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Hydration for Health Conference
Emphasizes Vasopressin and
Kidney Diseases

The Hydration for Health Scientific Conference remains unique as the world’s only annual gathering that
focuses solely on the health benefits of water consumption and creates dialogues among clinicians, scientists,
physiologists, dieticians, and global healthcare organizations. The July 4–5, 2017 program included speakers
from Australia, Canada, France, Italy, Sweden, the
United Kingdom, and the United States. Their presentations considered (a) the positive influences of water
consumption on kidney diseases and urinary tract infection (UTI), (b) human neuroendocrine regulation of
water and electrolytes, and (c) low daily water consumption as an epidemiologic risk factor for chronic
diseases. Three speakers focused on the essential roles
of vasopressin (i.e., the antidiuretic hormone) and its
surrogate (copeptin) in the sensation of thirst and as a
biomarker of renal diseases.
The initial article in this Annals of Nutrition and Metabolism supplement (pages 3–7) focused on the varied
roles that arginine vasopressin (AVP) plays in the brain
and peripheral organs. Daniel Bichet, PhD, University of
Montreal, Canada described an essential component of
body water balance in his article, “Vasopressin and the
regulation of thirst.” His topic expanded a previous publication in this journal [1]. Professor Bichet began by explaining 2 ways in which the brain perceives dehydration:
increased blood concentration and decreased pressure
© 2018 The Author(s)
Published by S. Karger AG, Basel
E-Mail karger@karger.com
www.karger.com/anm
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within blood vessels. He then described a rapid response
to dehydration that is perceived by the brain, before blood
concentration and pressure change; this response involves anticipatory signals initiated by sensory neurons in
the mouth and throat. Through this dual-pathway redundancy, the brain regulates total body water by ensuring
that the feeling of thirst is sensed when dehydration occurs.
Six articles in this journal supplement focus on disorders and diseases of the kidneys. On pages 8–10,
members of Danone Nutricia Research, led by
Mariacristina Vecchio, PharmD, describe the available
literature regarding the effects of increased water consumption on the incidence and treatment of urinary
tract infection (UTI). The authors concluded that sound
information about prevention of cystitis is lacking, and
emphasized the need for a well-designed randomized
controlled trial to assess the effects of increased water
intake on cystitis.
Acute kidney injury (AKI) is often encountered after
major surgery or organ damage. It is associated with uncontrolled inflammation and is diagnosed only after significant renal damage has occurred. Researchers Sylvie
Breton, PhD and Dennis Brown, PhD, both members of
the faculty at Harvard Medical School, USA recently discovered a novel biomarker that detects AKI within a few
hours of onset. Reducing the time of diagnosis and recog-

nizing the specific renal cells involved may lead to the
development of a new therapy for AKI.
Two conference presentations (pages 21–27) specifically focused on chronic kidney disease (CKD) research.
First, Swedish investigator Sofia Enhörning, MD, PhD
(winner of the 2016 Hydration for Kidney Health Research Initiative grant, a collaborative effort of Danone
Nutricia Research and the International Society of Nephrology) described the role of AVP in type 2 diabetes,
CKD, and associated cardiovascular complications. Once
type 2 diabetes is established, the risk of cardio-renal disease greatly increases, concurrent with plasma AVP and
copeptin levels. Thus, copeptin may someday be used to
identify individuals [2] who are at higher risk of diabetes
and renal disease (e.g., CKD and other kidney disorders),
and offer early preventive strategies. For example, the
simple act of increasing water intake may provide beneficial glucometabolic effects for CKD patients, and patients
with other renal diseases, who habitually consume a low
volume. Second, Ray El Boustany, PharmD, PhD, from
Inserm, France reported her research regarding diabetic
nephropathy, the most common form of CKD. The relationship between type 1 or type 2 diabetes and AVP is
widely recognized, yet the causes of elevated plasma AVP
are still unknown. Both experimental animal research
and epidemiological studies provide strong arguments
regarding the detrimental effects of high circulating AVP
and copeptin levels. This article ends with a call for randomized controlled intervention studies involving diabetic humans with early kidney disease and high copeptin
levels, to evaluate the efficacy of increased daily water intake.
Global initiatives to counter the growing incidence of
CKD are described by Adeera Levin, MD. As President
of the International Society of Nephrology and Head of
the Division of Nephrology, University of British Columbia, Canada, she is well qualified to describe the
worldwide state of renal health care. Dr. Levin presented
the results of one major ISN project: the Global Kidney
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Health Atlas. This atlas is the first multinational, crosssectional survey that describes and evaluates current kidney care capacities worldwide. She explained the major
clinical obstacles that CKD patients face globally, including the various differences that exist in the access to prevention, treatment, kidney dialysis, transplantation, and
trained health care professionals. These obstacles are especially important because diabetes and hypertension,
which are growing concurrently with the worldwide increase of obesity, are major risk factors for CKD. The
current innovative approaches of the International Society of Nephrology (see pages 28–32) include collaborative clinical trials, research grants, patient-oriented research consortia, and international surveys of health
care.
Since 2012, the research effort of new investigators in
the field of hydration and health have been acknowledged via the Young Researcher Award. For the first time
in the history of this conference, 6 new investigators
shared their hydration research findings, in rapid order
during brief 3-min summary presentations to the audience of 200 professionals. Abstracts of their work appear
on pages 39–44. Connor F. Underwood of Sydney, Australia was selected as the winner of this competition and
received the 2017 Young Researcher Award trophy from
the Hydration for Health Expert Working Group. A
manuscript describing his research, utilizing an animal
model of polycystic kidney disease, appears on pages 33–
38. Interestingly, increased fluid intake has been identified as one means of reducing the formation of renal
cysts.
The aforementioned articles foreshadow the upcoming 10th Hydration for Health Scientific Conference,
which will be held in Évian-les-Bains, France on June 26–
27, 2018. That event will celebrate a decade of multi-national hydration exploration, the scientific relevance of
optimal water intake as part of a healthy lifestyle, and its
importance for global public health.
Lawrence E. Armstrong
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Vasopressin and the Regulation of Thirst
Daniel G. Bichet
University of Montreal and Nephrology Service, Research Center, Hôpital du Sacré-Coeur de Montreal,
Montreal, QC, Canada

Keywords
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of the hypothalamus could integrate multiple thirst-generating stimuli including cardiopulmonary signals, osmolality,
angiotensin II, oropharyngeal and gastric signals, the latter
possibly representing anticipatory signals. Dehydration is
aversive and MnPO neuron activity is proportional to the intensity of this aversive state.
© 2018 The Author(s)
Published by S. Karger AG, Basel

Abstract
Recent experiments using optogenetic tools allow the identification and functional analysis of thirst neurons and vasopressin producing neurons. Two major advances provide a
detailed anatomy of taste for water and arginine-vasopressin (AVP) release: (1) thirst and AVP release are regulated not
only by the classical homeostatic, intero-sensory plasma osmolality negative feedback, but also by novel, extero-sensory, anticipatory signals. These anticipatory signals for thirst
and vasopressin release converge on the same homeostatic
neurons of circumventricular organs that monitor the composition of the blood; (2) acid-sensing taste receptor cells
(which express polycystic kidney disease 2-like 1 protein) on
the tongue that were previously suggested as the sour taste
sensors also mediate taste responses to water. The tongue
has a taste for water. The median preoptic nucleus (MnPO)

© 2018 The Author(s)
Published by S. Karger AG, Basel
E-Mail karger@karger.com
www.karger.com/anm
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In a previous Annals of Nutrition and Metabolism [1],
I reviewed recent cellular and optogenetic animal experiments demonstrating that brain circumventricular organ
sensors reacting to osmotic pressure and angiotensin II
(AII) subserve the genesis of thirst, volume regulation,
and behavioral effects of thirst avoidance.
I am now describing a detailed wiring map for thirst
(i.e., including anticipatory signals for thirst and vasopressin release converging on the same homeostatic neurons), circumventricular organs that monitor the composition of the blood [2], and the identification of specific
water receptor taste cells [3]. The median preoptic nucleus (MnPO) of the hypothalamus could integrate multiple
thirst-generating stimuli [4, 5]. These new data from opDaniel G. Bichet
Professor of Medicine, Pharmacology and Physiology, University of Montreal and
Nephrology Service, Research Center, Hôpital du Sacré-Coeur de Montreal
5400, Blvd Gouin Ouest, Montreal, QC, H4J 1C5 (Canada)
E-Mail daniel.bichet @ umontreal.ca
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Fig. 1. Anticipatory thirst and central

c ontrol of volemia. SFO, subfornical organ;
MnPO, median preoptic nucleus; PVH,
paraventricular nucleus; OVLT, organum
vasculosum of the lamina terminalis; SON,
supraoptic nucleus; AII, angiotensin II.

togenetic experiments done in rodents explain findings
obtained in humans using blood oxygen level-dependent
(BOLD) signals demonstrating that the increase in the
lamina terminalis (LT) BOLD signal observed during an
infusion of hypertonic saline is rapidly decreased after water intake well before any water absorption in blood [18].
Intero-Sensory and Extero-Sensory Regulation of
Thirst and Vasopressin Release (Fig. 1)

Intero-sensory stimuli: perception of osmolality (increased with intracellular dehydration) and, through AII,
plasma volume and perfusion pressure (both decreased
with extracellular dehydration). Importance of sodium x
(Nax) signals to distinguish water depleted from salt depleted conditions.
(a) Osmoreceptor cells of the subfornical organ (SFO)
bear AII receptors and project to vasopressin producing
cells in the supraoptic nucleus (SON) and paraventricular
nucleus (PVH).
Homeostatic neurons of the SFO are osmoreceptor
cells and, through their AII receptors, perceive plasma
volume and vascular perfusion pressure. This is the
classical intero-sensory regulation responsible for conscious thirst perception, since these neurons project to
the anterior cingulate cortex [6]. These SFO neurons
are also responsible for vasopressin release since they
project to vasopressin producing neurons in the SON
4
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Kidney

and PVH [7]. Extracellular fluid hyperosmolality stimulates the sensation of thirst to promote water intake
and the release of vasopressin that will enhance water
reabsorption in the kidney. By contrast, extracellular
fluid hypo-osmolality suppresses basal vasopressin secretion. Thirst and vasopressin release appear, thus far,
as a purely homeostatic response to deviations in intero-sensory stimuli: blood osmolality, pressure, or volume.
(b) Two types of AII receptor type 1a-positive excitatory neurons exist in the subfornical organ. Nax is expressed in glial cells surrounding SFO cells and serves to
distinguish water depleted from salt depleted conditions,
both stimulated by AII.
AII drives both thirst and salt appetite. Matsuda et al.
[8, 9] showed that thirst and salt appetite are driven by
2 distinct groups of AII (receptor type 1a-positive excitatory) neurons in the subfornical organ. Neurons projecting to the organum vasculosum LT control water intake, while those projecting to the ventral part of the bed
nucleus of the stria terminalis control salt intake. Thirstdriving neurons are suppressed under sodium-depleted
conditions. In contrast, the salt appetite-driving neurons are suppressed under dehydrated conditions
through activation of GABAergic neurons by Nax signals [10]. These distinct mechanisms in the subfornical
organ may underlie the selective intakes of water and/or
salt and may contribute to body fluid homeostasis
(Fig. 2).
Bichet

Thirst-related signal pathway
Salt appetite-related signal pathway
Other pathway

SFO
MnPO

BNSTvl
PVH
PBN

OVLT
SCN

Geniculate ganglion

Fongiform

Fig. 2. The anatomy for taste of water. SFO,
subfornical organ; MnPO, median preoptic nucleus; PVH, paraventricular nucleus;
OVLT, organum vasculosum of the lamina
terminalis; SON, supraoptic nucleus;
BNSTvl, bed nucleus of the lamina terminalis; SCN, suprachiasmatic nucleus.

The techniques used in the 1960s and 1970s to describe
these intero-sensory stimuli lacked the ability to track
thirst neurons of the LT and vasopressin neurons projecting to the posterior pituitary in real time in conscious
animals, and so could not assess extero-sensory information regulating these processes[11].
Extero-Sensory Stimulation Anticipates Thirst
Stimulation and Vasopressin Release: Importance of
Taste Water Receptors

Recent experiments using optogenetic tools [12] in
awake animals demonstrate that a substantial fraction of
normal drinking behavior and vasopressin release are
not regulated directly by changes in the blood. Instead,
this behavior appears to anticipate homeostatic changes
before they occur [13]. Anticipatory signals for thirst
and vasopressin release converge on the same homeostatic neurons, subfornical organ neurons, which monitor the tonicity of blood [14, 15]. The activity of subfornical organ excitatory neurons (SFONos1; Fig. 1) [1, 7, 16,
17], activated by water restriction, rapidly return to
baseline after water access, well before any measurable
Vasopressin and the Regulation of Thirst

NTS

SON PP
Sympathetic
nervous
system

Chorda tympani

change in plasma osmolality occurs [14]. This rapid anticipatory response to drinking has been suggested by
blood oxygen level-dependent (i.e., functional magnetic
resonance imaging BOLD signal) measurements during
thirst stimulation in humans. The BOLD signal from the
anterior cingulate cortex area, known to be responsible
for the conscious perception of thirst, decreased rapidly
after water consumption, well before any systemic absorption of water [18]. There is a delay of approximately 10 min [19] between the ingestion of water and its full
absorption into the bloodstream. These new data explain how drinking can quench thirst within seconds,
long before the ingested water alters blood volume or
osmolality. The rapid anticipatory response to drinking
has at least 2 components: an immediate signal that
tracks fluid ingestion, and a delayed signal that reports
fluid tonicity, possibly generated by an esophageal or
gastric osmosensor.
The recently described water taste receptor cells could
be this immediate signal tracking fluid ingestion [3]. Oka
et al. [7] at the California Institute of Technology in Pasadena demonstrated that the tongue has a taste for water:
they found that applying deionized water to the tongues
of mice caused specific taste nerves to fire. This was due
Ann Nutr Metab 2018;72(suppl 2):3–7
DOI: 10.1159/000488233
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to a change in the pH of the saliva as it was diluted by the
water. The team engineered mice to make their sour taste
(acid-sensing) receptors sensitive to light. In response to
light stimulation, mice continuously tried to drink from
an empty bottle – but only if they had previously been
deprived of water. This suggests that the activation of
these tongue cells drives drinking behavior when an animal is thirsty. Mice lacking acid-sensing taste receptors
lost the ability to distinguish water from non-aqueous liquids such as oil.
Esophageal and/or gastric sensors could also convey
organ-specific information via the sensory vagus nerve
[20], in a manner similar to the concept of appetite control suggested by Andermann and Lowell [21]. This involves feedforward control of hypothalamic activity via
external cues regarding mealtimes, food, and water
availability; this activity regulates feeding and water absorption to prevent future homeostatic perturbations.
These rapid, bidirectional feedback and feedforward
predictive signals are ubiquitous; they have been described in the control of feeding, water circuits [21], and
in the cardiovascular system [22]. As commented by
Andermann and Lowell [21] citing the work of Carpenter [23], “the whole of the brain may be regarded as a way
of helping the hypothalamus to do a better job, by making better predictions of what is going to happen next,
and what is likely to follow from one course of action
rather than another.”
From a Darwinian point of view, the rapid, volumetrically exact intake of water (i.e., consequent upon thirst or
a salt solution in the case of sodium depletion), carries
high survival advantage. It permits animals to go to a water or salt source, to rapidly correct the deficit and leave
the place, reducing their exposure to predators that have
learned to wait there [24].
Coordination of Eating, Drinking, and
Vasopressin Release

Eating increases the need for water for 2 reasons: (1)
there is a need to replace the fluid utilized for swallowing
(saliva) and digestion (water diverted from the circulation into the gastrointestinal tract); and (2) to counteract the increase in blood osmolality caused by the absorption of salts and other osmoles from food. As described recently in a review on thirst, [13] anticipatory
signals about ongoing food ingestion are communicated
to the LT by multiple mechanisms. For example, somatosensory signals from the oral cavity report on food
6
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swallowing or its effects on the saliva. Further, several
hormones associated with eating and satiety have been
proposed to modulate thirst neurons and vasopressin
release, including amylin, cholecystokinin, ghrelin, histamines, insulin, and leptin. Some of these hormones
might be elevated in patients with diabetes mellitus and
may explain their high vasopressin plasma concentration [25].
The responses to drinking and feeding are bidirectional, yet asymmetric. Using electrophysiological recordings (i.e., of genetically identified SON pituitaryprojecting vasopressin (VPpp) neurons in water-restricted mice), Mandelblat-Cerf et al. [15] observed rapid
decreases in neuron activity within seconds of presentation of cues signaling water availability, prior to water
ingestion. In contrast, ingestion of dry food – a hyperosmotic challenge – elicited rapid increases in VPpp neuron
activity prior to any increase of plasma osmolality. If
prandial thirst is not quenched by drinking, then further
food consumption is reduced; known as dehydration-induced anorexia, this phenomenon could be observed in
young patients with congenital nephrogenic diabetes insipidus [26]. Altogether, these new data explain the speed
of thirst satiation, the fact that oral cooling is thirstquenching, and the widespread coordination of eating,
drinking, and vasopressin release. Feedforward signals
for thirst do not work in parallel and or apart from homeostatic thirst neurons, but instead work through homeostatic neurons.
Anticipatory, feedforward signals for thirst and vasopressin release converge on the same homeostatic neurons detecting the feedback signals of osmolality and circulating AII as shown in Figure 1. The anticipatory signals explain the speed of thirst satiation and the widespread
coordination of eating, drinking, and vasopressin release
(modified figure from [14].
An illustration of new data described in this review on
the cell type-specific neural circuits that underlie thirst
and fluid homeostasis in the mouse brain (modified from
[2]; [27], and from Gizowski and Bourque [5]) is shown in
Figure 2. The LT consists of 2 sensory circumventricular
organs (the SFO and organum vasculosum of the LT
[OVLT]) and an integrative structure (the MnPO). Information about plasma osmolality, volume, and pressure
enters the LT through specialized interoceptive neurons
in the SFO and OVLT, some of which are intrinsically osmosensitive and AII-sensitive (for example, SFOGLUT
neurons). The LT nuclei communicate with each other
through an extensive network of bidirectional projections
that has not yet been fully mapped with cell-type specificBichet

ity. Other pathways: (1) outside the LT, SFOGLUT neurons
project to the PVH, SON and ventral bed nucleus of the
LT (BNSTvl); (2) projections from the MnPO and OVLT
to the PVH and SON are well established; (3) argininevasopressin (AVP) neurons in the suprachiasmatic nucleus (SCNAVP neurons) project to the OVLT and SON to
mediate circadian regulation of thirst and AVP secretion,
respectively.
Water taste receptors on fungiform cells of the tongue
drive drinking behavior. Information about plasma sodium enters the circuit through specialized aldosterone-

sensitive neurons in the nucleus of the solitary tract (NTS)
that express 11β-hydroxysteroid dehydrogenase type 2
(NTSHSD2 neurons), which promote salt appetite and
project to the pre-locus coeruleus (pre-LC), parabrachial
nucleus, and BNSTvl.
Disclosure Statement
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Abstract
As a preventive strategy, increased water intake is often recommended to women affected by recurrent cystitis; however, clinical data are sparse and conflicting. This review
evaluates the preventive approaches used as alternatives to
obtain relief from the burden of cystitis and focuses on the
effect of fluid intake on urinary tract infection.
© 2018 The Author(s)
Published by S. Karger AG, Basel

Cystitis is the most common lower urinary tract infection (UTI). It is a bacterial contamination of the bladder
representing one of the most common infectious diseases
in women, and the second most common cause of antimicrobial medicine prescriptions in primary and secondary care [1, 2].
The lifetime risk of developing cystitis has been estimated to be over 50% in women [3], with at least one third
of the episodes diagnosed before the age of 24 [4]. Approximately 5% of women with initial cystitis have multiple episodes within a year; a high recurrence rate, rang© 2018 The Author(s)
Published by S. Karger AG, Basel
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ing between 25 and 30%, has been shown to affect the
entire female population [5, 6]. As cystitis is not a reportable disease, doctors do not necessarily report cases to local health officials, and this makes cystitis frequency in
many countries difficult to measure.
Cystitis is a source of significant cost and morbidity.
Most episodes are self-limiting but occasionally can be
associated with significant complications such as pyelonephritis and sepsis. Composite data revealed that overall
expenditures for the treatment of UTIs in women in the
United States, excluding spending on outpatient prescriptions, were approximately 2.47 billion U.S. dollars in
2000 [7]. Moreover, UTI accounts for approximately 15%
of all antibiotic prescriptions written [8], and concerns
are rising due to its direct correlation with the development of antimicrobial resistance.
There are multiple reasons to prevent cystitis in women. The foremost is to reduce morbidity associated with
the infections, which are often related to pain and general
discomfort. Besides, the prevention of cystitis can potentially reduce the use of antibiotics in these subjects [9].
This reduction is particularly relevant in 3 ways. First,
Escherichia coli, the primary causative agent of uncomplicated cystitis, gains increased resistance to a variety of antibiotics, including fluoroquinolones and β-lactams. This
resistance is increasingly observed among community-acMariacristina Vecchio, PharmD
Danone Nutricia Research
R.D., FR–91767 Palaiseau Cedex (France)
E-Mail cristina.vecchio @ danone.com

quired UTI cases [10]. Second, there can be a significant
impact of short courses of antibiotics on the gut and vaginal microbiota, which can contribute to recurrence and
antibiotic resistance [11]. Third, there are risks associated
with antibiotic use, including allergic reactions, side effects, and vaginal candida infections, which occur in up to
22% of women treated for uncomplicated cystitis [12].
Non-pharmacologic antimicrobial-sparing strategies
that prevent recurrent cystitis in premenopausal women
generally include education about risk factors such as sexual intercourse and usage of spermicidal products. Lifestyle changes, including urination as often as needed (especially after intercourse), properly washing the vulvovaginal area, and drinking plenty of water are often
suggested [13–16]. However, none of these recommendations has been scientifically validated. While the use of
daily antibiotics or post-coital antibiotics is effective, the
rise of bacterial resistance has made these strategies less
attractive. Different approaches have been proposed, including the use of probiotic lactobacillus, functional
foods, and vaccines [9]. Although promising, existing
data for prevention of UTI using lactobacillus are to date
insufficient and await further validation [17, 18].
The most studied functional foods thus far have been
cranberries and their extracts. Some years ago, a Cochrane
review of cranberry research evaluated 24 studies with a
total number of 4,473 participants [19]. Meta-analyses
found that (compared to placebo, water, or no treatment)
cranberry products did not significantly reduce the occurrence of symptomatic UTI in the entire sample (relative
risk [RR] 0.86, 95% CI 0.71–1.04) or for any of these subgroups: women with recurrent UTI (RR 0.74, 95% CI 0.42–
1.31); older women (RR 0.75, 95% CI 0.39–1.44); pregnant
women (RR 1.04, 95% CI 0.97–1.17); children with recurrent UTI (RR 0.48, 95% CI 0.19–1.22); cancer patients (RR
1.15 95% CI 0.75–1.77); or people with neuropathic bladder or spinal injury (RR 0.95, 95% CI 0.75–1.20). Due to
these results, no recommendation can be made regarding
the consumption of any cranberry-based product [20].
Abundant fluid intake may prevent recurrent episodes
of infection by promoting the passage of urine and flushing of the urethra. Health care providers often recommend that women affected by recurrent cystitis drink
more water. The rationale for this approach is that drinking more fluid increases voiding frequency, resulting in
the dilution and flushing of bacteria from the urothelium.
As such, increasing fluid intake increases the frequency
and volume of voiding, and potentially reduces the risk of
recurrent cystitis. Support for this hypothesis exists in a
multivariate analysis that compared 791 female teach-

ers, who deliberately restricted their fluid intake, to women drinking without restrictions. This study found that
women in the fluid restricted group were at a significantly higher risk of UTI (p = 0.0002) than women in the latter group [21]. A separate study of 1,613 women evaluated the frequency of voiding as a factor in the development of UTI [22]. Results of this study demonstrated that
women aged 20–25 had a higher rate of low voiding frequency, compared to women aged 30–35 or 40–45. In all
3 groups, women who voided 3 times or less per day had
significantly more urinary infections than those with 4 or
more voids per day. Several other nonrandomized studies
have reported that low fluid intake or reduced number of
daily voids were associated with an increased risk of recurrent infections in women having a history of UTI [23–
27]. Conversely, 3 studies found no difference in fluid intake between women with recurrent infections and controls; also, no association was observed between fluid
intake and UTI [28–30]. Thus, the interpretation of the
results is inconclusive due to the lack of randomization,
small sample sizes, and the fact that none of these studies
were designed as interventions to assess the effect of increased water intake on UTIs.
To this date, the only published interventional study
showed that optimal hydration assessed by self-measurement of urine specific gravity resulted in a reduced frequency of cystitis [31]. However, because fluid intake was
not assessed in this study, these results are not definitive.
Women who consume a low volume of total fluid each
day are usually reluctant to increase their water intake
due to the consequent increase in the number of voids. In
the sample of teachers observed in 1997 (see above),
Nygaard and Linder [21] showed that 25% of women voluntarily self-imposed fluid restriction to decrease their
voiding frequency. Similarly, Su et al. [26] showed that
cleanroom workers limited their water intake and avoided the bathroom because of a short break-time, and the
special toilet procedures required to maintain a clean
workplace environment. Increased fluid intake seems to
be perceived as a burden for women even in an unrestricted work environment. An increased number of voids and
nocturia is perceived as a barrier to normal daily activities
and as impediments to developing healthy lifestyle habits.
However, the quality of life of women with a high fluid
intake has never been assessed systematically and should
be further evaluated.
In conclusion, relevant and accurate information
about the prevention of cystitis is lacking in the scientific
literature and well-designed intervention studies are
needed. Given this unmet need, we stress the necessity of
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a well-designed randomized controlled trial, powered to
assess the effects of increased water intake on cystitis. Water, which is widely available and unassociated with adverse effects, may someday provide doctors with further
motivation to strongly encourage increased water intake
for the prevention of recurrent cystitis in women.

Disclosure Statement
The authors are employees of Danone Nutricia Research,
 alaiseau, France. The results of the first RCT on hydration and
P
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Abstract
Background: Serious and often fatal acute kidney injury
(AKI) is frequently seen after major surgery, local and remote
organ damage, and sepsis. It is associated with uncontrolled
inflammation, and is usually diagnosed only after the kidneys have gone through significant and often irreversible
damage. Summary: During our work involving another type
of kidney disease that leads to acid-base disorders of the
blood, we unexpectedly found high levels of a protein called
the P2Y14 “purinergic” receptor, in specialized kidney epithelial cells called intercalated cells (ICs). These cells are responsible for maintaining whole body acid-base balance by
regulating the secretion of excess protons into the urine,
which normalizes blood pH. However, it turns out that the
P2Y14 receptor in these cells responds to a molecule called
uridine diphosphate (UDP)-glucose, which is a danger signal
released by damaged cells anywhere in the body. When
UDP-glucose reaches the kidney, it stimulates ICs to produce chemoattractant cytokines; this results in renal inflam-
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mation and contributes to the onset of AKI. Key Message:
Thus, our work now points to ICs as key mediators of renal
inflammation and AKI, following surgery and/or damage to
remote organs, sepsis, and also local insults to the kidney
itself. The link between the proton secreting ICs of the kidney and AKI is an example of how a fundamental research
project with a defined aim, in this case understanding acidbase homeostasis, can lead to a novel observation that has
unexpected but major implications in another area of human health.
© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Renal intercalated cells (ICs) are best known for their
central role in the regulation and maintenance of acidbase balance via the proton-pumping activity of the
vacuolar H+-ATPase (V-ATPase), and other membrane
associated ion transporters. However, we recently made
the unexpected discovery that in addition to this important physiological role, type A proton secreting ICs (AICs) are also sensors that mediate sterile inflammation
Dennis Brown, PhD
Program in Membrane Biology and Division of Nephrology
Massachusetts General Hospital, Simches Research Center
1854 Cambridge Street, Boston, MA 02114 (USA)
E-Mail brown.dennis @ mgh.harvard.edu

in the kidney medulla [1]. This resulted from our identification of high expression of the proinflammatory
uridine diphosphate (UDP)-glucose receptor P2Y14 in
A-ICs.
Renal failure (i.e., in acute kidney injury [AKI]
brought on by surgery, local and remote organ damage,
and sepsis) is often associated with uncontrolled inflammation [2]. Prolonged episodes of dehydration also can
result in AKI and chronic kidney disease (CKD) [3]. In
addition, acidosis is a comorbidity and co-mortality factor in AKI [4]. In this context, we discuss here the wellestablished role of A-ICs in acid-base homeostasis, and
the newly discovered proinflammatory role of these
cells.
AKI – The Silent Killer

Regardless of the cause of hospitalization, all patients
admitted to the intensive care unit (ICU) are at a high
risk of developing AKI [5]. On a yearly basis, up to two
thirds of the 5.7 million ICU patients in the United States
develop AKI [6, 7]. Overall, AKI affects 1 in 5 hospitalized adults, and 1 in 3 hospitalized children [8]. In addition, patients who survive AKI have an increased chance
of developing CKD and end-stage renal disease [9].
However, AKI often remains undetected due to the lack
of adequate biomarkers of early renal injury, and very
few therapeutic options are currently available to alleviate AKI [10, 11]. This leads to AKI sometimes being referred to as “the silent killer.” A recent review article stated, “Given the high mortality and morbidity associated
with AKI, there is an important unmet medical need to
develop effective therapies for these patients” [11]. In this
context, the field is in dire need of a biomarker that can
detect early signs of renal injury, and new treatments that
could be administered while injury can be prevented.
This would enable the physician to make vital clinical
decisions before the damage progresses to potentially fatal renal failure.
Multiple primary clinical conditions are associated
with AKI, especially cardiac surgery, myocardial infarction (MI) and sepsis. AKI occurs in 30% of patients after
cardiac surgery and in 22% of patients after MI [12].
These patients are then at high risk of multiple organ failure and death. In addition, sepsis is responsible for over
50% of cases of AKI in the ICU [4, 11]. Thus, the means
by which diverse organ systems communicate damage to
the kidney, which leads to AKI, is of great current interest
in the nephrology field.
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Purinergic Signaling in the Kidney

Uncontrolled inflammation is a major cause of AKI
[2]. Following immune cell chemotaxis and infiltration,
production of reactive oxygen species, eicosanoids, and
leukocyte- and endothelial cell-derived mediators create
an intense inflammation reaction that potentiates renal
injury [13, 14]. Purinergic signaling has been shown to
participate in the onset of renal inflammation, but the
underlying mechanisms involved, and how to prevent
and alleviate the severe damage caused by inflammation,
still remain to be fully characterized. Purinergic receptors respond to extracellular purines and pyrimidines,
and they modulate a variety of cellular functions [15].
P2X receptors are ligand-gated ion channels and their
principal selective agonist is adenosine triphosphate
(ATP), while P2Y receptors are G protein-coupled receptors that respond to a variety of adenine and uracil nucleotides, including ATP, adenosine diphosphate (ADP),
uridine triphosphate (UTP), UDP, and UDP-sugars.
Several purinergic receptors are present along the renal
tubule, and numerous pathologies are associated with
dysregulation of purinergic signaling, including hypertension, CKD, AKI, diabetic nephropathy, and glomerulonephritis [16, 17]. Purinergic receptors present in the
renal collecting duct principal cells regulate water, electrolyte, and volume homeostasis [18, 19]. We recently
showed that the adenosine receptors ADORA2A and
ADORA2B, located in the apical membrane of the collecting duct ICs, stimulate proton secretion via activation
of the cAMP/PKA pathway [20]. In this review article, we
describe how another member of the purinergic family,
the proinflammatory receptor P2Y14, mediates renal inflammation via ICs [1], and suggest how this might be
applicable to the diagnosis and treatment of AKI.
Identification of the P2Y14 Receptor in Collecting
Duct ICs

The P2Y14 receptor (also known as GPR105) is specifically activated by nucleotide sugars [21]. In contrast to other P2Y receptors, it is insensitive to ADP, ATP, and UTP,
but its specific ligand has been identified as UDP-glucose.
Extracellular ATP, adenosine, and UDP-glucose are immune-regulatory factors known as DAMPs (damage associated molecular pattern) molecules [22]. DAMPs initiate
sterile inflammatory reactions, while PAMPs (pathogen
associated molecular patterns) trigger infectious proinflammatory responses [22, 23]. UDP-glucose is released by
Breton/Brown

P2Y14

Fig. 1. Immunofluorescence localization of P2Y14 in the apical

membrane of type A intercalated cells (ICs). Double-labeling for
the IC marker V-ATPase (red), and P2Y14 (green) on a section of
fixed kidney medulla using specific antibodies against these

V-ATPase

Merge

proteins. P2Y14 is expressed on the apical membrane (urinary side)
of A-ICs, where it co-localizes with the V-ATPase (arrows and
yellow in merge panel). Scale bar = 20 µm.

injured cells and acts as an autocrine activator of the P2Y14
receptor [24]. In contrast to most nucleotides, which are
rapidly degraded by ectonucleotidases after their release,
UDP-glucose resists hydrolysis by these enzymes [25].
P2Y14 is an inflammatory mediator that is expressed in
immune cells [26–28], the brain, gastrointestinal tract,
kidney, and lungs [1, 21, 29]. Patients with cystic fibrosis
and asthma have elevated concentrations of UDP-glucose
in their lungs [30, 31], and P2Y14 activation by UDP-glucose in airway epithelial cells leads to interleukin 8 secretion and an inflammatory response [32]. Furthermore,
mouse uterus injection of UDP-glucose induces the recruitment of neutrophils into the endometrium [33]. In
addition, P2Y14 mRNA expression is upregulated by lipopolysaccharides, further indicating its role in mediating
inflammation [33, 34].
Our recent screening of the proteome and transcriptome
of ICs unexpectedly revealed very high expression levels of
the purinergic receptor P2Y14 [1]. ICs were isolated by fluorescence activated cell sorting from previously characterized transgenic mice that express enhanced green fluorescent protein (EGFP) specifically in these cells (B1-EGFP
mice) [35]; no expression was detected in all other renal cell
types [1]. In addition, RNA sequencing of isolated EGFP
ICs identified P2Y14 as one of the most expressed genes in
these cells, while single cell RNA sequencing showed s pecific
expression of P2Y14 in type A ICs [36]. Subsequent examination showed that P2Y14 is located on the apical surface of
ICs in contact with the tubular fluid (pre-urine; Fig. 1).

Treatment of mice with a single i.v. injection of UDPG increased proinflammatory chemokine expression in
ICs isolated 4 h later by fluorescence activated cell sorting
from transgenic mice [1]. In cultured MDCK-C11 cells,
which also express P2Y14, UDP-G treatment increased
ERK1/2 phosphorylation and upregulated chemokine
mRNAs through the activation of P2Y14 [1]. Flow cytometry analysis showed a robust renal neutrophil infiltration 2 days after UDP-G administration in mice, and
neutrophils were often seen in dose proximity to ICs. We
did not detect P2Y14 in murine neutrophils, so it is unlikely that UDP-G acted directly on these cells to induce
chemotaxis in an autocrine manner [1]. These results indicated a novel role for ICs as sensors, mediators, and effectors of sterile inflammation in the kidney via P2Y14.
We suggest that, by their ability to produce chemokines,
ICs act as immune defense cells by creating a chemotaxic
gradient favorable to immune cell recruitment (Fig. 2).
This study enhanced our understanding of how a local
insult to the kidney and also a distant injury to another organ are able to communicate damage to the kidney through
the activation of the proinflammatory receptor P2Y14 located in renal ICs. Our working hypothesis is that UDP-G
(i.e., released from injured renal proximal tubules during
ischemia reperfusion injury, cardiomyocytes during MI, or
cells damaged in sepsis) is a circulating biological mediator
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Action of UDP-G in the kidney
MI, sepsis, and cardic surgery (proximal tubule ischemis)

UDP-G
P2Y14

UDP-G

Neutrophil

Fig. 2. Proposed mode of action of UDP-G

in mediating inter-and intra-organ crosstalk resulting in renal inflammation.
UDP-G is released from cells injured during myocardial infarction (MI), sepsis, or
proximal tubule ischemic injury. UDP-G
released from these injured cells either in
remote organs such as the heart, or more
locally in the kidney itself, is delivered to
the lumen of the kidney collecting duct,
where it binds to the P2Y14 receptor located
on the apical surface of A-ICs. This receptor-ligand interaction stimulates the production of proinflammatory chemokine
(PICS) by ICs, which attract neutrophils
from the circulation into the kidney.

PICs

PICs

A-ICs
PICs
PICs

A-ICs

A-ICs

Blood vessel

Collecting duct

Blood vessel

that initiates intra- and inter-organ crosstalk and causes
renal inflammation and AKI (Fig. 2). Why would UDP-G
affect the kidneys more than any other organ in the body?
One of the main roles of the kidneys is to remove metabolites such as UDP-G from the blood, while maintaining a
constant blood volume. During this process, serum UDPG is filtered by glomeruli and is delivered to the urinary
compartment of the kidney. Upon water extraction from
the collecting duct, by the aquaporin-dependent renal concentrating mechanism [37], UDP-G is then concentrated
in the lumen of the collecting duct to a critical point where
it initiates local inflammation through the activation of
P2Y14 located in the apical membrane of ICs [1].
Role of ICs in Acid-Base Regulation

ICs secrete protons and are located along the collecting
duct of the kidney, where they are interspersed among the
water-reabsorbing principal cells (Fig. 3). Up until the recent discovery of their immune function described above,
they were best known as regulators of systemic acid-base
balance. They survey the local environment and rapidly
adjust the amount of a critical enzyme, the proton pump
or V-ATPase, at the cell surface to control blood pH by expelling protons into the urine (Fig. 3) [38–41]. Interestingly, a subset of ICs can work in the reverse direction, by
pumping protons into the blood and secreting bicarbonate
into the tubule lumen. This process is activated when blood
14
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Fig. 3. Immunofluorescence identification of different cell types in

the collecting duct. Triple-labeling for V-ATPase (blue), aquaporin 2 (green) and aquaporin 4 (red) of fixed kidney medulla. A-ICs
express the V-ATPase in their apical membrane (arrows), consistent with their function of secreting protons into the tubule lumen.
The adjacent principal cells express apical aquaporin 2 (green) and
basolateral aquaporin 4 (red), consistent with their role in water
reabsorption from the tubule. Scale bar = 5 µm.

pH becomes too alkaline [38]. One of the major pathways
positively or negatively regulating the amount of active VATPase at the cell surface is the vesicular shuttling of VATPase molecules to and from the cell surface by exo- and
Breton/Brown

endocytosis of very unique V-ATPase-rich vesicles. Readers interested in this cell biological process are directed toward review articles on this topic [38, 41, 42].
While acid-base disturbances have multiple origins,
deficient V-ATPase function results in acid buildup in the
body, leading to acidemia and childhood-onset distal renal tubule acidosis. If undiagnosed and untreated, distal
renal tubule acidosis may lead to failure to thrive, growth
retardation, osteomalacia or rickets, nephrocalcinosis or
nephrolithiasis, kidney failure, and even death in infancy
[43]. The V-ATPase is a very complex enzyme formed of
at least 13 different protein subunits [38]. Loss of function
mutations in some of these subunits in mice and humans
results in persistently high urine pH, hypobicarbonatemia, hypercalciuria, hypocitraturia, and hypokalemia, often with progressive sensorineural hearing loss [44] and
olfactory defects in mice [45].
Thus, the majority of research directed toward these
cells in the past has understandably focused on their central role in acid-base regulation. However, 2 previous reports also have implicated ICs in defending the urinary
tract against bacterial infection through the Toll-like receptor-4-mediated innate immunity pathway, which recognizes urinary pathogens, in particular uropathogenic
Escherichia coli [46, 47]. Together with our more recent
data, a new function for ICs in defending against bacterial
infection and mediating sterile inflammation is emerging.
Conclusion

The link between proton-secreting ICs of the kidney
and AKI is an excellent example of how a fundamental
research project with a defined aim, in this case under-

standing acid-base homeostasis, can lead to an unexpected finding that has major implications for human
health. While examining proteins expressed by ICs in
the context of their proton secretory activity, we were
struck by the high expression levels of the P2Y14 protein
and set out to examine its role in IC biology. This led us
to the discovery that its ligand, UDP-glucose, is a danger-signaling molecule, released by damaged cells, that
moves into the kidney and stimulates ICs to produce
chemoattractant cytokines, which provoke renal inflammation that is implicated in the onset of AKI. Many
known conditions lead to AKI, and individuals who
have experienced an episode of AKI in many cases are
more prone to develop CKD in the future. We anticipate, therefore, that by understanding the basic cellular
mechanisms that are involved in AKI pathogenesis, we
can develop new strategies to prevent the development
of AKI, which will in turn reduce the incidence of CKD
in the population.
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peutic target for the prevention and treatment of diabetic
nephropathy. Intervention studies are needed to examine
the relevance of lifestyle or pharmacological interventions.
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Abstract
Background: Diabetic nephropathy has become the most
common cause of chronic kidney disease (CKD). Despite the
progress accomplished in therapy, the prevalence of renal
disorders remains high. Some modifiable factors driving the
increase in incidence of CKD, in diabetes and other settings,
might have been overlooked. Consistent evidence supports
a role for vasopressin, hydration state, and urine concentration in kidney health. Summary: Plasma vasopressin is elevated in diabetes, even if metabolic control is good. Several
epidemiological studies have pointed to a positive association between markers of vasopressin secretion (24-h fluid intake, urine volume, plasma copeptin concentration) and renal function decline in both the community and populations
at high risk of CKD, namely, diabetic patients. Research involving animal models also supports a critical causal role of
the V2 receptor antidiuretic effects of vasopressin in the early signs of kidney disease associated with type 1 or type 2
diabetes. Key Messages: Data supporting the detrimental
effects of chronic vasopressin action on the kidney is consistent in animal models and human observational studies.
Since vasopressin secretion can be modulated by water intake, and its actions by selective receptor antagonists, the
vasopressin-hydration system could be a potential thera-
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Diabetic nephropathy has become the most common
cause of chronic kidney disease and the first cause of dialysis initiation in the Western world, with the same trend
observed in developing countries. It is well documented
that circulating levels of vasopressin (i.e., antidiuretic
hormone) are elevated in people with type 1 or type 2
diabetes and in animal models with spontaneous or induced diabetes [1]. The cause of increased vasopressin in
diabetes is not fully elucidated; a proposed hypothesis is
that these high levels result from a contraction of extracellular volume induced by glycosuria, and/or from an increased sensitivity of hypothalamic osmoreceptors to the
plasma osmotic load [2]. From an adaptive perspective,
increased vasopressin levels may be beneficial in the short
term by limiting urine water loss induced by a higher osmolar load, mainly glycosuria. However, persistently
high levels of vasopressin could also represent a risk factor for renal disease. A growing body of data supports the
plausible link between vasopressin and kidney diabetic
and non-diabetic disease. In humans, evidence is based
on markers of hydration state and of vasopressin secretion (e.g., urine volume, urine osmolality, self-reported
Ray El Boustany, PharmD, PhD
Inserm UMRS 1138
Vascular Complications of Diabetes
FR–75006 Paris (France)
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water intake) and plasma copeptin, the stable COOH-terminal portion of the pre-provasopressin molecule and
surrogate of vasopressin [3–13]. The likelihood of a causal relationship between elevated vasopressin and kidney
function decline is strongly supported by animal models
that demonstrate the pro-albuminuric effect of vasopressin in normal conditions and in diabetic nephropathy.
This brief review discusses research evidence regarding a
plausible link between vasopressin and kidney disease associated with diabetes.
High Copeptin and Diabetic Nephropathy:
Epidemiological Data

In recent years, several independent epidemiological
studies have pointed to a link between vasopressin and
kidney function decline associated with diabetes. In 1,328
patients with newly diagnosed type 2 diabetes (the Dutch
ZODIAC prospective study), the upper quartile of plasma
copeptin concentration was associated with a faster decline of estimated glomerular filtration rate (eGFR) and
with a greater increase of the urinary albumin-to-creatinine ratio during a 6.5-year follow-up [4]. In agreement
with these findings, high copeptin was associated with a
decline of kidney function (assessed by the eGFR) in another cohort of newly diagnosed type 2 diabetic patients
(the Skaraborg-Diabetes Register) [14]. Velho et al. [15]
analyzed data of 3,101 French type 2 diabetic patients
from the DIABHYCAR cohort. Participants were selected on the basis of persistent micro- or macro-albuminuria without renal failure at baseline. The authors reported that the highest tertile of baseline plasma copeptin was
associated with a faster decline of renal function during a
5-year follow-up, and with an almost 300% increase in the
incidence of renal events (e.g., doubling of serum creatinine, or requirement of hemodialysis or renal transplantation during follow-up) in subjects with microalbuminuria or macroalbuminuria. These associations were independent of relevant risk factors such as age, duration of
diabetes, blood pressure, levels of HbA1c, albuminuria,
and eGFR at baseline [15]. The link between vasopressin
(or copeptin) in diabetic nephropathy is also strongly
supported by studies of humans with type 1 diabetes. In
1,200 participants from the GENESIS and GENEDIAB
studies (Belgian and French cohorts with long-standing
type 1 diabetes), high levels of plasma copeptin were associated with an increased prevalence of established and
advanced diabetic nephropathy at baseline, and with increased risk of ESRD, coronary events and all-cause mor18
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tality during follow-up. The association of high copeptin
with the incidence of ESRD was independent of confounding factors such as age, duration of diabetes, blood
pressure, HbA1c, eGFR and albuminuria at baseline [16].
Vasopressin and Diabetic Nephropathy in Animal
Models

Data demonstrating the causal link between plasma
vasopressin and the onset or progression of diabetic nephropathy has been accumulating over the years. The
first studies involved Brattleboro rats, a strain with a
spontaneous single-point mutation of the vasopressin
gene that prevents normal vasopressin synthesis, and results in central diabetes insipidus. Bardoux et al. [17] reported that Brattleboro rats with streptozotocin-induced
diabetes had less albuminuria and reduced kidney hypertrophy compared to control Long Evans rats with diabetes. These results support the involvement of vasopressin
in the renal complications of diabetes. The role played by
vasopressin, via its V2 receptor (V2R), in the early manifestations of diabetic nephropathy was highlighted by
the use of a selective, non-peptide, orally active V2R antagonist (SR 121463, Sanofi Aventis) in Wistar rats with
streptozotocin-induced diabetes [18]. Blockade of vasopressin V2R prevented the typical rise of urinary albumin
excretion. In this study, authors reported a marked interindividual variability in urinary albumin excretion and
creatinine clearance, among the diabetic rats of the control group. Also, a significant correlation was observed
between creatinine clearance (r = 0.675, p < 0.01) and or
albuminuria (r = 0.828, p < 0.001) and solute-free water
reabsorption (TcH2O, the best index of the kidney’s
urine-concentrating activity); the early signs of diabetic
nephropathy were more pronounced in rats with stronger urine concentrating activity, the latter being essentially dependent on vasopressin V2R mediated action.
Overall, these findings show that rodents, like humans,
display individual susceptibility to diabetic nephropathy.
These findings also strongly support the involvement of
the antidiuretic effects of vasopressin in the early stage of
kidney disease associated with type 1 diabetes.
To evaluate if vasopressin also contributes to the renal
complications of type 2 diabetes, we assessed the effect of
chronic treatment with a vasopressin V2R selective antagonist (SR121463, same as used above with rats) on kidney function variables in obese db/db mice, a classic model of type 2 diabetes [19]. The experimental groups consisted of male diabetic (db/db) and non-diabetic (db/m)
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Fig. 1. Evolution of urine flow rate, urine osmolality (Uosm) and
albuminuria (albumin-to-creatinine ratio, ACR) in non-diabetic
mice (diamonds), non-treated diabetic db/db mice (closed circles),
and diabetic db/db mice treated with a V2R antagonist (30 mg/kg/
day through week 8, then 45 mg/kg/day from week 9 to 12; open

mice (Janvier Labs, Le Genest Saint Isle, Mayenne,
France). All mice were uninephrectomized 2 weeks before the start of the experiment to increase their vulnerability of the remnant kidney to adverse events. Obese db/
db mice were treated for 12 weeks with a selective V2R
antagonist (30 mg/kg per day for the first 9 weeks then 45
mg/kg per day for the remaining 3 weeks; the drug was
mixed with powdered food) and compared to non-treated obese db/db mice. As expected, the V2R blockade resulted in a significant increase of urine output and a decrease of urine osmolality (Fig. 1). No between-group differences were observed in body weight gain, glycaemia,
and blood pressure throughout the study (refer to [19] for
data). The albumin-to-creatinine ratio (ACR) at baseline
was similar in treated and non-treated db/db groups; in
both groups, ACR was significantly higher than in the
db/m group. In non-treated db/db mice, ACR steadily increased over time to reach 179% of baseline values at week
12. By contrast, in SR121463-treated db/db mice, ACR
initially decreased by approximately 50%, remained stable for the next 4 weeks, then increased but remained significantly lower (p = 0.02) than in non-treated db/db
mice. Compared to db/m mice, db/db mice experienced
an elevated creatinine clearance rate, which indicated significant glomerular hyperfiltration. Creatinine clearance
increased significantly across time in non-treated db/db
mice (409 ± 95 and 688 ± 96 mL/day, p <0.05, at weeks 4
and 8, respectively) but remained stable in treated db/db
mice (437 ± 185 and 530 ± 226 mL/day, ns; Fig. 2). These
results are consistent with previous type 1 diabetes findVasopressin and Diabetic Kidney Disease
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Fig. 2. Creatinine clearance at 4, 6, and 8 weeks of treatment with

a V2R antagonist in non-diabetic mice (grey bars), non-treated
diabetic mice (black bars), and diabetic mice treated with the
V2R antagonist (30 mg/kg/day, white bars). Data are expressed as
mean ± SEM. Statistics are analysis of variance for repeated measures and Fisher post hoc test: * significantly different (p < 0.05)
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ings, supporting a causal role for the V2R-mediated antidiuretic action of vasopressin, during the early phase of
diabetic nephropathy, in animal models of both type 1
and type 2 diabetes.
Taken altogether, experimental and epidemiological
data provide strong arguments regarding the detrimental
effects of high levels of vasopressin/copeptin on the kidney. These data also provide a rationale for reducing vasopressin secretion and/or action on the kidney. Available tools include pharmacological blockade, and recommendations to improve drinking behaviour and hydration
status. Interventional studies are thus needed to examine
the relevance of these proposed lifestyle or pharmacological interventions. The effect of increasing water intake

has been tested in a randomized controlled trial (WIT
trial NCT01766687) involving patients with stage 3
chronic kidney disease [20]. A similar approach is needed
in diabetic people with early kidney disease and high plasma copeptin concentration or deficient hydration status.
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Abstract
Background: Type 2 diabetes, chronic kidney disease (CKD)
and its cardiovascular complications are increasing as health
problems worldwide. These diseases are interrelated with
overlapping occurrence and once diabetes is established,
the risk of cardiorenal disease is dramatically elevated. Thus,
a search for unifying modifiable risk factors is key for effective prevention. Summary: Elevated fasting plasma concentration of vasopressin, measured with the marker copeptin,
predicts new onset type 2 diabetes as well as renal function
decline. Furthermore, we recently showed that increased
plasma copeptin concentration independently predicts the
development of both CKD and other specified kidney diseases. In consequence, high copeptin is an independent risk
factor for cardiovascular disease and premature mortality in
both diabetes patients and in the general population. Vasopressin is released when plasma osmolality is high, and the
easiest way to lower plasma vasopressin and copeptin con-
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centration is to increase water intake. In a human water intervention experiment with 1 week of 3 L/day increased water intake, the one third of the participants with the greatest
copeptin reduction (water responders) were those with a
phenotype of low water intake (high habitual plasma copeptin and urine osmolality, and low urine volume). The water-responders had a copeptin reduction of 41% after 1
week of increased water intake compared to a control week;
in contrast, a 3% reduction occurred in the other two thirds
of the study participants. Among water responders, increased water intake also induced a reduction in fasting glucagon concentration. Key Messages: Elevated copeptin, a
measure of vasopressin, is a risk marker of metabolic and
cardiorenal diseases and may assist in the detection of individuals at higher risk for these diseases. Furthermore, individuals with high copeptin and other signs of low water intake may experience beneficial glucometabolic effects of
increased water intake. Future randomized control trials investigating effects of hydration on glucometabolic and renal outcomes should focus on individuals with signs of low
water intake including high plasma copeptin concentration.
© 2018 The Author(s)
Published by S. Karger AG, Basel
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Type 2 Diabetes, Cardiovascular and Renal Disease

Type 2 diabetes is a growing problem worldwide. The
cause of the epidemic increase is most likely a result from
rapid changes in personal habits, including caloric overconsumption and decreasing physical activity; these trigger disease development in genetically predisposed individuals [1]. The dramatic increase in prevalence of type 2
diabetes leads to multiple complications and high healthcare costs. The late complications of diabetes include
damage and failure of several organs. The microvascular
damage of diabetes leads to retinopathy, neuropathy and
nephropathy. However, most of the morbidity and mortality associated with diabetes is caused by macrovascular
complications, including myocardial infarction and
stroke [2, 3]. The causes of the interaction between diabetes and cardiovascular disease (CVD) are incompletely
understood, and studies have not consistently been able
to show that improvement of glucose control in diabetes
leads to decreased risk of CVD mortality [4, 5]. Thus, it is
relevant to find pharmacologically modifiable risk factors
other than glucose level that are linked to CVD in diabetes patients, giving clinicians a possibility to slow or prevent disease development. Chronic kidney disease (CKD)
and need for dialysis is also increasing as a health problem
worldwide, and identification of the pathophysiological
pathways contributing to CKD progression is crucial in
order to find new preventive strategies.
Vasopressin and Copeptin

In recent years, it has been suggested that vasopressin
may be a key player in the development of diabetes, renal
disease and CVD.
Vasopressin, also called antidiuretic hormone, is a
hormone secreted from the posterior pituitary to restore
plasma osmolality. It is a short-lived hormone in plasma,
with a mean half-life of 24 min [6]. Except from controlling plasma osmolality, vasopressin exerts a variety of
different physiological effects in the body mediated
through 3 receptors – the V1a receptor, the V1b recptor
and the V2 receptor. The V1a receptor is widely expressed in the body and mediates, for example, vasoconstriction and platelet aggregation in blood vessels [7, 8],
and glycogenolysis and gluconeogenesis in the liver [9,
10]. The V1b receptor is a component of the hypothalamic-pituitary-adrenocortical (HPA) axis. The receptor
is expressed in the anterior pituitary gland and mediates
release of adreno-corticothrophin hormone (ACTH).
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Ann Nutr Metab 2018;72(suppl 2):21–27
DOI: 10.1159/000488304

This release, together with corticotrophin-releasing hormone (CRH) effects, is important for the maintenance of
ACTH and corticosterone levels in the endocrine stress
response [11, 12]. Vasopressin is also reported to be locally released within the adrenal gland, where it hypothetically mediates cortisol release and acts as a paracrine
factor to stimulate adrenal steroidogenesis [13]. Furthermore, the V1b receptor is expressed in the pancreas
where it mediates glucagon and insulin secretion [14,
15]. The antidiuretic action of vasopressin mainly depends on V2 receptor-mediated effects in the renal collecting duct [16].
The vasopressin precursor protein, prepro-vasopressin (Fig. 1), is synthesized in magnocellular and parvocellular neurons of the hypothalamus and transported via
axons to the posterior lobe of the pituitary gland, or released into the pituitary portal system to the anterior pituitary gland where it mediates ACTH release. During
transport, prepro-vasopressin is cleaved into the product
peptides vasopressin, neurophysin II and the C-terminal
copeptin [17]. Neurophysin II is a carrier protein that
serves to stabilize vasopressin during transport and storage, and to help in the correct folding and targeting of the
vasopressin precursor [17, 18]. Copeptin is also suggested
to play a role in the correct folding and maturation of the
vasopressin precursor [19], but the peptide has no other
known physiological effects. All 3 peptides are released
from the posterior pituitary gland when neurons in the
hypothalamus are depolarized by osmoreceptor or baroreceptor stimuli [17, 20]. The osmoreceptors, which are
neurons in the lamina terminalis, are excluded from the
blood brain barrier and thus are affected by changes in the
concentration of systemic fluid solutes [21], thereby stimulating both thirst and vasopressin secretion during conditions of increased plasma osmolality. Sodium and its
anions normally represent more than 95% of the osmotically active solutes in plasma; sodium is the most powerful solute to stimulate vasopressin release [22]. Vasopressin release is said to be suppressed to undetectable levels
below a certain threshold level of osmolality (around 280
mosmol/L) [23, 24]. Above the threshold level, vasopressin is released proportionally to an increase in plasma osmolality (Fig. 2).
Because of its small size, it is not possible to detect vasopressin with sandwich immunoassays [25]. Thus, an assay was introduced in 2006 to quantify vasopressin release by the measurement of plasma copeptin (Fig. 1). Copeptin correlates well with vasopressin levels and can be
measured reliably in plasma over a wide range of physiological changes in plasma osmolality [25–27] in indiEnhörning/Melander

viduals with estimated glomerular filtration rate (eGFR)
>28 mL/min/1.73 m2. A correction for renal function
may be required below this level of eGFR [28].
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It has been known since 1979 that individuals with diabetes have elevated vasopressin levels [29]. However, the
exact causes of this elevation are not yet known. Recently it
was discovered that diabetic rats, in contrast to control rats,
have increased hypothalamic vasopressin synthesis due to
upregulated chloride transporters and an excitatory response evoked by the neurotransmitter GABA. These findings thus reveal a potential mechanistic explanation for elevated vasopressin concentration in diabetes [30].
We and others previously showed that elevated fasting
plasma concentration of vasopressin, measured as copeptin, strongly and independently predicts new onset
type 2 diabetes [31–33] and is associated with all components of the metabolic syndrome (i.e., abdominal obesity,
insulin resistance, hypertension, chronic inflammation
and microalbuminuria) [34, 35]. Furthermore, a human
Mendelian randomization study suggested causality between elevated vasopressin concentration and elevated
plasma glucose concentration [36].
The mechanisms that underlie the vasopressin-associated development of metabolic diseases are not yet unravelled. Vasopressin mediates ACTH and cortisol release,
enhances the effects of CRH, and elevates glucocorticoid
concentration in plasma upon stressful stimuli [11–13].
Furthermore, the vasopressin-induced ACTH release has
been shown to be resistant to glucocorticoid feedback in
contrast to the CRH-induced ACTH release [37], suggesting that excessive vasopressin release overstimulates the
HPA axis. Elevated glucocorticoid concentration in plasma could explain the Cushing’s syndrome-like phenotype
seen in subjects with high copeptin including development of overweight and insulin resistance [38]. Other suggested links between the vasopressin system and metabolic disturbances include (a) Serum- and Glucocorticoidinducible Kinase 1, which is upregulated as part of the
pleiotropic effects of glucocorticoids [39]; and (b) V1b
receptor-mediated GLP-1 release from intestinal L-cells,
which increases plasma glucocorticoid concentration and
hypothetically modulates osmolality by a glucocorticoidmediated increase of intestinal sodium and water absorption [40]. Yet another potential link between vasopressin
and metabolic disorders, which further adds to the complexity, is the influence of hydration status on modulation
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Fig. 1. Vasopressin (AVP) increases proportionally with the increase in plasma osmolality. Subjects with pituitary diabetes insipidus have an impaired vasopressin secretion, and subjects with
nephrogenic diabetes insipidus have an impaired vasopressin
function in the renal collecting duct. Reprinted from Robertson et
al. [22] Copyright ©1976, with permission from Elsevier.

of cell volume, which has been shown to change cellular
metabolism. For example, hypoosmotic liver cell swelling
decreases glycogenolysis and glycolysis in vitro [41].
Potential Improvement of Glucose Metabolism and
Cardiometabolic Health with Increased Hydration

Previous trials and observational studies have demonstrated that high water intake may promote better glucose
control, weight loss and decreased cardiovascular risk
[42–45]. It is known that individuals with low water intake
have elevated vasopressin concentrations [46], and we recently showed in healthy adults that increased water intake over 6 weeks effectively lowered circulating copeptin
concentration [47]. A beneficial role of increased water
Ann Nutr Metab 2018;72(suppl 2):21–27
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Fig. 2. Vasopressin (AVP) is synthesized as

Exon 1

Prepro-AVP Signal peptide
1

intake and decreased circulating vasopressin (measured as
copeptin) for cardiometabolic health in humans was recently supported by animal studies where we showed not
only that glucose tolerance in rats was impaired during
sustained infusion of vasopressin but also that when rats
had a high water intake, leading to low concentration of
vasopressin, their insulin resistance and hepatic fat accumulation were reduced [48]. Conversely, a detrimental effect of 3 days of water restriction was demonstrated during
an experimental study investigating glucose homeostasis
in hypohydrated men with type 2 diabetes. In this study,
impaired glucose regulation during an oral glucose tolerance test was paralleled by elevated plasma osmolality and
cortisol concentrations, suggesting vasopressin-mediated
ACTH and cortisol release [49]. In line with this finding,
it is known that habitual low drinkers (≤1.2 L water/day)
have elevated plasma cortisol concentration when compared to high drinkers (2–4 L water/day) [46].
A Water Intervention Experiment
To investigate the role of a decreased vasopressin load
on glucose metabolism in humans we recently conducted
a water intervention experiment [50]. Increased water intake was used to decrease plasma osmolality and thus vasopressin concentration in plasma. After a rapid oral water
intake of 1 L in healthy adults (n = 37), copeptin decreased
within minutes and remained low for several hours (Fig. 3).
Furthermore, an excess intake of 3 L of water per day
(above habitual water intake) during 1 week (water week)
significantly lowered copeptin concentration. The one
third of the participants with the greatest copeptin reduction after water week (water-responders) habitually exhibited a low water intake, high urine osmolality, low urine
volume and high baseline copeptin. Furthermore, among
water responders, a significantly lower fasting glucagon
was observed after water week, compared to after a week
of normal (habitual) water intake (control week).
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part of a larger precursor protein, preproAVP. The vasopressin gene, encoding prepro-AVP, is located at chromosome 20.
Numbers indicate amino acids. Exon 1 of
the gene encodes the signal peptide of 19
amino acids, the nonapeptide vasopressin
(AVP), and the N-terminal region of neurophysin II. Exon 2 encodes the central region of neurophysin II. Exon 3 encodes the
C-terminal region of neurophysin II and a
39 amino acid glycopeptide known as copeptin. Figure adapted from [17] .
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Fig. 3. Plasma copeptin concentration (expressed as mean [95%
CI]) measured minutes after 1 L water intake (n = 39). The median
copeptin value at 0 min (not shown) was 5.05 (3.53–6.44) pmol/L,
whereas it decreased to 2.77 (2.28–3.57) pmol/L at 90 min. * p <
0.001. Reprinted from Enhörning et al. [50] Copyright © 2017.

These data suggest that individuals with elevated copeptin, and thus higher risk for metabolic diseases, may
experience improved gluco-regulation following increased water intake.
Vasopressin in Renal Disease and the Role of
Hydration on Kidney Health

A randomized controlled water intake trial, examining
the effects of increased water intake on eGFR in subjects
with CKD, was recently completed [51]. In line with the
epidemiological findings of a kidney protective hydration
Enhörning/Melander

effect [52, 53], previous experimental studies in humans
and animals suggest beneficial effects on kidney function
from increased water intake [54], genetic lack of vasopressin [55, 56], and vasopressin receptor antagonism
[57]; in contrast, impaired renal function has been observed during vasopressin exposure [55, 58]. Furthermore, we and others have shown that elevated copeptin,
as a proxy for low water intake, is associated with microalbuminuria [32, 59] and independently predicts renal
function decline, measured as decline in eGFR, in diabetes patients [60–62] and in the general population [63,
64].
We recently extended our previous finding that copeptin predicts eGFR decline by showing that elevated
baseline copeptin was independently associated with increased risk of CKD development in 2 population-based
Swedish cohorts [65]. The Malmö Preventive Project
(MPP) and Malmö Diet and Cancer Cardiovascular Cohort (MDC-CC) were followed for 9 and 20 years, respectively, and incident cases of renal disease were identified
by national registers covering 99% of all hospital discharges, hospital-based outpatient care, and all deaths
among Swedish residents. Furthermore, in the MPP cohort and in a meta-analysis of the MPP and MDC-CC
cohorts, association between elevated copeptin and increased risk of specified kidney diseases other than CKD
was observed. Among this set of widely diverse diagnoses,
the most frequently occurring specified kidney disease diagnoses were acute tubulointerstitial nephritis and hydronephrosis in both of the cohorts. In a subanalysis, we
found that elevated copeptin mainly increased the risk of
tubulointerstitial kidney disease, a finding that was hypothetically linked to the fact that the V2R are localized in
the tubuli.
These convincing epidemiological and experimental
data point at a causal link between high circulating vasopressin concentration and renal disease, even though
large randomized controlled trials to test if lowering or
blocking of vasopressin is renoprotective are needed to

understand whether the link is causal or not. Similar to
the vasopressin-associated development of diabetes and
the metabolic syndrome, the mechanisms that underlie
the vasopressin-associated development of renal disease
are not known. However, studies in rats have shown that
vasopressin induces an increase of renal plasma flow and
glomerular filtration rate (hyperfiltration), which is
thought to be at least partially involved [56, 66]. Interestingly, chronic exposure to elevated glucocorticoids in patients with Cushing’s syndrome causes a decreased glomerular filtration rate [67], suggesting that excessive vasopressin release followed by overstimulation of the HPA
axis may not only be linked to the development of the
metabolic syndrome, as described above, but also to renal
function decline.
Conclusion

Elevated vasopressin is an independent risk factor for
the development of diabetes and cardiorenal disease, and
extensive epidemiological and experimental data suggest
a causal link. In the future, the vasopressin marker copeptin may help detect individuals who are at higher risk
for disease development and who might benefit from vasopressin-lowering therapy and lifestyle interventions
such as increased hydration.
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Abstract
Background: Chronic Kidney Disease (CKD) is a major public
health problem and is increasingly being recognized as an
important driver of costs in all health care systems. The diversity of outcomes for people living with CKD is in part due
to variability in biology, access to care, environmental factors, and health care system differences. The International
Society of Nephrology (ISN), working in collaboration with
its partners, has evolved into a philanthropic organization,
from a traditional medical society, committed to a vision
that sees “a future where all people have access to sustainable kidney health”. A set of activities, including a Global
Kidney Health Summit, the Global Kidney Health Atlas, and
a Global Kidney Health Policy Forum, which has formed the
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basis of a multi-stakeholder engagement process, building
on a solid base of ISN programs and educational activities,
is described. Through building awareness and increasing
capacity to conduct research, the international community
will build a more solid foundation on which to advocate for
sustainable, ethical solutions to the problem of kidney disease throughout the world. Summary: The ISN aims to improve kidney health worldwide through a variety of diverse
activities addressing education, advocacy, and research.
Collaboration with partners within and outside the medical
community is key in achieving this goal. Key Messages: Kidney disease is an important public health problem and is
driven by genetic, environmental, and socioeconomic factors. Through active collaboration with diverse partners, the
international community is striving for sustainable kidney
health and aims to achieve this through coordinated work
in a variety of spheres.
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Published by S. Karger AG, Basel
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Chronic Kidney Disease (CKD) is increasingly recognized as a public health problem worldwide [1–4]. The
last 15 years has seen an increase in the awareness of
CKD, the heterogeneity of the condition, the variability
in outcomes, and the impact of CKD as a multiplier of risk
for other common conditions. Along with this increasing
awareness, there have been multiple challenges and opportunities for the nephrology community. The International Society of Nephrology (ISN), through its diverse
membership and activities, has played an important role
in advocating for collaboration around important issues.
This paper describes the current state of knowledge and
activities in the area of CKD, the ISN vision and mission
for the future, key activities documenting the state of current kidney health and care worldwide, and opportunities
to improve the outcomes of patients living with CKD,
through coordinated efforts, activities, and research endeavors.
CKD has been recognized as an important condition
in multiple countries, through concerted efforts such as
the World Kidney Day (www.worldkidneyday.org) and
the Lancet Kidney Campaign (http://www.thelancet.
com/campaigns/kidney). As a cause of years of life lost,
CKD has moved from 25th (1990) to 21st (2005), and17th
(2015) worldwide [5]. Furthermore, CKD has been cited
as accounting for 1.38% of disability adjusted life years,
with an annual growth of 1% [6]. International estimates
of CKD have been consistently between 10 and 16% of the
adult population [7, 8], though there have been some reports of lower rates [9, 10]. Estimates of prevalence have
reported variability in different parts of the world [8, 11,
12]. In a 12-country report involving over 75,000 persons,
the prevalence of CKD was 14% among the general populations and 36% among high-risk populations; in Europe,
there are large differences between countries (e.g., 1% in
central Italy) as compared to 6% in Northeast Germany
[11], which are present after stratification for diabetes
and hypertension. Diabetes and hypertension remain
major drivers of CKD in most parts of the world, though
there is increasing recognition that these conditions may
amplify or alter the course of other intrinsic kidney diseases. This has not been systematically evaluated yet;
however, as the prevalence of diabetes increases worldwide (estimates of 592 million people by 2035; www.intenationaldiabetesfederation.org), the implications for the
prevalence of CKD are astounding.
The clinical problem facing us as [9, 10] global citizens
is the various differences that exist in access to prevention
and treatment, access to dialysis and transplantation, and
access to trained health care professionals. Unfortunately,

most of the individuals with CKD globally do not have
access to renal replacement therapies. A systematic analysis reported in the Lancet 2015 [13] by Liyange and colleagues estimates that between 27 and 53% of patients
needing renal replacement therapy (RRT) receive it, and
thus between 2 and 7 million people in the world do not
have access to RRT when reaching end-stage kidney failure. Furthermore, from an international perspective,
there is variability in the prevalence and types of dialysis
methods; even in lower-middle-income areas of the
world, peritoneal dialysis (i.e., thought to be more “accessible” due to simplicity, lack of personnel costs, etc.) is not
uniformly the RRT of choice. Environmental, social, and
genetic factors play a role in access to care within and between countries [14–16]. There are recognized perverse
incentives for dialysis modalities in many locations
around the world, and many challenges prevail with regard to access to transplantation. Ethical approaches to
dialysis and transplantation have been described in recent
publications [17].
The ISN, founded in 1960 as a traditional medical society, has evolved over the last 50 years and has developed
a broad set of activities, which are directed to meeting the
new vision statement, “a future where all people have equitable access to sustainable kidney health”. As a philanthropic organization, the ISN mission is to bridge the
gaps of available care through advocacy and collaborations with global partners; build capacity of health care
professionals through granting programs, education, and
research; and connect with local, global, and professional
communities to develop stronger understandings of the
management of kidney diseases. The ISN recognizes that
both Acute Kidney Injury (AKI) and CKD are global
problems and challenging for all, and thus continue to
build on programs and activities to work toward achieving the mission. In order to ensure better understanding
of the spectrum of kidney diseases, building on the “0
by 25” AKI program [18], the ISN launched a series of additional activities including the first Global Kidney Health
Summit [19–28], a Global Kidney Health Atlas (GKHA)
[29, 30 and www.theisn.org/globalkidneyhealthatlas], as
well as ISN Global Policy Forums.
The 2016 Global Kidney Health Summit brought together clinicians, researchers, translational scientists, industries, and others to identify and address gaps in care,
policy, and research, and to develop a roadmap for the
next 5–10 years. Summit participants represented all regions of the global community; identified the need to collaborate across multiple stakeholders; and established
goals to improve our understanding of causes and patho-
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physiology of CKD of all etiologies, improve use of existing data sources, increase the evidence base for clinical
care and decision making, and expand the clinical and
research work forces. Participants also committed to a
performance measurement framework to ensure accountability and transparency: a first for the international nephrology community.
The GKHA describes kidney care around the world,
using the 6 dimensions of Universal Health Coverage as
a framework for the survey [31–37]. One hundred and
twenty-five countries were surveyed, representing 93% of
the world population using robust survey methodology,
such that baseline data for all countries, regions, and the
world could be presented. Country capacity, readiness,
and response for optimal kidney care were assessed according to the 6 domains of Universal Health Care: health
workforce, health service delivery, essential medicines
and technologies, health financing, leadership, governance, and health information systems. Key findings included the vast variability of the nephrology workforce
relative to population, with inverse proportions in lowand middle-income countries (LMIC) compared to highincome countries (HIC); lack of official registries for AKI,
CKD, dialysis, and transplantation in most parts of the
world, and variation in health care services available for
the identification of CKD by primary care (e.g., basic
blood and urine tests are not available to many). Not surprisingly, diversity existed in the availability of dialysis
services for acute and chronic conditions; even in those
locations with availability, not all people had access to dialysis services due to economic, geographic, or other reasons. Health care system coverage varies around the
world, with some countries having public, private, or
combination services. Not all countries have basic medications (e.g., angiotensin converting enzyme inhibitor,
blood pressure medications), and few have organized advocacy campaigns or policies addressing AKI or CKD.
Furthermore, the capacity of research is limited to HIC,
despite the large population base in LMIC and low-income countries. The GKHA describes for the first time,
the current state of CKD care across low-income countries, LMIC, middle-income countries, HIC, and demonstrates inter- and intra-regional variability in current capacity for kidney care and important gaps in services, facilities, and workforce. There are key opportunities for
engaging key governmental and nongovernmental stakeholders to support improving kidney care, and through
use of a scorecard process, creates an accountability that
will help with developing policy and changing practice
over time, as part of the global health agenda.
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The ISN Global Policy Forum, with a focus on Latin
America, was held in April of 2017. It was co-hosted by
the Health Ministry of Mexico, in collaboration with the
journal The Lancet, and boasted international representation from Ministers of Health, the Pan American Health
Organization, the World Health Organization, the United Nations Educational, Scientific, and Cultural Organization, clinicians, researchers, and scientists, as well as
patient groups. The goal of the policy forum was to increase awareness regarding the magnitude of the problems within the region, to identify the changes required
to impact the problem, and to develop collective commitment to change through the signing of a document by all
participants [38, 39].
Through these various activities, we have identified
that integrated approaches to kidney health are needed:
better data from existing registries; organized work on the
economic impact of kidney diseases on countries; collaboration with and outside of the health care profession;
and better research activities across all pillars of basic,
translational, clinical, and population research. If we
commit to better understanding through descriptive
studies (large cohort studies with biobanking, and longterm follow-up), well-designed physiological studies (to
understand mechanisms of disease and interactions), and
large clinical trials (with representative populations, simple and multiple interventions, reflective of complex disease processes), we may advance understanding and develop a more solid evidence base.
Paradoxically, the resources for the treatment of kidney diseases worldwide far outweigh the evidence base
that informs clinical care: the investments by government
and research funding bodies seem disproportionate to the
expenditures on care. The ISN has committed to increasing research capacity through a number of distinct activities. To date, more than 81 clinical research grants
have been awarded to LMIC; also iNET CKD (International Network for CKD Cohort studies; https://www.
theisn.org/research/inet-ckd) has been launched [40];
and ISN Advancing Clinical Trials (https://www.theisn.
org/research/isn-act) have been established [41] to enhance the capacity of all regions to conduct clinical trials,
and to facilitate the cultural change necessary to promote
clinical trials.
Through this integrated approach to improve kidney
health (e.g., by educating, facilitating research activities
of all types, mobilizing health care work forces, building
alliances, and ensuring that policy and position statements can be clearly recognized), the international community in general, and the ISN in particular, are in a
Levin

much stronger position to advocate for sustainable kidney health.
The ISN, with all of its partners and collaborators, is
proud to be providing innovative approaches and solutions; measuring and documenting progress; and providing a strong voice focusing on kidney diseases around the
globe.
While CKD is recognized as a public health problem,
change is happening through collaborative activities such
as basic science and translational consortia, patient-ori-

ented research consortia, and collaborative clinical trials
networks. This change, based on new knowledge, new
paradigms, and new policies, has great potential to improve global kidney health.
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Abstract
Polycystic kidney disease (PKD) is a group of monogenetic
conditions characterised by the progressive accumulation of
multiple renal cysts and hypertension. One of the earliest
features of PKD is a reduction in urinary concentrating capacity that impairs extracellular fluid conservation. Urinary
concentrating impairment predisposes PKD patients to periods of hypohydration when fluid loss is not adequately
compensated by fluid intake. The hypohydrated state provides a blood hyperosmotic stimulus for vasopressin release
to minimise further water loss. However, over-activation of
renal V2 receptors contributes to cyst expansion. Although
suppressing vasopressin release with high water intake has
been shown to impair disease progression in rodent models,
whether this approach is efficacious in patients remains un-
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certain. The neural osmoregulatory pathway that controls
vasopressin secretion also exerts a stimulatory action on vasomotor sympathetic activity and blood pressure during dehydration. Recurrent dehydration leads to a worsening of
hypertension in rodents and cross-sectional data suggests
that reduced urinary concentrating ability may contribute to
hypertension development in the clinical PKD population.
Experimental studies are required to evaluate this hypothesis and to determine the underlying mechanism.
© 2018 The Author(s)
Published by S. Karger AG, Basel

Introduction

Polycystic kidney disease (PKD) describes a group of
monogenetic disorders characterised by the acquisition
of multiple renal cysts and extrarenal abnormalities including hypertension [1]. Impaired urinary concentrating ability is an early clinical presentation of PKD [2–5].
As discussed by van Gastel and Torres [6] in the proceedDr. Cara M. Hildreth
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ings of the Hydration For Health 8th Annual Scientific
Conference, physiological evidence indicates that in
PKD, this urinary concentrating defect presents a hyperosmotic stimulus to central osmoreceptors that control
arginine-vasopressin (AVP) secretion. Acting at renal V2
receptors, AVP has been shown to accelerate cystogenesis
through a cyclic adenosine monophosphate-dependent
mechanism [6], and interrupting this pathway (i.e.,
through pharmacological or genetic AVP blockade or by
increasing fluid intake) can substantially attenuate cystic
pathology in rodent models of PKD [7, 8]. We propose
that reduced urinary concentrating capacity also facilitates the development of hypertension in PKD via osmotic stimulation of neuronal circuits in the brain that regulate blood pressure.
PKD and Defective Urine Concentrating Capacity

Two distinct forms of PKD exist that differ in their
mode of inheritance and clinical presentation. Autosomal
dominant PKD (ADPKD) is more prevalent, affecting approximately 1: 1,000 individuals, and a leading cause of
renal failure [1]. Though cysts are observed in children
with ADPKD [1], they generally do not impair glomerular filtration until the 5th decade of life [9] (Fig. 1). Autosomal recessive PKD (ARPKD) is approximately 20 times
less common, yet far more aggressive in its clinical presentation, with the majority of affected individuals showing renal insufficiency in the neonatal period [1].
The ability of the kidneys to produce concentrated
urine is necessary to conserve water and therefore maintain body fluid homeostasis. Maximal urine concentrating ability is reduced in both ADPKD and ARPKD patients [2–4]. In ADPKD, this urinary concentrating impairment occurs early in the disease before renal function
declines [2, 4] (Fig. 1), likely due to the cystic distortion
of renal architecture and a consequent disruption of osmotic gradients in the renal medulla [6]. Few studies have
examined the renal concentrating ability in ARPKD patients and it is unclear whether the pathophysiology is
similar. Nevertheless, evidence exists that urinary concentrating ability is reduced in ARPKD patients irrespective of renal function status [4].
Cross-sectional data demonstrates that ADPKD patients with a more severe urinary concentrating defect
tend to have a higher plasma osmolality, a hallmark of
hypohydration [10]. Thus, a reduced ability to concentrate urine likely predisposes ADPKD patients to recurrent periods of hypohydration, a viewpoint reinforced
34

Ann Nutr Metab 2018;72(suppl 2):33–38
DOI: 10.1159/000488125

GFR decline
Hypertension
Reduction in urinary concentrating capacity

10

30

50

Age, years

Fig. 1. Timeline illustrating the presentation of key clinical features
of ADPKD in relation to age. Note that the reduction in urinary
concentrating capacity precedes the development of hypertension
and the decline in glomerular filtration rate (GFR). Data were acquired from [2, 8]. Images sourced from Laboratoires Servier
(www.servier.com).

by experimental evidence that consistently demonstrates that overnight water restriction produces an exaggerated increase in plasma osmolality in ADPKD patients compared to healthy individuals [2, 3]. Whether
this increased osmotic stimulus generates an increase in
AVP secretion, however, has not been consistently observed. Observations by Ho et al. [2] found that overnight water restriction and a concordant increase in
plasma osmolality failed to increase plasma AVP in an
ADPKD clinical cohort, thus suggesting that osmoregulation of AVP secretion is impaired in ADPKD. However, this conclusion is not supported by the work of
others. In ADPKD patients, Graffe et al. [11] demonstrated that intravenous hypertonic saline infusion effectively increased plasma AVP levels. Moreover, Zittema et al. [3] found that overnight water restriction in
humans with ADPKD was associated with an elevation
of plasma AVP and copeptin (a stable and reliable surrogate measure of AVP [5]), reaching values that were
more than two-fold higher than healthy controls. It is
unclear what specifically underlies these variable observations; however, it is possible that Ho et al. [2] failed to
detect a significant effect because the analysis was restricted to AVP and the surrogate measure copeptin was
not utilised, which is supported by evidence showing
that plasma osmolality correlates with copeptin but not
AVP in ADPKD patients [12]. Taken together, these
studies indicate that a reduced ability to conserve body
water in ADPKD most likely drives a greater activation
of osmosensitive neuronal circuits in the brain that regulate AVP secretion (Fig. 2).
Underwood/Phillips/Hildreth
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Fig. 2. Proposed neural pathway that could be recruited to
a ccelerate renal cystogenesis and facilitate hypertension development in PKD. An early urinary concentrating impairment promotes periodic elevations in extracellular fluid (ECF) tonicity
when fluid loss is not compensated by fluid intake. This is detected
by osmoreceptor neurons located in 2 circumventricular organs of
the lamina terminalis: the organum vasculosum of the lamina terminalis (OVLT) and the subfornical organ (SFO). The OVLT and
SFO send direct and indirect (via the median preoptic area; MnPO)
projections to the paraventricular (PVN) and supraoptic (SON)

Possible Role for Increased Water Intake in the
Treatment of PKD

hypothalamic nuclei that control the peripheral release of vasopressin (AVP) from the posterior pituitary (PP) and vasomotor
and renal sympathetic nerve activity (SNA). AVP accelerates renal
cystogenesis via renal V2 activation and can increase blood pressure via vascular V1a receptors. We hypothesise that recurrent exposure to ECF hypertonicity facilitates the development of hypertension by promoting a greater activity of hypothalamic neurons
that control AVP secretion and SNA. Adapted from [21] with images sourced from Laboratoires Servier (www.servier.com).

[7] and has been shown to effectively decrease plasma
copeptin levels in patients [14]. Though a single clinical
trial did not find a beneficial effect of increasing water
intake in a small cohort of ADPKD patients [15], other
clinical trials with a larger number of participants and a
longer treatment duration are currently underway (e.g.,
PREVENT-PKD trial; ACTRN12614001216606). The
results of these clinical trials will be critical to evaluate
whether increased water intake can suppress cystic disease progression in PKD.

Circulating AVP acts on renal V2 receptors to accelerate cystogenesis in PKD (for a comprehensive review see:
van Gastel and Torres [6]). This was clearly demonstrated
by the observation that AVP-deficient PKD rats exhibited
a four-fold reduction in cyst volume that was restored
upon the administration of a V2 agonist [8]. In the presence of a urinary concentrating impairment, higher plasma AVP would therefore worsen disease progression. Accordingly, clinical trials have investigated the efficacy of
a V2 receptor antagonist, Tolvaptan, in ADPKD. Though
clinical trials largely recapitulated the positive results
shown in animal models, Tolvaptan is not without its
side-effects, with safety issues noted relating to increased
aquaresis and reduced liver function [6, 13]. Alternative
approaches that target the secretion of AVP rather than
the V2 receptor are therefore warranted.
High water intake has been proposed as an alternative
intervention to suppress AVP levels and reduce renal V2
receptor activation in PKD. Increasing fluid intake was
found to effectively impair renal cystogenesis in rodents

Hypertension is a salient feature of both ADPKD and
ARPKD [1, 9]. Studies in humans with ADPKD indicate
that hypertension develops before renal filtration function declines in the majority of patients, suggesting that
renal insufficiency is not a primary driver [9, 16]. In these
patients, hypertension contributes to cardiac left ventricular hypertrophy and renal damage [17]. A mechanistic
understanding of the pathogenesis of hypertension in
PKD remains unclear.

Osmoregulation in PKD: Relationship
with Cystogenesis and Hypertension
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One critical node underlying the hypertension observed in PKD is the renin-angiotensin system (RAS).
The strongest evidence for this is that pharmacological
interventions that block angiotensin II, the main effector
hormone of the RAS, are effective in reducing blood pressure in patients [17]. Less clear is what tissue(s) angiotensin II acts on to produce increases in blood pressure in
PKD. The RAS is traditionally described as a circulating
hormonal cascade that begins with the secretion of renin
from the renal juxtaglomerular apparatus and culminates
with the production of the vasopressor and natriuretic
peptide angiotensin II [18]. More recent work has demonstrated that angiotensin II can be synthesised by, and
act on, various tissues independent of the circulating RAS
[18]. In ADPKD patients and animal models, the circulating RAS is not consistently elevated, as assessed through
measurements of plasma renin concentration or enzymatic activity [5, 19]. In contrast, urinary angiotensinogen and renin, thought to reflect the activity of the intrarenal RAS, are elevated in these patients [19]. Upregulation of the intra-renal RAS could contribute to the
development of hypertension in PKD, though causation
has not been demonstrated. The brain also has a functionally-independent RAS, which serves as a critical regulator
of vasomotor sympathetic nerve activity (SNA) and blood
pressure [18], in part by exerting a modulatory action on
the brain osmoregulatory system (see below). In ADPKD
patients, the firing of sympathetic nerves supplying muscle vascular beds is elevated [20] but is reduced with angiotensin II blockers [21], supporting the hypothesis that
the brain RAS is upregulated in this disease.
Could Urinary Concentrating Defect Facilitate the
Development of Hypertension in PKD?

Central Osmoreception and Blood Pressure Control
Terrestrial mammals have evolved extremely sensitive
regulatory mechanisms to maintain the osmolality and
volume of the body fluids within narrow limits. Though
the mammalian osmoregulatory system has been studied
primarily in experimental animals, evidence suggests
that the system functions comparably in humans [22].
During dehydration, the brain coordinates a behavioural
(thirst) and physiological response that serve to buffer
increased extracellular fluid osmolality and decreased intravascular volume. The physiological response consists
of 2 principle effectors: AVP and the sympathetic nervous system, which together enhance renal water reabsorption, in defence of extracellular fluid osmolality, and
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increase vascular tone, to support arterial blood pressure
[23].
The forebrain lamina terminalis is responsible for detecting plasma osmolality and initiating the behavioural
and physiological response [23]. Plasma tonicity (i.e.,
plasma osmolality without membrane permeable solutes)
is transduced by specialised osmoreceptor neurons located in 2 circumventricular organs of the lamina terminals:
the organum vasculosum of the lamina terminalis (OVLT)
and the subfornical organ (SFO). OVLT and SFO neurons send direct or indirect projections (via the median
preoptic nucleus) to 2 hypothalamic output nuclei – the
paraventricular (PVN) and the supraoptic (SON) nuclei – that are obligatory for producing the physiological
response to osmotic perturbations. These neuronal pathways are robustly activated during dehydration [24]. The
PVN and SON contain magnocellular neurosecretory
neurons that release AVP into the peripheral circulation,
while the PVN harbors an additional population of neurons that generate vasomotor and renal sympathetic outflow [23] (Fig. 2).
Angiotensin II is an important neuromodulator in the
central osmoregulatory system. In experimental animals,
central hypertonicity evokes an increase in AVP secretion, sympathetic activation and rise in blood pressure
that involves activation of angiotensin type 1 receptors in
the brain [25–27]. Therefore, reports that systemic angiotensin II blockade reduces SNA and blood pressure in
ADPKD patients [21] could reflect a role of osmoregulated brain angiotensin II in maintaining sympathoexcitation observed in this disease.
Long-term exposure to plasma hyperosmolality is
strongly implicated in the development of hypertension. High salt intake is a major risk factor for hypertension. As reviewed recently by Kinsman et al. [28], longterm upregulation of the central osmoregulatory pathway described above contributes to salt-induced
hypertension in rodents via sympathetic activation and
AVP release. In addition to raising plasma osmolality
with salt intake, a recent study by Hilliard et al. [29]
showed that long-term recurrent dehydration exacerbates hypertension in rodents. This experimental evidence is concordant with cross-sectional data in humans showing that low-water drinkers (<2.0 L/day) are
more likely to be hypertensive [30]. The underlying
mechanism by which chronic hypohydration facilitates
the development of hypertension is currently unknown,
but could conceivably involve an increased activation or
sensitisation of the central osmotic circuits regulating
SNA and vasopressin secretion.
Underwood/Phillips/Hildreth

A Possible Link between Urinary Concentrating Defect
and Hypertension in PKD
There is some initial evidence to suggest that decreased urinary concentrating capacity is linked with
the development of hypertension in PKD. Seeman et al.
[31] found that the presence of hypertension was 7
times more common in ADPKD children and adolescents who had reduced urinary concentrating ability
(maximal urine osmolality less than 900 mOsmol/kg),
and that there was a significant inverse relationship between urine osmolality and ambulatory blood pressure
across the cohort. This relationship has also been observed in ADPKD adults. In a retrospective analysis of
the TEMPO3/4 study, a large (n = 1,445) randomised
control trial evaluating the efficacy of V2 receptor antagonism in ADPKD, lower urine osmolality at baseline predicted the presence of hypertension [13]. This
relationship may partially explain why hypertension
associates with indices of cyst abundance [16], the most
likely determinant of the urine concentrating impairment.
If the Relationship between Reduced Urinary
Concentrating Capacity and Hypertension in ADPKD
Is Causal, What Could be the Underlying Mechanism?
When renal water loss is uncompensated by fluid intake, the ensuing plasma hyperosmolality would stimulate AVP secretion and vasomotor sympathetic outflow. Though an increase in blood pressure may follow,
negative feedback mechanisms would maintain normotension. However, in the long term, it is possible that
recurrent episodes of hypohydration sensitises blood
pressure-regulating neuronal circuits, predisposing individuals to a greater risk of developing hypertension
with the presentation of additional temporally separated insults (e.g., dietary factors or mental stress) later in
life [18]. Conceivably, such an effect could be exacerbated by high dietary sodium. Though this hypothetical
mechanism remains to be tested, work done in the Lewis PKD rat has indeed shown a marked chronic upregulation of brain regions that detect (i.e., OVLT/SFO) and
respond (i.e., PVN/SON) to plasma hyperosmolality
[32].
One obvious approach to test whether chronic hypohydration produced by the urinary concentrating defect
facilitates the development of hypertension in PKD
would be to determine whether increased water intake
abrogates the onset or severity of hypertension in patients or animal models. Though the effects of increased
water intake on the progression of PKD have been exOsmoregulation in PKD: Relationship
with Cystogenesis and Hypertension

amined, unfortunately hypertension was not included
as an outcome measurement for the only clinical trial
[15]; and the single animal study to measure blood pressure was performed on a normotensive rat strain [7].
Hence, these studies do not offer an evaluation of this
hypothesis.
Conclusions

A reduced capacity to concentrate urine and consequently conserve body water presents an additional hyperosmotic stimulus for AVP release in PKD. The deleterious role of AVP in renal cystogenesis is well documented, yet whether suppression of AVP by means of
increasing water intake is an effective means of halting
disease progression awaits clarification. To aid in evaluating the hypothesis that hypohydration facilitates the development of hypertension in PKD, we recommend that
blood pressure be reported as an outcome measure in future water intake studies.
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Background: Previous research investigating the effects of exercise-related stress on sleep has found that timing of exercise, exercise intensity and periodization of training adversely affects sleep
quality. Anecdotally, it has been reported that dehydration may
influence sleep [1–5]. Little is known as to whether exercise-induced dehydration or method of rehydration has any effect on
quality of sleep following prolonged exercise in hot conditions.
Objective: The purpose of this study was to compare ad libitum
versus prescribed (150% of sweat losses) fluid replacement on subjective quality and objective measures of sleep following exerciseinduced dehydration.
Methods: Eleven healthy, recreationally active males
(mean±SD; age, 22 ± 3 y; height, 178 ± 6 cm; VO2max, 54.3 ±
5.4 ml·kg–1·min–1; body fat, 11.6 ± 3.9%) completed three randomized exercise sessions: euhydrated arrival + fluid replacement
(EUR), euhydrated arrival + no fluid (EUD) and hypohydrated arrival + no fluid (HYD) in hot conditions (ambient temperature,
35.3 ± 0.6°C and relative humidity, 31.3 ± 2.0%). Exercise sessions
consisted of six 30-min cycles of treadmill exercise (8 min at 40%
VO2max, 8 min at 60% VO2max, 8 min at 40% VO2max and 6 min of
passive rest each) followed by 60-min of passive rest. Following
exercise, participants were randomly assigned to either a prescribed or ad libitum rehydration group and returned to the laboratory 24–30 h following each exercise session. Participants
donned a wrist-worn activity tracker the night prior (PRE) and
following (POST) each session to measure sleep efficiency; total
time spent sleeping; and time spent in deep, light and rapid eye
movement (REM) sleep. Subjects also subjectively assessed their
sleep quality using the Karolinska Sleep Diary (KSD). The individual components of the KSD were summed to tabulate an overall subjective sleep quality measure (KSDTOTAL). A mixed design
(condition x trial x time) repeated measures ANOVA with Tukey
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post hoc test was used to evaluate differences in continuous dependent variables. Stepwise linear regression was used to identify if
variables were predictive of subjective sleep quality. Results: Following exercise, there were significant differences in percent body
mass loss (%BML) between EUR (0.4 ± 1.0%), EUD (3.8 ± 1.2%)
and HYD (5.6 ± 0.6%) (p < 0.05). However, at POST, hydration
status (%BML, urine volume [UVOL], urine osmolality [UOSMO],
urine specific gravity [USG], and urine color [UCOL]) was not different between the three exercise trials or between each method of
rehydration (p > 0.05). There were no significant differences in
sleep efficiency (p = 0.36), time spent in deep sleep (p = 0.57), time
spent in light sleep (p = 0.95) and time spent in REM sleep (p =
0.927) when comparing objective sleep quality to exercise trial or
rehydration mode. 24 h UVOL was a significant predictor of KSD2
2
TOTAL at PRE (r = 0.27, p = 0.002) and POST (Fig. 1a; r = 0.22, p =
2
0.007). 24 h USG (Fig. 1b; r = 0.16, p = 0.025), UOSMO (Fig. 1c; r2 =
0.14, p = 0.037), and UCOL (Fig. 1d; r2 = 0.16, p = 0.022) were significant predictors of KSDTOTAL at POST.
Conclusions: The magnitude of hypohydration or mode of rehydration following prolonged exercise in the heat did not influence subjective or objective measures of sleep quality. These findings suggest that moderate intensity exercise in the heat eliciting
hypohydration up to 5% body mass loss does not adversely affect
the subsequent bout of sleep.
Disclosure Statement: W.M. Adams received travel expenses
and registration fee from Danone Nutricia Research to attend the
2017 Hydration for Health Scientific Conference.
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Background: Older people are at risk of dehydration due to a
wide range of age-related physiological changes such as loss of
thirst, reduced Total Body Water (TBW) and diminished kidney
function [1]. Additional conditions such as dementia or physical
frailty may contribute to low fluid intakes and further predispose
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to dehydration. A recent UK study reported that nursing home
residents were 10-fold more likely to be admitted to hospital with
dehydration [2]. The findings support the evidence from USA,
which suggests that hydration care in these institutions may be
suboptimal [3–5].
Objectives: To assess current hydration care in care homes,
identify barriers to drinking adequate amounts, and to develop
and test strategies to optimise fluid intakes in the older care home
residents.
Methods: This quality improvement study was conducted in
one care home in London, which provides care to a multi-ethnic
population of the residents. Exploratory phase used observations,
focus groups and interviews to determine how drinks are currently
provided and to explore the attitudes of staff and the residents towards hydration care. The intervention phase used Improvement
Science methodology to identify and test strategies to improve hydration for the residents. To assess the effect of the interventions,
observations of the residents’ fluid intakes were undertaken approximately every four weeks for 12 months. Six residents were
randomly chosen for each observation period and followed from
6am–9pm. Fluid intakes were recorded and plotted on a run chart.
Results: Mean fluid intakes at baseline were 989 ml (±376 ml).
Lack of awareness resulted in hydration care being seen as less
important than other tasks. This resulted in limited opportunities
to obtain drinks and poor monitoring, which contributed to in-
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sufficient amount of fluids offered. Residents experienced other
barriers, which further prevented them from drinking, including
lack of preference compliance, inadequate assistance and drinking vessels not meeting their needs. Level of assistance, location
of the resident and family support, determined the amount of fluids offered and subsequently consumed by the residents. These
findings were supported by resident interviews, who suggested
that despite their desire to drink, hydration care was inadequate.
Interventions to improve hydration practice were developed with
staff and included: staff training, increasing the number of drink
opportunities (Protected Drink Times and Drink Before Breakfast), improving preference compliance (exploring preferences
and Drink Menu), communication tool for staff to provide for
needs and preferences (Refreshment Needs Guides), and the introduction of new drinking equipment. During the testing phase,
most interventions resulted in residents consuming more fluids.
Sustaining interventions was difficult. Barriers to sustaining these
interventions included poor leadership at senior and operational
level, staff not complying with protocols, making choices for residents, high levels of staff turnover and potential costs to the care
home. Fluid intakes at the end of the study increased to 1119 ml
(±717 ml).
Conclusions: This study demonstrated that residents consumed fluids below the minimum recommended 1500 ml [6] because of inadequate hydration care they received. Providing appropriate assistance, increasing the number of opportunities to
obtain drinks and improving preference compliance results in increased fluid intakes in care home residents. Sustaining these improvements is challenging, barriers identified during the intervention phase highlight an importance of leadership in improving care
in this setting.
Disclaimer: This study presents independent research partially
commissioned by the National Institute for Health Research
(NIHR) under the Collaborations for Leadership in Applied
Health Research and Care (CLAHRC) programme North West
London. The views expressed in this publication are those of the
author(s) and not necessarily those of the NHS, the NIHR or the
Department of Health. A Bak received travel expenses and registration fee from Danone Nutricia Research to attend the 2017 Hydration for Health Scientific Conference.
Key Messages:

• Residents in care homes consumed fluids below the minimum
recommended 1500 ml.
• Limited opportunities to obtain drinks and therefore insufficient amounts of fluids served, resulted in poor intakes.
• Structured hydration activities and drinks menu increased fluid intakes of the residents.
• Strong leadership, organisational support and teamwork are
essential for implementing and sustaining such improvement.
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Background: Type 1 diabetes mellitus (T1DM) is a chronic
disease characterized by pancreatic inability to secrete sufficient
insulin for normal blood glucose regulation [1]. It is supposed
that hyperglycemia may influence hydration status in diabetic
patients, since it could alter fluids reabsorption in the kidneys
[2]. Glycosuria (i.e., the abnormal presence of glucose in urine)
can substantially increase water loss through osmotic diuresis
[3], increasing the risk of dehydration if fluid losses are not adequately compensated. Additionally, in T1DM patients poor
blood glucose control may induce a renal resistance to vasopressin, decreasing renal ability to retain water during exercise
[4].
Objective: The present study aimed to describe hydration habits during exercise in a random sample of T1DM physically active
individuals using a validated survey, and to compare those results
with a well-matched sample of healthy individuals.
Methods: A descriptive study was designed to investigate hydration habits in T1DM and control individuals using an online
modified version of a survey that was previously used to assess hydration habits in healthy athletes [5]. This modified version included questions regarding anthropometrical data, diabetes characteristics (e.g., therapy, reported glycemia before/after exercise),
sport characteristics (e.g., type of sport, training volume and intensity), and hydration habits (e.g., preferred beverage, fluid intake,
coach encouragement to drink). Independent t-tests were conducted between groups for fluid intake.
Results: 45 individuals (33 ± 8 y, M: 20 F: 25) with insulindependent diabetes mellitus (T1DM), and 45 healthy controls
(CON; 32 ± 10 y, M: 20 F: 25) voluntarily participated and completed the online survey. Of interest, 32 T1DM participants (71.1%)
reported to begin their exercise with a blood glucose concentration
between 3.9 and 10.0 mMol, while 13 individuals with T1DM
(28.9%) usually reported to start their training with glucose concentration between 10.0 and 16.7 mMol. Blood glucose concentration at the end of the training was reported to be below 3.9 mMol
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Fig. 1. Reported blood glucose during training. Frequency distri-

bution of the reported blood glucose concentration at the beginning (Pre) and at the end (Post) of the training in T1DM individuals (for Abstract no 3).

in 2 individuals (4.4%), between 3.9 and 10.0 mMol in 32 individuals (71.1%), and between 10.0 and 16.7 mMol in 11 individuals
(24.4%). The preferred beverages were water (73.3%) and sport
drinks (24.4%). Other participants reported drinking different
beverages such as fruit juice or tea. Fluid volume consumed during
training by T1DM individuals was 0.60 ± 0.47 L·h–1, significantly
greater (p < 0.05) than in CON that was reported to be 0.37 ± 0.28
L·h–1.
Conclusions: From the present study, it is possible to speculate
that T1DM individuals are capable of spontaneously consuming
the volume of fluids suggested in the most recent international
guidelines for healthy athletes [6]. Nevertheless, further studies are
needed to determine if the generally recommended fluid amounts
are appropriate for T1DM through a precise fluid requirement
evaluation.
Disclosure Statement: A. Buoite Stella received travel expenses and registration fee from Danone Nutricia Research to attend
the 2017 Hydration for Health Scientific Conference.
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Background: Cell volume and arginine vasopressin are implicated in glycaemic control and are influenced by hydration status
[1, 2]. During hypohydration, a deterioration in glycaemic control
has been demonstrated in type 1 [3] and type 2 diabetic patients
[4]. Our pilot data replicated such findings in healthy adults [5].
Little is known about whether hydration status per se alters appetite.
Objective: We therefore aimed to assess whether glycaemia
and appetite are affected by hydration status in healthy adults.
Methods: In this randomised crossover trial, healthy participants (8 men, 8 women) underwent an oral glucose tolerance test
(OGTT) and multiple appetite tasks in a hypohydrated and euhydrated state. After successfully matching lifestyle factors three
days pre-trial, participants had a fasted pre-trial blood sample,
followed by dehydration in a 45 ± 1.5°C heat tent for 1-hour followed by fluid restriction (HYPO) or replacement (RE). The following day, an OGTT was conducted with regular blood samples
and metabolic rate measures for 120 min. Subsequently, a desireto-consume task was completed followed by an ad libitum pastameal with a pre-prandial and multiple postprandial visual analogue scales and blood samples for 60 min. Peripheral quantitative computer tomography (pQCT) thigh scans were taken
pre-trial and on the trial-day to assess changes in muscle area as
a proxy for cell volume. Analysis involved repeated measures
ANOVA for trial and time trends during the OGTT and meal
test, t-tests comparing pre-trial and trial-day values, and linear
regression to assess desire-to-consume according to nutrientcontent of foods.
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Results: HYPO was confirmed by increases in urine osmolality
and specific gravity and 1.8 ± 1.2% body mass loss, which did not
occur during RE (0.1 ± 0.6% body mass loss). Further, during
HYPO, muscle area decreased by 2.9 ± 2.4% (p = 0.007) compared
to pre-trial, with accompanying increases in serum osmolality
(pre-trial 287 ± 5 mOsm/kg, trial-day 296 ± 5 mOsm/kg; p < 0.001),
and plasma copeptin (pre-trial 4.45 ± 2.01 pmol/L, trial-day
18.85 ± 9.92 pmol/L; p < 0.001), both of which remained elevated
throughout the OGTT (trial p ≤ 0.002). During the OGTT, hydration status did not meaningfully alter the serum glucose or insulin
response, including no differences in the area under the curve (p ≥
0.469) or time-to-peak (p ≥ 0.609). Plasma cortisol (trial F = 0.218,
p = 0.647) and adrenocorticotropic hormone (trial F = 2.541, p =
0.132) concentrations did not differ between HYPO and RE. Resting metabolic rate was the same between hydration status’ (trial
F = 0.191, p = 0.669), though RE tended towards higher carbohydrate oxidation (trial*time F = 3.754, p = 0.037). During HYPO,
participants desired higher water-content (r2 = 0.15, p < 0.001) and
lower salt-content foods (r2 = –0.11, p < 0.001). Hunger and fullness did not significantly differ between HYPO and RE (trial p ≥
0.254), nor did ad libitum energy intake (HYPO 911 ± 399 kcal; RE
966 ± 411 kcal; p = 0.310). Total ghrelin was similar between HYPO
(180 ± 65 pg/mL) and RE (188 ± 71 pg/mL) 60 min post-meal (p =
0.736).
Conclusions: Acute mild hypohydration did not alter glycaemia in healthy adults. Meaningful increases of copeptin were
found during HYPO, though adrenocorticotropic hormone and
cortisol secretion were unaffected. Research should further investigate the effects of hydration status on postprandial resting substrate oxidation. Although energy intake, total ghrelin and subjective appetite were unaffected by hydration status, hypohydration
increased desire for higher water-content and lower-salt foods.
Whether these desires would alter food choices is unclear.
Acknowledgements: This work was supported by the Economic and Social Research Council (grant no.: ES/J50015X/1), and
the European Hydration Institute Graduate Research Grant. We
would also like to thank Oliver Perkin (University of Bath) for
technical and analytic support with the pQCT scans.
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Background: In a lot of countries around the world, pure water
drinking has been replaced by the intake of sugar sweetened beverages. Several publications indicate that the excessive consumption
of this kind of beverages has been associated with a deleterious
impact on kidney health, in part by the overactivation of the renal
fructokinase pathway. On the other hand, chronic activation of
vasopressin has been related to worse outcomes in kidney patients.
Moreover, it was recently shown that the activation of both pathways, induced by recurrent thermal dehydration, produced chronic kidney damage in animal models. In this setting, rehydration
with fructose-containing beverages exacerbated the renal oxidative stress and lesions in association with a further increase in vasopressin secretion (copeptin). In this regard, there is some evidence suggesting that fructose increases vasopressin secretion by
osmotic and non-osmotic mechanisms.
Objective: To explore the role of vasopressin inhibition with
Conivaptan, a V1a and V2 antagonist, in the renal damage induced
by mild thermal dehydration followed by rehydration with a fructose-containing beverage.
Methods: Four groups of male Wistar rats were exposed to hyperthermia (37°C/1 h/day) and rehydrated with water (W) or
10%fructose (F) during 2 hours after dehydration, the study lasted
30 days. Two groups received vehicle (W+Veh and F+Veh), and two
received Conivaptan (3 mg/kg BW, W+C, and F+C). After rehydration rats received tap water and food ad libitum. A group of normal
control (NC) rats was also included. At the end of the study, plasma
and urine osmolality and plasma copeptin were evaluated. In renal
cortex homogenates sorbitol, fructose, uric acid, oxidative stress as
well as the expression of aldose reductase, fructokinase, xanthine
oxidase, Nox4, p22phox, gp91phox and vasopressin receptors V1a
and V2 were assessed. Also, renal mitochondrial function was evaluated by the respiration and mitochondrial complexes activity.
Results: Chronic recurrent heat stress was associated with mild
renal functional changes (decreased creatinine clearance, tubular
injury with systemic inflammation and renal oxidative stress, as
well as mitochondrial dysfunction) that were markedly exacerbated by rehydration with fructose. Fructose rehydration also markedly enhanced plasma copeptin levels and activation of the aldose
reductase fructokinase pathway in the kidney. Blockade of vasopressin action with conivaptan blocked the amplification of injury
induced by fructose and the upregulation of the aldose reductase
fructokinase pathway, V1a, and V2 receptor overregulation as well
as mitochondrial alterations that occurred in this condition.
Conclusions: Blockade of vasopressin conferred a beneficial effect on the renal damage induced by recurrent thermal dehydra-

Ann Nutr Metab 2018;72(suppl 2):39–44
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tion and rehydration with a fructose-containing beverage. These
data suggest an interaction between vasopressin and fructokinase
pathways that results in a harmful amplification of both systems,
accelerating kidney damage. These results are relevant to the human condition as the 40% of the global population lives in places
that exceed 30°C, and the acquired habit of quenching thirst with
sweetened beverages.
Disclosure Statement: Fernando E. García-Arroyo received
travel expenses and registration fee from Danone Nutricia Research to attend the 2017 Hydration for Health Scientific Conference.
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