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Abstract

The idea that water intake or hydration may play an intrinsic,
independent role in modulating metabolic disease riskiis rel-
atively recent. Here, we outline the journey from early ex-
perimental works to more recent evidence linking water and
hydration to metabolic health. It has been known for de-
cades that individuals with existing metabolic dysfunction
experience challenges to body water balance and have ele-
vated arginine vasopressin (AVP), a key hormone regulating
body fluid homeostasis. Later, intervention studies demon-
strated that altering fluid balance in these individuals could
worsen their condition, suggesting that hydration played a
role in modulating glycemic control. More recently, observa-
tional and interventional studies in healthy individuals have
implicated the hydration-vasopressin axis in the pathophys-
iology of metabolic diseases. Individuals with higher AVP (or
its surrogate, copeptin) are at higher risk for developing type
2 diabetes and components of the metabolic syndrome, an
association that remains even when controlling for known
risk factors. Supporting preclinical work also suggests a caus-
al role for AVP in metabolic dysfunction. It is known that in-
dividuals who habitually drink less fluids tend to have higher
circulating AVP, which may be lowered by increasing water

intake. In the short term, water supplementation in habitual
low drinkers with high copeptin may reduce fasting glucose
or glucagon, generating a proof of concept for the role of
water supplementation in reducing incident metabolic dis-
ease. A large randomized trial is ongoing to determine
whether water supplementation for 1 year in subjects with
low water intake can meaningfully reduce fasting glucose,
risk of new-onset diabetes, and other cardiometabolic risk

factors. ©2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

The pandemic of metabolic disorders and type 2 dia-
betes, in particular, is one of the major threats to global
health of this time. Indeed, metabolic disorders are asso-
ciated with increased risk of developing serious and life-
threatening complications, require increased need for
medical care, and are spreading across all socioeconomic
classes and countries [1]. A body of research has demon-
strated that lifestyle interventions could help prevent or
delay type 2 diabetes in populations at high risk of devel-
oping diabetes [2, 3]. The focus of lifestyle interventions
has primarily been on weight reduction through in-
creased physical activity and dietary modifications, for
example, reduction of caloric and fat intakes and in-
creased fiber intake. Within this context, replacing sugar-
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and calorie-containing beverages with water is an obvi-
ous preventive measure with the potential to reduce inci-
dent diabetes [4, 5]. Drinking plenty of plain water is
essential for promoting optimal functioning of the hu-
man body and is now considered to be an integral part of
a healthy diet for the prevention and management of met-
abolic disease [1]. However, despite the apparent consen-
sus around its vital role for health, paradoxically the in-
dependent role of water as a nutrient in supporting health
in the general population has seldom been considered [6].
Recent preliminary evidence suggests that water intake
and hydration may have intrinsic effects on glucose ho-
meostasis. Here, we outline the case for water intake, not
only as a substitute for calorie-containing beverages but
also as a potential independent contributor to metabolic
health.

Elevated Arginine Vasopressin, Body Water
Disturbance, and Metabolic Dysfunction: Cause or
Consequence?

It is well-known that the hyperglycemia characteristic
of diabetes presents unique challenges to body water bal-
ance. Elevated blood glucose exerts osmotic pressure
which elicits an internal shift in body water from the in-
tracellular to the extracellular space, preserving blood os-
molality and volume at the cost of cellular dehydration
[7]. Moreover, diabetes can increase risk of dehydration
through increased urinary water losses. These distur-
bances to body water balance are also evident in early em-
pirical observations of the hormone arginine vasopressin
(AVP) in individuals with diabetes mellitus. Observa-
tions in patients with uncontrolled diabetes show both
elevated plasma AVP concentrations and a chronic hypo-
volemic hyperosmolar state — a consequence of severe
glucosuria caused by hyperglycemia [8]. Preclinical stud-
ies later confirmed high vasopressin expression and con-
centrations in animal models of diabetes [9, 10]. Since the
primary role of AVP is to regulate body fluid balance, it
is thought that the activation of the fluid regulatory endo-
crine response in these patients may be an attempt to con-
serve the volume and osmolality of the vascular compart-
ment. Thus, in existing diabetes, it is far more likely that
elevated AVP is a consequence of hyperglycemia and en-
suing body water dysregulation, and not the cause of the
disease.

However, not only is AVP secreted in excess as a con-
sequence of uncontrolled diabetes, but more recent re-
ports suggest that it may also be a contributing factor to
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glycemic control. Two studies have reported that altera-
tions to body water balance worsened glucose regulation
in diabetic patients [11, 12]. For instance, in a recent small
interventional study in men with type 2 diabetes, 3 days
of water restriction resulted in deteriorated glucose re-
sponse to an oral glucose tolerance test (OGTT), altera-
tions to fasting insulin resistance and sensitivity indices,
and reduced whole-body glucose disposal during the
OGTT. Furthermore, water restriction resulted in higher
plasma cortisol throughout the OGTT [12]. This may
suggest that hydration and the hormonal regulation of
fluid balance may independently alter glucose regulation
in individuals already displaying metabolic dysfunction.
While direct evidence in humans is scarce, evidence sup-
porting this hypothesis can be found in preclinical mod-
els of metabolic dysfunction. In obese rats, supraphysio-
logic AVP infusion was shown to promote insulin resis-
tance and to promote glucose intolerance to a glucose
challenge [13]. Because AVP is secreted in response to
increases in plasma osmolality, replenishing body water
by increasing fluid intake may reduce plasma osmolality
and, consequently, AVP secretion. Interestingly, in-
creased water intake designed to reduce AVP in this ani-
mal model prone to metabolic dysfunction led to an im-
proved glycemic and insulinemic response to an insulin
tolerance test, as well as a reduction of liver steatosis, a
common complication of obesity. This may suggest that
hydration could help reduce some metabolic dysfunction
associated with obesity. These data suggest the possibility
of a causal involvement of the AVP system in glucose dys-
regulation, as well as a potential AVP-lowering effect of
water associated with decreased metabolic dysfunction.

How Might Arginine Vasopressin and Body Water
Regulation Impact Glucose Regulation?

At least 2 plausible, interrelated physiological systems
have been hypothesized to contribute to the mechanisms
underlying hydration and glucose regulation. First, AVP
secretion may directly modulate glycemic control through
actions in the liver and pancreas (Fig. 1). Second, AVP
secretion may also act indirectly by stimulating the hypo-
thalamo-pituitary-adrenal (HPA) axis (Fig. 1).

AVP is produced in the hypothalamus and released by
the posterior pituitary gland in response to high plasma
osmolality, decreased plasma volume, or low blood pres-
sure, with increasing plasma osmolality being the most
sensitive stimulus for AVP secretion in the general popu-
lation [14, 15]. Vasopressin induces an antidiuretic action
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Fig. 1. The potential mechanisms by which
the AVP system may impact glucose me-
tabolism are illustrated. AVP stimulates
glucose output by activation of glycogenol-
ysis and gluconeogenesis through activa-
tion of the hepatic V1a receptor (V1aR).
Vasopressin stimulates the secretion of glu-
coregulatory hormones (insulin and gluca-
gon) through activation of the pancreatic
V1b receptor (V1bR). Vasopressin stimu-
lates ACTH and cortisol secretion through
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on the kidney through binding to its V2 receptors in the
collecting duct. This powerful feedback loop leads to the
excretion of smaller volume of a more concentrated urine,
thereby countering the increase in plasma osmolality and
maintaining body water balance [14]. A series of early ex-
perimental and preclinical works have shown that modu-
lating AVP or manipulating the action of its receptors can
induce alterations of glycemic and insulinemic control.
Activation of the hepatic V1a receptor (V1aR) has been
shown to stimulate glycogenolysis and gluconeogenesis,
leading to increased plasma glucose concentrations [16-
18]. In the pancreas, depending upon extracellular levels
of glucose, activation of the V1b receptor (V1bR) may
promote either insulin or glucagon release [19, 20]. Ad-
ditionally, coadministration of high AVP and a selective
V1aR antagonist was shown to attenuate glucose intoler-
ance both in obese and normoglycemic rats [13, 21]. In
parallel, AVP acts in synergy with components of the
HPA axis, including the corticotropin-releasing hormone
to induce adrenocorticotropic hormone secretion from
the pituitary gland [22] through binding to the V1bR lo-
cated in the corticotrophs of the pituitary [23]. Both this
activation of the HPA axis and the direct activation of
V1aR in the adrenal cortex [24] are suggested to increase
cortisol secretion, eventually prompting gluconeogenesis
and inhibiting peripheral glucose disposal [25]. Recent
experimental evidence in knockout models of V1aR and
V1bR further confirmed the implication of the vasopres-
sin system in modulating glycemic control. Mice lacking
the V1aR display impaired glucose tolerance along with
alterations in plasma volume, body weight gain, and en-
ergy intake as compared to wild-type mice [26], whereas
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mice lacking the V1bR display better glycemic control to-
gether with enhanced insulin sensitivity [27]. Together,
these studies, which manipulated both the hormone and
its receptors, provide robust evidence for a direct role of
AVP in glucose regulation.

In addition to these 2 mechanisms, it has also been
proposed that the activation of the renin-angiotensin-al-
dosterone system (RAAS) may also contribute to meta-
bolic dysfunction [16, 28]. This system is activated in re-
sponse to the reduction of circulating blood volume (hy-
povolemia) andblood pressure. However, such conditions
are unlikely to occur in normal living conditions where it
is known that plasma osmolality is the primary stimulus
for early compensatory responses to maintain body fluid
balance [14, 15]. This is supported by the recent findings
of Johnson et al. [12], who found increased plasma osmo-
lality but no change in RAAS hormones despite altera-
tions to glycemic control in diabetic adults following wa-
ter restriction. Therefore, an activation of the RAAS ap-
pears less plausible than the previous 2 mechanisms in the
context of day-to-day regulation of fluid balance and glu-
cose metabolism.

While mechanistic studies are typically more difficult
to confirm in humans, recent analytical methods have en-
abled further insight into a causal role for AVP in glyce-
mic control. Common genetic variation in the human
AVP gene or the V1aR gene have been associated with
circulating AVP concentration and incidence of hyper-
glycemia in a French cohort [29] or with slightly higher
fasting glucose in a large Swedish cohort and with diabe-
tes prevalence in a subset of subjects of this cohort with
high fat intake and elevated BMI [30], respectively. In the
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latter cohort, allelic variance in the human V1bR gene
was also associated with higher risk of diabetes develop-
ment [31], further pointing to an essential role for the
vasopressin system in glucose metabolism.

What Evidence Is There for Excessive AVP, Low
Fluid Intake, and Metabolic Health in the General
Population?

Previously, we have seen that AVP is elevated in indi-
viduals with existing metabolic dysfunction; that altera-
tions to fluid balance may worsen their condition; and that
arobust body of preclinical work indicates a causal role for
AVP in glycemic control. However, these findings alone do
not indicate whether such a relationship exists in healthy
individuals or whether AVP and hydration might be a con-
tributing factor in the development of metabolic disease.
Recently, several large longitudinal cohorts have examined
the association between AVP (measured by its surrogate,
copeptin) and the risk of incident diabetes in the general
population. High plasma copeptin has been consistently
identified as an independent predictor of type 2 diabetes in
4 European cohorts [29, 32-34]. In a Scandinavian cohort,
the quartile of the population with the highest plasma con-
centration of copeptin had a 3.5-fold increased risk of new-
onset type 2 diabetes compared to the bottom quartile, an
association independent of fasting insulin and glucose
[32]. Similarly, Roussel and colleagues [29] confirmed the
association of plasma copeptin with the incidence of im-
paired fasting glucose and type 2 diabetes in a French lon-
gitudinal cohort with an average 13-year follow-up, after
adjusting for baseline water intake fasting insulin and glu-
cose both in men and women, whereas a Dutch cohort re-
ported this independent association in women only [33].
A British cohort of older men with no prevalent diabetes
also confirmed that copeptin independently predicted
new-onset diabetes in this older population [34]. Less con-
sistent observations have been reported between high plas-
ma copeptin and some metabolic risk factors including ab-
dominal obesity, decreased HDL cholesterol, insulin resis-
tance, and hyperglycemia [34-38].

In addition, 2 proofs of concept studies in healthy hu-
mans have reported changes to glycemic control in re-
sponse to increased AVP. Specifically, supraphysiologic
AVP infusion [39] or osmotic stimulation of vasopressin
(copeptin) within a high but physiological range [40] has
been shown to induce modest but significant increases in
glucose and glucagon. In contrast, another study using
passive heating to dehydrate participants showed no dif-
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ference in glucose tolerance in the short term [41] despite
achieving similar copeptin concentrations to Jansen et al.
[40]. Together, these data suggest that elevation of vaso-
pressin (copeptin) concentrations is a risk factor for the
development of diabetes in the long term. However, due
to the paucity of available data and the variability of trial
conditions, it is still unclear whether the activation of the
AVP system may alter glucose metabolism in the short
term, which conditions would be required, and which
mechanisms would be involved.

With vasopressin being the key regulator of body fluid
balance, de facto but indirectly connected to fluid intake,
other research has investigated the direct links between
water intake, glycemia, and incident diabetes. Here, high-
er water intake has consistently been associated with low-
er blood glucose levels and risk of diabetes in men, but not
in women [4, 42, 43]. While the underlying reasons for
possible sex differences in water intake and metabolic
dysfunction are not clear, interestingly, AVP (and co-
peptin) also tends to be higher in men than in women [29,
33, 36, 44]. These findings suggest the need for interven-
tion studies to assess potentially differential effects of wa-
ter intake on metabolic health in men and women.

From Observation to Action: Could Increased Water
Intake Be an Actionable Lever to Decrease Metabolic
Disease Risk in the General Population?

In otherwise healthy individuals with chronically
higher AVP, might water intake be a simple and effective
measure to reduce AVP and thus lower diabetes risk? The
rationale for considering water supplementation as a pre-
ventive measure comes from observational studies re-
porting that individuals with low fluid intake have higher
AVP and copeptin concentrations as compared to those
who consume more fluids despite similar plasma osmo-
lality [45, 46]. Additionally, there is compelling evidence
that increasing water intake can meaningfully reduce
AVP (copeptin) over a period of hours, days, or weeks
[46-49] and that the copeptin-lowering effect is driven by
individuals with the highest baseline copeptin or other
signs of insufficient water intake [47, 49]. Recent short-
term trials suggest this AVP-lowering effect may also im-
pact metabolic endpoints. In a 1-week water intervention
study, Enhorning et al. [47] documented a small but sig-
nificant reduction in plasma glucagon, but not in fasting
plasma insulin or glucose, in individuals with the highest
baseline copeptin. Separately, a 6-week water interven-
tion in adults with high urine osmolality, low urine vol-
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ume, and high copeptin induced a small but significant
decrease in fasting plasma glucose, but no changes in fast-
ing plasma insulin or glucagon [49]. These preliminary
findings, despite the inconsistencies in metabolic out-
comes, together generate a proof of concept for the role
of water supplementation in metabolic disease risk. A
large randomized controlled trial to explore whether wa-
ter supplementation in subjects with low water intake can
durably reduce fasting glucose, risk of new-onset diabe-
tes, and other cardiometabolic risk factors is currently
ongoing (NCT03422848).

What Is Missing?

Current evidence points to AVP as an actor in meta-
bolic dysfunction and suggests that water intake may play
arole in reducing metabolic disease risk. However, there
are a number of areas where research is missing, where
results are conflicting, or where the long-term health im-
plications remain unclear. Here, we offer a list of ques-
tions that remain partially or wholly unanswered:

« Investigate genetic and physiological characteristics
that may influence AVP and its link with disease.

« Distinguish the importance of water and hydration in
the primary prevention of metabolic disease, from its
importance in the management of existing metabolic
dysfunction.

« Understand whether short-term changes in fasting
glucose are maintained over time and whether these
small but significant changes are meaningful in the
long-term management of disease risk.

o Understand which mechanism(s) play a key role on
the short and long term, and understand the progres-
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