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1. ABSTRACT 2. INTRODUCTION
The primary transport system of sodium and 2.1. The Na/K-ATPase

potassium across the plasma cell membrane, the Na/K- The sodium and potassium-adenosine
ATPase, is a vital enzyme involved in numerous cellular triphosphatase (Na/K-ATPase, Na', K'-pump, B.C.3.6.1.3)
events. This enzyme is the receptor for plant and hydrolyses ATP and uses the free energy to transport
amphibian steroids such as ouabain, digoxin and bufalin. potassium into the cell and sodium out of the cell, against
In the past decade several endogenous steroids, identical or their electrochemical gradients (1). The Na/K-ATPase is
similar to the plant and amphibian steroids, termed here the major determinant of cytoplasmic sodium and
collectively digitalis-like compounds (DLC), have been potassium concentrations. Thus, it has an important role in
identified in human tissues. This paper raises the regulating cell volume, cytoplasmic pH and Ca’™"
hypothesis that alterations in the metabolism of concentration through the Na'/H" and Na'/Ca"" exchangers,
endogenous DLC and in their interactions with the Na/K- respectively, and in driving a variety of secondary transport
ATPase may be associated with the development of processes such as Na'-dependent glucose and amino acids
malignancies. This hypothesis is based on the review of the transport. The Na/K-ATPase is an oligomer composed of
literature pointing to: 1. An abnormal activity of the Na/K- stoichiometric amounts of two major polypeptides, the
ATPase and its sensitivity to DLC in malignant cells; 2. alpha- and the beta-subunits (1 - 2). The alpha-subunit is a
Abnormal plasma DLC concentrations in cancer patients; multi-spanning membrane protein that is responsible for the
3. Abnormal synthesis and release of DLC in immune catalytic and transport properties of the enzyme and
compromised mice; and 4. Beneficial effects of DLC in the contains the binding sites for the cations, ATP and digitalis
treatment of cancer. (3-4).
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The beta-subunit is a polypeptide that transverses
the plasma cell membrane and appears to be involved in the
modulation of the K™ and Na® affinity of the enzyme.
Moreover, the beta-subunit acts as a chaperone by
stabilizing the folding of the alpha-polypeptide, facilitating
hereby its delivery to the plasma cell membrane (4 - 5). A
third group of proteins characterized by the FXYD motif
has been identified and is considered to play an important
regulatory role in Na/K-ATPase function (6). It is well
established that four isoforms of the alpha polypeptides
exist in vertebrates, designated alpha 1, alpha 2, alpha 3
and alpha 4 and three different Na/K-ATPase beta-isoforms
(7, 8).

2.2. Digitalis and endogenous digitalis-like compounds
(DLC)

Since the discovery of the Na/K-ATPase more
than 45 years ago, it is known that plant steroids,
collectively termed cardiac glycosides or digitalis-like
compounds (DLC), bind to a specific site of the enzyme
and that this binding results in the inhibition of ATP
hydrolysis and ion transport. Twenty years ago several
independent investigators found that mammalian tissues
and body fluids (including brain, adrenal, heart, plasma,
cerebrospinal fluid and urine) contain DLC. More than ten
years elapsed before these compounds responsible for the
mentioned effects were identified: Ouabain was identified
in human plasma and the adrenal gland (9, 10), digoxin was
shown to be present in human urine (11), an ouabain
isomer was detected in bovine hypothalamus (12), 19-
norbufalin and its peptide derivative were identified in

cataractous human lenses (13) and dihydropyrone-
substituted bufadienolide was discovered in human
placenta (14). In addition, immunoreactivity of

marinobufagenin-like (15) and proscillaridin A like
compounds (16), which both also belong to the
bufadienolide family, has been demonstrated in human
plasma. All the identified digitalis-like compounds share a
common general structure: a steroid nucleus with a lactone
ring at C-17 and a hydroxyl group at C-14. The 5-member
and 6-member-lactone rings, in cardenolides and
bufadienolides, respectively, are considered the most
essential functional group of these substances (17).

Strong evidences point to the fact that the adrenal
gland is the main source of endogenous DLC in most
species. The concentration of DLC in adrenal extracts is
higher than in any other tissue analyzed (18, 19). In
addition, minced adrenal tissue was found to release
immunoreactive DLC into a serum-free incubation medium
(20) as well as the reperfused organ itself (21). It was
observed that ouabain is secreted by primary cultures of
bovine adrenocortical cells (22) and that the secretion is
augmented by ACTH and angiotensin II (23). Moreover, it
was shown that the content of endogenous ouabain was 5.7-
fold higher in the zona glomerulosa than in the zona
fasiculata of the adrenal gland (24). Finally, the staining of
the adrenal medulla by monoclonal anti-ouabain antibodies
(25) also points to this tissue as the main source of DLC.
With respect to DLC synthesis, it was demonstrated that
cholesterol is a substrate for the biosynthesis of DLC in the
adrenal gland and that 3  beta-hydroxysteroid
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dehydrogenase/isomerase, which respectively convert
cholesterol to pregnenolone and progesterone, are required
for the initial step, the P450-cholesterol side-chain
cleavage, in the biosynthetic pathway of DLC (26).
Recently, strong evidence has been presented for the
endogenous synthesis of both ouabain and dihydroouabain
also by human adrenocortical cells in culture (27).

2.3. Consequences of DLC and Na/K-ATPase
interactions

As mentioned above, DLC bind to and inhibit the
activity of the Na/K-ATPase. There are numerous
established consequences of this inhibition such as the
dissipation of sodium and potassium gradients, followed by
increased depolarization of the plasma cell membrane,
increased cytoplasmic Ca™ concentration, increased cell
volume and intracellular acidification (2 - 3). Moreover, it
recently was shown that, also by inhibition of Na/K-
ATPase activity, DLC induce cell detachment via a signal
transduction cascade (28). In addition, recent studies
support the notion that DLC participate in physiological
processes that are distinct from their action on the activity
of the plasma membrane Na/K-ATPase (for review see 7,
29). It has been revealed that DLC can regulate growth of
rat cardiac myocytes and influence growth-related gene
expression (29, 30). Furthermore, these phenomena were
associated with the activation of multiple signal
transduction pathways (31) leading e.g. to apoptosis. The
generation of radical oxygen species (ROS) is considered
as one important step in the apoptosis-inducing cascade.
There are different pathways known to produce ROS (32,
33) and recently the ouabain-induced activation of Ras was
described as essential in the down-stream generation of
ROS in the mitochondria (34). Based on these observations,
Askari and his colleagues suggested that the Na/K-ATPase
might act, through interactions with other proteins, as an
intracellular signal transducer (29, 35). Similar conclusions
stem from experiments demonstrating that ouabain at low
concentrations induces intracellular Ca"* oscillations which
lead to activation of the transcription factor NF-kappaB in
rat kidney proximal cells (36). An additional example of
this concept is the interaction between the Na/K-ATPase
and parts of the cellular cytoskeleton, such as actin
filaments, ankyrin and spectrin (37, 38). It is generally
accepted that these interactions play a crucial role in
sorting, targeting, and regulating the distribution of the
Na/K-ATPase in various sub-cellular compartments (39,
40). Finally, it was recently demonstrated that DLC, by
interacting with the Na/K-ATPase, elicit changes in
endocytosed membrane traffic (41). This effect, too, is
independent on the inhibition of Na/K-ATPase activity at
the plasma cell membrane.

3. REVIEW of LITERATURE

3.1. Changes of the Na/K-ATPase in malignant cells
3.1.1. Hyperactivity of Na/K-ATPase in malignant cells
— the “leakage theory“ )

Numerous studies already in the 70" dealt with
changes in the trans-membranous transport of cations in the
course of malignant cell transformation, due to a change of
Na/K-ATPase activity (for review see 42). Widely accepted
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seemed to be the “leakage” theory describing the increased
Na/K-ATPase activity in neoplastic cells as secondary to an
increased (passive) Na' load, as well as a loss of K* ions
across the plasma membrane of tumor cells due to an
increased membrane permeability (43). As a result of this
increased Na/K-ATPase activity, the co-transport and intra-
cellular accumulation of nutrients, which both depend on
Na' concentration gradients and are necessary for
malignant transformation, would be facilitated. Kaplan,
supporting the leakage theory, stressed the importance of
high intracellular K" concentrations and low cAMP
concentrations for cell proliferation, both of which are “by-
products” of an increased Na/K-ATPase activity (42).
Additionally, he dealt with changes in Na/K-ATPase
activity in transformed cell lines induced by a variety of
oncogenic viruses. For example, mouse 3T3 fibroblasts,
transformed by SV40, show a 4-5-fold increase in Na/K-
ATPase activity (44). Recently, the oncogenic properties of
the principal Ebstein-Barr virus oncoprotein, latent
membrane protein (LMP-1), were analyzed (45). Besides a
bundle of metastatic factors, also the expression of
angiogenic fibroblast growth factor-2 (FGF-2) was induced
by LMP-1. As shown previously, the secretion of FGF-2 is
suppressed by ouabain, hence, linking EBV-triggered cell
transformation to Na/K-ATPase pathways.

Some evidence points to the fact that kinetic
changes in Na/K-ATPase activity already are present at
very early stages of tumor genesis. For instance, properties
of Na/K-ATPase have been characterized in thymocytes
and thymoblasts from mice of two strains: AKR, in which
thymoma developed spontaneously and C57Bl, in which
the development was induced by X-irradiation. Remarkably,
even before thymoma could be discerned morphologically, the
activity of Na/K-ATPase has altered (46).

Furthermore, Na/K-ATPase activity may vary
during the life span of malignant cells. For example, a
depolarization of the plasma cell membrane in chick-
embryo fibroblasts, transformed by Rous sarcoma virus,
was described reflecting a reduced Na/K-ATPase activity,
maybe shortly before apoptosis (47). More recent data,
dealing with the impact of ischemia and oxidative stress
(e.g. caused by reperfusion) on Na/K-ATPase activity in
non-malignant cells, revealed a decrease in enzyme activity
mainly due to radical oxygen species (48, 49). In malignant
cells exposed to ROS you may expect similar changes in
Na/K-ATPase activity.

A correlation between Na/K-ATPase activity,
plasma cell membrane depolarization and apoptosis is also
supported by studies on the Bc/-2 gene. The 26kD proto-
oncogene Bcl-2 belongs to a family of intracellular anti-
apoptotic proteins (e.g. Bcl-Xp, Mcl-1) and is located
mainly at the membranes of the mitochondria, the
endoplasmic reticulum and the nucleus (50). This anti-
apoptotic gene was abundantly investigated especially in
the development of B cell lymphomas (51) but little is
known about the interactions with the Na/K-ATPase. Some
evidence, however, points to a direct stimulating effect of
Bcl-2 on Na/K-ATPase activity with concomitant changes
of the plasma cell membrane potential. Gilbert and Knox
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demonstrated, firstly, that Bc/-2-transfected human B cell
lymphoma cells have an increased resting activity of the
Na/K-ATPase which was not significantly altered after
radiation (52). They also showed that Bcl-2 over-expression
was correlated with an increased resistance towards
radiation-induced apoptosis and that after pre-incubation
with ouabain, which did not yet induce apoptosis, but
depolarized the plasma cell membrane, the Bcl-2-induced
protection against radiation-induced apoptosis is abolished
(52). These data imply that the depolarization of the plasma
cell membrane resulting from Na/K-ATPase activity
inhibition may be a crucial factor in the process of
apoptosis induction, or, vice versa, that the Bcl-2-associated
resistance towards radiation-induced apoptosis may stem
from hyperpolarization of the plasma cell membrane. These
results, moreover, reveal that Bcl-2 apparently interacts
with the Na/K-ATPase. There is no evidence for a Bcl-2-
protein anchored in the plasma cell membrane, hence, one
may assume a free cytosolic Bcl-2 (isoform) which
interacts with the Na/K-ATPase, e.g. by interfering with
binding regions of ROS, and hereby increasing K* channel
activity (53). In fact, in-vitro experiments have shown that
a fragmented cytosolic Bc/-2 (without C-terminal anchor) is
able to render fully resistance towards apoptosis (54).

It is well established that Angiotensin II (Ang II)
affects cell growth (mainly via the AT,-receptor) or induces
apoptosis (mainly via the AT, receptor) in cardiac cells by
triggering signaling pathways (55 - 57). Additionally, it
was demonstrated that, in the human breast cancer cell line
MCF-7, Ang II increases Na/K-ATPase activity via the
AT, receptor in a dose dependant manner (58). This Na/K-
ATPase activation corresponded with stimulation of
proliferation, apparently independently on Ca®" signaling
mechanisms. Finally, it was shown that Ang II (via AT,
receptor) stimulates ouabain synthesis/secretion (59).
Hence, it may be postulated that the proliferative effect of
Ang II on tumor cells is linked to its stimulating effect on
Na/K-ATPase activity and that DLC, the endogenous
Na/K-ATPase inhibitors, are modulating (malignant) cell
growth, in between others, via Angiotensin II feed-back
systems.

3.1.2. Changes in sensitivity of the Na/K-ATPase to
DLC in malignant cells

Not only the activity of Na/K-ATPase differs
between normal and malignant cells, but also its sensitivity
towards DLC. This change in sensitivity may be due to a
reduced density of the Na/K-ATPase at the plasma cell
membrane of tumor cells as well as a change of isoforms.
The first option was supported by studies 20 years ago on
resting sarcoma cells as compared to fibroblasts,
demonstrating a reduced density of ouabain-receptors, i.e.
Na/K-ATPase, on the malignant plasma cell membrane
(60). These results recently were supported by showing a
down-regulation of the Na/K-ATPase alpha 1-isoform in
the process of malignant transformation of prostate cells
which renders the malignant cell more resistant towards
ouabain (61).

The second option was supported especially by
the work of Repke who revealed in malignant transformed
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cells a switch of Na/K-ATPase configuration to more fetal
isozymes explaining hereby their resistance towards
ouabain (62). For example, the IC50 value for suppression
of growth of malignant MCA cells was found to be 4-fold
higher than the K 0.5 value for inhibition of the cardiac
muscle Na/K-ATPase. There is increasing evidence that
Na/K-ATPase isoform expression may play a crucial role in
organogenesis and cell function specialization with region-
and time-specific isoform expression patterns, even within
single cell types (63, 64). Considering that tumorigenesis
implies a process of cell de-differentiation, you may expect
a more immature isoform pattern.

In  general, Na/K-ATPase  beta-isoform
expression in malignant cells often is down-regulated, as
shown for human clear cell renal (65), gastric (66) and
bladder cancer (67). This beta-down-regulation has been
suggested to be associated with the loss of tight junctions
and epithelial polarity in cancer cells (68). It also was
demonstrated that decreased expression of the beta 1-
subunit in poorly differentiated carcinoma cell lines
correlated with increased expression of the transcription
factor Snail, known to down-regulate E-cadherin, with
consequently a transition from epithelial to a mesenchymal
phenotype (69).

In contrast, the alpha-subunits of the Na/K-
ATPase seem to be up-regulated in malignant cells (67,
70). It even was suggested that this pattern of Na/K-
ATPase expression serves as a potentially useful predictor
of prognosis in bladder cancer (67). A more detailed
analysis of alpha-subunits expression, however, revealed a
decreased alpha 1 expression and increased alpha 3
expression in prostate (61) as well as in colorectal cancers
(70). Conversely, the induction of cell differentiation in
human HL60 leukemia cells, e.g. by retinoic acid, was
shown to be accompanied by down-regulation of the alpha
3 isoform (71). Considering the fact that in humans the
alpha 3 isoform has the lowest affinity for ouabain (72), it
can be concluded that the process of malignant cell
transformation is characterized not only by down-
regulation of high-affinity alpha 1/alpha 2 isoforms but also
by up-regulation of low-affinity Na/K-ATPase isoforms.
Noteworthy, low-dose ouabain increases the beta 1- and
decreases the alpha 3 subunits of the Na/K-ATPase (73).

3.2. Plasma DLC concentrations in cancer patients
DLC plasma concentrations in humans were only
scarcely examined. Most of the available data deal with
DLC plasma concentrations in patients with chronic heart
disease (74-76). To our knowledge, no data exist about
DLC concentrations in cancer patients. In a preliminary
study we found that a majority (73.6%) of breast cancer
patients (n = 84) expressed lower DLC plasma
concentrations (<50 pmol/L) than a control group (150 £ 30
pmol/L), but about 10.8% of the patients revealed
extremely high (>2000 pmol/L) DLC plasma
concentrations (Weidemann and Harwood, unpublished
data). In this subgroup with 40-fold increased DLC
concentrations no common feature, which might explain
this phenomenon, was found; especially, there were no
clinical or laboratory signs indicating an ectopic ACTH
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syndrome (Goto et al. 1996). In addition, patients with a
negative lymph node status (n = 21) had higher, although
statistically not yet significant, DLC plasma concentrations
than the subgroup (n = 59) with a positive lymph node
status (mean 95 pmol/L vs. mean 33 pmol/L, P < 0.07). Our
finding that the concentration of DLC in the supernatants of
seven tumor lines, in between others, MCF-7, T-47-7,
K562 and BT474, is minimal (< 5 pmol/L) excludes a
direct autocrine production of DLC in tumor cells.

DLC concentrations were also determined in the
plasma of 10 colon cancer patients and compared to age-
and sex-matched controls. DLC plasma concentrations
were 4.5 folds higher (P <0.001) in cancer patients than in
healthy individuals. These results may represent an “up-
regulation” before the (adrenal) exhaustion develops (see
below).

3.3. Plasma and adrenal DLC concentrations in
immune compromised individuals

The bi-directional relationship between the
immune (thymus) and the neuroendocrine Hypothalamo-
Pituitary-Adrenal gland (HPA) axis systems is well
described (77-79). There is increasing evidence that the
maturation and function of both systems is dependent on
each other, e.g. thymulin increases the synthesis of pro-
opiomelanocortin  derivatives such as ACTH (78).
Conversely, the thymus seems to be a target of the
permissive function of glucocorticoids (80) and may
undergo early apoptosis when exposed to high
concentrations of glucocorticoids (81). One reason for a
misbalance of this relationship is a phenomenon, which
recently was abundantly explored, called “De-sensitization
of the HPA axis” (82-87). This endocrine disorder is caused
by certain conditions, such as aging (83, 84), chronic stress
(85), chronic inflammation (86) and depression (87). A
desensitized HPA axis is characterized by elevated basic
plasma cortisol concentrations, an increased cortisol and
ACTH response towards stress stimulation and a delayed
normalization (82, 83). Elevated plasma cortisol
concentrations, as mentioned above, are harming the
morphology and function of the thymus. Recent data point
to a possible regulation of DLC metabolism by components
of the HPA axis and anti-tumor properties of DLC. Hence,
we suggested that the establishment of tumors in athymic
nude mice is facilitated by an impaired DLC metabolism
(at the expense of a normal or increased cortisol
metabolism) with corresponding reduced plasma and tissue
DLC concentrations. Athymic nude mice have been widely
used as experimental animals for transplantation of tumors
and tumor cell lines (88). The autosomal recessive nude
gene in homozygous (nu/nu) mice causes the lack of fur
and an abnormal thymus (89).

The aim of a recent in-vivo study was to elucidate
this hypothetical impairment of DLC metabolism in
immune-compromised animals. In short, the study showed
that DLC response to acute stress is differently regulated in
normal and nude mice (90). Acute stress did induce the
production of DLC in the adrenal gland and the
hypothalamus of both the normal and the nude mice.
However, acute stress induced an increase in DLC plasma
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concentration only in normal mice whereas DLC plasma
concentrations in nude mice did not change. Interestingly,
the basal adrenal DLC concentrations were already
significantly lower in nude as compared to normal mice
(11.4 + 3 vs. 49.4 £ 9.2 pmol/g, p<0.001). This raises the
possibility that a relative adrenal dysfunction with
insufficient DLC supply may be at least one factor which
facilitates the growth of tumors in nude mice (see below:
hypothesis). The corticosterone response, on the other
hand, was generally better maintained as compared to
DLC: Whereas an additional ACTH stimulus provoked an
increase in plasma corticosterone concentrations in both,
normal and nude mice, the DLC response in normal mice
did not change towards exogenous ACTH and even
dropped in nude mice (90).

3.4. DLC in the treatment of cancer

The examination of DLC for the treatment of
cancer (91-93) started already forty years ago, but was
abandoned again because of the inherent high toxicity of
these compounds. Recently, however, the use of DLC for
cancer treatment is being reconsidered (94-96).
Epidemiological data are indicating a lower mortality in
breast cancer patients who were on digitalis at time of first
diagnosis, as compared to patients without digitalis therapy
(94, 97).

The potential use of DLC as anti-cancer drugs was
examined at the cellular level in several cancer cell lines. It
was shown that DLC induce differentiation and/or
apoptosis in human myeloid leukaemia HL-60, U937 and
K562 cells (98 -100). Moreover, it was demonstrated that
over-expression of the anti-apoptotic = Bcl-2-gene
antagonizes specifically the DLC-induced apoptosis in
human leukaemia cells (101, 102). Recently, for the
prostate cell lines PC-3, LNCaP and DU145 a bundle of
data has accumulated demonstrating the ability of digoxin,
ouabain and bufalin to induce specifically apoptosis via
activation of caspase-3, early cytochrome c release from
mitochondria and ROS generation without damaging other
cells (103 -106). Moreover, it was shown that, Cdk5 kinase
and p25 formation (via p35 cleavage), two important
players in the apoptosis cascade, are directly activated by
digoxin (107). Most of these effects were shown to be
associated with, or dependent on, sustained elevation of
intracellular calcium concentrations (96, 98). But, there are
also data pointing to an Ca''-independent pathway which
mainly is responsible for ROS generation.

Xie et al. (2000) proposed a dual activation
modus of Na/K-ATPase at the plasma cell membrane (34).
This may correspond to the observation, as pointed out
above, that ouabain exerts a dual effect on proliferation and
apoptosis in e.g. human prostate smooth muscle cells: while
at nanomolar concentrations it caused significant cell
proliferation, at higher concentrations it induced cell
apoptosis (108).

4. HYPOTHESIS

In view of the above described literature we propose the
following hypothesis (Figure 1):
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The normal cell in vertebrates is characterized by a
Na/K-ATPase activity according to the physiologic
needs to maintain normal cell growth and function due
to a balanced intracellular homeostasis. This
homeostasis is incessantly challenged by malignant
transformation. Since decades evidence accumulated
describing the process of malignant cell
transformation as an event which can be observed
constantly on the molecular level in every living
mechanism. In the course of malignant transformation
plasma cell membrane permeability, in between other
things, may change (“leakage theory”) with passive
load of Na' and loss of K', resulting in a
‘compensatory’ hyperactivity of the Na/K-ATPase. At
this point the elimination of the (pre)tumor cell still is
possible, but may require already specific immune
defense mechanisms, involving the HPA axis.

In normal physiologic conditions the adrenal gland,
the end organ of the HPA axis, responds to a given
stress stimulus, including tumor manifestation, with an
increase in stress hormones, such as cortisol. The
adequate response is guaranteed by the complex
feedback system of the HPA axis. Increasing evidence
points to stress-induced synthesis and release of
digitalis-like compounds (DLC), similarly to cortisol,
in the adrenal gland. The balanced regulation and
interplay of these two hormones is supposed to be
crucial for a competent immune response, especially
an effective tumor defense reaction. In short, whereas
chronic elevated cortisol plasma concentrations are
known to affect the immune system negatively and
hence favor the development of malignant tumors, the
DLC can be considered as tumor protective hormones
due to their ability to induce apoptosis specifically in
malignant cells via inhibition of Na/K-ATPase and/or
induction of signaling pathways.

In a still unknown way, e.g. by IL-6 release, the
(pre)tumor cell could send a ‘stress’ signal to the HPA
axis transmitting a higher demand of DLC for the
‘purpose’ of tumor defense. A number of studies have
demonstrated that plasma IL-6 concentration
correlates with tumor progression and is a predictor of
survival in metastatic tumor disease. Hence, IL-6 may
be considered as a hypothetical “signal” transmitted to
the HPA axis, either directly from the pre-malignant
cell, or indirectly via release from activated monocytic
cells triggered by a tumor-related antigen on the cell
membrane.

In the case that the tumor cell survives and acquires
higher malignancy, e.g. by over-expressing the Bcl-2
gene, the need of increasing DLC synthesis becomes
essential for the organism to resist tumor expansion.
This step in malignant cell transformation is
characterized by a down-regulation of Na/K-ATPase,
especially beta- and alpha 1 subunits, with a
concomitantly declining sensitivity of this enzyme
towards DLC. Additionally, the Bcl-2 protein may
directly stimulate Na/K-ATPase activity.
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“Leakage-Theory:”

1. + Permeability of cell membrane
in (pre) tumor cells

Hypothalamus
3.4 CRF
?
e.g. IL-6
2. | Na*"-K*'-ATPase +
(T o3-,4 p-and 4 ) + Pituitary
+
‘\\‘ typerpolarization < 4.*&CTH
~ resistance vs. apoplosis
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&
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Figure 1. Hypothesis - linking Na/K-ATPase activity, endogenous digitalis-like compounds and tumor induction and
progression. De-sensitization of the HPA axis and accelerated thymus involution, both due to chronic stress, result in “adrenal
exhaustion” and facilitate tumor induction. See text for details. HPA- Hypothalamo-Pituitary-adrenal; CRF-Corticotropine-
releasing factor; ACTH-Adrenocorticotropine hormone; DLC-Digitalis-like compounds; filled arrow = stimulation and/or
supporting effects; broken arrow = inhibition and/or harming effects; shadowed arrow = result.
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Similarly, Angiotensin II may contribute to
accelerated Na/K-ATPase activity in tumor cells.
Altogether, the cell membrane now is hyperpolarized
and apoptosis fails to eliminate the tumor cell, in
between others, due to increased resistance towards
e.g. radiation induced apoptosis.

e In normal conditions, the HPA axis responses
effectively to this increasing tumor challenge by
increasing the output of stress hormones, especially
DLC. However, under certain circumstances, the
adrenal gland may fail to provide the demanded stress
hormones. As shown in recent years, the physiologic
stress response system can be disturbed by at least two
mechanisms:

Firstly, chronic elevated cortisol plasma
concentrations (due to chronic stress exposure) cause a
degeneration of neurons in the hippocampus and,
consequently, a loss of cortisol receptors
predominantly localized in this region. As a result, the
sensitivity of the HPA axis towards negative feed back
inhibition decreases with consequently a further
increase in cortisol plasma concentrations. Moreover,
the response of cortisol and ACTH towards acute
stress stimuli becomes inadequately high and the
normalization of cortisol plasma concentrations is
delayed. Hence, a vicious circle is triggered, called a
“De-sensitization” of the HPA axis.

Secondly, the function of the HPA axis may be
impaired directly by the thymus. As described above,
the maturation and function of both endocrine systems
are highly dependent on each other. Chronic elevated
cortisol plasma concentrations may not only lead to an
impairment of the function of HPA axis but also harm
the thymus by inducing an accelerated apoptosis of
thymocytes (praecox thymus involution). As a result,
the stimulating effect of thymulin on the adrenal gland
vanishes.

e  This de-regulation of two important neuroendocrine
systems may prepare the ground for tumor
development because, in this situation, the fine-tuned
balance between cortisol and DLC production begins
to collapse: our recent observation, that plasma
cortisol concentrations in immune compromised mice
apparently can be maintained over a long period,
while the DLC plasma concentrations seem to drop
more quickly (90), is in accord with this proposal.

e  Hence, in the presence of a new strong stress stimulus
the adrenal gland becomes more and more ‘exhausted’
which is primarily seen in an inadequate
synthesis/release of DLC. To close the loop, in this
scenario the (pre)malignant cell itself may present a
stimulus for the adrenal gland to release DLC. After a
presumed short time of “last fight” with extreme up-
regulation of DLC synthesis, supported by own data,
in the end the adrenal gland is failing to provide the
hormones necessary for tumor cell elimination, e.g. by
apoptosis. The process of tumor induction hereby is
facilitated, developing in the end its own aggressive
dynamics.
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This hypothesis raises many open questions, e.g.
it is unclear whether the influence of DLC on tumor
induction is exclusively positive or also negative in certain
circumstances. Similarly, it is unclear whether and how
much the tumor itself, e.g. by positive amplification, may
influence the described endocrine processes. Nevertheless,
this hypothesis may provide new venues for future studies
aimed at early cancer detection, risk stratification and
treatment.
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