
Review Article
The Altered Water System: Excess Levels of Free Radicals
Contribute to Carcinogenesis by Altering Arginine Vasopressin
Production and Secretion and Promoting Dysregulated Water
Homeostasis in Concert with Other Factors

Amy Marie Beutler and Bradford N. Strand

North Dakota State University (NDSU), c/o, Department 2620, P.O. Box 6050, Fargo, ND 58102-6050, USA

Correspondence should be addressed to Amy Marie Beutler; amy.m.beutler@ndsu.edu

Received 13 September 2014; Revised 13 November 2014; Accepted 14 November 2014; Published 26 November 2014

Academic Editor: Chih-Hsin Tang

Copyright © 2014 A. M. Beutler and B. N. Strand. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

A large body of evidence accumulated during the last decade has revealed diverse roles of dysregulated water homeostasis in
tumorigenesis. In particular, many tumors hypersecrete arginine vasopressin (AVP) causing hypoosmolar conditions associated
with different cancers. Excess levels of free radicals and nonosmotic stimuli may act as signals in water homeostasis and induce
the production and secretion of AVP. Hypoosmolar conditions cause alterations in the expression of many genes. Other alterations
in hydration patterns may induce mutations and increase the levels of protein kinases to contribute to oncogenesis. Furthermore,
AVP regulates the hypothalamic-pituitary-adrenal axis and angiogenesis, and its overproduction may contribute to tumor growth
and metabolism.This review article describes a mechanism by which oxygen radical species and other free radicals act as signaling
molecules that, in concert with increased AVP production and secretion, pleiotropically affect tumor growth and metabolism,
resulting in dysregulated proliferation, cell cycle arrest, apoptosis, and genomic instability.

1. Introduction

Previously unrecognized vital roles of water in the body have
been uncovered during the last decade [1, 2]. In the case of
humans, water molecules are hypothesized to behave as a
“molecular supercomputer” that interprets and reacts to bio-
chemical pathways in accordance with prevailing demands
to achieve homeostasis through complex signaling pathways
that are referred to as the “water governing cycle” [2].

Plants possess complex signaling pathways that are highly
adaptable because of their ability to interpret and react to
stressors such as osmotic fluctuations and the overabundance
of saline by rapidly altering gene expression that corresponds
to biochemical and physiological alterations, even under
mild conditions, to achieve homeostasis [3–5]. However,
limited research has addressed whether osmotic fluctuations
rapidly alter gene expression in accordance with prevailing

demands in animals and humans. For example, research on
animals has shown that sustained hypoosmolar (excess water
relative to solute molecules) or hyperosmolar conditions
(water deficiency relative to solute molecules) significantly
alter the expression of a wide variety of regulatory genes in
a global but selective manner [6, 7].

Moreover, water molecules contribute to specific and
nonspecific binding of peptides to proteins [1, 8], may play
a significant role in mediating sequence-specific recognition,
and increase the affinity of proteins for DNA [9–15]. The
role of water in protein-DNA interactions is multifaceted
[11]; however, a complete summary is beyond the scope
of this review. Generally, protein-DNA complexes are very
diverse in their use of water [11]. Three general classes of
water molecules have been recognized: (a) molecules that
do not interact, (b) molecules that interact with the surface
of macromolecules, and (c) molecules that interact in deep
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crevices or interior cavities [11]. Surface water molecules are
somewhat well ordered and may exist in partially ordered
hydration patterns. Interior water molecules are significantly
ordered by means of extensive interaction with dissolved
macromolecules [11]. A large body of literature concerning
the hydration patterns of proteins and nucleic acids indicates
that surface hydration of proteins is precise with respect
to local stereochemistry. Furthermore, the local hydration
patterns of DNA vary according to the DNA sequence [11].
All proteins displace water molecules upon binding to DNA,
which creates an entropic change in free energy. Some water
molecules remain at the interface to mediate a specific
reconnection that facilitates the formation of a dynamic
network of hydrogen bonds between proteins and DNA [11].
For nonspecific recognition, the extra water molecules may
allow proteins to search along DNA for a binding site [11].
Furthermore, water molecules, with the help of a hydrogen-
bond frame shift, can fill the gap at the N6 atom of adenine
when combined with guanine, thereby mimicking ATP. The
use of water molecules to create a backbone structure when
combined with GTP mimics ATP, enabling dual coenzyme
specificity of protein kinase production [16, 17]. Increased lev-
els of the protein kinase CK2 are found in many cancers [16].

Dysregulation of water homeostasis may be associated
with oncogenesis. For example, dysregulated water home-
ostasis alters gene expression by rapidly upregulating genes
such as LMO-4 that are associated with cancer [6, 7], alters
hydration patterns to cause promiscuous binding of peptides
to proteins and mutations [1, 8], and increases protein kinase
production to contribute to oncogenesis and tumor pro-
gression [16]. Additionally, hypoosmolality is associated with
many different cancers, including pulmonary, pancreatic,
renal, nasopharyngeal, duodenal, urethral, prostatic, uterine,
and gastric cancers, as well as leukemia, mesothelioma,
thymoma, and Hodgkin lymphoma [18]. In these cancers,
tumors hypersecrete arginine vasopressin (AVP), causing
hypoosmolarity [18]. However, it has not been determined
whether hypoosmolar conditions produce tumors prior to
tumor secretion of AVP.

AVP,which is the primary controller ofwater homeostasis
[18], is stored in the posterior pituitary gland, and changes
in plasma osmolarity primarily control AVP production and
secretion; however, AVP levels can also be regulated by
blood pressure, which is not typically associated with cancer
risk [19, 20]. However, molecules and conditions that do
not alter osmolarity but still stimulate AVP production and
secretion include but are not limited to [19, 20] reactive
oxygen species (ROS) [21, 22], tobacco smoke and nicotine
[23–25], stress [26], and excessive alcohol consumption [27].
These nonosmotic factors are considered to serve as signals
that regulate water homeostasis [21, 22] and are commonly
associated with an increased risk for cancer. Smoking and
administration of nicotine have been shown to release AVP
proportionally to the amount of nicotine that enters the blood
[23, 25], especially in elderly populations, possibly suggesting
a disorder of AVP production in the elderly [24].

The purpose of this review is threefold. First, it com-
piles a growing body of experimental evidence showing
the many roles that dysregulated water homeostasis plays

in tumorigenesis. Second, although hypoosmolar conditions
can be caused by other conditions such as reduced mineralo-
corticoid levels, this paper examines how the hypersecretion
of AVP causes hypoosmolarity and dysregulation of other
processes that may contribute to the growth and metabolism
of tumors. Third, following this model, a mechanism is
presented by which one of many signaling molecules asso-
ciated with AVP, specifically ROS, synergizes with AVP
production and secretion to induce pleiotropic effects that
maintain a dysregulated state, thereby contributing to tumor
pathogenesis.

2. Alterations in Water Balance Lead to
Alterations of Protein and DNA Expression
and Function, Dual Coenzyme Specificity,
and Changes in Gene Expression

The role of water in influencing chemical reactions,
metabolism, protein synthesis and function, DNA synthesis,
and transcription leads to the conclusion that water is the
“unsung” universal regulator of the cell [2] and that studying
the diffusion of water throughout the body may improve
our understanding of how the body responds to disease
[28]. For example, patients with cancer frequently have
excess body water (hypoosmolarity) that is attributable
to the hypersecretion of AVP and dysregulates pH and
electrolyte homeostasis [29]. Hypoosmolarity alters the
balance of electrolytes and pH and the presence of extra
water molecules where proteins and DNA interface can lead
to harmful mutations [11], indicating that water homeostasis
is essential for maintaining genomic stability.

Water molecules facilitate specific and nonspecific bind-
ing of peptides to proteins [1, 8]. Nucleic acids and proteins
have specific, complementary hydration patterns that suggest
their importance for DNA and protein recognition. Further-
more, water plays a significant role in mediating sequence-
specific recognition and increases the affinity of proteins
for DNA [9–15]. The interaction of water molecules with
certain proteins, such as OppA, greatly favors nonspecific
binding, which indicates that the ability of water to neutralize
electrostatic charge and to alter hydrogen-bonding patterns
facilitates the binding of peptides that contain commonly
occurring amino acids to proteins [8]. Rather than induc-
ing “promiscuous binding,” water contributes to the highly
selective binding of ligands to certain proteins, revealing the
diverse effect of water molecules on protein-DNA binding
[8].

Water molecules contribute to dual coenzyme specificity
that increases the activation of protein kinases [17]. For exam-
ple, water molecules create a backbone structure that enables
GTP to mimic the conformation of ATP that binds to the
casein kinase 2 (CK2) activation site [17].The use of ATP and
GTP as energy sources for increasing protein kinase activity
significantly increases cellular growth, proliferation, and the
potential for malignant transformation [16]. Moreover, the
regulation of water influences gene expression by animal
and plant cells. Sustained hypoosmolar conditions alter the
expression of certain genes, including genes that contribute to
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cancer [6]. For example, rats subjected to sustained hypoos-
molar conditions showed significantly altered expression of
1,564 genes, of which 657 were downregulated and 907 were
upregulated [6]. In particular, expression of LMO-4 radically
increased by more than 2-fold under hypoosmolar and
hyperosmolar conditions. Moreover, LMO-4 is significantly
overexpressed in over 50% of all primary breast cancers and
may cause sporadic breast cancer by downregulating the
activity of the tumor suppressor BRCA1 [30]. Such changes
in gene expression may represent specific osmotic regulation
[6]. Interestingly, all breast cancers express AVP, in contrast
to normal breast tissue [31, 32].

Hypoosmolar conditions increase the expression of estro-
gen receptor B mRNA and glucocorticoid receptors [7].
Increased expression of the receptors for estrogen and glu-
cocorticoids significantly increases the likelihood of devel-
oping cancers such as those of the breast and uterus [33].
For example, the expression of estrogen receptor B mRNA
increases in rats chronically exposed to hypoosmolality,
whereas chronic hyperosmolality decreases the expression of
estrogen receptor B mRNA [7]; however, increased expres-
sion of estrogen receptor B mRNA under conditions of
hypoosmolarity has not been verified [6]. Further research
is required to determine whether increased estrogen receptor
levels are a specific consequence of osmolarity.

3. AVP and Its Diverse Effects on
Carcinogenesis

AVP is a peptide hormone that is mainly produced in the
hypothalamus and acts peripherally and centrally throughout
the body, causing antidiuresis, vasoconstriction, hemosta-
sis, corticotrophin release, and hepatic glycogenolysis [19].
Moreover, AVP interacts with hormones and the components
of certain regulatory pathways, and its central effects may
influence behavior [19].The three AVP receptors V1a-R, V1b-
R, and V2-R are expressed on the surface of pulmonary,
pancreatic, and breast cancer cells [34]. An additional study
found that small cell lung cancer and breast cancer express the
vasopressin gene and an abnormal form of the V2 receptor
in addition to the three normal receptors [35]. Normal V2-R
is primarily responsible for regulating water, and AVP acts
as an antidiuretic through V2-R to induce the synthesis of
aquaporin 2 (AQP2) [19, 20]. Classical small cell lung cancer
and breast cancer were found to express both normal and
abnormal forms of V2-R [35]. The abnormal form of V2-
receptor present in cancer cells was found to contain the
normal sequence for V2-R with a complete additional 106
bases of intron 2 and is thus thought to be a C-terminally
truncated protein [35]. Furthermore, overproduction of AVP
and its receptors has diverse effects on tumor growth and
metabolism, and AVP may act as an autocrine growth factor
in breast and lung cancers [31, 32]. The production of AVP
by tumors may be required for oncogenic transformation
[33]. Vasopressin has been found to inhibit the growth of
breast cancer cells, possibly through effects on V2-R, which
is supported by the observed interaction of oxytocin (an
antagonist of vasopressin) with the V2-R [35].

AVP is stored in the posterior pituitary gland. Changes
in plasma osmolarity are sensed by osmolar receptors,
which may be present outside the blood-brain barrier, to
control AVP production and secretion [19, 20]. However,
nonosmotic events and molecules [19, 20] such as ROS
[21, 22], tobacco smoke and nicotine [23–25], stress [26],
and excessive alcohol consumption [27] also stimulate AVP
production and secretion. More recent evidence suggests
that ROS increase AVP production and secretion [21, 22] by
the hypothalamoneurohypophyseal complex and through the
noradrenaline-NO pathway, indicating that ROS and other
free radicals act as signaling molecules that regulate various
physiological processes of AVP, such as water homeostasis.
Therefore, free radicals appear to be more than just cytotoxic
molecules [22].

AVP acts as the primary controller of water homeostasis
by regulating water retention and diuresis [20]. Binding of
AVP to V2 receptors induces production of the membrane
protein aquaporin 2 (AQP2) [34], which is expressed by cells
of the renal collecting ducts and most other cell types [36].
WhenAVPbinds toAQP2,water is transported through large
channels in cell membranes that were previously unavailable
and causes the absorption of abnormally high volumes of
water [35]. The hypersecretion of AVP dysregulates water
homeostasis by inducing hypoosmolality [20]. Elevated AVP
levels cause antidiuresis, and decreased AVP levels cause
diuresis [20]. However, other factors may cause hypoos-
molality, such as elevated plasma atrial natriuretic peptide
(ANP) levels, which are associated with inappropriately low
AVP levels that increase solute depletion, although this
phenomenon is not common [18] and is not the focus of
this review. AVP also aids in the regulation of the adrenal-
stress axis through the V1b receptor [37], which involves
the synthesis and release of glucocorticoids from the adrenal
cortex [19].

Glucocorticoids are required for maintaining home-
ostasis [38]. Chronic high levels of glucocorticoids exert
detrimental effects such as inhibiting certain immune func-
tions involving cytokines and natural killer cells, which
protects tumors from the immune system [39]. Diminished
immunosurveillance plays a critical role in allowing cancers
to grow and spread [40]. Additional research is required
to verify that hypersecretion of AVP detrimentally affects
the immune system through chronic high glucocorticoid
production. The specific role of AVP in the HPA axis is
controversial because of the use of indirect or correlation-
based studies [41]. AVP appears to play diverse roles in the
HPA axis ranging from immunoneutralization inhibiting the
increase in plasma ACTH to advantageous release rather
than corticotropin-releasing hormone (CRH) in response to
acute and chronic stressors [41]. In these studies, chronic
stress resulted in downregulation of CRH and increased the
sustained transcription of AVP, possibly to compensate for
the decreased level of CRH [26, 41].

Furthermore, under stress, the body utilizes glucocorti-
coid production as a form of energy that aids in angiogenesis
[42]. Thus, hypersecretion of AVP causes an increase in
glucocorticoid levels, which also stimulate angiogenesis as
a secondary effect. Moreover, AVP directly causes local
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tissue hypoxia in rats that increases angiogenesis, strongly
suggesting that AVP may also participate in angiogenesis by
causing the restriction of afferent arterioles and the activation
of perivascular V1a receptors [43]. Future research is required
to determine whether AVP functions similarly in humans.

4. Oxidative Stress May Dysregulate AVP
Production and Secretion

When ROS are present at nonphysiological concentrations,
they are extremely toxic and may be lethal [44, 45]. The
human body possesses an antioxidant defense system that
regulates the levels of ROS to prevent toxicity. However,
this balance is easily tilted in favor of oxidative stress [46–
48] under the following conditions: (1) inadequate levels
of antioxidants derived from the diet and (2) excessive
production of ROS induced by factors such as exposure
to toxins, drugs that increase the levels of ROS, excessive
free radical production, and diseases that induce secondary
oxidative stress [46–48].

Because high levels of ROS are readily generated and
ROS may act as a signal for AVP production and secre-
tion, a question arises regarding whether high levels of
ROS dysregulate expression of AVP, which synergizes with
ROS, thereby causing the dysregulation of water homeostasis
and other functions that lead to carcinogenesis. The same
question arises regarding tobacco smoke, stress, excessive
alcohol consumption, and other nonosmotic conditions that
stimulateAVPproduction and secretion.Thus, it is important
to investigate whether dysregulation of water homeostasis
caused by an imbalance in the levels of signaling molecules
alters the “water governing cycle” and contributes to carcino-
genesis.

5. Excessive ROS and AVP Synergize to
Contribute to Oncogenesis

High levels of ROS cause cancer through different mecha-
nisms such as damage to DNA, proteins, and lipids [45, 49].
For example, ROS inactivate TP53, which inhibits apoptosis
[45]. High ROS levels also increase histone acetylation,
which facilitates oncogenesis by damaging chromatin [50,
51]. Moreover, ROS directly increase the production of
thioredoxin [52, 53], which increases the growth of many
tumor cell lines and prevents cell death in the presence of
chemotherapeutic drugs by inhibiting signaling mechanisms
that induce apoptosis [53, 54].

Excess levels of ROS directly affect DNA and other
molecules involved in oncogenesis, and ROS act as signaling
molecules that induce the hypersecretion of AVP, which may
directly or indirectly contribute to oncogenesis. For example,
overproduction of AVP can lead to hypoosmolar conditions
[20]. Hypoosmolar conditions contribute to oncogenesis by
altering the expression of certain genes, including the LMO-
4 oncogene [6, 7], thereby altering the hydration patterns
required for DNA and protein recognition [1, 8, 11] and
enabling dual coenzyme specificity that increases protein
kinase production to levels that promote oncogenesis [16, 17].

In concert with the V1b receptor, hypersecretion of AVP
causes production of glucocorticoids, favoring the growth
and spread of cancer cells by supporting angiogenesis,
although further research is required to verify the effect on
immune function.

Furthermore, overproduction of AVP and its receptors
influences tumor growth and metabolism, and AVP may
act as an autocrine growth factor in some cancers [31,
32, 34]. The following list summarizes how the synergy
of high levels of ROS and AVP production and secretion
maintains a balance among dysregulated proliferation, cell
cycle arrest, apoptosis, and genomic instability. A possible
explanation for why cancers caused by ROS, which increase
AVP production and secretion to abnormal levels, maintain a
dysregulated state is as follows: many of the factors that give
rise to symptoms of pregnancy, such as increased AVP, high
levels of thioredoxin, decreased immune function, increased
angiogenesis, increased glucocorticoid levels, and increased
blood volume, are influenced by dysregulated ROS and AVP.
Figure 1 illustrates a possible mechanism by which excessive
ROS and AVP synergize, thereby creating conditions that
contribute to oncogenesis and may lead to metastasis.

Synergism between Dysregulated ROS and AVP Evades
Cellular Control Mechanisms to Contribute to Oncogenesis

Dysregulated proliferation: hypoosmolar conditions
significantly alter the expression of over 1,500 genes,
including more than 2-fold upregulation of the LMO-
4 oncogene. Hypoosmolar conditionsmay upregulate
genes involved in the transcription of the genes
encoding the receptors for estrogen and glucocorti-
coid receptors, which increases the risk of breast and
uterine cancers.

Cell growth: excess water molecules increase protein
kinase production, which rapidly induces an increase
in cell growth. Moreover, oxidative stress induces
the synthesis of high levels of thioredoxin, which
stimulates the growth of many tumor cell lines.

Inhibition of apoptosis: high levels of oxidative stress
lead to damage to TP53 and increase the inhibition of
apoptotic signaling pathways by thioredoxin.

Genomic instability: changes in hydration patterns
may alter DNA, protein, and peptide binding recog-
nition, leading to deleterious mutations. Moreover,
high levels of ROS damage DNA, proteins, and lipids
and increase the acetylation of histones, which may
damage chromatin.

Survival: AVP activates glucocorticoid production
that contributes to angiogenesis, favoring the growth
and spread of cancer. AVP may stimulate angio-
genesis by restricting afferent arterioles and activat-
ing perivascular V1a-R. Further research is needed
to verify the role of AVP in inhibiting immune
functions via sustained glucocorticoid production,
thereby facilitating cancer survival.
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Figure 1: It appears that the “altered water system” is capable of maintaining a balance between dysregulated proliferation, cell cycle arrest,
apoptosis, and genomic instability allowing both the transformation of a cell into a cancerous cell and cancer metastasis.

6. Conclusion

Exploration of this “altered water system” requires a large
initial investment in future research; however, the knowledge
obtained from this research should significantly enhance the
prevention and treatment of cancers. General suggestions for
future research include analyses of the influence of water
and osmolarity on gene expression and the potential onco-
genic effects of the synergism of ROS (and other signaling
molecules) with the overproduction of AVP.
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