep 31:617–627. https://​doi.​org/​10.​1039/​
c3np7​0078j

	 33.	 Gordon JR, Quigley JP (1986) Early spontaneous metastasis in 
the human epidermoid carcinoma HEp3/chick embryo model: 

contribution of incidental colonization. Int J Cancer 38:437–
444. https://​doi.​org/​10.​1002/​ijc.​29103​80321

	 34.	 Paget S (1889) The distribution of secondary growths in cancer 
of the breast. The Lancet 133:571–573

	 35.	 Ewing J (1928) Neoplastic diseases, 6th edn. WB Saunders, 
Philadelphia

	 36.	 Fidler IS, Poste G (2008) The “seed and soil” hypothesis 
revisited. Lancet Oncol 9:808. https://​doi.​org/​10.​1016/​S1470-​
2045(08)​70201-8

	 37.	 Trencsenyi G, Kertai P, Bako F, Hunyadi J, Marian T, Hargitai 
Z, Pocsi I, Muranyi E, Hornyak L, Banfalvi G (2009) Renal 
capsule-parathymic lymph node complex: a new in vivo meta-
static model in rats. Anticancer Res 29:2121–2126

	 38.	 Trencsenyi G, Marian T, Bako F, Emri M, Nagy G, Kertai P, 
Banfalvi G (2014) Metastatic hepatocarcinoma he/de tumor 
model in rat. J Cancer 5:548–558. https://​doi.​org/​10.​7150/​jca.​
9315

	 39.	 Trencsenyi G, Nagy G, Kahlik B, Nemeth E, Kertai P, P, Kiss 
A, Banfalvi G, (2014) Lymphoid metastasis of rat My2/De leu-
kemia. Leuk Res 38:586–593. https://​doi.​org/​10.​1016/j.​leukr​es.​
2014.​02.​006

	 40.	 Király G, Hargitai Z, Kovács I, Szemán-Nagy G, Juhász I, Bán-
falvi G (2019) Metastatic spread from abdominal tumor cells to 
parathymic lymph nodes. Pathol Oncol Res 25:625–633. https://​
doi.​org/​10.​1007/​s12253-​018-​0492-7

	 41.	 Rozsa D, Trencsenyi G, Kertai P, Marian M, Nagy G, Ban-
falvi, (2009) Lymphatic spread of mesenchymal renal tumor to 
metastatic parathymic lymph nodes in rat. Histol Histopathol 
24:1367–1379. https://​doi.​org/​10.​14670/​HH-​24.​1367

	 42.	 Blau JN, Gaugas JM (1968) Parathymic lymph nodes in rats and 
mice. Immunology 14:763–765

	 43.	 Bogden AE, Haskell PM, LePage DJ, Kelton DE, Cobb WR, 
Esber HJ (1979) Growth of human tumor xenografts implanted 
under the renal capsule of normal immunocompetent mice. Exp 
Cell Biol 47:281–293. https://​doi.​org/​10.​1159/​00016​2947

	 44.	 Dunn TB (1954) Normal and pathologic anatomy of the reticular 
tissue in laboratory mice, with a classification and discussion of 
neoplasms. J Natl Cancer Inst 14:281–1433

	 45.	 Kabbach G, Assi HA, Bolotin G, Schuster M, Lee HJ, Tadros M 
(2015) Hepatobiliary tumors: update on diagnosis and manage-
ment. J Clin Transl Hepatol 3:169–181. https://​doi.​org/​10.​14218/​
JCTH.​2015.​00012

	 46.	 Trencsényi G, Bakó F, Kertai P, Banfalvi G (2015) Methotrexate 
induced apoptotic and necrotic chromatin changes in rat myeloid 
leukemia cells. Inflamm Res 64:193–203

	 47.	 Wettersten HI, Ganti S, Weiss RH (2014) Metabolomic profiling 
of tumor-bearing mice. Methods Enzymol 543:275–296. https://​
doi.​org/​10.​1016/​B978-0-​12-​801329-​8.​00014-3

	 48.	 Jacquet P, Vidal-Jove J, Zhu B, Sugarbaker P (1994) Perito-
neal carcinomatosis from gastrointestinal malignancy: natural 
history and new prospects for management. Acta Chir Belg 
94(4):191–197

	 49.	 Sugarbaker PH (2019) Prevention and treatment of peritoneal 
metastases: a comprehensive review. Indian J Surg Oncol 10:3–
23. https://​doi.​org/​10.​1007/​s13193-​018-​0856-1

	 50.	 Sugarbaker PH (2001) Review of a personal experience in the 
management of carcinomatosis and sarcomatosis. Jap J Clin 
Oncol 31(12):573–583. https://​doi.​org/​10.​1093/​jjco/​hye088

	 51.	 Skloot R (2010) The immortal life of Henrietta Lacks. Broadway 
Paperbacks, New York, pp 134–135

	 52.	 Zheng L, Li W, Chen C-S (2020) Breast cancer animal models 
and applications. Zool Res 41(5):477–494. https://​doi.​org/​10.​
24272/j.​issn.​2095-​8137.​2020.​095

	 53.	 Calvin WS (1964) Veteterinary medicine and human health. Wil-
liams & Wilkins, Baltimore

https://doi.org/10.1093/jn/131.3.1041S
https://doi.org/10.1093/jn/131.3.1027S
https://doi.org/10.1093/jn/131.3.1027S
https://doi.org/10.4103/aian.AIAN_725_20
https://doi.org/10.1128/AAC.01445-09
https://doi.org/10.1128/AAC.01445-09
https://doi.org/10.1016/j.tifs.2009.08.002
https://doi.org/10.1016/j.tifs.2009.08.002
https://doi.org/10.3390/toxins6051615
https://doi.org/10.3390/ijms21218187
https://doi.org/10.1556/030.65.2018.015
https://doi.org/10.3390/molecules25102401
https://doi.org/10.3390/molecules25102401
https://doi.org/10.3390/toxins3070802
https://doi.org/10.1016/j.fct.2017.12.066
https://doi.org/10.1136/jnnp.73.6.746
https://doi.org/10.1002/med.21348
https://doi.org/10.1039/c3np70078j
https://doi.org/10.1039/c3np70078j
https://doi.org/10.1002/ijc.2910380321
https://doi.org/10.1016/S1470-2045(08)70201-8
https://doi.org/10.1016/S1470-2045(08)70201-8
https://doi.org/10.7150/jca.9315
https://doi.org/10.7150/jca.9315
https://doi.org/10.1016/j.leukres.2014.02.006
https://doi.org/10.1016/j.leukres.2014.02.006
https://doi.org/10.1007/s12253-018-0492-7
https://doi.org/10.1007/s12253-018-0492-7
https://doi.org/10.14670/HH-24.1367
https://doi.org/10.1159/000162947
https://doi.org/10.14218/JCTH.2015.00012
https://doi.org/10.14218/JCTH.2015.00012
https://doi.org/10.1016/B978-0-12-801329-8.00014-3
https://doi.org/10.1016/B978-0-12-801329-8.00014-3
https://doi.org/10.1007/s13193-018-0856-1
https://doi.org/10.1093/jjco/hye088
https://doi.org/10.24272/j.issn.2095-8137.2020.095
https://doi.org/10.24272/j.issn.2095-8137.2020.095


767Apoptosis (2023) 28:754–768	

1 3

	 54.	 Cannon CM (2015) Cats, cancer and comparative oncology. Vet 
Sci 2(3):111–126. https://​doi.​org/​10.​3390/​vetsc​i2030​111

	 55.	 Banfalvi G (2012) Metastatic view of breast cancer. Cancer 
Metastasis Rev 31:815–822

	 56.	 Holohan C, Van Schaeybroeck S, Longley DB, Johnston PG 
(2013) Cancer drug resistance: an evolving paradigm. Nat Rev 
Cancer 13:714–726. https://​doi.​org/​10.​1038/​nrc35​99

	 57.	 Vadlapatla RK, Vadlapudi AD, Pal D, Mitra AK (2013) Mecha-
nisms of drug resistance in cancer chemotherapy: coordinated 
role and regulation of efflux transporters and metabolizing 
enzymes. Curr Pharm Des 19:7126–7140. https://​doi.​org/​10.​
2174/​13816​12811​31999​90493

	 58.	 Schreck I, Deigendesch U, Burkhardt B, Marko D, Weiss C 
(2012) The Alternaria mycotoxins alternariol and alternariol 
methyl ether induce cytochrome P450 1A1 and apoptosis in 
murine hepatoma cells dependent on the aryl hydrocarbon 
receptor. Arch Toxicol 86:625–632. https://​doi.​org/​10.​1007/​
s00204-​011-​0781-3

	 59.	 Logrieco A, Moretti A, Ritieni A, Caraffa MF, Macchia L (2001) 
Beauvericin: chemistry, biology and significance. In: Upadhyay 
RK (ed) Advances in microbial toxin research and its biotech-
nological exploitation. Elsevier Science Publishers, Amsterdam, 
The Netherlands

	 60.	 Jow GM, Chou CJ, Chen BF, Tsai JH (2004) Beauvericin induces 
cytotoxic effects in human acute lymphoblastic leukemia cells 
through cytochrome release, caspase 3 activation: the causative 
role of calcium. Cancer Lett 216:165–173. https://​doi.​org/​10.​
1016/j.​canlet.​2004.​06.​005

	 61.	 Zhan J, Burns AM, Liu MX, Faeth SH, Gunatilaka AAL (2007) 
Search for cell motility and angiogenesis inhibitors with potential 
anticancer activity: beauvericin and other constituents of two 
endophytic strains of Fusarium oxysporum. J Nat Prod 70:227–
232. https://​doi.​org/​10.​1021/​np060​394t

	 62.	 Tao YW, Lin YC, She ZG, Lin MT, Chen PX, Zhang JY (2015) 
Anticancer activity and mechanism investigation of beauvericin 
isolated from secondary metabolites of the mangrove endophytic 
fungi. Anticancer Agents Med Chem 15:258–266. https://​doi.​org/​
10.​2174/​18715​20614​66614​08251​12255

	 63.	 Cooper JA (1987) Effects of cytochalasin and phalloidin on actin. 
J Cell Biol 105:1473–1478. https://​doi.​org/​10.​1083/​jcb.​105.4.​
1473

	 64.	 van Goietsenoven G, Mathieu V, Andolfi A, Cimmino A, Lefranc 
F, Kiss R, Evidente A (2011) In vitro growth inhibitory effects 
of cytochalasins and derivatives in cancer cells. Planta Med 
77:711–717. https://​doi.​org/​10.​1055/s-​0030-​12505​23

	 65.	 Wang J, Wang Z, Ju Z, Wan J, Liao S, Lin X, Zhang T, Zhou 
X, Chen H, Tu Z, Liu Y (2015) Cytotoxic cytochalasins from 
marine-derived fungus Arthrinium arundinis. Planta Med 
81:160–166. https://​doi.​org/​10.​1055/s-​0034-​13834​03

	 66.	 Yan B-C, Wang W-G, Hu D-B, Sun X, Kong L-M, Li X-N, Du X, 
Luo S-H, Liu Y, Li Y, Sun H-D (2016) Phomopchalasins A and 
B, two cytochalasans with polycyclic-fused skeletons from the 
endophytic ungus Phomopsis sp. shj2. Org Lett 18:1108–1111. 
https://​doi.​org/​10.​1021/​acs.​orgle​tt.​6b002​14

	 67.	 Guerrero-Netro HM, Estienne A, Chorfi Y, Price CA (2017) The 
mycotoxin metabolite deepoxy- deoxynivalenol increases apop-
tosis and decreases steroidogenesis in bovine ovarian theca cells. 
Biol Reprod 97:746–757. https://​doi.​org/​10.​1093/​biolre/​iox127

	 68.	 Pestka JJ, Smolinski AT (2005) Deoxynivalenol: toxicology and 
potential effects on humans. J Toxicol Environ Health B Crit Rev 
8:39–69. https://​doi.​org/​10.​1080/​10937​40059​08894​58

	 69.	 Yang L, Tu D, Zhao Z, Cui J (2017) Cytotoxicity and apoptosis 
induced by mixed mycotoxins (T-2 and HT-2 toxin) on primary 
hepatocytes of broilers in vitro. Toxicon 29:1–10. https://​doi.​org/​
10.​1016/j.​toxic​on.​2017.​01.​001

	 70.	 Lintrup J, Hyltoft-Petersen P, Knudtzon S (1972) Nissen NI 
(1972) Metabolic studies in man with mycophenolic acid 
(NSC-129185), a new antitumor agent. Cancer Chemother Rep 
56:229–235

	 71.	 Knudtzon S (1972) Nissen NI (1972) Clinical trial with mycophe-
nolic acid (NSC-129185), a new antitumor agent. Cancer Chem-
other Rep 56:221–227

	 72.	 Brewin TB, Cole MP, Jones CT, Platt DS, Todd ID (1972) 
Mycophenolic acid (NSC-129185): preliminary clinical trials. 
Cancer Chemother Rep 56:83–87

	 73.	 Kitchin JE, Pomeranz MK, Pak G, Washenik K, Shupack JL 
(1997) Rediscovering mycophenolic acid: a review of its mech-
anism, side effects, and potential uses. J Am Acad Dermatol 
37:445–449. https://​doi.​org/​10.​1016/​s0190-​9622(97)​70147-6

	 74.	 Williams RH, Lively DH, Delong DC, Cline JC, Sweeney MJ, 
Poore GA, Larsan SM (1968) Mycophenolic acid: antiviral and 
antitumor properties. J Antibiot 21:463–464

	 75.	 Sweeney KG, Harris PN, Holmes RE, Poore GA (1972) Wil-
liams RH (1972) Experimental antitumor activity and preclinical 
toxicology of mycophenolic acid. Cancer Res 32:1795–1802

	 76.	 Ohsugi Y, Suzuki S, Takagaki Y (1976) Antitumor and immu-
nosuppressive effects of mycophenolic acid derivatives. Cancer 
Res 36:2923–2927

	 77.	 Jones DF, Mills SD (1971) Preparation and antitumor properties 
of analogs and derivatives of mycophenolic acid. J Med Chem 
14:305–311

	 78.	 Domhan S, Muschal S, Schwager C, Morath C, Wirkner U, 
Ansorge W, Maercker C, Zeier M, Huber PE, Abdollahi A 
(2008) Molecular mechanisms of the antiangiogenic and anti-
tumor effects of mycophenolic acid. Mol Cancer Ther 7:1656–
1668. https://​doi.​org/​10.​2174/​13816​12820​01140​11312​5549

	 79.	 Dun B, Xu H, Sharma A, Liu H, Yu H, Yi B, Liu X, He M, 
Zeng L, She JX (2013) Delineation of biological and molecu-
lar mechanisms underlying the diverse anticancer activities of 
mycophenolic acid. Int J Clin Exp Pathol 6:2880–2886

	 80.	 Rodríguez-Pascual J, Sha P, García-García E, Rajeshkumar NV, 
De Vicente E, Quijano Y, Cubillo A, Angulo B, Hernando O, 
Hidalgo M (2013) A preclinical and clinical study of mycophe-
nolate mofetil in pancreatic cancer. Invest New Drugs 31:14–19. 
https://​doi.​org/​10.​1007/​s10637-​012-​9822-x

	 81.	 Majd N, Sumita K, Yoshino H, Chen D, Terakawa J, Daikoku T, 
Kofuji S, Curry R, Wise-Draper TM, Warnick RE, Guarnaschelli 
J, Sasaki AT (2014) A review of the potential utility of mycophe-
nolate mofetil as a cancer therapeutic. J Cancer Res 2014:12. 
https://​doi.​org/​10.​1155/​2014/​423401

	 82.	 Moravan M, Segal BM (2009) Treatment of CNS sarcoidosis 
with infliximab and mycophenolate mofetil. Neurology 72:337–
340. https://​doi.​org/​10.​1212/​01.​wnl.​00003​41278.​26993.​22

	 83.	 Brill AK, Ott SR, Geiser T (2013) Effect and safety of mycophe-
nolate mofetil in chronic pulmonary sarcoidosis: a retrospective 
study. Respiration 86:376–383. https://​doi.​org/​10.​1159/​00034​
5596

	 84.	 Hamzeh N, Voelker A, Forssén A, Gottschall EB, Rose C, Mroz 
P, Maier LA (2014) Efficacy of mycophenolate mofetil in sar-
coidosis. Respir Med 108:1663–1669. https://​doi.​org/​10.​1016/j.​
rmed.​2014.​09.​013

	 85.	 Minervini F, Fornelli F, Flynn KM (2004) Toxicity and apop-
tosis induced by the mycotoxins nivalenol, deoxynivalenol and 
fumonisin B1 in a human erythroleukemia cell line. Toxicol in 
Vitro 18:21–28. https://​doi.​org/​10.​1016/​s0887-​2333(03)​00130-9

	 86.	 Wätjen W, Debbab A, Hohlfeld A, Chovolou Y, Kampkötter A, 
Edrada RA, Ebel R, Haiki A, Mosaddak M, Totzke F, Kubbutat 
MH, Proksch P (2009) Enniatins A1, B and B1 from an endo-
phytic strain of Fusarium tricinctum induce apoptotic cell death 
in H4IIE hepatoma cells accompanied by inhibition of ERK 

https://doi.org/10.3390/vetsci2030111
https://doi.org/10.1038/nrc3599
https://doi.org/10.2174/13816128113199990493
https://doi.org/10.2174/13816128113199990493
https://doi.org/10.1007/s00204-011-0781-3
https://doi.org/10.1007/s00204-011-0781-3
https://doi.org/10.1016/j.canlet.2004.06.005
https://doi.org/10.1016/j.canlet.2004.06.005
https://doi.org/10.1021/np060394t
https://doi.org/10.2174/1871520614666140825112255
https://doi.org/10.2174/1871520614666140825112255
https://doi.org/10.1083/jcb.105.4.1473
https://doi.org/10.1083/jcb.105.4.1473
https://doi.org/10.1055/s-0030-1250523
https://doi.org/10.1055/s-0034-1383403
https://doi.org/10.1021/acs.orglett.6b00214
https://doi.org/10.1093/biolre/iox127
https://doi.org/10.1080/10937400590889458
https://doi.org/10.1016/j.toxicon.2017.01.001
https://doi.org/10.1016/j.toxicon.2017.01.001
https://doi.org/10.1016/s0190-9622(97)70147-6
https://doi.org/10.2174/138161282001140113125549
https://doi.org/10.1007/s10637-012-9822-x
https://doi.org/10.1155/2014/423401
https://doi.org/10.1212/01.wnl.0000341278.26993.22
https://doi.org/10.1159/000345596
https://doi.org/10.1159/000345596
https://doi.org/10.1016/j.rmed.2014.09.013
https://doi.org/10.1016/j.rmed.2014.09.013
https://doi.org/10.1016/s0887-2333(03)00130-9


768	 Apoptosis (2023) 28:754–768

1 3

phosphorylation. Mol Nutr Food Res 53:431–440. https://​doi.​
org/​10.​1002/​mnfr.​20070​0428

	 87.	 Wada S, Usami I, Umezawa Y, Inoue H, Ohba S, Someno T, 
Kawada M, Ikeda D (2010) Rubratoxin A specifically and inhib-
its protein phosphatase 2A and suppresses cancer metastasis. 
Cancer Sci 101:743–750. https://​doi.​org/​10.​1111/j.​1349-​7006.​
2009.​01438.x

	 88.	 Fimiani V, Richetti A (1993) Antitumor effect of a mycotoxin: 
rubratoxin B. Chemotherapy 39:59–62. https://​doi.​org/​10.​1159/​
00023​8975

	 89.	 Nusuetrong P, Pengsuparp T, Meksuriyen D, Tanitsu M, Kikuchi 
H, Mizugaki M, Shimazu K, Oshima Y, Nakahata N, Yoshida M 
(2008) Satratoxin H generates reactive oxygen species and lipid 
peroxides in PC12 cells. Biol Pharm Bull 31:1115–1120. https://​
doi.​org/​10.​1248/​bpb.​31.​1115

	 90.	 Nielsen C, Casteel M, Didier A, Dietrich R, Märtlbauer E (2009) 
Trichothecene-induced cytotoxicity on human cell lines. Myco-
toxin Res 25:77–84. https://​doi.​org/​10.​1007/​s12550-​009-​0011-5

	 91.	 Gray’s Anatomy (1901 edn). In: Pickering PT, Howden R, edi-
tors. Anatomy, descriptive and surgical. Phyladelphia: Running 
Press 1974; p. 636.

	 92.	 Tilney NI (1971) Patterns of lymphatic drainage in the adult labo-
ratory rat. J Anat 109:369–383

	 93.	 Byrd DR, Lisa K, Dunnwald BS et al (2001) Internal mammary 
lymph node drainage patterns in patients with breast cancer 
documented by breast lymphoscintigraphy. Annals Surg Oncol 
8:234–240. https://​doi.​org/​10.​1007/​s10434-​001-​0234-y

	 94.	 van der Ent FW, Kengen RA, van der Pol HA, Povel JA, Stroeken 
HJ, Hoofwijk AG (2001) Halsted revisited: Internal mammary 
sentinel lymph node biopsy in breast cancer. Ann Surg 234:79–
84. https://​doi.​org/​10.​1097/​00000​658-​20010​7000-​00012

	 95.	 Lamonica D, Edge SB, Hurd T, Proulx G (2003) Stomper PC 
(2003) Mammographic and clinical predictors of drainage pat-
terns in breast lymphoscintigrams obtained during sentinel node 
procedures. Clin Nucl Med 28(7):558–564. https://​doi.​org/​10.​
1097/​00003​072-​20030​7000-​00005

	 96.	 Cranenbroek S, van der Sangen MJC, Kuijt GP, Voogd AC (2005) 
Diagnosis, treatment and prognosis of internal mammary lymph 
node recurrence in breast cancer patients. Breast Cancer Res 
Treat 89:271–275. https://​doi.​org/​10.​1007/​s10549-​005-​2469-y

	 97.	 Singh T, Premalatha CS, Sathees CT, Lakshmaiah KC, Suresh 
TM, Babu KG (2009) Ramachandra C Rectal carcinoma metas-
tasizing to the breast: a case report and review of literature. J 
Cancer Res Therapeut 5:321–323. https://​doi.​org/​10.​4103/​0973-​
1482.​59904

	 98.	 Handley RS, Thackray AC (1947) Invasion of the internal mam-
mary glands in carcinoma of the breast. Brit J Cancer 1:15–20. 
https://​doi.​org/​10.​1136/​bmj.1.​4853.​61

	 99.	 Choi JE (2013) The metastatic rate of internal mammary lymph 
nodes when metastasis of internal mammary lymph node is sus-
pected on PET/CT. J Breast Cancer 16:202–207. https://​doi.​org/​
10.​4048/​jbc.​2013.​16.2.​202:​10.​4048/​jbc.​2013.​16.2.​202

	100.	 Veronesi U, Cascinelli N, Bufalino R, Morabito A, Greco M, 
Galluzzo D, Delle Donne V, De Lellis R, Piotti P, Sacchini V 
et al (1983) Risk of internal mammary lymph node metastasis 
and its relevance in prognosis of breast cancer patients. Ann 
Surg 198:681–684. https://​doi.​org/​10.​1097/​00000​658-​19831​
2000-​00002

	101.	 Chen L, Gu Y, Leaw S, Wang Z, Wang P, Hu X, Chen J, Lu J, 
Shao Z (2010) Internal mammary lymph node recurrence: rare 
but characteristic metastasis site in breast cancer. BMC Cancer 
10:47. https://​doi.​org/​10.​1186/​1471-​2407-​10-​479

	102.	 Banfalvi G (2011) Role of parathymic lymph nodes in metastatic 
tumor development. Cancer Metast Rev 1–2:89–97. https://​doi.​
org/​10.​1007/​s10555-​011-​9331-y

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/mnfr.200700428
https://doi.org/10.1002/mnfr.200700428
https://doi.org/10.1111/j.1349-7006.2009.01438.x
https://doi.org/10.1111/j.1349-7006.2009.01438.x
https://doi.org/10.1159/000238975
https://doi.org/10.1159/000238975
https://doi.org/10.1248/bpb.31.1115
https://doi.org/10.1248/bpb.31.1115
https://doi.org/10.1007/s12550-009-0011-5
https://doi.org/10.1007/s10434-001-0234-y
https://doi.org/10.1097/00000658-200107000-00012
https://doi.org/10.1097/00003072-200307000-00005
https://doi.org/10.1097/00003072-200307000-00005
https://doi.org/10.1007/s10549-005-2469-y
https://doi.org/10.4103/0973-1482.59904
https://doi.org/10.4103/0973-1482.59904
https://doi.org/10.1136/bmj.1.4853.61
https://doi.org/10.4048/jbc.2013.16.2.202:10.4048/jbc.2013.16.2.202
https://doi.org/10.4048/jbc.2013.16.2.202:10.4048/jbc.2013.16.2.202
https://doi.org/10.1097/00000658-198312000-00002
https://doi.org/10.1097/00000658-198312000-00002
https://doi.org/10.1186/1471-2407-10-479
https://doi.org/10.1007/s10555-011-9331-y
https://doi.org/10.1007/s10555-011-9331-y

	Apoptotic Janus-faced mycotoxins against thoracal and breast metastases
	Abstract
	Introduction
	Janus-faced molecules
	IARC categories of Janus-faced mycotoxins
	Double-edged antitumour mycotoxins
	Metastatic animal models
	Liver, cancer homing centre
	Mimicking the spread of metastasis (Fig. 5e-f)
	Human aspects of metastasis
	Janus-faced cytotoxins against metastasis
	Blood-borne and lymphatic phases of metastasis
	Anatomical and clinical evidence for the metastatic spread of abdominal tumours

	Conclusion
	Acknowledgements 
	References




