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Water Intake, Body Water Regulation and Health

Evan C. Johnson 1,* and William M. Adams 2
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The biological feedback provided by human water intake upon our physiology is grossly
under-investigated. The delicate regulation of intake and imperceptible changes to physiological
processes makes it easy for the casual observer to overlook the acute and chronic impacts of water
consumption on human health and performance. Given this gap, we aim to bring a special edition
of Nutrients to highlight some of the growing areas of interest that fall under the broad umbrella of
“water intake, body water regulation and health”.

As with any research topic, investigators must begin with, and be able to constantly update, their
understanding of the appropriate measurement of their target phenomenon. Three of the manuscripts
within this Special Issue will help the researchers of tomorrow to do just that. Drs. Muñoz and
Wininger provide us with “food for thought” when considering the utilization of the National Health
and Nutrition Examination Survey (NHANES) for hydration-related investigations [1]. Additionally,
Dr. Basov and colleagues review the influence of deuterium-depleted water on isotope regulation,
an important topic for those looking to apply D2O application for the measurement of water intake
and/or turnover [2]. Relatedly, Dr. González-Arellanes and co-authors present evidence of how chronic
high-volume water consumption can affect body composition measurement via D2O dilution while
also introducing the influence that age, sex, and ethnicity may play in being able to accurately assess
total body water [3].

Although still under-investigated, the influence of water intake on dimensions of health has been
increasing within recent literature. Rightly so, a further understanding of health behaviors related to
something as fundamental as water intake can have a substantial impact on public health. First, Drs.
Watso and Farquhar provide a comprehensive review discussing current evidence and physiological
mechanisms that tie water intake to cardiovascular function [4]. A separate study presented by Drs.
Sollanek, Kenefick, and Cheuvront reviews the osmolality standards of several commercially available
rehydration solutions [5], which has relevance to treatment standards within countries in need of
rehydration plans for combatting diseases such as malaria. Tangential to water intake, is the influence
that body water has upon the human body’s ability to thermoregulate. Papers by Dr. Schlader and
colleagues [6] and Dr. Smith [7] address this aspect of water homeostasis through a mechanistic review
of how physical labor in the heat presents risk for renal injury, and a novel focus regarding pediatric
thermoregulation in the face of increasing ambient temperature due to climate change, respectively.
Lastly, among our health focused papers, is a wonderful review by Dr. Hew-Butler which examines the
other side of the water intake coin; what happens to the body when too much water is consumed [8]?
The career achievements of all of the above authors make these manuscripts not to be missed for those
interested in the influence of water intake on health.

In conclusion, the co-editors of this Special Issue, together with our collaborators, introduce two
papers on hydration biomarkers; a topic that is continuously evolving within scientific literature. The
manuscript by Drs. Armstrong and Johnson provides background on the evidence behind the current

Nutrients 2020, 12, 702; doi:10.3390/nu12030702 www.mdpi.com/journal/nutrients1
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water intake guidelines and introduces a novel biomarker, copeptin, along with providing the history of
how this biomarker came to be established in the water intake literature [9]. Drs. Adams, Vandermark,
Belval, and Casa present our final manuscript on how the perception of thirst can be properly used
to evaluate hydration status within exercise investigations [10]. To read this paper alongside Dr.
Hew-Butlers will provide fantastic context for early-career scientists to emeritus scientists.

We thank the readers for seeking out this Special Issue. We are honored to be able to collect the
works from a diversified group of leaders within the field of human physiology. The data, thoughts,
and ideas presented in this Special Issue are a sign of wonderful times ahead in our field!
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Abstract: With the collection of water-intake data, the National Health and Nutrition Examination
Survey (NHANES) is becoming an increasingly popular resource for large-scale inquiry into human
hydration. However, are we leveraging this resource properly? We sought to identify the opportunities
and limitations inherent in hydration-related inquiry within a commonly studied database of hydration
and nutrition. We also sought to critically review models published from this dataset. We reproduced
two models published from the NHANES dataset, assessing the goodness of fit through conventional
means (proportion of variance, R2). We also assessed model sensitivity to parameter configuration.
Models published from the NHANES dataset typically yielded a very low goodness of fit R2 < 0.15.
A reconfiguration of variables did not substantially improve model fit, and the goodness of fit of
models published from the NHANES dataset may be low. Database-driven inquiry into human
hydration requires the complete reporting of model diagnostics in order to fully contextualize findings.
There are several emergent opportunities to potentially increase the proportion of explained variance
in the NHANES dataset, including novel biomarkers, capturing situational variables (meteorology,
for example), and consensus practices for adjustment of co-variates.

Keywords: hydration; water intake; obesity; modeling; database; NHANES; chronic disease; big data

1. Introduction

Water intake and hydration status are evolving as increasingly important points of focus in
far-reaching corners of medicine and public health. Investigators in search of phenotypic risk factors
and as a possible strategy for mitigating disease burden and progression have targeted total water intake
practices in myriad diseases including hyperglycemia [1,2], obesity [3–8], diabetes mellitus [5,6,9–12],
metabolic syndrome [6,13], cardiovascular diseases [14–18], chronic kidney disease [5,19–23], cystic
renal disease [24–26], and bladder cancer [27–29]. Given the extensive foundational research linking
total water intake to other high-relevance morbidities, it is exciting that the National Center for Health
Statistics collects water intake data. However, are we leveraging this resource optimally?

In this article, we explore model design in database-supported hydration inquiry. We contrast
model diagnostics and explore optimization scenarios by reproducing two recently published regression
models related to hydration. In particular, we look into regression models in hydration, published by
others, by way of the model goodness of fit parameter, the R2. The coefficient of determination (0 ≤ R2

≤ 1) is a standard measure for how well scatter data fit to their model regressor; it is the proportion
of explained variation relative to total variation. A low R2 value indicates a large proportion of
unexplained variance; a high R2 indicates that much of the variance observed in the data are explained
by effects described in the model.

Our interest was to replicate two recently-published models in order to ascertain their goodness of
fit. We also wanted to extend these published works by assessing the sensitivity of the model goodness

Nutrients 2019, 11, 1828; doi:10.3390/nu11081828 www.mdpi.com/journal/nutrients3
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to parameter selection. The models studied here are mutually similar but distinct, making use of
different variables in both prediction and response, but both had a similar design in that regression
models were designed to test specific hypotheses within a large, publicly available dataset. Our objective
was to critically review the state of the art—and identify opportunities to enhance—database-driven
inquiry into human hydration.

2. Methods and Results

2.1. Study Selection

We took as exemplars two recently published papers: Rosinger et al. [3] and Chang et al. [4].
Both groups leveraged the same dataset (National Health and Nutrition Examination Survey (NHANES)
2009–2012), tested for associations between hydration and body composition, were posed as population
studies (i.e., weighted analyses), and utilized a parallel design, i.e., tandem linear and logistic regression.
Naturally, these papers differ in terms of co-variate selection, dataset filtering, the selection of predictor
versus response variable, and the age-adjustment of hydration status. Full methodologies are described
in the original manuscripts, but in short summary: The Rosinger et al. study (n = 9528) utilized
urine osmolality (URXOAV) as the response variable, with the following predictor variables: Age
(RIDAGEYR) stratified 20–39, 40–59, and ≥60 years; gender (RIAGENDR); race–ethnicity (RIDRETH1)
re-coded into three groups (Non-Hispanic White, Non-Hispanic Black, and Hispanic); fasting session
index (PHDSESN); physical activity (MINMODVIG) as low versus high-activity at 150 min of moderate
or vigorous activity per week; caffeine intake (DR1TCAFF), stratified as low versus high-intake at
400 mg; alcohol consumed (DR1TALCO), total calories consumed (DR1TKCAL); diabetes status
(DIQ010); and moisture-intake (DR1TMOIS) stratified at males <3700 g, females <2700 g, or lactating
females <3800 g. The Chang et al. study (n = 9601) utilized BMI (BMXBMI) as a response variable,
with urine osmolality, gender, race–ethnicity, the ratio of family income to poverty level (INDFMPIR),
and age as continuous variables. Data were obtained de novo from the NHANES repository at
CDC.gov. These studies were selected because they provided the right balance between comparability
and mutual novelty, both had already been cited multiple times in their short history in print, and both
papers were written in a way that facilitated replication.

2.2. Model Diagnostics

A detail not reported in either study was a model goodness of fit. We extracted the model fit
as R2 values, defined as 1 minus the ratio of residual deviance to null deviance. Our motivation for
reporting R2 is that this is an exquisitely important parameter used to contextualize analytical models.
Both papers (Chang et al. and Rosinger et al.) presented significance values (p-values) for individual
parameters, and these values are informative as to the existence of a relationship between two variables.
However, neither paper reported a goodness of fit (R2), so there was no way to draw an inference
as to which group presented a more compelling model, or whether either model was tenable at all.
A further review of models in this area of study revealed that it is the rare exception that a model
goodness is published alongside the model results. Thus, there is an opportunity to provide valuable
supporting information regarding our analytical approaches in the analysis of hydration datasets.

In total, eight models were considered: Two from Chang et al. and six from Rosinger et al. R2 was
low, ranging from 0.03 to 0.11. The models shown here reflect an extension of the original published
analyses, starting with a reproduction of the models as originally published, using identical datasets
and identical assumptions. We considered our replication successful when we were able to reproduce
all linear regression coefficients described in Chang et al. to within 1% of their printed value, and we
were able to reproduce all linear regression coefficients in the normal-weight dataset described in
Rosinger et al., also to within 1%. Once we were able to confidently replicate these published findings
by others, thus confirming their models as described, we felt comfortable extending their models. As an
illustration, consider the univariate regressions shown in Figure 1. Both models yield a statistically
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significant relationship between predictor and response variables (both p-values were incalculably
small, below the precision of the computer), but neither had an R2 above 2.5%.

Figure 1. Univariate regressions from the National Health and Nutrition Examination Survey
(NHANES) 2009–2010 and 2011–2012 datasets, based on Chang et al. (Left) and Rosinger et al.
(Right). Both regressions have highly significant p-values but negligible R2.

We note that the relationships demonstrated in these plots depart somewhat from those reported
in the prior studies due to their use of multi-variate models and weighted regressions. We have shown
unweighted univariate models for the sake of clarity in visualization. Nevertheless, these figures are
useful as visual aids in demonstrating the low goodness of fit in these studies. Could the weakness of
these models be explained by variable configuration? We tested this in three different variables.

2.3. Urine Osmolality and BMI

Rosinger et al. posed hydration (via urine osmolality) as a response variable adjusted for age
via the linear transformation 831 mOsm/kg − 3.4 × (age – 20 years), per published guidance [30,31],
and BMI as a trichotomous predictor: Normal, overweight, and obese (BMI <25, 25–30, and ≥30).
Chang et al. posed hydration as a predictor variable without adjusting for age, and they treated body
composition as a dichotomous quantity: Normal versus obese stratified at BMI ≥ 30.

In order to test model sensitivity to variable configuration, we assessed the goodness of fit on
the published regression models with four different settings: Hydration status with and without age
adjustment and BMI as a continuous versus categorical variable. For these four models, the threshold
for adequate hydration was systematically altered over a range of urine osmolality values from 200 to
1100 mOsm/kg. Thus, eight models were tested in total: Four variants from Chang et al. and four from
Rosinger et al.; the BMI as a continuous versus factor variable and hydration as an adjusted versus
unadjusted variable.

We found that there were substantial differences in model fit depending on the defined threshold
for adequate hydration status and that this relationship was opposite between the papers (R2 maximized
at extreme thresholds in models derived from Rosinger et al. versus optimization in mid-range values
in models derived from Chang et al.). We also noted that age adjustment seemed to have had a profound
impact on the Rosinger models but not on Chang’s models—vice-versa for BMI as a continuous versus
categorical measure (Figure 2). While not rigorously assessed, we suspect that this is most likely due
to their respective positioning as outcome measures, as opposed to differences in datasets or inclusion
of other co-variates.

A few remarks bear discussion regarding our methodology and interpretation. Firstly, Rosinger
implemented separate models for each category. Here, we merged all data together and included
BMI as a co-variate. While this changes the nature of the model, perturbing a single model facilitates
interpretation versus three separate models, it allows for a direct contrast against Chang’s results.

5
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We specifically decided not to alter the stratification of BMI (Chang: Two-level; Rosinger: Three-level),
as we felt it was valuable to retain this semblance of the published model. Additionally, we note
that we intentionally tested urine osmolality ranges that were physiologically unrealistic: Stratifying
at 200 mOsm/kg and 1100 mOsm/kg is unknown in the literature. While we were interested in
a narrower range of strata (threshold 500–800 mOsm/kg), we felt it appropriate to test for model
behavior beyond those benchmarks in order to fully describe the relationship between the model and
its parameter configuration.

Figure 2. Model goodness (R2) versus hydration threshold (via urine osmolality) in sensitivity analysis
of two database studies on hydration in relation to body composition.

While it is certainly more common to consider hydration to be adequate at more moderate ranges
of urine osmolality, we note that there are some respondents with values as or more extreme than
this range (approximately 6% of respondents were below 200 mOsm/kg, and approximately 2% of
respondents were above 1100 mOsm/kg), so while such extreme boundaries are unlikely to be useful
in stratifying the general population, they are physiologically meaningful and might conceivably be of
interest to those making inquiries about extreme hydration status levels. Our interest in such extreme
thresholds was to explore the edge effects of the relationship between dichotomized hydration status
and model goodness in order to verify that model performance is spectral and to provide perspective
as to the impact of threshold selection outside of the historical range.

Lastly, we observed that the model fits were generally very weak: R2 ≤ 0.10 in all models in the
interval between 500 and 800 mOsm/kg of urine osmolality. Separately, we assessed whether model fit
would improve with urine osmolality as a continuous variable, and we found that the results were
similar: 0.10 ≤ R2 ≤ 0.12 in all simulations of Rosinger’s models and 0.05 ≤ R2 ≤ 0.08 in Chang’s models
(Figure 3).

Figure 3. Model goodness (R2) comparison, incorporating hydration as a continuous variable versus
categorical variable R2 < 0.12 in all models.
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2.4. Water Intake

Rosinger’s work categorizes respondents according to their water intake, with a two-level
stratification, also accounting for sex (and within females: Lactation status). We tested other stratification
approaches in order to test the sensitivity of the model to this parameter (Table 1).

Table 1. Goodness of fit of Rosinger et al. with various water intake stratifications used in previous
publications. Cells contain R2 values obtained from regression models built from the published model.
Top row is the replicated model from Rosinger et al.; all other rows use same dataset and same model as
Rosinger et al., but with the altered stratification of a single variable (water intake). Some stratifications
showed an improved goodness of fit (R2 greater than Rosinger et al.); some stratifications showed a
degraded goodness of fit (R2 less than Rosinger et al.). All models showed a generally weak model fit
(R2 < 0.15).

Norm. OWt Obese All Strata (Water Intake (mL/day))

Rosinger, 2016 [3] 0.111 0.110 0.107 0.095 <2700 (F), <3700 (M), <3800 (Lactating F)
Armstrong, 2012 [32] 0.132 0.109 0.114 0.101 {0, 1507, 1745, 2109, 2507, 2945, 3407,∞}
Armstrong, 2010 [33] 0.132 0.110 0.113 0.100 {0, 1382, 2008, 2048, 2453, 2614, 3261,∞}
Johnson, 2015 [34] 0.127 0.108 0.107 0.099 {0, 1620, 3210,∞}
Muñoz, 2015 [35] 0.126 0.106 0.111 0.099 {0, 1500, 2250, 3130,∞}
Sontrop, 2013 [19] 0.114 0.109 0.112 0.097 {0, 2000, 4300}
Pross, 2014 [36] 0.101 0.095 0.093 0.084 {0, 1200, 2000,∞}
Perrier, 2013 [37,38] 0.107 0.099 0.103 0.080 {0, 1200; 2000, 4000} 1

Roussel, 2011 [1] 0.080 0.086 0.094 0.077 {0, 500, 1000,∞}

Norm = Normal Weight; OWt = Overweight. Strata defined or inspired by recent studies in hydration inquiry.
1 Middle hydration group (1200–2000 mL/d) and extremely hydrated (>4000 mL/d) censored.

Results were mixed: Some stratification designs yielded improved fits in the linear regressions
based on Rosinger’s model, while some designs yielded a weaker fit. We note that even the best model
among the 32 created yielded R2 < 0.14.

3. Discussion

3.1. Modeling

The papers analyzed here are not atypical in not having reported their R2: We are unaware of
any prior database studies in hydration where model fit is reported. However, they highlight the
problematic emphasis of a significance test over a heuristic and more reflective of model goodness of
fit [39]. The p-value does not provide information about whether the data are especially adherent to the
regressor. The p-value indicates the relationship’s existence, and R2 indicates the relationship’s precision.

Moreover, each point of inquiry will require its own assumptions and its own selection of response
variables or outcome measures, co-variates, and data conditioning steps. It is not possible for this
manuscript to serve as guidance for model design, and it is beyond the scope of this paper to critically
review the designs adopted by others. Rather, we recognize the inherent variation in analytical
approaches that have been published to date and that there is further variety to come. We do strongly
encourage thoroughness in explaining variable selection, assumption declarations, and in reporting
model goodness.

Regression models in the study of hydration face a substantial design challenge: Complex
co-variate interdependencies. Total body water balance is a function of water gains (via beverages,
foods and metabolic water) and losses (via sweat, urine, feces and respiratory losses). Those who expect
these factors to be highly co-dependent will argue that a model containing multiple factors among this
set to be poorly-posed for its inclusion of collinearities [40–42]. At the other extreme, those who view
these factors to be acceptably independent will argue that database studies are unviable for their lack
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of collection of the many meaningful determinants of body water balance and that those few that are
present will be inadequately supported and “over-interpreted” [43–46].

3.2. Asynchrony

The NHANES survey incorporates a variety of reporting windows. Dietary recall estimates
consumption during the 24-h period prior to the examination center visit (midnight to midnight);
physical activity reports incorporate the past seven days, past 30 days, and “in a typical week,”
which may synchronize poorly with the timing of dietary information; and urine samples are collected
on the day of the examination center visit, where participants are randomly assigned to appointments
in the morning, afternoon, or evening, which vary somewhat versus protocols for optimal hydration
assessment [38] and canonical renal function testing [47]. Investigators may or may not find this
sequence (survey, delay, then measure) serviceable; others may not recognize that these are not
contemporaneous measurements and may mis-interpret the models altogether.

3.3. Biomarkers

Tools used to indicate hydration process and status have been disputed, and no gold standard
currently exists for an appropriate assessment across all scenarios [31,48,49]. While elevated urine
osmolality has much perceived utility as a hydration biomarker [34,37,50,51], some question its validity
with single (spot) samples [52,53]. Urine osmolality has noteworthy interindividual variation [38,53]
and is an ephemeral data point which measures hydration status in an instantaneous way. However,
diet, physical activity, and phenotype are more enduring. Thus, there is great need for novel biomarkers
to capture this hysteresis. One emergent marker, an arginine vasopressin (AVP) surrogate, copeptin,
has shown preliminary promise as a water-balance indicator with robustness to various levels of
hydration status and attenuation following an increased water intake intervention [54]. Copeptin
has high molecular stability compared to AVP that aids in more accurate and less complicated
measurement [55], and AVP and copeptin can distinguish acute and chronic water consumption
variations [37,56], rendering this circulating protein a potentially attractive option to better characterize
participants’ water intake practices. While it is likely that there is no single substance or indicator
with optimal responsiveness to daily hydration status [32], there is reason to continue searching for
biomarkers with increasing fidelity to hydration status, as there is currently an unknown proportion of
unexplained variance attributable to the biomarkers available currently.

3.4. Weather

NHANES currently does not collect information related to weather conditions at the time of data
collection [57–60]. Seasonality corrections are common [32,61–64], although they are not universally
justified [65,66], perhaps because of the complexity in adjusting for such a diffuse variable [67]. It would
be feasible to document local weather conditions at or near to the time of survey response; this could
be designed to capture weather in locales where the respondent habited in the preceding 24 h or to
capture specific exposures, e.g., “Did you spend most of your time in a climate-controlled building
or outdoors?” We observe that accounting for weather is not necessarily the sole province of future
NHANES iterations: It is strictly possible to obtain zip-level geographic identifiers and date-of-survey
information from restricted data (research data center) which could be cross-referenced against a
historical weather database, although this requires some assumptions about a lack of travel.

3.5. Analytic Approach

Clearly, relationships between variables are labile to the way each variable is posed, and there
are unlimited ways to create an analytical model. Should water intake be adjusted according to
body composition, daily max ambient temperature, Mean temperature, or a composite measure
accounting for time spent outdoors, total amount of direct sunlight, temperature and wind speed?
Wearable sensors capable of recording climatic parameters are becoming increasingly prevalent [68–71],
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and perhaps large population investigations will soon have access to more accurate estimations of
internal body temperature [72,73], sweat rate [74], and physical activity due to an increasingly robust
infrastructure to support analysis of pedometers [75]. Furthermore, we recommend reporting the
model goodness of fit as is conventional in modeling [76–78]. There are, as of yet, no published R2

values for hydration models in public datasets; without knowing where our benchmarks lie, it is
impossible to know whether our models are keeping pace with the field in terms of explained variance.
Where these actions are practicable, investigators should make efforts to incorporate them; where these
actions are inappropriate, researchers should justify their approach.

4. Conclusions

With continued investigation into hydration practices and health outcomes, optimal model design,
statistical reporting, and database extensions are warranted. By manipulating two recently-published
hydration models, we were able to show (1) a substantial variation in the model fit depending on
parameter configurations and (2) a consistently weak model fit, i.e., R2 < 0.14. We propose the inclusion
of variables contributing to body water balance, which might increase the proportion of explained
variance in a hydration study and mitigate artificial associations. In addition, consensus variable
selection and stratification will increase comparability between studies. We make the following
additional suggestions regarding targets for the advancement of the science and communication
of results within the study of hydration: (1) The aggressive pursuit of promising biomarkers such
as copeptin; (2) the creative utilization of assistive resources like meteorological databases; (3) the
integration of advanced biostatistical techniques such as principal components analysis, survival
analysis, time-series and longitudinal analysis; and (4) the detailed reporting of model goodness in
any paper where modeling is employed. In particular, we recommend R2 and not merely a model’s
p-value, as statistical significance is not nearly as informative as proportion of variance explained.
Through the establishment of best practices and identification of new opportunities in hydration
study, we anticipate that the maximum value can be obtained from database-driven inquiry, both past
and future.

Author Contributions: Designed Research, C.X.M. and M.W.; conducted Research, C.X.M. and M.W.; data analysis
and statistical analysis, M.W.; writing, C.X.M. and M.W.; responsibility for final content, C.X.M. and M.W.

Funding: Work was supported by internal grant from the College of Education, Nursing and Health Professions;
University of Hartford.

Conflicts of Interest: The authors have no personal, professional, or financial relationships that might influence
this work.

Ethics Statement: The procedures followed were in accordance with the ethical standards of the institution or
regional committee on human experimentation and that approval was obtained from the relevant committee on
human subjects and/or animal welfare.

Abbreviations

AVP Arginine vasopressin
BMI Body-mass index
d Day
kg Kilogram
mL Milliliter
mOsm Milliosmoles
NHANES National Health and Nutrition Examination Survey
OWt Overweight

References

1. Roussel, R.; Fezeu, L.; Bouby, N.; Balkau, B.; Lantieri, O.; Alhenc-Gelas, F.; Marre, M.; Bankir, L. Low water
intake and risk for new-onset hyperglycemia. Diabetes Care 2011, 34, 2551–2554. [CrossRef] [PubMed]

9



Nutrients 2019, 11, 1828

2. Taveau, C.; Chollet, C.; Waeckel, L.; Desposito, D.; Bichet, D.G.; Arthus, M.F.; Magnan, C.; Philippe, E.;
Paradis, V.; Foufelle, F.; et al. Vasopressin and hydration play a major role in the development of glucose
intolerance and hepatic steatosis in obese rats. Diabetologia 2015, 58, 1081–1090. [CrossRef]

3. Rosinger, A.Y.; Lawman, H.G.; Akinbami, L.J.; Ogden, C.L. The role of obesity in the relation between
total water intake and urine osmolality in US adults, 2009–2012. Am. J. Clin. Nutr. 2016, 104, 1554–1561.
[CrossRef] [PubMed]

4. Chang, T.; Ravi, N.; Plegue, M.A.; Sonneville, K.R.; Davis, M.M. Inadequate Hydration, BMI, and Obesity
Among US Adults: NHANES 2009–2012. Ann. Fam. Med. 2016, 14, 320–324. [CrossRef]

5. Tasevska, I.; Enhorning, S.; Christensson, A.; Persson, M.; Nilsson, P.M.; Melander, O. Increased Levels of
Copeptin, a Surrogate Marker of Arginine Vasopressin, Are Associated with an Increased Risk of Chronic
Kidney Disease in a General Population. Am. J. Nephrol. 2016, 44, 22–28. [CrossRef] [PubMed]

6. Enhorning, S.; Bankir, L.; Bouby, N.; Struck, J.; Hedblad, B.; Persson, M.; Morgenthaler, N.G.; Nilsson, P.M.;
Melander, O. Copeptin, a marker of vasopressin, in abdominal obesity, diabetes and microalbuminuria:
The prospective Malmo Diet and Cancer Study cardiovascular cohort. Int. J. Obes. (2005) 2013, 37, 598–603.
[CrossRef]

7. Dennis, E.A.; Dengo, A.L.; Comber, D.L.; Flack, K.D.; Savla, J.; Davy, K.P.; Davy, B.M. Water consumption
increases weight loss during a hypocaloric diet intervention in middle-aged and older adults. Obesity 2010,
18, 300–307. [CrossRef]

8. Stookey, J.D.; Constant, F.; Popkin, B.M.; Gardner, C.D. Drinking water is associated with weight loss in
overweight dieting women independent of diet and activity. Obesity 2008, 16, 2481–2488. [CrossRef]

9. Enhorning, S.; Wang, T.J.; Nilsson, P.M.; Almgren, P.; Hedblad, B.; Berglund, G.; Struck, J.; Morgenthaler, N.G.;
Bergmann, A.; Lindholm, E.; et al. Plasma copeptin and the risk of diabetes mellitus. Circulation 2010, 121,
2102–2108. [CrossRef]

10. Abbasi, A.; Corpeleijn, E.; Meijer, E.; Postmus, D.; Gansevoort, R.T.; Gans, R.O.; Struck, J.; Hillege, H.L.;
Stolk, R.P.; Navis, G.; et al. Sex differences in the association between plasma copeptin and incident type 2
diabetes: The Prevention of Renal and Vascular Endstage Disease (PREVEND) study. Diabetologia 2012, 55,
1963–1970. [CrossRef]

11. Wannamethee, S.G.; Welsh, P.; Papacosta, O.; Lennon, L.; Whincup, P.H.; Sattar, N. Copeptin, Insulin
Resistance, and Risk of Incident Diabetes in Older Men. J. Clin. Endocrinol. Metab. 2015, 100, 3332–3339.
[CrossRef] [PubMed]

12. Johnson, E.C.; Bardis, C.N.; Jansen, L.T.; Adams, J.D.; Kirkland, T.W.; Kavouras, S.A. Reduced water intake
deteriorates glucose regulation in patients with type 2 diabetes. Nutr. Res. 2017, 43, 25–32. [CrossRef]

13. Enhorning, S.; Struck, J.; Wirfalt, E.; Hedblad, B.; Morgenthaler, N.G.; Melander, O. Plasma copeptin,
a unifying factor behind the metabolic syndrome. J. Clin. Endocrinol. Metab. 2011, 96, E1065–E1072.
[CrossRef] [PubMed]

14. Tasevska, I.; Enhorning, S.; Persson, M.; Nilsson, P.M.; Melander, O. Copeptin predicts coronary artery
disease cardiovascular and total mortality. Heart 2016, 102, 127–132. [CrossRef] [PubMed]

15. Melander, O. Vasopressin, from Regulator to Disease Predictor for Diabetes and Cardiometabolic Risk.
Ann. Nutr. AMP Metab. 2016, 68 (Suppl. 2), 24–28. [CrossRef]

16. Enhorning, S.; Hedblad, B.; Nilsson, P.M.; Engstrom, G.; Melander, O. Copeptin is an independent predictor
of diabetic heart disease and death. Am. Heart J. 2015, 169, 549–556. [CrossRef] [PubMed]

17. Riphagen, I.J.; Boertien, W.E.; Alkhalaf, A.; Kleefstra, N.; Gansevoort, R.T.; Groenier, K.H.; van Hateren, K.J.;
Struck, J.; Navis, G.; Bilo, H.J.; et al. Copeptin, a surrogate marker for arginine vasopressin, is associated
with cardiovascular and all-cause mortality in patients with type 2 diabetes (ZODIAC-31). Diabetes Care
2013, 36, 3201–3207. [CrossRef] [PubMed]

18. Chan, J.; Knutsen, S.F.; Blix, G.G.; Lee, J.W.; Fraser, G.E. Water, other fluids, and fatal coronary heart disease:
The Adventist Health Study. Am. J. Epidemiol. 2002, 155, 827–833. [CrossRef]

19. Sontrop, J.M.; Dixon, S.N.; Garg, A.X.; Buendia-Jimenez, I.; Dohein, O.; Huang, S.H.; Clark, W.F. Association
between water intake, chronic kidney disease, and cardiovascular disease: A cross-sectional analysis of
NHANES data. Am. J. Nephrol. 2013, 37, 434–442. [CrossRef]

20. Clark, W.F.; Sontrop, J.M.; Huang, S.H.; Moist, L.; Bouby, N.; Bankir, L. Hydration and Chronic Kidney
Disease Progression: A Critical Review of the Evidence. Am. J. Nephrol. 2016, 43, 281–292. [CrossRef]

10



Nutrients 2019, 11, 1828

21. Clark, W.F.; Sontrop, J.M.; Huang, S.H.; Gallo, K.; Moist, L.; House, A.A.; Cuerden, M.S.; Weir, M.A.; Bagga, A.;
Brimble, S.; et al. Effect of Coaching to Increase Water Intake on Kidney Function Decline in Adults With
Chronic Kidney Disease: The CKD WIT Randomized Clinical Trial. JAMA 2018, 319, 1870–1879. [CrossRef]

22. Enhorning, S.; Christensson, A.; Melander, O. Plasma copeptin as a predictor of kidney disease. Nephrol. Dial.
Transplant. 2019, 34, 74–82. [CrossRef] [PubMed]

23. Strippoli, G.F.; Craig, J.C.; Rochtchina, E.; Flood, V.M.; Wang, J.J.; Mitchell, P. Fluid and nutrient intake and
risk of chronic kidney disease. Nephrology 2011, 16, 326–334. [CrossRef] [PubMed]

24. Sagar, P.S.; Zhang, J.; Luciuk, M.; Mannix, C.; Wong, A.T.Y.; Rangan, G.K. Increased water intake reduces
long-term renal and cardiovascular disease progression in experimental polycystic kidney disease. PLoS ONE
2019, 14, e0209186. [CrossRef] [PubMed]

25. Wang, X.; Wu, Y.; Ward, C.J.; Harris, P.C.; Torres, V.E. Vasopressin directly regulates cyst growth in polycystic
kidney disease. J. Am. Soc. Nephrol. JASN 2008, 19, 102–108. [CrossRef] [PubMed]

26. Torres, V.E.; Bankir, L.; Grantham, J.J. A case for water in the treatment of polycystic kidney disease. Clin. J.
Am. Soc. Nephrol. CJASN 2009, 4, 1140–1150. [CrossRef] [PubMed]

27. Jiang, X.; Castelao, J.E.; Groshen, S.; Cortessis, V.K.; Shibata, D.K.; Conti, D.V.; Gago-Dominguez, M. Water
intake and bladder cancer risk in Los Angeles County. Int. J. Cancer 2008, 123, 1649–1656. [CrossRef]

28. Braver, D.J.; Modan, M.; Chetrit, A.; Lusky, A.; Braf, Z. Drinking, micturition habits, and urine concentration
as potential risk factors in urinary bladder cancer. J. Natl. Cancer Inst. 1987, 78, 437–440. [PubMed]

29. Villanueva, C.M.; Cantor, K.P.; King, W.D.; Jaakkola, J.J.; Cordier, S.; Lynch, C.F.; Porru, S.; Kogevinas, M.
Total and specific fluid consumption as determinants of bladder cancer risk. Int. J. Cancer 2006, 118, 2040–2047.
[CrossRef] [PubMed]

30. Cheuvront, S.N.; Ely, B.R.; Kenefick, R.W.; Sawka, M.N. Biological variation and diagnostic accuracy of
dehydration assessment markers. Am. J. Clin. Nutr. 2010, 92, 565–573. [CrossRef]

31. Cheuvront, S.N.; Kenefick, R.W.; Charkoudian, N.; Sawka, M.N. Physiologic basis for understanding
quantitative dehydration assessment. Am. J. Clin. Nutr. 2013, 97, 455–462. [CrossRef] [PubMed]

32. Armstrong, L.E.; Johnson, E.C.; Munoz, C.X.; Swokla, B.; Le Bellego, L.; Jimenez, L.; Casa, D.J.; Maresh, C.M.
Hydration biomarkers and dietary fluid consumption of women. J. Acad. Nutr. Diet. 2012, 112, 1056–1061.
[CrossRef] [PubMed]

33. Armstrong, L.E.; Pumerantz, A.C.; Fiala, K.A.; Roti, M.W.; Kavouras, S.A.; Casa, D.J.; Maresh, C.M. Human
hydration indices: Acute and longitudinal reference values. Int. J. Sport Nutr. Exerc. Metab. 2010, 20, 145–153.
[CrossRef] [PubMed]

34. Johnson, E.C.; Munoz, C.X.; Le Bellego, L.; Klein, A.; Casa, D.J.; Maresh, C.M.; Armstrong, L.E. Markers of
the hydration process during fluid volume modification in women with habitual high or low daily fluid
intakes. Eur. J. Appl. Physiol. 2015, 115, 1067–1074. [CrossRef] [PubMed]

35. Munoz, C.X.; Johnson, E.C.; McKenzie, A.L.; Guelinckx, I.; Graverholt, G.; Casa, D.J.; Maresh, C.M.;
Armstrong, L.E. Habitual total water intake and dimensions of mood in healthy young women. Appetite
2015, 92, 81–86. [CrossRef] [PubMed]

36. Pross, N.; Demazieres, A.; Girard, N.; Barnouin, R.; Metzger, D.; Klein, A.; Perrier, E.; Guelinckx, I. Effects of
changes in water intake on mood of high and low drinkers. PLoS ONE 2014, 9, e94754. [CrossRef] [PubMed]

37. Perrier, E.; Vergne, S.; Klein, A.; Poupin, M.; Rondeau, P.; Le Bellego, L.; Armstrong, L.E.; Lang, F.; Stookey, J.;
Tack, I. Hydration biomarkers in free-living adults with different levels of habitual fluid consumption.
Br. J. Nutr. 2013, 109, 1678–1687. [CrossRef] [PubMed]

38. Perrier, E.; Demazieres, A.; Girard, N.; Pross, N.; Osbild, D.; Metzger, D.; Guelinckx, I.; Klein, A. Circadian
variation and responsiveness of hydration biomarkers to changes in daily water intake. Eur. J. Appl. Physiol.
2013, 113, 2143–2151. [CrossRef]

39. Wagenmakers, E.J. A practical solution to the pervasive problems of p values. Psychon. Bull. AMP Rev. 2007,
14, 779–804. [CrossRef]

40. Farrar, D.E.; Glauber, R.R. Multicollinearity in Regression Analysis: The Problem Revisited. Rev. Econ. Stat.
1967, 49, 92–107. [CrossRef]

41. Belsley, D.A. Conditioning Diagnostics: Collinearity and Weak Data in Regression; Wiley: New York, NY,
USA, 1991.

42. Bollen, K.A. Structural Equations with Latent Variables; Wiley: New York, NY, USA, 1989.

11



Nutrients 2019, 11, 1828

43. Hart, R.A.; MacKay, D.I. Wage Inflation, Regional Policy and the Regional Earnings Structure. Economica
1977, 44, 267–281. [CrossRef]

44. Browne, M.W.; Cudeck, R. Alternative ways of assessing model fit. Sociol. Methods Res. 1992, 21, 230–258.
[CrossRef]

45. Moore, G.P.; Perkel, D.H.; Segundo, J.P. Statistical analysis and functional interpretation of neuronal spike
data. Annu. Rev. Physiol. 1966, 28, 493–522. [CrossRef] [PubMed]

46. Jaeger, B.C.; Edwards, L.J.; Das, K.; Sen, P. An R2 statistic for fixed effects in the generalized linear mixed
model. J. Appl. Stat. 2017, 44, 1086–1105. [CrossRef]

47. Jacobson, M.H.; Levy, S.E.; Kaufman, R.M.; Gallinek, W.E.; Donnelly, O.W. Urine osmolality. A definitive test
of renal function. Arch. Intern. Med. 1962, 110, 83–89. [CrossRef]

48. Armstrong, L.E. Assessing hydration status: The elusive gold standard. J. Am. Coll. Nutr. 2007, 26, 575s–584s.
[CrossRef]

49. Munoz, C.X.; Johnson, E.C.; Demartini, J.K.; Huggins, R.A.; McKenzie, A.L.; Casa, D.J.; Maresh, C.M.;
Armstrong, L.E. Assessment of hydration biomarkers including salivary osmolality during passive and
active dehydration. Eur. J. Clin. Nutr. 2013, 67, 1257–1263. [CrossRef]

50. Perrier, E.; Rondeau, P.; Poupin, M.; Le Bellego, L.; Armstrong, L.E.; Lang, F.; Stookey, J.; Tack, I.; Vergne, S.;
Klein, A. Relation between urinary hydration biomarkers and total fluid intake in healthy adults. Eur. J.
Clin. Nutr. 2013, 67, 939–943. [CrossRef]

51. Perrier, E.T.; Buendia-Jimenez, I.; Vecchio, M.; Armstrong, L.E.; Tack, I.; Klein, A. Twenty-four-hour urine
osmolality as a physiological index of adequate water intake. Dis. Mark. 2015, 2015, 231063. [CrossRef]

52. Cheuvront, S.N.; Kenefick, R.W.; Zambraski, E.J. Spot Urine Concentrations Should Not be Used for Hydration
Assessment: A Methodology Review. Int. J. Sport Nutr. Exerc. Metab. 2015, 25, 293–297. [CrossRef]

53. Cheuvront, S.N.; Munoz, C.X.; Kenefick, R.W. The void in using urine concentration to assess population
fluid intake adequacy or hydration status. Am. J. Clin. Nutr. 2016, 104, 553–556. [CrossRef] [PubMed]

54. Lemetais, G.; Melander, O.; Vecchio, M.; Bottin, J.H.; Enhorning, S.; Perrier, E.T. Effect of increased water
intake on plasma copeptin in healthy adults. Eur. J. Nutr. 2018, 57, 1883–1890. [CrossRef] [PubMed]

55. Morgenthaler, N.G.; Struck, J.; Alonso, C.; Bergmann, A. Assay for the measurement of copeptin, a stable
peptide derived from the precursor of vasopressin. Clin. Chem. 2006, 52, 112–119. [CrossRef] [PubMed]

56. Szinnai, G.; Morgenthaler, N.G.; Berneis, K.; Struck, J.; Muller, B.; Keller, U.; Christ-Crain, M. Changes in
plasma copeptin, the c-terminal portion of arginine vasopressin during water deprivation and excess in
healthy subjects. J. Clin. Endocrinol. Metab. 2007, 92, 3973–3978. [CrossRef] [PubMed]

57. Sun, Z.; Tao, Y.; Li, S.; Ferguson, K.K.; Meeker, J.D.; Park, S.K.; Batterman, S.A.; Mukherjee, B. Statistical
strategies for constructing health risk models with multiple pollutants and their interactions: Possible choices
and comparisons. Environ. Health Glob. Access. Sci. Sour. 2013, 12, 85. [CrossRef] [PubMed]

58. Schleicher, R.L.; McCoy, L.F.; Powers, C.D.; Sternberg, M.R.; Pfeiffer, C.M. Serum concentrations of an
aflatoxin-albumin adduct in the National Health and Nutrition Examination Survey (NHANES) 1999–2000.
Clin. Chim. Acta Int. J. Clin. Chem. 2013, 423, 46–50. [CrossRef] [PubMed]

59. United States Environmental Protection Agency (USEPA). Handbook for Use of Data from the National Health
and Nutrition Examination Surveys (NHANES): A Goldmine of Data for Environmental Health Analyses; United
States Environmental Protection Agency (USEPA): Washington, DC, USA, 2003.

60. CDC/National Center for Health Statistics. National Health and Nutrition Examination Survey.
In Questionnaires, Datasets, and Related Documentation; CDC/National Center for Health Statistics: Hyattsville,
MD, USA.

61. Malisova, O.; Bountziouka, V.; Panagiotakos, D.; Zampelas, A.; Kapsokefalou, M. Evaluation of seasonality
on total water intake, water loss and water balance in the general population in Greece. J. Hum. Nutr. Diet.
2013, 26 (Suppl. 1), 90–96. [CrossRef]

62. McKenzie, A.L.; Perrier, E.T.; Guelinckx, I.; Kavouras, S.A.; Aerni, G.; Lee, E.C.; Volek, J.S.; Maresh, C.M.;
Armstrong, L.E. Relationships between hydration biomarkers and total fluid intake in pregnant and lactating
women. Eur. J. Nutr. 2017, 56, 2161–2170. [CrossRef]

63. Bougatsas, D.; Arnaoutis, G.; Panagiotakos, D.B.; Seal, A.D.; Johnson, E.C.; Bottin, J.H.; Tsipouridi, S.;
Kavouras, S.A. Fluid consumption pattern and hydration among 8-14 years-old children. Eur. J. Clin. Nutr.
2017, 72, 420–427. [CrossRef]

12



Nutrients 2019, 11, 1828

64. Peacock, O.J.; Stokes, K.; Thompson, D. Initial hydration status, fluid balance, and psychological affect during
recreational exercise in adults. J. Sports Sci. 2011, 29, 897–904. [CrossRef]

65. Bland, J.M.; Altman, D.G. Statistical methods for assessing agreement between two methods of clinical
measurement. Lancet 1986, 1, 307–310. [CrossRef]

66. Heller, K.E.; Sohn, W.; Burt, B.A.; Eklund, S.A. Water consumption in the United States in 1994–96 and
implications for water fluoridation policy. J. Public Health Dent. 1999, 59, 3–11. [CrossRef] [PubMed]

67. Wallis, K.F. Seasonal Adjustment and Relations between Variables. J. Am. Stat. Assoc. 1974, 69, 18–31.
[CrossRef]

68. Fahrni, T.K.M.; Sommer, P.; Wattenhofer, R.; Welten, S. Sundroid: Solar radiation awareness with smartphones.
In Proceedings of the 13th International Conference on Ubiquitous Computing, Beijing, China, 17–21
September 2011; pp. 365–374.

69. Kinkeldei, T.Z.C.; Cherenack, K.H.; Troster, G. A textile integrated system for monitoring humidity and
tempterature. In Proceedings of the IEEE 16th International Solid-State Sensors, Actuators and Microsystems
Conference, Beijing, China, 5–9 June 2011; pp. 1156–1159.

70. Yun, J.K.J. Deployment Support for Sensor Networks in Indoor Climate Monitoring. Int. J. Distrib. Sens. Netw.
2013, 9, 875802. [CrossRef]

71. Yamamoto, Y.; Harada, S.; Yamamoto, D.; Honda, W.; Arie, T.; Akita, S.; Takei, K. Printed multifunctional
flexible device with an integrated motion sensor for health care monitoring. Sci. Adv. 2016, 2, e1601473.
[CrossRef] [PubMed]

72. Feng, J.C.Z.; He, C.; Li, Y.; Ye, X. Development of an improved wearable device for core body temperature
monitoring based on the dual heat flux principle. Physiol. Meas. 2017, 38, 652–668. [CrossRef]

73. Atallah, L.C.C.; Wang, C.; Bongers, E.; Blom, T.; Paulussen, I.; Noordergraaf, G. An ergonomic wearable
core body temperature sensor. In Proceedings of the IEEE 15th International Conference on Wearable and
Implantable Body Sensor Networks, Las Vegas, NV, USA, 4–7 March 2018.

74. Nyein, H.Y.Y.; Tai, L.C.; Ngo, Q.P.; Chao, M.; Zhang, G.B.; Gao, W.; Bariya, M.; Bullock, J.; Kim, H.;
Fahad, H.M.; et al. A Wearable Microfluidic Sensing Patch for Dynamic Sweat Secretion Analysis. ACS Sens.
2018, 3, 944–952. [CrossRef]

75. Wininger, M.; Bjornson, K. Filtering for productive activity changes outcomes in step-based monitoring
among children. Physiol. Meas. 2016, 37, 2231–2244. [CrossRef]

76. Hoyt, W.T.; Imel, Z.E.; Chan, F. Multiple regression and correlation techniques: Recent controversies and
best practices. Rehabil. Psychol. 2008, 53, 321–339. [CrossRef]

77. Osborne, J.W. Best Practices in Logistical Regression, 1st ed.; SAGE Publications, Inc.: Thousand Oaks, CA,
USA, 2015.

78. Osborne, J. Best Practices in Quantitative Methods; SAGE Publications Ltd.: Thousand Oaks, CA, USA, 2008.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

13



nutrients

Review

Deuterium-Depleted Water Influence on the Isotope
2H/1H Regulation in Body and Individual Adaptation

Alexander Basov 1,2, Liliia Fedulova 3, Mikhail Baryshev 2 and Stepan Dzhimak 2,3,4,*

1 Kuban State Medical University, 350063 Krasnodar, Russia
2 Kuban State University, 350040 Krasnodar, Russia
3 The V.M. Gorbatov Federal Research Center for Food Systems of Russian Academy of Sciences,

109316 Moscow, Russia
4 Federal Research Center the Southern Scientific Center of the Russian Academy of Sciences,

344006 Rostov-on-Don, Russia
* Correspondence: jimack@mail.ru; Tel.: +7-905-408-36-12

Received: 31 May 2019; Accepted: 13 August 2019; Published: 15 August 2019

Abstract: This review article presents data about the influence of deuterium-depleted water (DDW)
on biological systems. It is known that the isotope abundances of natural and bottled waters are
variable worldwide. That is why different drinking rations lead to changes of stable isotopes content
in body water fluxes in human and animal organisms. Also, intracellular water isotope ratios in
living systems depends on metabolic activity and food consumption. We found the 2H/1H gradient
in human fluids (δ2H saliva >> δ2H blood plasma > δ2Hbreast milk), which decreases significantly during
DDW intake. Moreover, DDW induces several important biological effects in organism (antioxidant,
metabolic detoxification, anticancer, rejuvenation, behavior, etc.). Changing the isotope 2H/1H
gradient from “2H blood plasma > δ2H visceral organs” to “δ2H blood plasma << δ2H visceral organs” via DDW
drinking increases individual adaptation by isotopic shock. The other possible mechanisms of
long-term adaptation is DDW influence on the growth rate of cells, enzyme activity and cellular
energetics (e.g., stimulation of the mitochondrion activity). In addition, DDW reduces the number of
single-stranded DNA breaks and modifies the miRNA profile.

Keywords: deuterium; water; adaptation; DNA

1. Introduction

Non-radioactive isotopes of biogenic elements (2H/1H, 18O/17O/16O, 13C/12C, 15N/14N) have
a significant influence on the rate of biochemical reactions, physiological processes, growth and
development of unicellular and multicellular living organisms with different levels of energy metabolism
and metabolic intensity rate [1–4].

Hydrogen and oxygen isotopes occupy a special place among all non-radioactive nutrients which
are primarily included in addition to organic and inorganic compounds in the composition of water,
as water is an essential solvent for all biological objects where the vast majority of biochemical reactions
occur. In this regard, the importance of water for the implementation of physiological processes
is extremely high, but it might vary and differ for each of its nine isotopologues: 1H2

16O, 1HD16O,
D2

16O, 1H2
17O, 1HD17O, D2

17O, 1H2
18O, 1HD18O, D2

18O. Some of them, which predominantly contain
lighter isotopes, can have in certain concentrations a stimulating effect on functional activity of living
systems [5], other isotopologues, including mainly heavy isotopes, are able to inhibit vital processes,
especially at high concentrations of deuterium [6,7], and in some cases it was observed that variation
of deuterium concentration (both increasing and decreasing its content in water) can enhance the
functional activity of living systems [8]. In this regard it is very important to know about the peculiar
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features of use of certain isotopologues of water for regulation of metabolic processes in a body, and for
monitoring of the anabolism and catabolism state of biological substances in various diseases [9].

The ratios of deuterium and protium in natural and bottled waters can vary by up to about two
times, which is important to consider when people and animals migrate between continents and
climatic zones. For example, the minimum deuterium content in natural water is observed in the ice
of Antarctica: Standard Light Antarctic Precipitation (SLAP), which is 2HSLAP/

1HSLAP = 89.0·10−6 or
89 ppm, or−428.5%� [10,11]; a somewhat higher content of deuterium (by 40%) is registered in Greenland
ice and corresponds to the standard Greenland Ice Sheet Precipitation (GISP): 2HGISP/

1HGISP = 124.6·10−6

(124.6 ppm or −189.5%� [12]); whereas the main standard for the content of deuterium in natural water,
the Vienna Standard Mean Ocean Water (VSMOW), is: 2HVSMOW/

1HVSMOW = 155.76·10−6 (155.76 ppm
or 0.0%� [13]), which exceeds the values of 2HSLAP by 75%. It is necessary to note that the highest
content of the natural deuterium (in Dababa +16%�) was found when studying the groundwater of the
Sahel-Sahara region during the drought period [14–16].

Fluctuations of 18Оcontent are significantly lower than fluctuations of hydrogen isotopes
content, and are equal to: 18OSLAP/

16OSLAP = 1894·10−6 (1894 ppm or −55.36%� [16]);
18OGISP/

16OGISP = 1955.4·10−6 (1955.4 ppm or −24.76%� [12]), which is only by 3% higher than
standard 18OSLAP; 18OVSMOW/

16OVSMOW = 2005·10−6 (2005 ppm or 0.0%�), at this value exceeds the
value 18OSLAP by 5.9%, thus being significantly lower (by 12.7 times) than the differences in the ratio of
similar standards 2H and 1H.

In the natural water sources some peculiar features were observed for a range of closed and
freshwater water sources which feature significant differences from VSMOW as well as seasonal
variations in isotopic composition of water. For example, in the surface waters of Kyambangunguru
lake which is the part of Mbaka lakes, at the end of the dry season deuterium content was 16%�,
oxygen-18 content was 3.4%�, while at the end of the rainy season the content of δ2H was −7%�,
content of δ18O was equal to −0.8%� [17]. Stable isotopic composition of water from the Antarctic
subglacial Lake Vostok was: −59.0%� (by 6% less 18O VSMOW) for oxygen-18 and −455%� (by 45% less
2H VSMOW) for deuterium [18]. Isotopic composition of Lake Baikal, Siberia, varies only a little during
a year, and is equal to: δ18O = −15.8%�, δ2H = −123%�, which is 1.6% and 12.3% less, than 18OVSMOW

and 2HVSMOW respectively [19]. The variations of the isotopic composition in natural water sources are
explained by displacement of isotopic equilibrium in range of cases as a result of phase transitions in the
water cycle, which leads to fractionation in nature, primarily of 2H/1H and 18O/17O/16O [20,21]. All this
leads to a two-stage decrease in content of heavy isotopologues in water vapor: first due to a decrease
in their concentration in the water evaporating from the surface of the seas and oceans, and then
during partial condensation when precipitation forms (most expressed at their first fall, which also
depends on terrain features, geographical and climatic conditions, precipitation frequency, etc. [22]).
In this regard snow and rain falling far from the place of their evaporation are characterized by a high
content of light water molecules (1H2

16O). Furthermore, the flora consumes this water, however as
a result of transpiration it gradually enriches this water with 2Нand 18О, leading to introduction of
these isotopes into organic compounds [23,24]. This, for instance, explains the significant difference in
isotopic composition of juices freshly squeezed from fruits and vegetables grown in various geographic
regions [25–27]. In its turn water in healthy animal tissues is enriched with isotopes from two
main sources: ingested/drinking water and water formed during oxidation of reducting equivalents
during the metabolism of food substrates, including the reduced form of nicotinamide adenine
dinucleotide (NAD) in the mitochondrial respiratory chain [28–31]. Moreover, the share of intracellular
water synthesized de novo can reach more than 50% [32,33], that occurs with the active interaction of
mitochondria, endoplasmic reticulum and peroxisome [34]. In the last organelle production of metabolic
water (for example: its catalase converts H2O2-excess into H2O иmolecular oxygen) increases under
some pathological and specific conditions, such as high-fat diet (especially including very-long-chain
and methyl-branched fatty acids), administration of hypolipidemic drugs (like clofibrate), ingestion of
xenobiotics, development of inflammation, and others. Peroxisomal oxidase H2O2-production achieves
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about 1/3 of all cellular hydrogen peroxide [35], and oxygen consumption in peroxisomes can be
about 1/5 of all O2 in cells of metabolic active tissues. Additional pathways of isotopic fractionation in
the animal world are perspiration and respiration processes [29], for example due to the release of
carbon dioxide, which is highly enriched by 18О[36]. The release of carbon dioxide is caused by the
fact than in a body there is an exchange of oxygen atom between CО2 and H2O with participation of
carbonic anhydrase, while fractionation of 18O depends on time of interaction and pressure of carbon
dioxide [37,38]. It is necessary to note that the carbonyl and carboxyl groups of organic substrates are
the most active in oxygen atoms exchanging with intracellular water, whereas hydroxyl groups do
not participate in oxygen-18 fractionation processes under physiological conditions [39]. At the same
time the exchange of protons and deuterons is much more active in live organisms, since functional
groups −OH, −NH3

+, =NH, −SH easily dissociate, affecting the isotopic composition of the liquid
medium [40], and although the carbon-related hydrogen which is most commonly found in live objects
is stable (with a small exception of hydrogen atoms in composition of CH2-groups adjacent to carbonyl
groups), it is also able to indirectly affect the isotopic composition of water during the oxidation of
organic substrates [1,41].

It should be pointed out that fluctuations in isotopic composition of water in a human body can
have a wider range, both in connection with the consumption of not only water from surface water
sources [42], but from water obtained from any other origin (artesian, glacial, mineral springs), and due
to the characteristics of the food ration, for example the predominant consumption of lipid-based
nutrients [43]. During study of isotopic composition of samples of bottled and packaged waters of
the world, several scientific groups defined the following range of fluctuations: δ2H from −147%� to
15%� and δ18O from −19.1%� to 3.0%� [44–46]. Although as it was shown earlier the bottled mineral
waters usually have insignificant differences in deuterium content and even smaller fluctuations in
concentration of oxygen-18, modern technologies allow us to obtain deuterium-depleted water (DDW)
(with deuterium content till δ2H = −968%�) and oxygen-18 depleted water (reduction till 26.1% in
comparison with 18OVSMOW) [47–51].

The use of this water can have a significant impact on the isotopic composition and functional
activity of both a healthy organism and in various diseases [43,52].

2. Biological Effects of Deuterium-Depleted Water (DDW)

To date a great number of works have been published, where both the activating and inhibitory
effects of DDW on various levels of the organization of living matter (molecular, organoid, cellular,
tissue and organismic) are described. Below the various results of studies of DDW effect on biological
objects will be discussed.

2.1. Activating Influence of DDW at Molecular and Organoid Levels

In one research there was demonstrated an ability of DDW to activate transcription factors
(DAF-16 and SOD-3 (extracellular superoxide dismutase [Cu-Zn]), previously inhibited by the
introduction of Mnin a Caenorhabditis elegans), which were responsible for expression of antioxidant
enzymes (superoxide dismutase) and lifespan of C. elegans. It is necessary to note that introduction of
DDW with δ2H = −422%� regulated DAF-16 pathway, restored the activity of SOD (at the background
of manganese intoxication) and lifespan of worms till the control reference values without changing of
DAF-2 levels [53].

In other research on rats it was shown that the use of DDW containing deuterium δ2H = −807%�
for 60 days led to the stimulation of the antioxidant protection system in erythrocytes, the stimulation
of which was accompanied by an increase in the restored GSH (glutathione) and activity of SOD,
while a decrease in catalase activity was found in absence of significant changes in the activity of
glutathione peroxidase, glutathione reductase. At the same time less prolonged consumption of DDW
by animals (within 30 days) led to prooxidant effects, which were accompanied by stimulation of
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glutathione reductase and catalase activity, while no changes in SOD activity were observed at the
background of increase in malondialdehyde content in blood [54].

The study of the 12-week-old normotensive Wistar-Kyoto rats and spontaneously hypertensive
rats revealed the ability of DDW with deuterium content δ2H = −646%� to increase insulin levels
and to lower down the levels of lipids (triglycerides and cholesterol) in the blood of normotensive
Wistar-Kyoto rats. At the same time DDW increased the NO· synthase (nitric oxide synthase) activity in
the left ventricle of both normotensive Wistar-Kyoto and spontaneously hypertensive rats, although it
reduced inducible isoform of nitric oxide synthase (iNOS) protein expression and activity of synthase
NO· in the aorta only in spontaneously hypertensive rats. These effects of the exchange of NO· persisted
even against the introduction into the drinking ration of a 15% solution of fructose for 6 weeks. That can
be explained by the influence of DDW on the terminal complex of mitochondrial electron transport
chain, which reduces molecular oxygen into deuterium-depleted water. That, in turn, can change the
rate of fatty acid oxidation and gluconeogenesis in a body, including by modifying the level of signaling
molecules (reactive oxygen species, NO· and others) [55]. The similar model considered in one of the
research works [56] indicates probability of the fact that under conditions of a liquid medium depleted
in deuterium, the mechanism of its biological action may be related to the operation of the tricarboxylic
acids cycle, because the enzymes localized inside the mitochondria are involved in the fractionation of
deuterium. The violation of mitochondrial function due to cell exposure to hypoxia, acidosis, or other
pathogenic factors, may reduce the content of a deuterium-free form of reduced nicotinamide adenine
dinucleotide phosphate (NADPH), and consequently reduce transfer of 1H (H-transfer carried out
in transhydrogenase reaction by NAD(P)+ transhydrogenase (EC 1.6.1.1): NADPH + NAD+ <=>
NADP+ + NADH) in NADPH, thus reducing the reserves of the universal reducting equivalent [57],
irreplaceable for many anabolic processes, and creating the prerequisites for mutation rate increase
along with occurrence of further dysplastic processes or a decrease in the mass of organs and the whole
organism. A possible mechanism of these phenomena may be the change in transportation of 1H atoms
formed in mitochondria during the beta-oxidation of fatty acids with a lower content of deuterium
and atoms of 2H, concentration of which is higher in water and glucose, entering the cytosol from the
extracellular environment, leading in general to an increase in the intracellular ratio 2H/1H [58–60].
The higher values of this ratio can lead to changes in the speed and, rarely, to changes in the direction
of biochemical reactions in a body, which can also be characterized by impaired replication processes
and repair of DNA, which leads to disruption in synthesis of mRNA, and, consequently, of proteins,
creating metabolic prerequisites for reducing of body mass and adaptation. Thus, in cells with
mitochondria with impaired transfer of 1H atom it is possible to regulate the production of high-energy
compounds by reducing the concentration of deuterium in the drinking ration, which eventually
corrects cell growth, cell division and functional impairment [61]. As a result, a drop in deuterium
concentration in cytoplasmic water contributes, among other things, to the normalization of the
phenotype of cells with impaired regulation of metabolism. All this leads, for example, to a decrease in
the speed of cancer cells division (up to the speed of normal cells division) [62]. The above assumption
can be confirmed by the results of a study of the effect of water with different deuterium content on
chemical, biological and physical parameters of biological objects [63] (in the experiment the following
waters were used: DDW (δ2H = −968%�); water with natural content of deuterium (δ2H = −101%�);
D2O (99.99%)). Biological objects demonstrated the characteristics of reactivity at various levels of the
organization of biota. It was found that for biological molecules of different classes in the medium
with different concentrations of deuterium there were distinctive features of the response to the
isotopic composition of the medium: for nucleic acids it was shown that the mutation rate constant for
L-galactose was slowed down in D2O, whereas the rate of lysozyme activity of destabilase-lysozyme
increased by 2 times in a liquid medium сδ2H = −968%�, while in D2O no changes in activity of
destabilase-lysozyme were found. In a two-phase heterogeneous system the kinetics of dissolution of
the active ingredients approximately matched with the expected kinetic isotope effect (k1H/k2H > 1),
which confirms the significant contribution of the isotopic composition of water to the process of organic
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substances dissolution in this water. However, it was noted that the most expressed 2H/1H-effect was
observed in the cell system, where the speed of transition from the active to the immobilized state in
S. ambigua cells increased 800 times in a medium with δ2H = −968%� in comparison with a medium in
which δ2H = −101%� [63].

Particular attention must be drawn to the possible effect of isotopic composition of the medium
on the molecular dynamics of the DNA molecule which under natural conditions has one deuterium
atom for every 6400 hydrogen atoms and that ratio can lead to a change in the frequency of DNA
molecule mutations during living systems evolution [64]. It has been shown that singular replacements
of protium atom by deuterium in hydrogen bonds between pairs of nitrogenous bases of the DNA
molecule lead to change in the frequency of occurrence of its open states, which in their turn
are an obligatory condition for functional activity for the molecule, including facilitating specific
intermolecular DNA protein interactions during transcription, folding and replication [65]. It was
found that the probability of occurrence of open states between nitrogenous bases in double-stranded
DNA depends on concentration of deuterium in the liquid medium surrounding the molecule, and on
the magnitude of the energy of hydrogen bonds rupture. When the energy of hydrogen bonds
rupture is equal to 0.335 · 10−22 J the almost linear decrease in probability of appearance of open states
between nitrogen bases in double-stranded DNA (for the first 10 base pairs of the gene encoding alpha
17 interferon) is observed within the range δ2H from −743%� to 0.0%� in liquid medium surrounding a
molecule. In this case the probability of hydrogen bonds rupture between nitrogenous bases in case of
introduction of even one deuterium atom into the DNA molecule exceeds the probability of a similar
rupture in the same molecule containing only protium atoms, which indicates a stability decrease in
DNA molecular structure. If the energy of hydrogen bonds rupture is equal to 0.345 · 10−22 J, within the
range δ2H from −743%� till 0.0%� in the liquid medium surrounding the DNA molecule there is almost
a linear increase in the probability of open states occurrence between its nitrogenous bases. However,
the probability of breaking hydrogen bonds between nitrogenous bases in the case of a deuterium
atom introduction into DNA molecule does not exceed the likelihood of a similar rupture in the same
molecule containing only protium atoms [66].

One more research work shows the influence of DDW with δ2H = −679%� on the efficiency of
immunocompetent proteins extraction from the immune organs of Sus scrofa: spleen, thymus and
lymph nodes [67]. At the same time, protein–peptide complexes were fractionated using the methods of
step-by-step ultrafiltration and gel filtration method. It was shown that the extraction of proteins from
the studied samples in solution with δ2H = −679%� provides a nearly twofold increase in the amount of
extractable proteins and peptides, which can be caused by change in the ionic strength of this solution
along with variation of 2H amount in the medium. The main protein components of the extracts were 8
fractions, which contained from 11% to 20% of the total protein material, at that was visually detectable
on two-dimensional electrophoresis [68]. The extracted proteins were the members of the family α-
and β-chains of hemoglobin, and only in one case the presence of profilin 1 (actin-binding protein)
was detected. Other fractions of hemoglobins were post-translationally modified. In a fraction of
hemoglobin β-chains we observed the deimination of amino acid residues (Q) of glutamine or (N)
asparagine, and their combination was varied in various fractions. Thus the obtained results indicate
that the use of fragmented cells of pig immunocompetent organs isolated in the medium with modified
2H/1H composition as a base matrix allows creating innovative immunostimulating active complexes
by improving the quality and safety of livestock products [69].

In addition, there are peculiar features of hydrogen and oxygen isotopes’ fractionation for
carbohydrates, for example for cellulose. A correlation was shown between the values of water δ18O in
leaves and stems [70], while the equilibrium of isotopic composition 18O/16O had specific temperature
dependence, which changed little in temperatures of 20–30 ◦C (averaging 26%�) but increased to 31%�
at lower temperatures [71]. Either the existence of specific oxygen isotope composition in glucose
derived from cellulose has been experimentally confirmed [72], when δ18O in the sample of glucose
synthesized with the help of gluconeogenesis, differs from the sample obtained by photosynthesis,
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at least for the C-6 position. At the same time, it should be pointed out that the relatively low value of
δ18O lactose, at least in part, is also a consequence of the aforementioned temperature sensitivity of
isotopic fractionation [71] and is explained by the higher body temperature of an animal in comparison
with the temperature of the plant leaves and stems.

2.2. Activating Influence of DDW at the Cell and Tissue Levels

The activating influence of DDW at the cell and tissue levels has been noted in a number of
research works on the biological objects of animal and plant origin. For example, one of these research
works showed the effect of 2H/1H for the life span of the unicellular biosensor S. ambigua, which had
a parabolic pattern. In addition, the research observed the stimulating influence of DDW on the
proliferative potential of cell culture (human dermal fibroblasts) in early passages [73]. Dynamics of the
cell doubling index in the growth medium prepared on the base of DDW with δ2H = −807%� showed a
higher proliferation potential compared to water with normal isotopic composition: δ2H = −37%� [5].

Another research shows the effect of liquid growth medium with δ2H = −904%� for the speed
of proliferation of human cultured adipose-derived stem cells which speed was characterized by
cytotoxicity compared with the medium with the natural deuterium content (δ2H = −37%�). While that
the presence of δ2H = −518%� in medium led to a postponed (by one day) increase of migration and
metabolic activity of adipose-derived stem cells [74,75]. Similar changes in cellular activity can also be
explained by deuterium replacing with protium in НО–, НS– and H3N+–groups of macromolecules,
especially in active and allosteric centers of enzymes, as well as by decrease of HDO (or 1HO2H)
concentration in hydration shell of proteins and nucleic acids, which can change their thermodynamic
and, therefore, thermokinetic parameters, stimulating metabolic and mitogenic processes in cells [76].

During study of influence of water сδ2H = −839%� for rate of survival of DLD-1 cell line, it was
found that DDW was able to stimulate mitochondrial activity and enhance apoptosis of DLD-1cells
line [77]. Moreover, the miRNA pattern, which was isolated from exosomes, had significant differences
in cells that were incubated in the liquid medium with δ2H = −839%�, in comparison with the medium
with δ2H within the range from −76%� till 0%�.

Experimental possibility of influence for activity of mitochondria isolated from rat liver using
DDW with δ2H within the range from −705%� till −665%� and δ18Оwithin the range from −135%�
till −11%� has been confirmed in some research [78,79]. In that research it was found that in case of
reduction of 2H and 18Оcontent in the incubation medium the higher generation (by 35%) of hydrogen
peroxide by mitochondria isolated from rats liver that consumed the water with low deuterium
concentration was observed. The revealed change in functional activity of mitochondria indicates the
ability of the animals’ organism to adapt to the deuterium-depleted drinking ration, that possibly is
due to the formation of the transmembrane isotope gradient 2H/1H, which induces preadaptation
of living system. The mechanism of the biological effect of the altered ratio of hydrogen stable
isotopes can be explained by the direct relationship with the work cycle tricarboxylic acids. This is
explained by the fact that the enzymes of the tricarboxylic acid cycle, localized in internal volume of
mitochondria, provide for redistribution of deuterium between the cytoplasmic and mitochondrial
water pools [56]. At the same time the reduction of δ2H in cytoplasmic water contributes, among
other things, to normalization of cells phenotype with impaired metabolism regulation, for example,
for cancer cell lines [80].

It is necessary to note the universal nature of deuterium low concentrations effect in cellular
structures, as evidenced by change in metabolic and growth activity not only of animal cells, but also
in cells of plant origin. For example, it was shown that incubation of corn seedlings (Zeamays L.)
in DDW δ2H = −839%� led to formation of airy cavities in the internal structure of a root [81].
In comparison with the control reference sample started in water δ2H = −69%� it was found that
deuterium-depleted water determines the best development of the absorbent bristles and increase in
number of leading bundles and central vessels in the metaxylem. Also the change in ultrastructural and
physiological characteristics of Beta vulgaris var. Conditiva seedlings was also shown under the term of

19



Nutrients 2019, 11, 1903

hyperhydricity as a result of using the cultural medium with δ2H = −839%� [82]. The structural changes
(leaves and hypocotyls) characterized by modification of fluoroplastics, mixoplasma, tonoplast and
nuclei, were related to hyperhydricity and were significantly less when Beta vulgaris var. Conditiva was
grown in DDW.

2.3. Activating Influence of DDW for Organs and Organismic Level

More significant changes in comparison with molecular, organoid and cellular levels were observed
during the study of DDW effects on internal organs and the organism as a whole. For example,
the dependence of neuropsychiatric disorders (depressions) among the population on deuterium
content in drinking water was researched. The correlation between the deuterium content in tap water
and the level of depressions in US regions was researched. The increase of depressions frequency by
1.8% (p = 0.0016) along with increase of deuterium concentration in tap water for every δ2H = 64%�
was observed. The results were confirmed in experiments on laboratory animals, which on the
background of simulated chronic stress, consumed water with δ2H = −411%� (in control reference
group animals consumed water with δ2H = −99%�). As a result, it was shown that the frequency
of depressive-like signs was reduced in mice that consumed DDW [83], which is explained by its
effect on the activity of serotonergic mechanisms of regulation of the nervous tissue functioning.
The sensitivity of the central nervous system to fluctuations in the isotopic composition of water is
confirmed by experiments on the Wistar rats, which consumed water with δ2H within the range from
−827%� to −807%�. They demonstrated, in comparison with the rats who drank water with δ2H within
the range from −69%� to −37%�, the reduction of fear and anxiety in unfamiliar environment [84].
In another research by the same authors the Wistar rats who consumed DDW showed an improvement
in long-term memory and absence of short-term memory differences compared with animals that
consumed water with a natural concentration of deuterium [85]. The decrease of HDO in the drinking
ration also had a beneficial effect on prooxidant–antioxidant system of a brain during acute hypoxia
in laboratory animals [86]. Studies have shown that in case of consuming DDW (δ2H = −665%�) for
8 weeks, there is a decrease of deuterium content in the blood plasma by 317%� as well as in the
brain of laboratory animals by 209%�, compared with the control group consuming natural water.
Furthermore, DDW consumption in rat hypoxia modeling improves the functioning of antioxidant
protection enzymes (catalase, superoxide dismutase, glutathione peroxidase and glutathione reductase)
in the blood, increasing its antioxidant potential by 20%, while decreasing the intensity of free radical
oxidation in plasma and the rate of peroxide modification of biomolecules in the red blood cells. Also in
brain tissues of rats consuming DDW there was no disruption in catalase and superoxide dismutase
functioning, and an increase (by 71%) in concentration of restored thiol-containing compounds,
which reduce the risk of nerve cells damage under hypoxia. The presence of a neuroprotective effect is
also confirmed by higher (by 32%) antioxidant activity of lyophilized brain tissue, as well as by a lower
intensity of free radical oxidation (by 13%) and by the speed of oxidative modification of biomolecules
(by 16%) in these tissues. The latter proves the feasibility of using the neuroprotective effects of DDW
in case of cerebral circulation violations in experimental and clinical practice [87].

To influence nervous tissue, water with modified isotopic composition can affect the aging rate of
the whole organism. For example, white outbred female rats of presenile age (20–22 months) consumed
DDW (δ2H = −704%�) as drinking water for five weeks and it led to development of the expressed
geroprotective effect, manifested in the appearance of recovery signs in the estrous cycle, as well as in
the improvement of coat condition compared with the same parameters in animals exposed to drinking
water with δ2H = −37%�. At the same time the rats that drank DDW showed development of persistent
anti-stress adaptive responses of their bodies to calm and enhanced activation as well as increase in
bactericidal activity of their skin. Thus in experiments on mammals the direct confirmation of DDW’s
geroprotective properties was obtained, and the relation between geroprotective and anti-stress effects
was shown when DDW was used in the drinking ration. The study revealed a more expressed decrease
of deuterium content in the rats’ blood plasma (by 33.2%) in comparison with the change of deuterium
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content in visceral organs (liver—by 7.2%, kidney—by 9.7%, heart—by 7.3%). These changes led
to formation of the experimental group of a new isotope 2H/1H gradient in the animals’ organisms,
in which δ2H “visceral organs” > δ2H”blood plasma”, what is the opposite of physiological 2H/1H
gradient, where δ2H “visceral organs” < δ2H”blood plasma” [88]. As the animals consumed food with
unchanged isotopic composition under the experimental conditions, the observed changes are due
only to the consumption of DDW. At the same time the decrease of deuterium content in blood plasma
leads to decrease in its content in visceral organs also, obviously, due to replacement of deuterium with
protium in hydroxyl (–ОН) and thiol (–SH) groups, as well as in primary and secondary amino groups
(–NH2, =NH). The deuterium substitution by protium in active and allosteric centers of enzymes can
alter the speed of catalytic reactions as a result of decrease in activation energy of transition states of the
“enzyme-substrate” complex, which can serve as a basis for development of the organism’s metabolic
adaptation and lead to occurrence of anti-stress reactions at the system level. In case of substitution
of deuterium by protium, not only energy of covalent chemical bonds changes, but there are also
differences in the intermolecular interaction forces (for example, due to change in hydrogen bonds
energy) between some singular molecules [89]. The noted systemic changes, indicating the restoration
of neuroendocrine regulation impaired in animals of pre-senile age, are apparently caused by a decrease
of deuterium in blood and visceral organs (liver, kidney, heart), and also by the ease of DDW use as
a nutritional factor, which allows us to consider it as a promising solution for holistic geriatric care
in a presenile period of ontogenesis. The presence of isotopic gradient 2H/1H was also confirmed in
the study of biological fluids in humans. So women who gave birth showed significant differences in
natural conditions in δ2H of blood plasma (average δ2H = −74%�), oral fluid (average δ2H = 26%�) and
breast milk (average δ2H = −91%�), which led to formation of isotopic gradient 2H/1H (δ2H oral fluid
>> δ2H blood plasma > δ2H breast milk) [90]. These differences in the isotopic composition to a certain
extent are caused by peculiarities of the biochemical composition of biological fluids; they are directly
interrelated with the mass fraction of water (RSpearman = 0.81, p < 0.0001), and also negatively correlate
with protein content (RSpearman = −0.55, p < 0.0005), carbohydrates (RSpearman = −0.80, p < 0.0001) and
lipids (RSpearman = −0.82, p < 0.0001). This indicates the dependence of the deuterium concentration on
the mass fraction of water and the content of carbohydrate and lipid substrates, which are characterized
by approximately the same high rate RSpearman. This data can be explained by the lowest intensity of
isotope exchange 2H/1H in hydrophobic (non-polar) radicals of lipids, which even under terms of water
consumption with different isotopic composition make a stable contribution to the final concentration
of deuterium in the cell. In addition, these relations between the content of biomolecules and deuterium
must be taken into account while developing non-invasive methods for monitoring the content of
heavy non-radioactive isotopes in a body, including deuterium, since the biochemical composition of
biological fluids can be variable depending on the person’s lifestyle (diet, physical activity and other
factors). It is not possible to explain completely the differences in content of 2H/1H isotopes only by
characteristics of biochemical composition of these biological fluids and, apparently, there are additional
mechanisms for regulation of isotopic metabolism in a body [91]. Among the possible mechanisms
for isotopes fractionation, the presence of histohematic barriers shall be taken into account, including
hematosalivar and hemato-lactation barriers, whose function is to ensure selective permeability for
organic and inorganic molecules. Differences in intensity of metabolic processes in various tissues can
make their contribution to difference in the isotopic composition in biological fluids [92], for example
along with increased energy production there is an increased formation of water inside the cells from
hydrogen isotopes which are part of biological oxidation substrates, i.e., different classes of organic
compounds. At the same time, the metabolic water that formed intracellularly can significantly differ
in deuterium content from extracellular water replenished in a body mainly as part of the diet [33].
It was also found that in case of consuming of DDW with δ2H = −615%� by women it is possible to
achieve a significant reduction in deuterium concentration in blood plasma (average δ2H = −175%�),
oral fluid (average δ2H = −134%�) and also in breast milk but in less volume (average δ2H = −183%�),
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which leads to significant decrease of the described isotopic gradient 2H/1H (δ2H oral fluid > δ2H
blood plasma ≥ δ2H breast milk) [90].

Changes in the direction and level of expression of isotopic gradients in a body can affect
various periods of ontogenesis, including its morphofunctional parameters and activity of biochemical
processes, providing short-term and long-term adaptation [78]. These body reactions can increase
survival and life functions longevity [89]. The geroprotective influence of DDW was also confirmed on
organisms with different levels of organization, including Caenorhabditis elegans (C. elegans), which were
placed into the liquid medium with δ2H = −422%� and δ2H = −229%�. It was found that in case of
Mn-induced reduction of worms lifespan against the background of DAF-16 and SOD-3 inhibition,
the use of DDW restored their expression and increased the lifespan of C. elegans [53].

The ability of water with a low content of heavy stable isotopes of hydrogen and oxygen 18Оto
neutralize the harmful environmental effects on a body has been shown in a number of research
works devoted to study of not only chemical toxicants [93], but also to physical factors, for example,
X-rays radiation [94]. The mice after exposure to γ-radiation 60Cоat dose 1.0 Gray showed reduction
of aging rate and reduction of frequency of lens opacities formation cases. In addition, the mature
males of the Balb/c line which consumed water сδ18О= −206%� and δ2H = −730%� and were exposed to
radiation 60Cоat dose 0.50 Gray showed accelerated recovery of the thymus, spleen, and bone marrow
in comparison with mice from the control reference group that consumed water with δ18О= −18%� and
δ2H = −103%� [95]. After X-ray exposure, the mice which consumed water with δ2H = −807%� and
natural 18Оcontent showed a protective effect on spleen structure accompanied by immune stimulation
with an increase of megakaryocytes quantity [96]. In general, the mechanism of the protective effect of
water with low content of HDO and 1H2

18Оis explained by its ability to stimulate the processes of
proliferation, especially in radiosensitive tissues, which reduces damage to the body during sublethal
irradiation [97]. While using of heavy water, radioprotective mechanisms is related to inhibition
of catabolism and free radical oxidation of proteins, and also nucleic acids in radiosensitive organs
and tissues.

It is planned to use the mechanisms of radioprotective action of water with depleted concentrations
of heavy stable isotopes 18Оand 2H described above during travel by humans in outer space [98,99].

2.4. Inhibitory Influence of DDW on Molecular and Organoid Level

Besides the activating effect of water with a modified isotopic composition, which is described in
more researches, more often under physiological conditions and in the adaptation of the organism,
the ability of DDW to inhibit certain metabolic reactions in the body is noted in a number of scientific
works devoted to study of aspects of pathological metabolic states. Hence it is known that hydrogen ions
are transported through the plasma membrane through the H+-ATPase (adenosin triphosphasatase),
which cannot transfer deuterium atoms with the same ease as protium atoms [100]. Therefore,
it is possible, that once the cell eliminates ions H+ to increase the pH by activating the Na+-H+

transport [101–103], the 2H/1H ratio is increased in the intercellular substance. So it is possible that
the 2H/1H ratio will also regulate the cell cycle [104] if it reaches a certain threshold, thus triggering
molecular mechanisms that transfer the cell into the S phase.

One of the possible mechanisms of DDW influence on the cell cycle can be carried out through the
suppression of individual genes expression. Thus it was found that the water δ2H=−679%� inhibited the
cells proliferation at the G0/G1 stage and the S phase cell population [105]. Moreover, female mice which
consumed water δ2H = −839%� showed significant suppression of 7,12-dimethylbenz[a]anthracene
(DMBA)-induced expression of Bcl2, Kras, and Myc [52]. In the other research the rats that
consumed DDW (δ2H = −615%�) found a significant decrease in blood plasma of both the total
amount of glycoproteins and their degree of glycosylation, which may reflect two processes:
decrease of tumor-associated proteins expression, as well as decrease of healthy tissues detritus
against the background of anticancer drugs use: Vinblastine, Cyclophosphamide, 5-Fluorouracil and
Farmarubicine, due to introduction of DDW into the drinking ration [106].
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Probably, DDW can selectively stress tumor cells [104], including its ability to regulate the activity
of key genes in cell cycle without, however, interfering with metabolic processes in healthy tissues.
This assumption is also confirmed by the fact that CBA/Ca-sensitive inbred mice’s consumption of
drinking ration with δ2H = −865%� resulted in (DMBA)-induced expression of c-myc, Ha-rasand p53
gene, which play a key role in the development of tumor cells. When evaluating the expression of RNA
48 h after exposure to a carcinogen, the expression of all the genes mentioned above was inhibited in
various organs: spleen, lung, thymus, kidney, liver and lymph nodes [107].

2.5. The Inhibitory Influence of DDW at the Cellular and Tissue Levels

The inhibitory influence of DDW on cell proliferation has been established for cells with impaired
metabolism, including in the neoplastic process. Thus it was shown that, in addition to expression
of the gene regulating the cell cycle, DDW can change the activity of antioxidant defense enzymes,
while inhibition of human breast cancer cell line (MCF7) was observed as the most expressed in the
medium δ2H = −807%�. At the same time the activity of antioxidant protection enzymes (catalase,
superoxide dismutase) and malondialdehyde content in MCF-7 cells changed. In general, the analysis
of the cell cycle shows the ability of deuterium in low concentrations to cause a cell cycle stop during
the G1/S transition [105]. Also changes in prooxidant-antioxidant system functional activity of nervous
tissue cells against the background of their incubating in medium with δ2H = −679%� led to decrease
in mitochondrial potential of cerebellar neurons and their increased mortality rate during glucose
deprivation and temperature stress (39 ◦C) [87].

Inhibition of cell growth with impaired metabolism was confirmed in research that studied
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)-based cytotoxicity for cell
lines: AGS (human gastric adenocarcinoma), MDA-MB231(human breast adenocarcinoma), U-87MG
(glioblastoma multiform), PC-3 (human prostate adenocarcinoma) where DDW (within the δ2H range
from −743%� to −486%�) increased the inhibitory effect of paclitaxel on the cell lines of the mammary
gland, prostate, stomach cancer and glioblastoma, and the effect was more expressed in cases of
mammary gland and prostate [108].

In addition, the incubation medium δ2H = −807%� significantly decreased the growth rate of
fibroblast cell line. In the same research the inhibition of different human breast adenocarcinoma
(MDA-MB-231 and MCF-7) cells growth in female CBA/Ca mice. The above described changes in cell
lines growth rate can be caused by the effect of 2H/1H ratio, reduction of which results inter alia to
the following:

—increasing of time required by the cell to achieve the threshold ratio of deuterium/protium,
which ratio triggers cell division;

—neutralization of oncogenic activity of ATPase gene, which can behave as an oncogene in
mammalian cells along with increased concentrations of deuterium in the medium. Therefore,
the reduced removal of protons from the cell slow down their proliferation by reducing the
deuterium/protium ratio [109];

—decreasing in proliferation, as even a small decrease in deuterium concentration in the
intercellular substance is able to inhibit cell growth, because it does not allow the intracellular
concentration of deuterium to raise up to the threshold level [61].

Moreover, DDW (δ2H = −679%�) influenced not only the proliferation, but also the migration of
tumor cell lines (nasopharyngeal carcinoma and MC3T3-E1). At the same time activation of normal
preosteoblast cell MC3T3-E1 growth was observed when it was cultured in DDW. The analysis of
the cell cycle showed the ability of DDW to cause the cell cycle to stop during the G1/S transition,
reducing the cells number in S-phase and contributing to increase of cells number in the G1 phase in
tumor cells (nasopharyngeal carcinoma), also DDW suppressed the expression of the proliferating
cell nuclear antigen matrix metalloproteinase 9 [80]. Similar results with changes in cell cycle phases
were obtained in research on the human lung carcinoma cell line A549 and human embryonic lung
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fibroblasts HLF-1 with incubation in DDW (δ2H = −679%�). It was shown that reduction of 2H/1H
ratio in medium led to DDW-induced cellular apoptosis [110].

2.6. Inhibitory Influence of DDW for Organs and Organism Level

The effects of water with modified isotopic composition on gene expression, the activity of
enzymes of nonspecific defense, mitochondrial activity, cell proliferation and cell migration described
above allow us understanding the individual systemic processes associated with DDW introduction
into drinking diet. The inhibitory effect of deuterium concentration reducing in a body is mainly
associated with decrease in tumor growth and metastasis rate, whereas healthy organs usually do not
experience a negative effect when DDW is consumed by living organisms.

For example, in a clinical research that included 129 patients with small tumors (small cells and
small cell lung cancers) who consumed DDW in addition to conventional chemotherapy and radiation
therapy, an increase in median survival time was noted. That increase was 25.9 months in males and
74.1 months in female patients [52]. The other research demonstrated an increase in survival rate
of patients with lung cancer and brain metastases who consumed the drinking ration with a final
δ2H of −839%� for at least 3 months. Also the decrease of metastatic spread in these patients was
observed [111]. Also 91 patients with prostate cancer were examined. These patients consumed DDW
with a progressively lowering deuterium content in water from −326%� to −839%�. During this process
the patients’ tumors volumes decreased as well as the level of prostate-specific antigen, which decreases
in correlation with the consumption of DDW [112].

Moreover, while modeling tumors (H460 cells) by its injecting to Balb/c mice drinking DDW
(δ2H = −679%�), within 60 days inhibition of the tumor was observed (approximately 30%) in
comparison with the group that had the same model of tumor and did not receive DDW [110].

At the same time, some studies presented convincing data which showed expressed difference
between therapy effect of the same nutritive substance in the cell line (in vitro) and in animals with
orthotopic tumor. An interesting explanation of this matter was recently published in the article,
which contemplated metabolic water as influenced factor to growth rate of cancer cells [113], that based
on some sequential suggestions about metabolic pathways in brain tumors:

(1) glioma cells (in vivo) are metabolically flexible to use beta-hydroxybutyrate in catabolism
(in contradict of RG2 and 9L glioma models [114]) as do healthy cells of the contralateral brain areas;

(2) under a natural condition ketogenic diet, which containing 91% fat and 9% protein [115],
can increase production intracellular water about two times compared with carbohydrates, that occurs
due to cooperate mitochondrial and peroxisomal lipid-substratum oxidation to H2O [116];

(3) in cells, between cytoplasmic and mitochondrial pools, the isotope (2H /1H) ratio change
can take place, which leads to a decrease in deuterium content especially via oxidation long-chain
unsaturated fatty acids in 1H2O in mitochondria with recycling matrix water by citric acid cycle’s
enzymes [56];

(4) deuterium reduction in matrix water can regulate not only functional activity of mitochondria,
but also speed of other cellular processes caused by transfer DDW to the cytosol, and as result
of the foregoing, cell ATP-production [78,79] and interfacial protein interactions are changed and,
consequently, cellular rate of growth can be various due to deuterium loaded in molecular structures
of living cell.

Nevertheless, the using of ketogenic diet in tumor therapy can be accompanied by a decrease in vivo
in the intensity of fatty acid β-oxidation. It is possible, because speed of short-chain fatty acids (C6-C10)
β-oxidation in mitochondria is higher than cooperative “peroxisomal-mitochondrial” long-chain and
unsaturated fatty acid oxidation [117]. Therefore, during long-lasting lipid loading, it is can be probably
to drop down ATP-production especially under intracellular O2 fault (for example, produced by
circulatory disorders of tumor), acetyl-CoA deficiency forming, accumulate ketogenic substrates
(β-hidroxibutiryl-CoA and acetoacetyl-CoA), decrease pH and other processes, but deuterium
depletion does not occur in the cytosol water. In contrast of mitochondrial 1H2O-production,
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the DDW consumption more significantly changes deuterium content in cytosol and less dependent
on non-physiological cell conditions, so it can be used more effectively in adjuvant therapy.

3. Conclusions

This review demonstrated the important role of water isotopic composition to ensure the passing of
many biochemical reactions, regulation of energy metabolism and functional activity of mitochondria,
changes in the speed of the cell cycle, increase the body’s adaptation and stimulate a number of vital
processes in healthy tissues. At the same time some of the biological effects of DDW described above
(antioxidant, antidepressant, anticancer, hypoglycemic, etc.) can be used in therapy of various diseases
in humans. The stimulating effect on living systems of different levels of organization (molecular,
organoid, cellular, tissue, organ and organism levels) is mainly produced by water with δ2H within the
range from −229%� to −679%� and δ18O within the range from −135%� to −206%�.

Nevertheless, it shall be noted that the consumption of water with a modified isotopic composition
which has a significant deviation from the natural concentrations of 2H and 18O isotopes is also
accompanied by stress effect on a body. This can be caused, for example, by a sharp change of isotope
2H/1H gradient from “δ2Hblood plasma > δ2Hvisceral organs” to “δ2Hblood plasma << δ2Hvisceral organs”,
therefore, the consumption of the drinking ration with δ2H below −679%� by living organisms may
lead to isotopic shock [118], which has, inter alia, an inhibitory effect on biological processes and
inhibits in some cases the growth, division and migration of cells, including cells of tumoral origin.
The presence of an isotopic gradient in human biological fluids is confirmed by differences in the content
of deuterium in the series: δ2Hsaliva >> δ2Hblood plasma > δ2Hbreast milk (2H/1H gradient was equal to
117%�). At the same time while drinking deuterium-depleted water it is possible to achieve a significant
reduction in the described isotope 2H/1H gradient by 58%: δ2Hsaliva > δ2Hblood plasma ≥ δ2Hbreast milk

(2H/1H gradient was equal to 49%�). In addition to the drinking diet, the proportion of proteins,
lipids and carbohydrates in the consumed food, which proportion is associated with oxidation of
organic compounds in mitochondria. At the same time, the greatest decrease of deuterium content in
intracellular water is achieved with increase of lipid-containing nutrients proportion in the diet. So,
cooperative influence of the drinking/ingested DDW and diet (containing lipogenic sources with certain
deuterium/protium ratio [113], which is naturally lower than it takes place in the food carbohydrates and
proteins [90,91]) can be used for treatment based on the compartmentalized deuterium disequilibrium
and changing of intracellular isotope 2H/1H gradient, especially in previously drug-treated cells [119].
Besides, the results of the studies make it possible to point to the ability of DDW to increase the potential
of the protective systems of the human body, mainly with its preventive consumption at the stage of
preparing the living system for the expected stress. Therefore, in clinical practice, DDW usage in the
acute period of the development of pathology requires caution in connection with the risk of a synergistic
negative effect on the body’s defense systems (both from the DDW side and from the pathological
process [76,93]). Based on the foregoing, it is possible to recommend that people consume DDW during
a period of remission of some chronic diseases, or when preparing the organism for extreme impacts
(for example, high sports activities), and using it as a geroprotective nutritional factor of holistic
geriatric care in presenile period [89]. The DDW also can be used as synergistic anti-inflammatory
agent against sepsis with modulated oxidative stress/antioxidant parameters [120], as adjuvant to
conventional anticancer treatment [52,105,111], moreover, DDW drinking is effective against hypoxia
of the central nervous system and for the prevention of individuals with depression [83–87].

Also the influence of DDW for nucleic acids is noted, including its ability to increase the intensity
of mitochondrial activity and autophagy as well as to alter and miRNA transcriptomic pattern in cells
of some tumors [77,121]. Due to this, DDW can be used as adjuvant therapy for cancer treatment.

In its turn the influence of DDW on the molecular dynamics of DNA can be explained by several
mechanisms. It is known, that decrease of deuterium concentration in functionally active regions
of a DNA molecule may increase the rate of transcription and replication [98]. The latter effect can
be caused by the influence of deuterium on the probability of occurrence of open states between
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complementary pairs of nitrogenous bases, which can significantly change the speed of reading genetic
information. In the physiological range, the deuterium atom increases the probability for rupture the
bond between the complementary nitrogenous bases by 0.22%−0.60%, which reflects its ability to slow
down the reading speed of genetic information in transcription processes, narrowing down the range
of regulatory mechanisms for persistent exposure during the cell cycle of the low-intensity adverse
factor and leading to a decrease in the adaptive capacity of the cell [65].

At the same time in the case of occurrence of conditions weakening the strength of hydrogen
bonds between bases in DNA molecule, the presence of a deuterium atom increases the rate of
occurrence of open states, thus increasing the risk of mutations due to the greater availability of
nitrogenous bases to the damaging effects of adverse external factors. The latter effect confirms the
possibility of increasing the frequency of spontaneous mutations mediated by influence of deuterium
atoms on the molecular dynamics of double-stranded DNA, which can play a significant role in
the evolution of living organisms. All this is stipulated by the disparity of thermodynamic/kinetic
effects associated with substitution of deuterium with protium in the DNA molecule, which indicates
the ability of 2H/1H exchange to regulate the speed of vital processes of biologically active systems
(for example, in reading of genetic information). Thus, the probability that living organisms have
special mechanisms at different levels of organization that make long-term adaptation to pronounced
fluctuations in 2H/1H ratio in the environment is not excluded [66]. Therefore even if only one protium
atom is substituted by deuterium in the DNA molecule and at the same average DNA replication
rate, some individual periodic decelerations can occur and accelerations equivalent in this case to
the total intensity, although in general they are level with each other, but they are able to change the
in-line reading pattern of genetic information which leads to a general accumulation of errors in the
reproduction of genetic information, accompanied by a transition of quantitative changes (a number of
replication failures) into qualitative defects (mutations) leading to persistent disorders of the genome
in living beings, including inherited disorders.

Besides, when DDW is consumed, there is a decrease of HDO molecule content in the hydration
shell of nucleic acids and proteins, which is also accompanied by changes in the biological activity of
these macromolecules, for example, due to a higher frequency and amplitude of oscillations of atomic
groups formed only from light isotopes. These rearrangements of biochemical processes in tissues with
high metabolic activity are able to affect the morphofunctional parameters and long-term adaptation of
the whole organism.

The considered biological effects that occur when the deuterium content in the organism decreases
are important not only for slowing down aging and correcting biochemical disorders in humans in
their natural environment, but also offer a perspective in the near future to use DDW during flights
in outer space. In addition, it is known that water ice in the polar reservoirs of Mars is enriched in
deuterium to at least 7000%� [122], therefore, in the future it is necessary to study the possibility of
correcting the negative effects of such water on living systems with DDW.
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Abstract: Age- and obesity-related body composition changes could influence the hydration factor
(HF) and, as a result, body composition estimates derived from hydrometry. The aim of the
present study was to compare the HF in older Hispanic-American adults to some published values.
This cross-sectional study included a sample of 412 subjects, men and women, aged ≥60 years
from northern Mexico. HF values were calculated based on the ratio of total body water-using the
deuterium dilution technique-to fat-free mass, derived from the four-compartment model. The mean
HF value for the total sample (0.748 ± 0.034) was statistically (p ≤ 0.01) higher than the traditionally
assumed value of 0.732 derived from chemical analysis, the “grand mean” value of 0.725 derived from
in vivo methods, and the 0.734 value calculated for older French adults via the three-compartment
model. The HF of the older women did not differ across the fat mass index categories, but in men
the obese group was lower than the normal and excess fat groups. The hydration factor calculated
for the total sample of older Hispanic-American people is higher than the HF values reported in the
literature. Therefore, the indiscriminate use of these assumed values could produce inaccurate body
composition estimates in older Hispanic-American people.

Keywords: aging; body composition; obesity; hydration factor and Hispanic Americans

1. Introduction

The demographic and epidemiological transition represents a huge challenge for governments
and health and aging institutions worldwide, especially the double burden of malnutrition in several
age groups, including older people [1,2]. Appropriate nutritional assessments of older people are
necessary to improve medical and nutritional management and to design appropriate interventions.
In this regard, accurate tools for assessing body composition in older people are key. Following
Penchard and Azcue [3], fat-free mass (FFM) and fat mass (FM) are the most appropriate parameters
for defining malnutrition. The most common methods used to assess body composition include such
two-compartment (2C) models as hydrometry, among others. Specifically, this method calculates
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FFM in kilograms (kg) based on the ratio of total body water (TBW) to the hydration factor value [4].
Subsequently, FM can be estimated by the difference in body weight, measured in kg, and FFM, also
measured in kg. The hydration factor (HF) is the ratio of TBW in kg to FFM solids in kg, and its
magnitude, according to chemical analyses, is around of 0.730 [4]. That HF value was obtained from ten
human cadavers (seven males, three females) aged 25–67 years. The HF ranges in non-oedematous and
oedematous corpses were 0.686–0.776 and 0.808–0.824, respectively [5–10]. New HF values obtained
with two and three-compartment models have been reported. Ritz et al. [11] estimated a “grand
mean” hydration factor of 0.725, compiled from data in several studies based on in vivo methods.
Those researchers also found that the HF is similar between young (n = 35, 0.732 ± 0.024) and older
subjects (n = 68, 0.734 ± 0.024).

In the field of body composition, a HF of 0.732 is generally accepted as a constant throughout
the life-cycle, regardless of factors such as training level, obesity, age, gender, and ethnicity [12–14].
Regarding age, older subjects (60–69 years) had lower mean TBW values (35.4 liters) at the molecular
level than adults (20–29 years; 39.1 liters) [15]; however, it seems that the HF estimated by in vivo
methods is not affected by aging [11,16]. Obese subjects, meanwhile, could have a different HF than
non-obese subjects, regardless of age and gender. Fuller et al. [17] found a low HF of 0.712 ± 0.016 with
a range of 0.682–0.751 in obese adult women, whereas Das [18] found a high HF (0.756) in extremely
obese men and women subjects, and Haroun et al. [19] reported a higher HF in obese children (0.763)
than the mean value for non-obese children (0.737). Ritz et al. [20] reported a lower HF in obese adult
women (0.733 ± 0.023) than in lean adult women (0.747 ± 0.022), although the HF was significantly
higher (0.768 ± 0.012) in obese than lean adult men (0.740 ± 0.019). These results show that the behavior
of the HF in conditions of obesity is not yet clear, and that our knowledge of aged and obese people in
this regard is insufficient. If HF differs from the assumed value of 0.732 due to factors such as age,
obesity, and ethnicity, then estimates of body composition may be affected and may lead to erroneous
associations and misclassifications of people’s nutritional status.

All the studies cited above [17–20] used the body mass index (BMI) to diagnose obesity, but this
parameter is an unspecific marker of adiposity and, therefore, inaccurate for diagnosing obesity [21].
The fat mass index (FMI), in contrast, is a gender-specific measure of fat that is not confounded by
lean tissue. Hence, it is one of the most accurate approaches available for diagnosing obesity [22].
In summary, the HF in obese older adults is still unknown. Therefore, the aims of the present study
were to determine the HF in older Hispanic-American adults, and then compare it to some published
values. Differences in the HF between obese and non-obese older Hispanic-American adults were
also explored.

2. Materials and Methods

2.1. Subjects

This study included a sample of community-dwelling older (≥60 years) Hispanic-American
adults from northern Mexico with stable body weight-by self-report-in the 3 months prior to the
study. All subjects were apparently healthy and physically-independent according to Lawton and
Brody’s scale [23]. None were involved in sports activities. According to clinical assessment, all
volunteers were free of severe oedema, medication, diseases, and metabolic disorders, such as cancer,
diabetes, heart disease, and kidney or liver failure, that could have affected their hydration status and
body composition. Subjects with well-controlled hypothyroidism and hypertension were included.
All participants underwent an oral glucose tolerance test to confirm that they were free of type-2
diabetes and their specific gravity urine and haematocrit values indicated a good hydration status.

2.2. Design

A cross-sectional design was implemented. All volunteers were recruited from 2016–2019 in
Hermosillo, Sonora; Ciudad Juárez, Chihuahua; and Monterrey, Nuevo León. The study protocol
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included two visits to the Body Composition Laboratories by all test subjects. During the first visit,
potential volunteers underwent clinical and lab assessment to apply the inclusion and exclusion
criteria. On the second, all the volunteers who met the inclusion criteria underwent anthropometric
and body composition measurements. The study protocol was approved by the Ethics Committee
of the Centro de Investigación en Alimentación y Desarrollo, AC (CE/008/2014), the Universidad
Autónoma de Ciudad Juárez (CBE.ICB/023.10–14), and the Universidad Autónoma de Nuevo León
(15-FaSPyN-SA-19). Volunteers received a full explanation of the protocol and signed the appropriate
informed consent.

2.3. Anthropometry

All anthropometric variables were measured using a standard methodology [24]. Weight in kg
was measured to the nearest 0.1 kg using an electronic scale (SECA 878, Germany, with the scale
attached to the Bod-Pod System). Height in meters (m) was measured to the nearest 0.1 centimeter
(cm) using a stadiometer (SECA 264, Germany). BMI was obtained from the weight in kg (SECA scale)
divided by height-squared in m.

2.4. Body Composition and HF Measurements

In order to calculate the HF, fat-free mass was derived from the four-compartment (4C) model,
which requires the following three independent measurements:

(1) Total body water. This is the major component of FFM. It was measured using deuterium
oxide (D2O, 99.8 atom percent, Lot. No. 14G-316, Cambridge Isotope Laboratories, Inc., USA) by
two protocols. In one laboratory, D2O was first measured by isotope ratio mass spectrometry (IRMS),
though this was later replaced by a Fourier transform infrared spectrophotometer (FTIR; 8400S, Cat No.
206-72400-92, Shimadzu Corporation, USA). The FTIR technique was chosen because this equipment
became available in the laboratory. It is important to note that the results of D2O quantification in
saliva samples by IRMS and FTIR did not differ [25]. TBW measurements were made in accordance
with the International Atomic Energy Agency [14].

(2) Bone mineral content. The densest body composition component, or bone mineral content
(BMC), was measured by dual-energy X-ray absorptiometry (DXA) using a General Electric Lunar
DPX-MD+ at the Centro de Investigación en Alimentación y Desarrollo A.C., by the Lunar iDXA at the
Universidad Autónoma de Nuevo León, and by Lunar prodigy advance at the Universidad Autónoma
de Ciudad Juárez, following the previously published procedure [26] at each participating institution.
Total body mineral mass (TBMM) was calculated using the following equation; TBMM = BMC× 1.279,
a factor that is an assumed value which represents the sum of osseous and cell mineral content [27].
For the present study, all DXA scans collected in each laboratory were edited by a trained staffmember
using LU43616ES©2015 GE Healthcare Lunar encore software. In addition, we ensured that BMC
was measured in all obese and extremely obese subjects. The DXA equipment was calibrated daily in
accordance with the manufacturer’s guidelines before taking measurements.

(3) Body density. This variable was determined by the air displacement plethysmography technique
using the Bod-Pod system (BodPod®Body Composition System, Life Measurement Instruments,
Concord, CA, USA), following the protocol reported previously [26]. For the present study, total body
volume (TBV) was corrected by thoracic gas volume (TGV), which was measured in most, but not all,
subjects, since a few were unable to fulfil the requirements for measuring this factor. In those cases, the
TGV predicted by the system was used to correct TBV, considering a determination coefficient of 0.96
between FM by the 4C model, and using the BD with TBV corrected by both measured and estimated
TGV. The Bod-Pod system was calibrated daily in accordance with the manufacturer’s guidelines.

First, these individual body composition components were used to obtain the corresponding
fraction of each component to body weight, measured by the scale attached to the Bod-Pod System.
The aqueous weight fraction (A) was obtained from the ratio of TBW in kg to body weight in kg, while
the mineral weight fraction (M) was calculated from the following TBMM relations in kg/body weight in
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kg. After that, the body fractions, together with BD, were incorporated into Baumgartner’s equation [27]
to estimate the fat mass percentage, %FM = 205×

(
1.34
BD − 0.35(A) + 0.56(M) − 1

)
Subsequently, FM in

kg was calculated with the following equation: FM =
%FM×weight

100 . Finally, FFM in kg was obtained
from the differences between body weight in kg and FM in kg.

2.5. Hydration Factor

The HF was calculated as the ratio of TBW in kg, derived from the deuterium dilution technique,
to FFM in kg, derived from the 4C model, such that HF = TBW

FFM .

2.6. Obesity Classification

In addition, the FMI was obtained using the 4C model. FM in kg derived from this model was
divided by height-squared in m. Three classification ranges were obtained, as follows: Normal (3.0 to
6.0 kg/m2 and 5.0 to 9.0 kg/m2 for men and women, respectively), excess fat (>6.0 to 9.0 kg/m2 and >9.0
to 13.0 kg/m2 for men and women, respectively), and obesity (>9.0 kg/m2 and >13.0 kg/m2 for men
and women, respectively) [22].

2.7. Statistical Analyses

The gender differences for several variables in the FMI categories were tested by a two-sample
independent t-test. The differences for several variables within each gender across the FMI classification
ranges were then tested by a one-way analysis of variance (ANOVA) with a post-hoc Tukey test
(p ≤ 0.05). The mean HF value obtained for the total sample, obese, and normal older subjects was
compared to (i) the traditionally assumed value of 0.732, derived from chemical analyses [12]; (ii) the
“grand mean” value of 0.725, derived from in vivo methods [11]; and (iii) the 0.734 value, derived
from 68 healthy, non-obese, older French people [11] by separate analyses using the one-sample t-test.
Significance was considered at a p-value ≤ 0.05. All analyses were run in the STATA/SE 12.0 statistical
program (StataCorp LP, TX, USA).

3. Results

A total sample of 412 (265 women, 147 men) older Mexican subjects, aged 60–90 years, with BMIs
in the range of 18.7–43.6 kg/m2-which corresponds to an FMI range of 3.6–24.7 kg/m2-were included.
Based on the FMI ranges, 10.7%, 46.8%, and 42.5% subjects were classified as normal, with excess fat,
and obese, respectively.

As expected, there was a difference between gender, regardless of FMI category, on some of the
anthropometric variables analyzed by the two-sample independent t-test, as the men had significantly
higher body weight and height than the women. FFM was also significantly higher in men than
women (p ≤ 0.05). In contrast, the mean FM and FMI values were higher in women than men (p ≤ 0.05).
According to the results of the ANOVA and post-hoc Tukey test, the differences in anthropometric and
body composition variables within gender across the FMI categories shows that the mean values for
body weight, BMI, FM, and FMI in the obesity category were higher than in the normal and excess fat
category in both men and women (Table 1).

Regarding the HF, Figure 1 shows the correlation between FM and the components of the HF by
Pearson’s correlation test. It seems that in both genders there is a positive and moderate correlation
(p < 0.001) between FM and TBW and FFM. However, the results in Table 1 show that a between-gender
difference also appeared, as the mean HF value in men was lower than in women, though only in the
obesity category. With respect to the behavior of the HF by FMI category, Table 1 shows that the mean
HF value was lower in the men’s obesity category than in the normal and excess fat categories. In the
women’s group, in contrast, the mean HF values were close across all FMI categories.
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Table 1. Age, anthropometric, and body composition characteristics, and the FMI range classification
assumed by gender.

Variable Normal Excess fat Obesity Total

Men
Age, years 71.3 ± 5.5 a 67.9 ± 6.1 a 67.7 ± 5.8 a 68.3 ± 5.9
Weight, kg 60.1 ± 5.3 a,* 75.2 ± 9.5 b,* 85.7 ± 11.9 c,* 77.7 ± 13.1 *
Height, m 1.7 ± 0.04 a,* 1.7 ± 0.07 a,* 1.7 ± 0.06 a,* 1.7 ± 0.06 *

BMI, kg/m2 21.8 ± 1.9 a 26.3 ± 2.1 b 29.7 ± 3.2 c 27.1 ± 3.7
FFM, kg 47.1 ± 5.3 a,* 53.1 ± 7.8 b,* 53.3 ± 7.7 b,* 52.4 ± 7.7 *
TBW, kg 35.7 ± 3.73 a,* 39.9 ± 6.0 b,* 39.3 ± 5.9 b,* 39.1 ± 5.8 *
FM, kg 13.8 ± 1.7 a 22.1 ± 2.9 b 32.4 ± 5.8 c 25.3 ± 7.9

FMI, kg/m2 4.9 ± 0.7 a 7.7 ± 0.8 b 11.2 ± 1.6 c 8.8 ± 2.5
HF 0.759 ± 0.025 a 0.752 ± 0.027 a 0.737 ± 0.033 b 0.746 ± 0.030

Women
Age, years 69.1 ± 8.3 a 67.9 ± 6.7 a 69.2 ± 6.4 a 68.5 ± 6.8
Weight, kg 55.2 ± 6.7 a 65.9 ± 7.5 b 77.5 ± 8.9 c 69.9 ± 10.8
Height, m 1.6 ± 0.07 a 1.5 ± 0.07 a 1.5 ± 0.06 a 1.6 ± 0.06

BMI, kg/m2 22.9 ± 1.8 a 27.2 ± 2.1 b,* 32.4 ± 3.1 c,* 29.0 ± 4.1 *
FFM, kg 36.6 ± 5.1 a 38.3 ± 5.1 a,b 39.5 ± 4.6 b 38.6 ± 4.9
TBW, kg 27.2 ± 4.3 a 28.6 ± 4.2 a,b 29.7 ± 3.9 b 28.9 ± 4.1
FM, kg 18.7 ± 2.9 a,* 27.7 ± 3.6 b,* 37.9 ± 5.9 c,* 31.3 ± 7.9 *

FMI, kg/m2 7.8 ± 1.0 a,* 11.4 ± 1.1 b,* 15.9 ± 2.3 c,* 12.9 ± 3.2 *
HF 0.743 ± 0.048 a 0.746 ± 0.033 a 0.753 ± 0.034 a,* 0.748 ± 0.035

BMI = body mass index, FFM = fat-free mass, TBW = total body water, FM = fat mass, FMI = fat mass index,
HF = hydration factor. * p < 0.05 the between-gender comparison in each FMI category was tested by an two-sample
independent t-test. a,b,c p < 0.05 the differences within each gender across the FMI classification ranges were tested
by a one-way analysis of variance with a post-hoc Tukey test.

Figure 1. Cont.
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Figure 1. Correlation between total body water (A), fat-free mass (B), and hydration factor (C) to fat
mass by gender.

Table 2 shows the results of the comparison between the HF calculated in this sample of older
Hispanic-American adults to the values published in the literature (calculated mostly from Caucasian
populations) by the one-sample t-test. The mean HF value for the total sample, i.e., for the normal,
excess fat, and obesity categories together and separate, was statistically (p ≤ 0.01) higher than the
0.732 value derived from chemical analyses, the “grand mean” value of 0.725 derived from in vivo
methods, and the 0.734 value derived from older French adults using a multi-compartment model.
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Table 2. Comparison of the mean hydration factor values in older non-Caucasian adults to several
hydration factors cited in the literature.

FMI Category Mean
0.732 Value from

Chemical Analysis
0.725 Value from
“Grand Mean”

0.734 Value from
Older French Adults

Normal (n = 44) 0.750 ± 0.039 p = 0.003 p ≤ 0.001 p = 0.008
Excess fat (n = 193) 0.748 ± 0.031 p ≤ 0.001 p ≤ 0.001 p ≤ 0.001
Obesity (n = 175) 0.747 ± 0.035 p ≤ 0.001 p ≤ 0.001 p ≤ 0.001

Total sample (n = 412) 0.748 ± 0.033 p ≤ 0.001 p ≤ 0.001 p ≤ 0.001

FMI = fat mass index; comparison between mean hydration factor values and several hydration values cited in the
literature by a one-sample t-test.

4. Discussion

This is the first study to assess the HF in a wide sample of older Hispanic-American adults
with one of the most highly-recommended models for accurately determining fat mass and, hence,
FFM; that is, the 4C model. This model considers the main molecular changes in body composition
across the normal aging process, as well as obesity, bone mineral content, and TBW. In addition, TBW
was assessed by the gold standard methodology using the deuterium dilution technique, following
the recommended protocols. Therefore, the results for the HF estimated using these high-standard
methodologies should raise awareness regarding the accuracy and precision of the hydrometric method
for assessing body composition in older obese non-Caucasian subjects.

The accuracy of the hydrometric method primarily depends on obtaining an adequate value for
the HF in order to estimate body composition, since these estimates could prove to be inaccurate
if the assumed HF value differs from the “real” value [12]. Another often neglected contributing
factor to hydrometric inaccuracy is the TBW determination. Unfortunately, variations in estimates of
the HF value are common, likely due to differences among the methods used to measure both FFM
and TBW. Two of the most important limitations of the chemical analysis of cadavers in terms of
assessing hydration for the FFM is that the bodies (i) were analysed post-mortem, and (ii) that several
subjects had suffered severe illnesses before death. Both factors could affect hydration status. Another
significant limitation is the insensible water loss between the time of death and the performance of the
chemical analysis [4].

Despite these limitations, the HF derived from the analysis of cadavers is one of the values that
is most often used in the literature to estimate FFM. Our results clearly show a high HF for the total
sample of older men and women subjects, compared to 0.732 (Table 2), which was independent of
the FMI range classifications. We cannot, therefore, ignore the possible effect of the methods chosen.
The HF calculated in the present study was consistently higher than the aforementioned 0.732 derived
from chemical analysis, 0.725 derived from two-compartment model, and 0.734 values derived from
three-compartment model. In addition, we cannot ignore a possible effect of ethnicity on the TBW and
FFM variables. That older French (n = 68) subjects had a higher mean FFM in kg (46.1 ± 1.1) than our
older Hispanic-American subjects (43.5 ± 8.9), though their mean TBW values in kg (33.9 ± 0.8 and
32.6 ± 6.8, respectively) were similar. Therefore, the ratio of TBW to FFM in older French adults is
lower than in our older Hispanic-American adults. It should be noted that the effect of ethnicity on
body composition in older people is well-recognized [28].

To speculate on the possible effect of methods on HF differences, we compared the HF calculated in
the present study to values reported for older people using the 4C model to estimate FFM and TBW by
deuterium dilution. Here, our HF results (0.748 ± 0.033) were similar to the mean HF values reported by
Baumgartner et al. [27] (0.744) and Alemán-Mateo et al. [26] (0.752) for Caucasian and non-Caucasian
older adults, respectively using Baumgartner’s equation. In addition, using Baumgartner’s equation,
Goran et al. [29] found a higher value (0.747) of HF in older men, but not in women. In contrast, [30]
using the 4C model, particularly Selinger’s equation, Yee et al. found a higher value (0.761) in older
women. It is important to clarify that these authors did not compare their results statistically against
HF values reported in the literature. Considering these findings, it seems that there is only an effect of
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method and aging on the HF for the total sample assessed; however, additional studies of this kind
are required in order to reach more general conclusions regarding the effect of methods and aging on
the HF.

With respect to the influence of adiposity on the HF, existing evidence is limited and unclear,
perhaps because this phenomenon could not be explained by certain physiological or biochemical
mechanisms. Specifically, the mean HF value of the men in our obesity category (0.737 ± 0.033) was
lower than for those in the normal category (0.759 ± 0.025), but similar to the 0.732 value (Table 1)
derived from chemical analysis. According to our data, the mean TBW and FFM values of the men in
the obesity category (39.3 ± 5.9 kg and 53.3 ± 7.7 kg, respectively) were higher than those of the normal
category (35.7 ± 3.7 kg and 47.1 ± 5.3 kg, respectively). These differences in the mean TBW and FFM
values led to a decrease in the HF (0.737 ± 0.033) values of the men in the obesity category compared to
the HF values for those in the normal category (0.759 ± 0.025). In addition, the mean TBW and FFM
values showed a different behaviour by gender across all FMI categories. In the women’s group, mean
TBW and FFM values were higher in the obesity than the normal category, though this did not affect
HF values. In the men’s group, we observed a slight decrease in TBW with a slight increase in FFM
(p > 0.05) in the obesity category, compared to the excess fat category. These small changes decreased
the HF values of the men in the obesity category.

Considering the present results, the hydrometric methods that assume a HF of 0.732 may be
inadequate for obtaining accurate and precise body composition estimates in older Hispanic-American
adults with a wide range of FMI. If we were to calculate the body composition in our sample using the
hydrometric method and an HF of 0.732, we could overestimate the FFM and, therefore, underestimate
the FM. For example, a subject with 70 kg of body weight and 31 kg of TBW would have an FFM
(TBW/0.732) of 42.3 kg and an FM of 27.7 kg. However, applying our mean HF value of 0.748 decreased
the FFM while increasing the FM by around 1 kg in both cases (FFM = 41.4 kg and FM = 28.6 kg).
The inaccuracy of the hydrometric method due to the use of an erroneous HF value could appear
in studies of other ethnic groups. Therefore, we highly recommend conducting studies designed to
validate the hydrometric method in older adults from various ethnic groups.

5. Conclusions

The hydration factor in the total sample was higher than the classic value and the values calculated
using in vivo methods in young Caucasian adults and older Caucasian people. However, other
researchers using the 4C model in older adults have reported similar HF values, highlighting that
older populations possibly have higher values of HF than young adult populations. The men in the
obesity category in our study had a lower HF than those in the normal and excess fat categories,
with a value similar to 0.732. Therefore, these assumed values may be inadequate for use with older
Hispanic-American people in terms of accurately and precisely assessing body composition estimates.
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Abstract: Hypohydration, defined as a state of low body water, increases thirst sensations, arginine
vasopressin release, and elicits renin–angiotensin–aldosterone system activation to replenish intra-
and extra-cellular fluid stores. Hypohydration impairs mental and physical performance, but
new evidence suggests hypohydration may also have deleterious effects on cardiovascular health.
This is alarming because cardiovascular disease is the leading cause of death in the United States.
Observational studies have linked habitual low water intake with increased future risk for adverse
cardiovascular events. While it is currently unclear how chronic reductions in water intake may
predispose individuals to greater future risk for adverse cardiovascular events, there is evidence
that acute hypohydration impairs vascular function and blood pressure (BP) regulation. Specifically,
acute hypohydration may reduce endothelial function, increase sympathetic nervous system activity,
and worsen orthostatic tolerance. Therefore, the purpose of this review is to present the currently
available evidence linking acute hypohydration with altered vascular function and BP regulation.

Keywords: hypohydration; vascular function; sympathetic nervous system; blood pressure regulation

1. The Physiology of Hypohydration

Hypohydration is defined as a body water deficit caused by acute or chronic dehydration [1].
While extensive research has been conducted to identify the “elusive daily water requirement”,
well summarized by Armstrong and Johnson [2] within this special issue, acute hypohydration
studies have provided important insight into the integrative physiology of water balance in
humans. Human hypohydration can be elicited experimentally through the use of water restriction,
prolonged exercise, heat stress, diuretic administration, or a combination of methods [3–31].
In response to hypohydration-induced reductions in plasma volume and increases in plasma
sodium ([Na+])/osmolality, the renin–angiotensin–aldosterone system becomes activated, thirst
sensations increase, and arginine vasopressin (AVP, also referred to as anti-diuretic hormone)
release increases [20,32–40]. A low extracellular fluid volume is sensed in the walls of the afferent
arterioles proximal to the glomeruli and causes juxtaglomerular cells to secrete renin, which initiates a
cascade culminating in increased circulating angiotensin II (Ang II) and aldosterone concentrations
acting to increase [Na+] and water retention. Central [Na+] sensing, which may be distinct from
osmo-sensing [41], occurs in circumventricular organs including the organum vasculosum of the lamina
terminalis (OVLT) and subfornical organ (SFO) because both brain areas lack a complete blood–brain
barrier (BBB) [42]. Specialized mechanical-stretch transient receptor potential vanilloid (TRPV) cation
channels are one potential candidate thought to participate in osmo-sensing [43]. Nevertheless, these
signals are communicated through neuronal projections to the median preoptic nucleus (MnPO) before
activating thirst-promoting neurons in the paraventricular nucleus (PVN) of the hypothalamus via
acid-sensing ion channel 1a (ASIC1a) by H+ ions exported from Nax-positive glial cells [44]. These
signals are then 1) relayed to the lateral hypothalamus as well as the paraventricular hypothalamus
and thalamus [45], and 2) stimulate AVP release from the posterior pituitary gland from upstream
communication with the PVN and supraoptic nuclei [34,46]. Increased thirst sensations promote water
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intake [45,46]. Increased plasma [AVP] stimulate aquaporin-2-mediated water reabsorption from the
luminal surface of renal collecting ducts to promote water retention [47]. Together, these integrated
responses aim to restore body water homeostasis.

The following sections will discuss recent findings related to hypohydration and cardiovascular
function. When applicable, we will mention the methods used to induce hypohydration (e.g.,
heat, exercise, fluid restriction, or diuretic) in humans because these methods have different side
effects (e.g., diuretics promote iso-osmotic hypovolemia whereas heat stress promotes hyper-osmotic
hypovolemia) [48]. Finally, for human hypohydration studies, we will report the resultant body mass
deficit as the severity of hypohydration is defined as follows: mild hypohydration (1 to 5% body mass
deficit), moderate hypohydration (5 to 10% body mass deficit), and severe hypohydration (>10% body
mass deficit) [1].

2. Clinical Relevance

As early as 1933, insufficient body water stores were identified as a primary factor for heat
exhaustion and fatigue, with scientists concluding, “Most people need the advice: Drink more
water” [49]. Approximately a decade later, two scientists deprived themselves of water for over three
days and became, “temperamental, hollow, and pale.” Despite noting, “dry mouths, husky voices,
and difficulty swallowing,” the authors were, “never unbearably thirsty.” While this prolonged fluid
deprivation would now have major ethical concerns, this experiment serves as an early example of
how a lack of fluid intake alone can elicit substantial (~5%) reductions in body mass and large (~10%)
increases in plasma [Na+] [9].

While one 2019 report acknowledges that the field has yet to agree on the biomarker(s) and cutoff(s)
that define euhydration (optimal total body water content [1]), only 13 to 51% of individuals studied
(depending on sex, age group, and disease status) met the authors hydration criteria [50]. Additionally,
Americans are not meeting water intake recommendations [51], which is alarming as inadequate water
intake is associated with obesity [52] and predicts greater future risk for developing cardiovascular
disease [53], the leading cause of death in the United States [54]. Additionally, suboptimal water intake
has been demonstrated to enhance serum- and glucocorticoid-inducible kinase 1 activity (SGK1), which
participates in the pathophysiology of a number of disease states including hypertension, thrombosis,
stroke, and cardiac fibrosis [55]. Further, there are data demonstrating a positive association between
plasma [Na+] and 10-year risk of coronary heart disease in participants from the Atherosclerosis Risk
in Community (ARIC) Study [56]. Some [57–59] but not all [60] epidemiological evidence suggests an
association between greater plasma [Na+] and increased arterial blood pressure (BP).

While increasing age has been demonstrated to be associated with indices of reduced hydration
status [61], the findings from one 2019 study suggest that increasing age is not associated with indices
of reduced hydration status [50]. Nevertheless, there are several physiological reasons that old adults
are less likely to have optimal hydration status including lower basal total body water [62], altered
extracellular fluid sensing [63], blunted hormonal (e.g., AVP) responses [64,65], and impaired kidney
function [66]. However, even within young healthy individuals, several investigations have provided
evidence that acute hypohydration can significantly affect physiological function.

For example, there are well-appreciated deleterious effects of acute hypohydration including
reduced exercise performance [3,4,10,12–14,16,67–88], worsened mood [18,89–91], impaired cognitive
function [19–21,91,92], altered thermoregulatory function [73,74,80,82,84,87,93–108], and decreased
glycemic regulation [11,109] (Figure 1). Chronic systemic hypohydration is a proposed pathogenic
factor for hypertension, venous thromboembolism, fatal coronary heart disease, stroke [110]. However,
there are relatively few randomized trials examining the effects of acute or chronic mild hypohydration
on vascular function and BP regulation. Importantly, reduced vascular function [111–114], high
resting BP (i.e., hypertension) [115], high BP variability [116–120], orthostatic intolerance [121,122], and
exaggerated BP responses during exercise [123–127] are independent clinical predictors for adverse
cardiovascular health outcomes. Thus, given the clinical relevance of this area of research, the purpose
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of this review is to present the currently available evidence on the effects of acute mild hypohydration
on vascular function and BP regulation.

 
Figure 1. Summary of the physiological consequences of acute mild hypohydration in healthy humans.
Further research is necessary to determine whether and how these acute effects influence the poor
cardiovascular health outcomes associated with chronic inadequate water consumption. ↓, impaired or
reduced; ↑, increased.

3. Vascular Health and Function

3.1. Inflammation

As discussed above, hypohydration is characterized by elevated plasma [Na+]. Dmitrieva et al. [56]
demonstrated that Human Primary Umbilical Endothelial Cells (HUVEC) exposed to media with
increasing [NaCl] (several concentrations ranging from 270 to 380 mOsm/kg H2O) for 4 days were found
to have significant increases in the mRNA expression of several pro-inflammatory mediators including
vascular cell adhesion molecule 1 (VCAM-1), endothelial-leukocyte adhesion molecule 1 (E-selectin),
and monocyte chemoattractant protein 1 (MCP-1). The authors performed additional experiments in
rodents to elucidate the effects of physiological increases in [Na+] in vivo. Nine days of water restriction
increased serum [Na+] by ~5 mM without altering body mass and the increased mRNA expression of
VCAM-1, E-selectin, and chemokine MCP-1 in several tissues (e.g., liver, spleen, kidney). Additionally,
VCAM-1 protein expression was increased in endothelial cells of liver capillaries and coronary arteries.
Because long-term inflammation could increase the risk for the development of atherosclerotic lesions,
the authors performed a final experiment in mice. ApoE-/- mice were fed a Western diet for 7–9 weeks
with water intake ad libitum or restricted. The authors demonstrated a greater development of
atherosclerotic lesions in the aortic root and thicker walls of their coronary arteries in water-restricted
mice, suggesting prolonged water restriction may contribute to unfavorable vascular health [56].
Costa et al. [128] sought to determine whether hypohydration worsened the inflammatory profile in
healthy humans. In randomized crossover fashion, participants either maintained euhydration or had

45



Nutrients 2019, 11, 1866

water restricted (hypohydration, ~3% reduction in body mass) while running at an ambient temperature
(25 ◦C) on two separate occasions. The authors reported modest disturbances in gastrointestinal
integrity and function as well as in-vitro neutrophil functional responses, but no effect on post-exercise
total or differential leukocyte counts, endotoxemia, or cytokinemia following the hypohydration trial.
The authors suggested that when taken together, this mild degree of hypohydration was insufficient to
induce immune functional or cytokine responses of clinical significance [128]. While this human study
was carried out with healthy endurance-trained adults, future studies investigating the influence of
reduced water intake alone (i.e., not exercise induced) on the immune system in preclinical and clinical
populations are warranted.

3.2. Endothelial Function

Endothelial dysfunction is a clinically significant marker of cardiovascular health [111,112,114].
There are cellular studies demonstrating that hypernatremia (high Na+ concentrations in fluid) results
in degradation of the endothelial glycocalyx, which may also contribute to impaired endothelial
responsiveness to shear stress [129]. Arnaoutis et al. [27] sought to determine whether hypohydration
impairs peripheral artery vasodilatory function in healthy young male adults. A ~2% reduction in
body mass was achieved with 100 minutes of low-intensity (70% of maximal heart rate) walking in
mild heat (31 ◦C) with a 500-mL water intake limit for the remainder of the day. Compared to the
same perturbation without a water intake limit, participants demonstrated reduced flow-mediation
dilation (FMD, an assessment of endothelial-dependent vasodilatory function) in the water-restricted
state [27]. The authors acknowledge the limitation that blood viscosity was not assessed but could have
been increased during hypohydration. This is relevant because some published data suggest blood
viscosity does affect FMD values [130] but other data suggest that shear rate (blood velocity/vessel
diameter) is a weaker correlate of FMD than shear stress (blood viscosity*blood velocity/vessel
diameter) [131]. Nevertheless, shear stress was not different between conditions at baseline or during
hyperemia [27]. Additionally, while it is unlikely that FMD values in the present study [27] were
affected by exercise 24 hours prior [132], future investigations examining the effects of water restriction
alone on endothelial function are warranted. Finally, these future studies should be carried out in both
male and female adults.

3.3. Arterial Stiffness

Aortic stiffness expressed as aortic pulse wave velocity (PWV) is a strong predictor of
future cardiovascular events and all-cause mortality [133]. One study examined whether
hypohydration-induced via 24-hour fluid restriction or acute heat stress (49 ◦C water in perfused suit)
affects PWV in healthy humans [26]. Caldwell et al. reported that 24-hour fluid restriction in young
female adults elicited a ~1% reduction in body mass and reduced central, but not peripheral, PWV
compared to the euhydrated control condition. In the same article, a cohort of young male adults
underwent whole-body heating to increase rectal temperature +1.0 ◦C and had fluid intake restricted,
resulting in a ~2% body mass loss relative to when participants repeated the whole-body heating
on a separate occasion but ingested water to prevent body mass loss. Despite the presence of mild
hypohydration in the water-restricted state, participants had similar reductions in peripheral PWV
throughout heat stress regardless of condition. Finally, central PWV did not change during acute
heat stress in either group [26]. These findings suggest that fluid restriction-induced hypohydration
reduces central PWV and heat stress-induced hypohydration does not change central PWV. The authors
purposefully designed the study to include homogenous groups because their pilot testing demonstrated
large sex-related differences in resting PWV values that would have made the interpretation of findings
much more difficult as biological sex could be as important of a factor for altering PWV as the technique
used to elicit hypohydration [26]. Thus, it remains unclear whether fluid restriction in males or
heat-stress and water restriction in females elicits similar responses.
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3.4. Cutaneous Vascular Function

There is evidence that mild hypohydration (at either ~1% [22] or ~3% [23] body mass loss) impairs
cutaneous vasodilation during exercise in the heat following fluid restriction in healthy male adults. More
recent work suggests that hypohydration-induced reductions in skin blood flow are at least partially
attributed to altered postsynaptic function in healthy young male adults. This hypothesis is supported
by evidence that more methacholine chloride (an endothelium-dependent vasodilator) is required to
achieve the drug concentration that provides half of the maximal response (EC50) during hypohydration
to ~2% body mass loss via exercise in the heat following fluid restriction compared to euhydration [25].
While only one [22] of these particular three studies examining vascular function [22,23,25] reported
greater increases in body temperature in the hypohydrated state, several other studies have found
hydration status to affect thermoregulatory function [73,74,80,82,84,87,93–108,134]. As a result, specific
guidelines for hydration status have been set in certain populations, such as industrial workers in
the heat [135], to minimize the potential for heat-stress and hypohydration-induced increases in
cardiovascular strain and potential risk for adverse cardiovascular events. For further discussion on
this topic, the reader is directed to several excellent reviews on the interactions between hydration and
thermoregulation [70–72,103,136–138]. Additional work in this area is warranted, particularly studies
that include female adults.

3.5. Circulating Factors

During hypohydration, elevated plasma [Ang II] elicits vasoconstriction in small arterioles to
increase total peripheral resistance [139] and is thought to contribute to endothelial dysfunction [140].
Specifically, Ang II infusion elicits endothelial dysfunction in rodents [141–144] and stimulates NADPH
oxidase (NOX)-mediated increases in reactive oxygen species (ROS) in smooth muscle cells from human
resistance arterioles [145,146]. Further, data from rodent models suggest that hypohydration increases
Ang II receptor density and affects neuronal nitric oxide synthase (nNOS) mRNA expression [147].
These data suggested that Ang II blockade may reduce oxidative stress and improve vascular function
in humans. In support of this hypothesis, one study reported that Ang II blockade (candesartan)
reduced oxidative stress and improved FMD in hypertensive adults [148]. More recent evidence
suggests that Ang II blockade reduces inflammation and improves peripheral vascular function in
healthy and clinical populations [149–153]. For an extended discussion on the effects of Ang II blockade
on vascular function in hypertensive adults, the reader is directed to a recent review article on this
topic [154].

Results from one rodent study suggest that increased plasma [AVP] during hypohydration
contributes to the production of ROS, elicits cerebrovascular dysfunction (via reduced vasodilator
function as assessed by increasing doses of acetylcholine (Ach)), and cognitive dysfunction as AVP
receptor antagonist SR49059 prevents these changes following 48 hours of water deprivation in
rodents [20]. Hypohydration has also been demonstrated to increase plasma [endothelin-1] in both
rodents [155] and humans [156]. This could be problematic as greater plasma [endothelin-1] has
been associated with reduced peripheral vasodilatory function [157,158]. Interestingly, the neocortical
application of endothelin receptor type A (ETAR) antagonist BQ123 ameliorates the cerebrovascular
dysfunction induced by 48 hours of water deprivation in rodents [20]. Collectively, these data support a
role for hypohydration influencing circulating factors that contribute to reduced blood vessel function.

3.6. Summary

There is a growing body of evidence that hypohydration induces inflammation, reduces endothelial
function, and may affect measures of arterial stiffness in humans. Additionally, changes in several
circulating factors during acute hypohydration may mediate changes in vascular function and BP
regulation. The following sections will discuss the influence of acute hypohydration on cerebral blood
flow regulation as well as BP regulation at rest, during orthostasis, and during exercise.
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4. Cerebral Blood Flow Regulation

There are several reports of hypohydration being associated with worsened mood [18,89–91]
and impaired cognitive function [19–21,91,92] that have prompted investigation into how acute
hypohydration affects cerebral blood flow patterns. Tan et al. [87] had 10 male adults undergo magnetic
resonance imaging (MRI) brain scans before running in ambient temperature (~25 ◦C) with a raincoat on
to elicit a ~3% reduction in body mass on two occasions. Following exercise, participants either drank
water to offset body mass loss or were restricted from fluid intake. During the second MRI brain scan
90 minutes after exercise, hypohydration produced reductions in total brain volume (total intracranial
volume excluding ventricles) and increases in brain ventricular volume. However, there were no
observed changes in global or regional brain perfusion, or functional activity of the brain during a
motor-task based functional MRI (fMRI) scan during hypohydration [87]. Trangmar et al. [31] reported
that incremental cycling exercise to exhaustion in the heat (35 ◦C) in 10 endurance-trained male adults
elicited a ~3% reduction in body mass and lowered internal carotid and middle cerebral artery mean
velocity (MCAvmean) without affecting common carotid artery blood flow during exercise. However,
when tested in the euhydrated state on a separate day, internal carotid and middle cerebral artery mean
velocity and common carotid blood flow were preserved. This augmentation of hypohydration-induced
decline in cerebral blood flow was reported to result from decreasing arterial carbon dioxide tension,
which enhanced vasoconstrictor activity. Despite the reductions in cerebral blood flow, the cerebral
metabolic rate for oxygen was maintained in the hypohydrated condition as a result of increased oxygen
extraction [31]. Reductions in MCAvmean and end-tidal carbon dioxide partial pressure (PETCO2) have
also been observed during a two-foot immersion cold pressor test in hypohydrated young male adults
(~1% body mass loss via 24-hour fluid restriction) [159]. Together, these studies suggest that mild
hypohydration in healthy young male adults is associated with alterations in cerebral blood flow
regulation during acute sympathoexcitation (e.g., maximal exercise, the cold pressor test). Because
hypohydration has been associated with reductions in cognitive function [19–21,92], more work in this
area is warranted and future study designs should prioritize the inclusion of female adults.

5. Resting Cardiovascular Regulation

5.1. Sympathetic Nervous System

Aside from promoting thirst and stimulating renal water reabsorption, signals of high central
[Na+] are relayed to the rostral ventrolateral medulla (RVLM) and can affect BP through increases in
sympathetic outflow [160–162]. During water deprivation in rats, blood hyperosmolality (i.e., elevated
blood osmolality values) was found to influence sympathetic outflow and BP, independent of changes
in plasma [AVP] and blood volume [163]. This is likely due to greater sensitivity of the PVN during
times of blood hyperosmolality, demonstrated through studies using injections of γ-Aminobutyric
acid (GABA) agonists and glutamate antagonists [32] and studies investigating changes to the intrinsic
properties of RVLM neurons [160]. In support of these past reports, hypohydrated rats were found to
have BP supported by PVN-driven increases in splanchnic sympathetic outflow that is not synchronized
to changes in respiration or heart rate [161]. This is thought to occur from central hyperosmolality
exciting discrete populations of neurons in the RVLM that increase sympathetic outflow and BP
through the increased sensitivity of glutamate neurotransmission [162]. Importantly, alterations in
sympathetic outflow and BP during central hyperosmolality are related to NaCl concentrations per se, as
eqiu-osmotic sorbitol or mannitol does not produce the same OVLT neuronal discharge frequency [41].
Other animal studies suggest that activator protein-1 transcription factors are responsible for switching
thoracic sympathetic outflow control from the hypothalamus to the commissural nucleus tractus
solitarius (NTS) following water deprivation [164]. Blocking sympathetic outflow attenuates the BP
elevations induced by high cerebrospinal fluid [Na+] in rodents [162]. Nonetheless, potential sensing
mechanisms for [Na+] existing in the brain have been elucidated using rodent models [162,164–166].
A newly published study adds additional mechanistic insight, suggesting that Nax-positive glial
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cells in OVLT are activated by high [Na+], leading to enhanced hydrogen and lactate through a
monocarboxylate transporter to activate ASIC1a-positive OVLT neurons [43]. More recently, one study
in rodents demonstrated that sympathetic blockade (via α1- and β1- adrenergic receptor antagonists)
significantly attenuated the increases in resting BP following 48 hours of water deprivation [165].
Together, these studies have provided insight into the role of the sympathetic nervous system activation
to support BP during hypohydration.

5.2. Circulating Factors

Reduced sympathetic baroreflex function is associated with hypertension [166] and reduced
cardiac vagal baroreflex sensitivity is associated with increasing age [167,168]. Importantly, reductions
in baroreflex function can increase (i.e., worsen) BP variability, which is associated with cardiovascular
morbidities such as cerebral small vessel disease [169], increased carotid artery intima-media
thickness [170], target organ damage [117,171], hypertensive status [172], and cardiovascular
mortality [119,120]. However, to date, only one study has investigated the influence of hypohydration
on BP variability [173]. This study reported that iso-osmotic hypovolemia via furosemide (no body
mass data reported) did not change the power spectral density of mean BP, a measure of BP variability
in the frequency domain. One study in humans administered exogenous Ang II and observed
increases in muscle sympathetic nerve activity (MSNA) [174]. Rabbitts et al. [28] used a 24-hour
water restriction model in healthy young adults to elicit increases in endogenous [Ang II]. While
body mass data following the water restriction protocol were not reported, resting MSNA burst
incidence was reportedly increased with no change in resting BP. Despite increased MSNA burst
incidence, both sympathetic and cardiac vagal baroreflex sensitivity were unchanged following water
restriction [28]. This finding that water restriction in humans does not alter arterial baroreflex sensitivity
is consistent with one previous study in 48-hour water-deprived rabbits [175]. Interestingly, in the
human study, the water restriction-mediated increase in MSNA burst incidence was attenuated after
the administration of losartan (an angiotensin receptor blocker), suggesting elevated [Ang II] produced
endogenously provoked increases in sympathetic outflow [28]. Another study investigating the effects
of hypohydration (~2% body mass loss) on baroreflex function noted a tendency for lower sympathetic
baroreflex gain following hypohydration induced by 90 minutes of acute aerobic exercise compared to
exercise and intravenous rehydration 20–25 minutes later [176]. While insightful, these data could have
potentially been influenced by the prior bout of exercise (collected about 45–60 minutes post exercise).
Together, these studies also report conflicting results regarding the influence of hypohydration on
arterial baroreflex function. Thus, additional research would provide helpful insight. Further, research
investigating the influence of hypohydration on BP variability is warranted.

During hypohydration, elevations in plasma [AVP] (tightly linked to changes in plasma
osmolality [17]) and [Ang II] contribute to the maintenance of BP through numerous
mechanisms [32,35–37,40,175,177]. For example, hypohydration in rats has been demonstrated
to increase plasma renin activity, even during renal denervation and adrenal demedullation, suggesting
sympathoadrenomedullary-independent plasma renin activity release to support BP [37]. When
plasma renin activity is increased during hypohydration, angiotensin type-1 receptors in the PVN and
RVLM are thought to become more sensitive [32], suggesting the renin–angiotensin–aldosterone axis
mediates alterations in BP control through interaction with central cardiovascular control centers (i.e.,
the RVLM). Excessive AVP release has been suggested to play a role in glucoregulatory health [178]
and in the development of human hypertension [179]. For a general review on the influence of AVP in
cardiovascular control, the reader is directed to a review by Liard [180].

During hypovolemia, AVP is released via actions of the forebrain and midbrain [181] and supports
BP by increasing lumbar sympathetic outflow and heart rate [163], independent of the involvement
of the subfornical organ [182]. AVP blockade following water deprivation causes a significant drop
in BP, suggesting its actions are necessary for BP support during water deprivation (WD) [177,183].
Rodent models using intravenous AVP antagonism demonstrate attenuated pressor and bradycardic
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effects of α1-adrenergic receptor agonists (e.g., methoxamine, phenylephrine) [184]. AVP antagonism
in dogs attenuates the depressor and tachycardic effects of systemic nitric oxide-mediated vasodilation
(via sodium nitroprusside), with no additive effect of Ang II antagonism, suggesting AVP plays
a primary role in BP control during hypotensive insults [185]. In agreement, one study in rats
demonstrated that the administration of intravenous synthetic AVP increases BP following water
deprivation [40]. Further, Aisenbrey et al. [40] demonstrated that AVP blockade in rats lowers BP
via reductions in peripheral vascular resistance, and this occurs independent of cardiac or arterial
baroreceptor input [186]. In contrast, one previous study in rats reported that after 24 or 48 hours of
water deprivation, AVP did not significantly contribute to BP maintenance [187]. There is also evidence
that AVP only has a minor influence on BP support following hypohydration in humans (2% body
mass loss via 24-hour fluid restriction), as selective V1 receptor antagonist [d(CH2)5Tyr(ME)]AVP
elicited only minor reductions in diastolic BP and cardiac preload [188]. Together, the conflicting results
in the literature regarding the influence of Ang II and AVP on BP regulation during hypohydration
suggests more investigation in this area is necessary. Finally, several studies that have been conducted
regarding the influence of biological sex [189–198] and sex hormone fluctuations during the menstrual
cycle in female adults [189,191–197] and BP regulation. These studies have provided important insight
concerning the influence of sex and menstrual cycle-induced changes in blood volume on BP regulation,
which is a prerequisite to studying the additional influence of hypohydration. In summary, several
circulating factors appear to influence resting BP regulation and the discrepancies in findings may be
related to species differences as well as the method and degree of hypovolemia/hypohydration.

6. Cardiovascular Regulation During Orthostatic Stress

Orthostatic stress in humans occurs during daily life when posture changes from the supine or
seated positions to the standing position. Approximately 500 mL of blood pools in lower body venous
circulation immediately upon changing from the supine to the upright position [199]. To maintain
BP and adequate cerebral perfusion upon standing, the body relies on rapid baroreflex-mediated
increases in heart rate and MSNA. Without appropriate mechanisms to regulate BP during standing,
there is an increased risk of syncope (i.e., fainting), which can result in an injury. While estimates
vary among epidemiological studies, it has been reported that approximately ~10% of the population
is orthostatic intolerant, defined as having significant drops in systolic and/or diastolic BP upon
standing [200]. As a result of the obvious health concerns of syncope and head injuries, there has been
a great amount of investigations aimed to determine the internal (i.e., physiological) and external
(i.e., ambient temperature) factors that contribute to orthostatic intolerance because it is associated
with adverse cardiovascular health outcomes [121,122]. For more details regarding the prognosis and
treatment of orthostatic intolerance, the reader is directed to the following review article [201].

Experimentally, head-up tilt testing and lower body negative pressure (LBNP) challenges are
commonly used to assess the integrated physiological responses that occur during orthostatic stress.
The common factor among standing, head-up tilt testing, and LBNP is progressive central hypovolemia
and, for this reason, head-up tilt testing [202] and LBNP [203,204] are valid models for assessing
orthostatic tolerance, and can be affected by hydration status [30]. There are detailed reviews available
that discuss the clinical applications of head-up tilt testing [205] and LBNP [206].

Related to hypohydration, one study from 1990 used furosemide (iso-osmotic hypovolemia)
to elicit a ~2% body mass loss in healthy male adults. These participants demonstrated increased
gain in cardiopulmonary baroreflex during a head-up tilt testing challenge (i.e., larger increase in
vascular resistance for a given decrease in central venous pressure) [207]. Later, Cheuvront et al. [208]
demonstrated that moderate hypertonic hypohydration (~5% body mass loss via exercise in the
heat (40 ◦C)) and mild isotonic hypohydration (~3% body mass loss via furosemide), but not mild
hypertonic hypohydration (~3% body mass loss via exercise in the heat (40 ◦C)), significantly increased
sit-to-stand-induced changes in heart rate in healthy male and female adults. Work that is more recent
has indicated that in response to a head-up tilt challenge, iso-osmotic hypovolemia (~3% body mass
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loss via furosemide) modulates heart rate and hyperosmotic hypovolemia (~3% body mass loss via
exercise in the heat (40 ◦C)) modulates both heart rate and MSNA to support BP in healthy male
and female adults [6]. Iso-osmotic hypovolemia via aldosterone receptor antagonist spironolactone
(Aldactone; no body mass loss data reported) in healthy young males has been demonstrated to
augment changes in total MSNA and total peripheral resistance during orthostasis to compensate
for plasma volume (16% reduction) contraction-induced decrements in stroke volume and cardiac
output [29]. A later published analysis of these data demonstrated that MSNA burst amplitude but not
MSNA burst frequency mediated the observed increases in MSNA total activity during LBNP [209].
These studies demonstrate that plasma volume deficits imposed by hypohydration (e.g., reductions
in plasma volume and increases in plasma osmolality) elicit alterations in the complex integrative
cardiovascular responses that occur during an orthostatic challenge. Given that orthostatic intolerance
is more common in female adults [200] and this research concerning hypohydration and cardiovascular
responses to orthostatic challenges has been completed in young male adults, additional work in
female adults and older populations are warranted.

7. Cardiovascular Regulation During Exercise

Skeletal muscles require increased blood flow during exercise. Appropriate alterations in BP
allow for increased blood flow to active skeletal muscle beds for the delivery of nutrients (e.g.,
oxygen) and for removal of metabolic byproducts (e.g., lactate). Augmented increases in BP during
exercise is associated with greater future incidence of hypertension [124–126], as well as greater
cardiovascular [123] and cardiometabolic [127] disease risk. Studies in rodents demonstrate that the
hindbrain is responsible for mediating autonomic cardiovascular reflexes during hypovolemia to
maintain BP [181]. Following 48 hours of water deprivation in rats, BP responses to unilateral RVLM
microinjection of L-glutamate have been reported to be augmented, suggesting the increased sensitivity
of RVLM neurons to excitatory amino acids during severe dehydration in rodents [210]. However,
in our recent study, while 48 hours of WD in rodents increased resting lumbar sympathetic outflow
and BP as previously reported in other studies [211], we did not observe water deprivation to change
the responsiveness of sympathetic-regulatory neurons in the RVLM to the exogenous application of
L-glutamate (sympathoexcitatory) or GABA (sympathoinhibitory) [212]. While the reasons for the
discrepancies in findings between the former study [210] and our recent study [212] are unclear, we
speculated that because injections were unilateral, intact compensatory contralateral pathways could
have contributed to divergent observations. Nevertheless, additional work is warranted to provide
insight into these autonomic cardiovascular responses following water deprivation.

In humans, moderate osmotic hypohydration (~5% body mass loss via cycling in the heat (35 ◦C))
has been demonstrated to attenuate the exercise-induced increases in BP, primarily by attenuating
increases in cardiac output. One study in male adults demonstrated greater increases in heart rate
and plasma [AVP] during exercise following mild hypohydration (3% body mass loss via cycling
in the heat) versus 50 or 100% fluid replacement to offset body mass loss [134]. Additionally, these
participants demonstrated accentuated increases in vascular resistance and plasma [norepinephrine],
suggesting greater activation of the sympathetic nervous system during exercise in the hypohydrated
state necessary to compensate for reductions in blood volume and pressure to maintain adequate
skeletal muscle perfusion [5]. Recently, we sought to determine whether mild hypohydration affects
sympathetic and BP responses during exercise pressor reflex activation. We found that very mild
hypohydration (~0.5% body mass loss) did not affect MSNA or BP responses during static handgrip
exercise in healthy young male and female adults [212]. While the observed changes in body mass
were modest following voluntary reductions in water intake over three days concluded with a 16-hour
water abstention period, key considerations in our study design were to elicit increases in serum [Na+]
and determine the resultant alterations in exercise pressor reflex function. Additionally, this study
design allowed for a hypohydration stimulus in the absence of exercise, heat, and diuretic usage. It is
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possible that a combination of methods is required to produce more severe hypohydration and elicit
alterations in exercise pressor reflex function.

8. Cardiovascular Regulation and Body Water Balance During Hypobaric Hypoxia

Acute hypobaric hypoxia (i.e., high-altitude) increases BP [213] and alters body water balance via
fluid shifts and changes in hormonal control of body fluid and electrolytes [214–216]. The increases
in BP during acute exposure to altitude is thought to occur through endothlin-1-mediated increases
in heart rate and systemic sympathetic activation. With chronic altitude exposure, there is potential
to develop chronic arterial and pulmonary hypertension, the mechanisms and evidence for which
are discussed in depth by Riley et al. [213]. Specific to changes in body water balance, acute altitude
exposure (3500 m for 12 days) elicits reductions in extracellular water and total body water [214]. In
agreement with this observation, another study reported that during the first three days at an elevation
of 5334 m, plasma volume and total body water were reduced, while plasma renin activity and
serum [aldosterone] increased. As expected with these observations, sodium and potassium excretion
were concomitantly reduced [216]. The findings from these previous studies are consistent with
other work that demonstrated dehydration upon arrival to 4850 m was induced by fluid shifts to the
interstitial space and produced rapid hemoconcentration (i.e., increases in hemoglobin concentrations
and hematocrit values). The authors speculated that any further hemoconcentration observed during
the climb from 4850 m to 7600m can be partially explained by stimulated erythropoiesis [215]. To
summarize, acute hypobaric hypoxia elicits alterations in body water balance that produce unfavorable
conditions for optimal physiological function. While extended discussion on strategies to mitigate the
deleterious effects of altitude on physiological function is beyond the scope of this review article, the
authors suggest a review [85] by Sawka and colleagues for more information on this topic.

9. Summary

Hypohydration is known to reduce mental and physical performance, and more recent evidence
suggests hypohydration also impairs vascular function and cardiovascular regulation. Specifically,
hypohydration has been demonstrated to impair cutaneous vascular function, reduce endothelial
function, and alter BP regulation at rest during exercise and during orthostatic stress (Figure 1). Future
studies examining the physiological effects of hypohydration in healthy female adults are warranted as
most of the previous work has been completed within male adults. Additionally, studies determining
the acute and chronic effects of hypohydration in preclinical populations, such as old adults and those
with hypertension, are warranted.

10. Perspectives

Previous literature indicates that mild hypohydration impairs cognitive function, aerobic exercise
performance, and thermoregulation. Here, we highlighted the negative implications of hypohydration
on vascular function and cardiovascular regulation at rest and during various perturbations (e.g.,
orthostatic stress, exercise). While there is less consensus regarding more mild forms of hypohydration
on these cardiovascular measures, there is strong evidence that mild-to-moderate hypohydration
impairs several indices of cardiovascular function. Taken together, these studies indicate that acute
reductions in water intake may negatively influence cardiovascular function in healthy young humans.
These deleterious cardiovascular effects of mild hypohydration are more consistent during protocols
that employ exercise, heat stress, and/or diuretic usage in addition to water restriction.
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Abstract: Oral rehydration solutions (ORS) are specifically formulated with an osmolality to optimize
fluid absorption. However, it is unclear how many ORS products comply with current World
Health Organization (WHO) osmolality guidelines and the osmotic shelf-life stability is not known.
Therefore, the purpose of this investigation was to examine the within and between ORS product
osmolality variation in both pre-mixed and reconstituted powders. Additionally, the osmotic stability
was examined over time. The osmolality of five different pre-mixed solutions and six powdered
ORS products were measured. Pre-mixed solutions were stored at room temperatures and elevated
temperatures (31 ◦C) for two months to examine osmotic shelf stability. Results demonstrated that
only one pre-mixed ORS product was in compliance with the current guidelines both before and after
the prolonged storage. Five of the six powdered ORS products were in compliance with minimal
inter-packet variation observed within the given formulations. This investigation demonstrates
that many commercially available pre-mixed ORS products do not currently adhere to the WHO
recommended osmolality guidelines. Additionally, due to the presence of particular sugars and
possibly other ingredients, the shelf-life stability of osmolality for certain ORS products may be
questioned. These findings should be carefully considered in the design of future ORS products.

Keywords: oral rehydration therapy; dehydration; rehydration; euhydration; electrolytes

1. Introduction

Dehydration stemming from cholera and non-cholera (e.g., viruses, etc.) sources is a major cause
of hospitalization and even mortality in many parts of the developed and less-developed world [1,2].
Key advances were made in the 1960s with the identification of electrolyte losses in diarrhea and
the subsequent improvements seen in patients following administration of solutions containing
glucose and electrolyte for oral rehydration known as oral rehydration therapy (ORT) [3–5]. Although
these oral rehydration solutions (ORS) were successful in treating dehydration, the physiological
mechanisms involving fluid absorption were not fully established until many years later, with the
identification of the sodium–glucose transporters and many other dynamic mechanisms related to net
fluid absorption [6–11]. Since these initial findings, many variations of the ORS have been created in
an attempt to optimize efficacy [12,13].

Initially, the World Health Organization (WHO) and the United Nations Children’s Fund (UNICEF)
advocated for an ORS with specific amounts of electrolytes and a slightly hypertonic osmolality of 311
mmol/kg [5]. However, this solution lacked broad usage due to gastrointestinal upset, nausea, and
concerns about hypernatremia [14]. Additionally, this solution did not appear to significantly reduce
stool output [13]. Consequently, the WHO and UNICEF revised their recommended formulation
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advocating for an ORS with a reduced electrolyte content and a corresponding lower osmolality
of 245 mmol/kg [15]. In addition, studies of luminal perfusion indicate that beverages should be
hypotonic with an osmolality range of 200 to 260 mmol/kg, which has been shown to facilitate the
greatest rate of net fluid absorption [16].

It is important to note that many commercial ORS formulations are available and are sold as
either pre-mixed solutions or in powdered form. However, it is unclear how many commercially
available ORS products meet the 245 mmol/kg (200–260 mmol/kg) recommendation since beverage
osmolality is not required for nutrition labeling; hence, there is a need for independent verification of
WHO ORS osmolality compliance. The shelf-life stability of beverage osmolality is also not known.
However, the solid-state stability of ORS powder is ingredient and environment dependent [17]. For
example, pre-mixed liquid ORS can be sent to underdeveloped areas that lack clean water [18] and
subsequently expose these products to prolonged storage with high environmental temperatures [19].
These conditions could increase beverage osmolality due to temperature-dependent sugar hydrolysis
reactions depending on the sugars and other product ingredients [20].

Based upon the aforementioned questions, the current investigation was designed to answer
the following: 1) What is the baseline osmolality and variability within commercial pre-mixed ORS?
2) what is the baseline osmolality and variability within commercial powdered ORS after reconstitution?
and 3) what is the impact of the storage time and temperature on the osmolality of pre-mixed ORS?

2. Materials and Methods

2.1. Drink and Drink Preparations

Commercially available ORS were obtained from online retailers and local stores. The current
investigation examined four different pre-mixed ORS, one pre-mixed sports drink, and six powdered
ORS. The following pre-mixed drinks were analyzed: Pedialyte® Classic mixed fruit flavor (Abbott
Laboratories, Columbus, OH, USA), Pediatric Oral Electrolyte Solution fruit flavor (Up & Up, Target
Brand, Minneapolis, MN, USA), Speedlyte® wild orange flavor (Einsof Biohealth, Dover, DE, USA),
and enterade®AD ORS orange flavor (Entrinsic Health Solutions, Inc, Norwood, MA, USA). Gatorade®

orange flavor (Pepsico, Chicago, IL, USA) was tested as a representative sports drink, since these are
commonly used [21] or recommended [22] in the treatment of diarrhea, despite no marketing claims
for this use. Product ingredients are listed in Table A1 (Appendix A). Lastly, six ORS powders were
assessed: Hydralyte™ orange flavor (Hydralyte LLC, Thomastown, Victoria, Australia), Ceralyte®

70 lemon flavor (Cera Products Inc., Hilton Head Island, SC. USA), Dioralyte™ citrus flavor (Sanofi,
Guildford, Surrey, UK), Dioralyte™ Relief raspberry flavor (Sanofi, Guildford, Surrey, UK), DripDrop®

lemon flavor (DripDrop Hydration PBC, Oakland, CA, USA), and TRIORAL Oral rehydration salts
natural flavor (Trifecta Pharmaceuticals, Ft. Lauderdale, FL, USA).

2.2. Study Overview

The current investigation was comprised of three separate studies. The first study tested the
baseline osmolality and variation of pre-mixed ORS products. To accomplish the first study, three
new bottles of each pre-mixed ORS were opened and the osmolality was immediately assessed. This
allowed us to examine the variability that was present due to manufacturing (inter-bottle variability).
Within each beverage product type, the products had the same expiration date.

The second study assessed the baseline osmolality and variation within carefully reconstituted
ORS powders. All powdered ORS varieties were prepared with room temperature distilled water
(Market Pantry, Target Brand, Minneapolis, MN, USA) according to the respective manufacturers’
instructions. Three separate packets of each ORS were individually prepared and sampled to assess
inter-packet variability and all three packets had the same expiration date. The dry powder from each
packet was carefully diluted with the appropriate volumes of fluid using a calibrated scale. To enhance
uniformity during drink preparation, each combination of powder and water was set to mix on the
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same Cimarec® magnetic stirring plate (Barnstead/Thermolyne, Dueuque, IA, USA) at an equivalent
speed for precisely 5 min. Immediately thereafter, samples were pipetted into sampling cuvettes for
osmolality assessment.

The third study examined the impact of storage time and temperature on beverage osmolality in
the pre-mixed products. Details for this part of the investigation are depicted in Figure 1. At time point
#0 (baseline), one new bottle of each pre-mixed ORS was opened and the osmolality was immediately
assessed. The originally opened baseline bottle was then dispensed in 5 mL aliquots into 4 individual
plastic centrifuge tubes (BIPPE, TS15; polypropylene). Subsequently, 2 tubes were stored at room
temperature (~19 ◦C) and 2 tubes were stored at an elevated temperature (~31 ◦C) in a laboratory
incubator. One tube from each beverage stored at room temperature and the elevated temperature was
assessed 1 month later (time point #1) and 2 months later (time point #2) to determine the impact of
storage time and temperature on osmolality measures.

 

Figure 1. Schematic outlining the study methodologies for the third experiment; see text for further
details. * The baseline bottle was aliquoted and subsequently stored for sampling at each time point.
†,¶ A new bottle of each test beverage was also sampled at each time point.

Additionally, at time points #1 and #2, a new pre-mixed bottle of each ORS was opened and
assessed. These unopened bottles were stored concurrently with the tubes at room temperature during
the ensuing months. Within each beverage type, all three bottles sampled had the same expiration
date. Our rationale for measuring a freshly opened bottle of each beverage during the two different
time points was to assess whether our method of storing beverages in centrifuge tubes qualitatively
altered the beverages; hence, the fresh bottles served as an internal control.

2.3. Osmometry

The main variable assessed in the current investigations was osmolality. Every beverage had at a
minimum, osmometry performed in triplicate using a 250 μL sample on a freezing point depression
device (Advanced® Instruments 3250, Norwood, MA, USA). Importantly, recent work from our
laboratory demonstrated that the use of larger sample volumes for osmolality measures gives greater
uniformity in the values obtained and is less influenced by the sample composition [23,24]. When
the triplicate intra-sample measures differed by ≤3 mmol/kg (~1%), the median value was used. If
the triplicate intra-sample measures differed by >3 mmol/kg, two additional samples were measured
and the median value was used [25]. The accuracy of the osmometer was confirmed at the start and
completion of each testing session by assaying a known reference solution (Clinitrol™ 290, Advanced
Instruments, Norwood, MA, USA) that listed an osmolality within the desired range of anticipated
values. Reference solution measurements during all testing sessions were within the normal limits
of the osmometer. Lastly, for all investigations, beverages were equilibrated to standard laboratory
temperatures (~21 ◦C) prior to assessment.
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2.4. Water Content

The percent of water in each pre-mixed beverage was ascertained using the thermogravimetric
method based upon previously establish protocols in biological samples [26,27]. Briefly, 2 mL of each
beverage was carefully weighed in an evaporation dish. Dishes were then heated over an open flame
until visible moisture was gone (~2 min). Subsequently, dishes were placed in an electric oven (110 ◦C)
for 10 mins for further desiccation. Dishes were cooled to room temperature before a final weight was
obtained. The percentage of water content was calculated from the wet and dry weight.

2.5. Statistics and Data Presentation

Standard statistics (e.g., mean, median, SD, percent coefficient of variation [%CV]) were calculated
using Microsoft Excel® 2016. All graphs were completed with the use of a computerized statistical
software package (GraphPad Prism® version 6 for Windows). Freshly sampled beverage osmolality
values and samples subjected to storage were considered compliant and stable, respectively, if
they fell within the 200 to 260 mmol/kg range [15,16]; those above or below the range were
considered non-compliant.

3. Results

3.1. Pre-Mixed ORS Variability

The results from the first investigation—examining the baseline osmolality values and variability
of pre-mixed ORS—are shown in Figure 2a. Three bottles of each ORS were assessed to derive the
variability that exists within a given formulation. Many of the beverages (enterade, Speedlyte, Pediatric
Oral Electrolyte Solution) had no variation between bottles (0% coefficient of variation (CV)). Gatorade
and Pedialyte had minimal variation with 0.17% and 0.18% CV, respectively. Lastly, the water content
of the pre-mixed solutions was experimentally determined: Gatorade, 96%; Speedlyte, 97%; Pedialyte,
98%; Up & Up, 98%; and enterade, 99% water.

Figure 2. Beverage osmolality for: (a) pre-mixed solutions; and, (b) reconstituted powders. The left
y-axis denotes the difference between beverage and WHO-UNICEF osmolality; the right y-axis denotes
the absolute beverage osmolality. Each bar represents the median value for the three bottles tested.
The variation plotted represents the range. The horizontal dotted lines denote the optimal range for
beverage osmolality (200–260 mmol/kg; see text for details).

Additionally, as shown in Figure 2a, a demarcation was placed between 200 and 260 mmol/kg to
represent the osmolality range where the greatest rate of net fluid absorption occurred [16]. Of note,
enterade was the only pre-mixed beverage that was within this standard at baseline. It is also important
to note that many beverages at baseline were in excess of the original osmolality recommendation from
the WHO (311 mmol/kg): Pedialyte Classic, ~313 mmol/kg; Gatorade, ~334 mmol/kg; and Speedlyte,
~406 mmol/kg.
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3.2. Powdered ORS Variability

The results from the second investigation, examining the baseline osmolality values and variability
of carefully reconstituted powdered ORS, are shown in Figure 2b. Three packets of powdered ORS
were carefully reconstituted using distilled water according to each of the different manufacturer’s
instructions. Immediately after the beverages were reconstituted, the osmolality was assessed to derive
the variability that exists within and between the given formulations. Our results demonstrate that
greater variation exists within the powdered forms compared to the pre-mixed solutions. The following
is a list of the products sampled with their % CV, presented in order of their variation from lowest to
highest: Drip Drop (0.45%), TRIORAL ORS (0.92%), Dioralyte original (0.99%), CeraLyte 70 (1.32%),
Dioralyte Relief (2.74%), and Hydralyte (2.86%). In a similar fashion to the first investigation, Figure 2b
denotes an optimal beverage osmolality range between 200 and 260 mmol/kg [16]. Of the six powdered
ORS tested, only one (Dioralyte Relief; ~145 mmol/kg) had an osmolality outside of this range.

3.3. Impact of Time and Temperature

The results from the third investigation, examining the impact of time and temperature on
osmolality, are displayed in Figure 3. Figure 3a depicts the changes in pre-mixed ORS that occurred
when the beverages were stored at room temperature in their original unopened package (i.e., “fresh
bottles”). As expected, there was minimal change between baseline (0 days) and the 30- and 60-day
samples. Figure 3b shows the data from the originally opened bottle, which was sampled at baseline
and then pipetted into centrifuge tubes for subsequent storage at room temperature. These results
closely mirror Figure 3a; thus, demonstrating that the storage of aliquots in centrifuge tubes did not
inadvertently alter the osmolality. Lastly, Figure 3c shows the impact of storing beverages at elevated
temperatures (~31 ◦C) [19]. These data demonstrate that many of the beverages had dramatic increases
in osmolality during two months of storage at 31 ◦C. Of note, enterade demonstrated the lowest
change from baseline (Δ 19 mmol/kg), while Speedlyte (Δ 89 mmol/kg) and Gatorade (Δ 108 mmol/kg)
demonstrated the largest changes from baseline after 60 days in the hot temperatures.

Figure 3. Cont.
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Figure 3. Impact of time and storage conditions on the osmolality of various pre-mixed oral rehydration
solutions [ORS] for: (a) freshly opened bottles stored at room temperature; (b) beverage aliquots stored
at room temperature; and, and (c) beverage aliquots stored at elevated temperatures. The shaded area
denotes the optimal range for beverage osmolality (200–260 mmol/kg; see text for details).

Lastly, the same range for optimal beverage osmolality (200–260 mmol/kg) was placed in
Figure 3 [16]. As previously shown, enterade was the only beverage that demonstrated osmolality
values within this range at baseline and following room temperature storage. More importantly,
enterade was still within this range even after 60 days at elevated temperatures.

4. Discussion

The present results demonstrate the following: 1) enterade was the only premixed ORS product
that had baseline osmolality values between 200 and 260 mmol/kg and it stayed within this range after
two months of storage at 31 ◦C; 2) some beverages, such as sports drinks and Speedlyte, had very high
osmolality values at baseline and demonstrated robust increases during prolonged storage; and 3)
little variation existed within premixed or powdered ORS products.

The World Health Organization (WHO) and the United Nations Children’s Fund (UNICEF)
currently recommend a reduced osmolality of 245 mmol/kg in their ORS formulations, which is a drop
from the previous 311 mmol/kg recommendation [15]. The reductions in osmolality and electrolyte
levels were a result of reported gastrointestinal upset, nausea, concerns about hypernatremia with the
higher osmolality solution, and lack of reduced stool output [13,14]. It is important to note that research
in healthy volunteers has demonstrated a range of hypotonic beverage osmolalities (200–260 mmol/kg)
for optimal net intestinal fluid absorption [16] that includes the 245 mmol/kg recommended value in the
treatment of diarrhea [14]. Since osmolality is not required on nutrition labeling, one aim of the current
investigation was to independently verify which commercially available products are in compliance
with these recommendations. Our results demonstrate high compliance with powdered ORS products
since five of the six products analyzed fell within the desired range. However, of the five pre-mixed
formulations tested, only one product (enterade) had an osmolality within the recommended range.
These results call into question the overall ingredient composition within these products.

A range of osmolality values for pre-mixed products was obtained at baseline in the current
studies; ranging from a low of 211 mmol/kg (enterade) to a high of 406 mmol/kg (Speedlyte). Our
results fall in-line with other limited data-sets demonstrating a wide range of osmolality values for
ORS products [28]. Of note, many of the products tested had electrolyte values lower than those
recommended by the WHO/UNICEF, and yet still had osmolality values in excess of the original
osmolality recommendation of 311 mmol/kg. The main contributing factor to these elevated osmolality
values appears to be the high sugar concentrations and the types of sugar used. For example, Gatorade
was tested as a representative sports drink and the osmolality value was found to be ~334 mmol/kg,
which aligns with other published values for Gatorade [29,30]. The main sugar used in many sports
drinks is table sugar (i.e., sucrose), which is a disaccharide. Over time, sucrose (and other more complex
sugars) can hydrolyze into their monosaccharide components [31] and increase the overall osmolality
of the solution, a process that is exacerbated by storage in warm conditions [19,20]. Indeed, Gatorade
demonstrated the highest absolute change in osmolality after 2 months in the heat (Δ 108 mmol/kg
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compared to baseline). Our results mirror what others have found in that osmolality may be strongly
influenced by the quantity and quality of carbohydrates used (e.g., monosaccharides, disaccharides,
polysaccharides, etc.) [29,32]. Other ingredients, such as artificial sweeteners and flavoring agents,
may also be heat unstable. For example, the osmolality of Pedialyte Classic increased by 41 mmol/kg
after 60 days in warm storage despite containing only dextrose (hydrolysis resistant). However, it
also contained sucralose and acesulfame potassium, the effects of which are unknown with respect
to osmolality.

The beverage with the highest baseline osmolality was Speedlyte. Presently, a paucity of published
data exists on this product. Speedlyte contains multiple forms of sugar and a unique electrolyte
formulation where the electrolytes are encapsulated in liposomes (i.e., microelectrolytes technology™).
Importantly, the manufacturers claim that the osmolality of this product is 188 mmol/kg [33]; however,
over the course of this entire investigation, five separate bottles of this product were assayed and the
osmolality values ranged from 406 to 410 mmol/kg. Moreover, this product demonstrated the second
highest absolute changes in osmolality (Δ 90 mmol/kg increase compared to baseline) after 2 months at
high temperatures. Although it is possible that the presence of liposomes (solids) in the sample might
have spuriously elevated the osmolality measured by freezing point depression, the large sample
volume (250 μL) should have minimized this potential [23,24]. For example, the water content of
Speedlyte (97% water) was similar to the other commercial beverages tested (96–99% water); liposomes
could have only contributed between 0.1% and 1.0% to the total [33]. In contrast, whole blood (~80%
water), which contains considerable solids, can still have its osmolality accurately measured by freezing
point depression when using a 250 μL volume [24]. In addition, similar outcomes were observed
using a vapor pressure osmometer (data not shown). These results raise interesting and unresolved
questions about liposome technology for use in ORS.

The WHO currently recommends that a small amount of glucose should be added in an ORS
to capitalize on sodium–glucose transporters that facilitate fluid movement [15]. enterade was the
only product tested that does not contain glucose but instead contains electrolytes and amino acids to
leverage amino acid coupled transporters that also facilitate fluid absorption [34]. It is interesting to note
recent findings that small amounts of glucose (less than 1 millimolar) in a solution stimulates chloride
secretion and as a consequence may reduce fluid absorption and may exacerbate diarrhea [35–37].
Furthermore, based upon the fact that the glucose-free product demonstrated the smallest change in
osmolality over time, the degree to which glucose should be included in an ORS formulation may
be questioned. The results of the current investigation have important implications for when these
beverages are shipped and stored in locations where high ambient temperatures may be present, such
as low-income countries with tropical climates [18,19].

The powdered versions of the ORS appeared to show better compliance with the recommended
osmolality guidelines [15,16], but these powdered products can have their own limitations. For
example, previous research has stressed that these products should be prepared extemporaneously to
prevent alterations in product components over time [17]. However, if ORS needs to be used in areas
without potable water, these beverages will not safely be reconstituted and will not be stable enough
for storage. Lastly, some of the powdered ORS products contain components (e.g., rice powers) that
have reduced solubility and thus alter the osmolality within these products (e.g., Dioralyte Relief) after
reconstitution; thus, creating larger potential variation in measured osmolality values.

In summary, this investigation demonstrated that many commercially available pre-mixed ORS
products currently do not adhere to recommended osmolality guidelines. Additionally, due to the
high sugar content of some products used to treat diarrhea, their osmotic shelf-life stability may be
questioned, especially when stored in the warm but ecologically valid environments. As the osmolality
of ORS is important for optimal fluid absorption and patient acceptance (e.g., stomach upset), the
findings of this study should be carefully considered in the design of future ORS products.
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Appendix A

Table A1. Listing of ingredients for each premixed beverage tested.

Beverage Name Ingredients

Pedialyte® Classic mixed (fruit
flavor)

Water, Dextrose. Less than 2% of: Citric Acid, Natural & Artificial
Flavor, Potassium Citrate, Salt, Sodium Citrate, Sucralose, Acesulfame
Potassium, Zinc Gluconate, and Yellow 6.

Pediatric Oral Electrolyte Solution
(fruit flavor)

Water, Dextrose, Citric Acid, Potassium Citrate, Sodium Chloride,
Sodium Citrate, Acesulfame Potassium, Zinc Gluconate, Natural &
Artificial Fruit Flavor, Sucralose, FD&C Yellow #6.

Speedlyte® (wild orange flavor)

Purified water; Less than 2% of: Dextrose, Sucrose, Liposomal Salt
[Citrate, Chloride, Sodium, Potassium, Soy Lecithin, Xanthan Gum],
Citric Acid, Sodium Benzoate, Stevia Extract, Monk Fruit, Beta Carotene,
Rose Anthocyanin, Methylparaben, Sodium Metabisulfite, Natural
Flavor.

enterade®AD ORS (orange flavor)

Water, Amino Acid Blend (L-Valine, L-Aspartic Acid, L-Serine,
L-Isoleucine, L-Threonine, L-Lysine, L-Glycine, L-Tyrosine), sodium
chloride, potassium citrate, trisodium citrate, natural flavor, magnesium
citrate, calcium chloride, stevia.

Gatorade® (orange flavor)
Water, Sugar, Dextrose, Citric Acid, Salt, Sodium Citrate,
Monopotassium Phosphate, Gum Arabic, Natural Flavor, Sucrose
Acetate Isobutyrate, Glycerol Ester of Rosin, Yellow 6
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Abstract: An epidemic of chronic kidney disease (CKD) is occurring in laborers who undertake
physical work in hot conditions. Rodent data indicate that heat exposure causes kidney injury,
and when this injury is regularly repeated it can elicit CKD. Studies in humans demonstrate that a
single bout of exercise in the heat increases biomarkers of acute kidney injury (AKI). Elevations in
AKI biomarkers in this context likely reflect an increased susceptibility of the kidneys to AKI. Data
largely derived from animal models indicate that the mechanism(s) by which exercise in the heat may
increase the risk of AKI is multifactorial. For instance, heat-related reductions in renal blood flow may
provoke heterogenous intrarenal blood flow. This can promote localized ischemia, hypoxemia and
ATP depletion in renal tubular cells, which could be exacerbated by increased sodium reabsorption.
Heightened fructokinase pathway activity likely exacerbates ATP depletion occurring secondary
to intrarenal fructose production and hyperuricemia. Collectively, these responses can promote
inflammation and oxidative stress, thereby increasing the risk of AKI. Equivalent mechanistic evidence
in humans is lacking. Such an understanding could inform the development of countermeasures to
safeguard the renal health of laborers who regularly engage in physical work in hot environments.

Keywords: acute kidney injury; chronic kidney disease; heat stress; dehydration; exercise

1. Background

An epidemic of chronic kidney disease of unknown etiology (CKDu) is occurring in laborers who
undertake physical work outdoors in hot conditions [1,2]. This disease was first described in 2002,
when nephropathy was identified in a disproportionate number of young Central American sugarcane
workers [3]. Thereafter, people in other occupations [4–6] and in other regions of the world [1,7,8] have
been diagnosed with what appears to be the same disease, although there is some heterogeneity in the
clinical signs, symptoms, and likely etiology [1,2]. The effects of CKDu are devastating. For instance,
the Pan American Health Organization estimates that CKDu caused more than 60,000 deaths in
Central America from 1997 to 2013, with 41% of these deaths occurring in people younger than 60 y
of age [9]. Furthermore, the World Health Organization estimates that ~15% of workers in endemic
areas are at risk of developing CKDu [10]. This estimate was recently corroborated in a meta-analysis
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by Flouris et al. [11]. Thus, there is an urgent need to identify effective strategies to mitigate the risk
of CKDu.

The development of countermeasures for CKDu requires an understanding of the etiology of the
disease. Unfortunately, the etiology underlying the development of CKDu is largely unknown [12].
Patients diagnosed with CKDu usually present with an asymptomatic rise in serum creatinine and
low grade proteinuria [4,5]. Renal biopsies show interstitial fibrosis, low grade inflammation, tubular
atrophy, and glomerulosclerosis with signs of ischemia [13]. The two hallmarks of CKDu are that it is
not associated with traditional risk factors of chronic kidney disease (CKD) (e.g., advanced age, diabetes,
hypertension) and that it is more common in laborers regularly exposed to hot environments [7,14–16].
There may also be a contributing role for toxin exposures (e.g., agrochemicals, heavy metals or
infectious agents) [14,17] and/or the use of agents with nephrotoxic side effects (e.g., nonsteroidal
anti-inflammatory drugs (NSAIDs)) [18,19]. However, convincing evidence supporting these factors as
being primary in the etiology of CKDu is lacking [2,20,21]. Thus, it has been suggested that heat may be
the key occupational exposure contributing to the development of CKDu [7,14,22]. This is supported
by data indicating a higher prevalence of CKDu in agriculture workers exposed to hotter climates
compared to those working in cooler climates, despite otherwise enduring the same occupational
conditions [4,6]. As a result, it has been proposed that CKDu is a form of ‘heat stress nephropathy’,
the risk of which could worsen with climate change [7,16,23]. That said, it is important to note that
while factors associated with engaging in physical work in the heat are likely to play an important role,
the etiology of CKDu is mostly unknown and may be multifaceted [7,24,25].

One leading etiological hypothesis for CKDu is that physical work (i.e., exercise) in the
heat, which leads to heat strain (i.e., increased core body temperature) and dehydration (i.e., a
hypovolemic–hyperosmotic state caused by the loss of body water due to sweating combined with
inadequate fluid intake), causes acute kidney injury (AKI) [2,7,15,16,26–28]. This heat-related AKI is
probably transient in nature [29–32], which is clinically defined as lasting <3 days [33]. Nevertheless, it
has been proposed that multiple transient AKI exposures can manifest as nephropathy, affecting the
renal tubules and glomeruli [7,15,16,27].

Subclinical rhabdomyolysis (i.e., muscle injury), which may occur during (or after) unaccustomed
intense or prolonged exercise [34], is often proposed to contribute to heat-related AKI and
CKDu [7,14,35]. This is supported by human data demonstrating that the presence of muscle damage
increases the risk of AKI during exercise in the heat [36]. These data were recently corroborated in
a rodent model of repeated heat exposure, which demonstrated that experimental rhabdomyolysis
worsened heat-induced kidney injury [37]. That said, epidemiological data obtained from Guatemalan
sugarcane workers indicate that the presence of rhabdomyolysis is not associated with cross-shift
declines in kidney function [26], suggesting that the contribution of rhabdomyolysis to progressive
reductions in kidney function in this population is likely small. This can be explained by the adaptation
of skeletal muscle to become more resistant to damage after the initial injurious exercise [38]. Thus,
while the first few days of unaccustomed intense physical work in the heat may induce subclinical
rhabdomyolysis, the subsequent muscle damage incurred by manual laborers on a daily basis is
probably small. Therefore, the contribution of subclinical rhabdomyolysis to heat-related AKI and
CKDu is likely minimal.

It is important to note that there is currently no direct support for recurrent heat-related AKI
in the etiology of CKDu [39]. For instance, to our knowledge a dose–response relation between
the frequency and severity of heat-related AKI and the subsequent development of CKD has
never been experimentally examined in rodent models nor explored in epidemiological studies.
That said, in the absence of heat exposure, data from pre-clinical models indicate that AKI can
result in renal tubular remodeling [40,41], which can lead to long-term impairments in kidney
function, the defining characteristic of CKD [40,42–46]. More recently, these findings have been
extended to instances of combined heat exposure and dehydration. For instance, rodents develop
nephropathy with intermittent, repeated passive (i.e., resting) heat exposure without access to fluids

75



Nutrients 2019, 11, 2087

over 4–5 weeks [47–49]. Importantly, these animals demonstrate evidence of kidney injury, which is
consistent with the recurrent heat-related AKI hypothesis [47–49]. These data are corroborated by
workplace data demonstrating increases in biomarkers of AKI both across a work shift and across the
harvest season [31,32,50–55]. Notably, the working conditions during these periods are conducive
to increased heat strain, dehydration, and reductions in kidney function [31,32,50–55]. Whether the
observed increases in AKI biomarkers translate to an increased risk of CKD is unclear [56]. That
said, epidemiological evidence clearly indicates that the frequency and severity of non-heat-related
AKI is associated with the incidence and severity of CKD [57–61]. For instance, a single episode of
relatively mild (Stage 1) AKI results in a 43% increased risk of developing advanced stage CKD within
one year [57]. Furthermore, even a single episode of transient AKI that lasted ≤2 days is associated
with a ~2-fold increased risk of death [62] and a 1.4-fold increased risk of developing CKD [57].
Thus, it is generally accepted that an increased frequency, severity, and/or duration of AKI elevates
the risk of developing CKD [63,64], although this remains a topic of debate that requires additional
exploration [44,63–65]. Against this background, the etiology of CKDu may be better understood by
investigating the pathophysiology of the increased risk of AKI in humans exercising in the heat. This
latter point is particularly important. For instance, experimentally manipulating CKDu risk in humans
is unethical. However, quantification of the risk of AKI in humans may be readily accomplished
when studies are carefully designed to ensure the risk of AKI is short lasting and completely resolved
between experimental periods.

Despite the proposed relation between heat exposure and CKDu, the effects of heat strain and
dehydration elicited by exercise in the heat on kidney health and the risk of AKI in humans is
largely unexplored. We believe that this is likely because changes in kidney function induced by
heat strain, exercise, and/or dehydration are believed to be physiological in nature, clinically benign,
and completely reversed with recovery [17]. Emerging evidence, however, calls this dogma into
question [2,14,16,36,47,51,54,66–70]. Therefore, the purpose of this narrative review is to present
evidence that exercise in the heat may increase the risk of developing AKI in humans. In doing so,
we will also address how the risk of AKI can be examined in humans and we will discuss some of
the potential mechanisms underlying this risk. A focus will be placed on human subjects research,
but data from non-human animals will be included where necessary. Several important knowledge
gaps will also be presented. Filling these knowledge voids is vital to identifying strategies to mitigate
the risk of AKI and CKDu in workers who regularly engage in physical work in hot environments.

2. Acute Kidney Injury

AKI refers to a clinical condition characterized by a rapid (i.e., occurring within ≤7 days) reduction
in kidney function [71]. AKI can be further categorized as transient (i.e., lasting <3 days) or sustained
(i.e., lasting ≥ 3 days) [33]. AKI is often reversible, but can be fatal both in the acute setting and
in relation to an increased risk of CKD, which is defined as a gradual loss of kidney function that
persists for >90 days [72]. Clinically, the presence and the severity of AKI is diagnosed via criteria
established by international working groups such as the Acute Kidney Injury Network (AKIN) [73],
the Acute Dialysis Quality Initiative (ADQI) [74], and Kidney Disease: Improving Global Outcomes
(KDIGO) [71,75], amongst others. The criteria for identifying and categorizing the severity AKI differs
slightly between these working groups. However, the common denominator for classifying AKI among
these working groups is an acute reduction in kidney function. Changes in kidney function are often
quantified via changes in glomerular filtration rate (GFR), which is widely accepted as the best overall
index of kidney function in both health and disease [71], and the rate of urine production (aka: urine
flow rate). Precise measurements of GFR can be cumbersome, impractical and/or costly. Thus, GFR is
often estimated from the clearance of endogenous creatinine from the circulation [76]. Creatinine is
formed from muscle creatine and released into the blood at a relatively constant rate provided there are
no changes in muscle mass or muscle damage during the period of observation. Importantly, creatinine
is not reabsorbed along the nephron tubule lumen. Correcting urinary creatinine excretion rate for
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serum creatinine (a systemic variable that could also influence urinary creatinine excretion) provides
an accurate measure of GFR [76]. Thus, creatinine clearance is a function of urine flow rate and serum
and urinary creatinine concentrations at any given time and can be calculated as:

GFR ≈ Clearance Creatinine =
[Creatinine]urine ×Urine f low rate

[Creatinine]serum

where: GFR is glomerular filtration rate, ClearanceCreatinine is creatinine clearance, [Creatinine]urine is the
urinary concentration of creatinine, Urine flow rate is the volume of urine produced per unit time, and
[Creatinine]serum is the serum concentration of creatinine.

Precise assessment of urine flow rate can be difficult in ambulatory or free-living settings. Therefore,
GFR is often further estimated based upon serum creatinine and equations incorporating corrections
for age, sex, race and body size, thereby eliminating the need for urine collection [76]. As a result, a
spot assessment of serum creatinine is often part of routine medical practice for assessment of kidney
function [77]. It is also important to note that there is growing support for a spot assessment of
circulating cystatin C as a marker of kidney function [78]. Cystatin C is produced at a stable rate by all
cells within the body and freely filtered by the glomeruli. The potential benefit of using cystatin C is
that changes in cystatin C during dynamic fluctuations in kidney function may occur much earlier than
changes in serum creatinine [79]. In theory, this could provide for more rapid diagnoses of AKI [78].
Importantly, to our knowledge, cystatin C has never been used to quantify kidney function during
exercise in the heat. Moreover, despite evidence that cystatin C may provide useful information,
the clinical practice guidelines for the diagnosis and classification of the severity of AKI are currently
based on acute changes in serum creatinine and/or absolute urine flow rate (Table 1).

The underlying basis for the AKI guidelines is the relation between serum creatinine and kidney
function, and that rapid decreases in kidney function define AKI. A limitation regarding the use of
changes in kidney function as diagnostic criteria for AKI (whether quantified via changes in serum
creatinine, urine flow rate, or cystatin C), is that GFR is often acutely reduced as a result of an integrated
physiological response (i.e., conditions extrinsic to the kidneys). This is often referred to as prerenal
AKI [80], whereby increases in serum creatinine (and/or reductions in urine flow rate) may satisfy
the definition of AKI, but these reductions in kidney function are due to neural, hormonal, and/or
hemodynamic responses upstream of the kidneys. For example, GFR and urine flow rate are decreased
during dehydration [81,82]. This is likely due to reductions in renal blood flow [83,84] caused by
increases in renal sympathetic nerve activity [85,86], vasopressin release [87], and activation of the
renin–angiotensin–aldosterone system [88]. These are normal and healthy physiological responses that
promote fluid conservation [89]. Thus, increases in serum creatinine, which are normally reflective of a
reduction in GFR, may not always be indicative of kidney injury during dehydration [80]. Because of
this, it is often recommended that the creatinine and/or urine flow rate-based diagnostic criteria for
AKI be used only after an optimal state of hydration has been achieved [73]. However, an optimal
hydration state is ill-defined given that no single variable truly captures body fluid status [90].

Given the limitations of kidney function-derived AKI diagnoses, a rapidly growing body of
literature aiming to identify biomarkers of AKI has emerged [91]. The goal of these biomarkers is
to identify those individuals at risk of developing AKI before any reductions in kidney function
occur [92–95]. It has recently been reported that over the past 10 years there have been 3300 scientific
publications and hundreds of AKI biomarkers investigated [91]. The validity and clinical utility of
many of these biomarkers remains to be determined, even for well-studied AKI biomarkers [91,96].
However, when combined with standard indices of kidney function, measurement of AKI biomarkers
may provide unique information regarding interactions between changes in kidney function and
the potential for AKI [96,97]. In the following, we will introduce a few promising AKI biomarkers,
with an emphasis on those that have been used in experimental human subjects research, particularly
as it relates to exercise, dehydration, and/or heat strain, or that demonstrate potential for use in
laboratory-based (i.e., not clinical settings) human subjects studies. An in-depth overview of AKI
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biomarkers is outside of the scope of this review. Thus, to the interested reader we recommend a number
of more comprehensive reviews addressing the pathophysiological bases and clinical performance of
AKI biomarkers [92–95].

Table 1. Clinical criteria for identifying acute kidney injury and staging the severity of injury.

Criteria

Serum Creatinine Urine Output

Acute Kidney Injury Network (AKIN) Classification

Stage 1 Increase ≥0.3 mg/dL (≥26.5 μmol/L) OR increase
≥1.5–2.0-fold from baseline <0.5 mL/kg/h for 6 h

Stage 2 Increase >2.0–3.0-fold from baseline <0.5 mL/kg/h for 12 h

Stage 3

Increase >3.0-fold from baseline OR serum creatinine
≥4.0 mg/dL (≥354 μmol/L) with an acute increase of

≥0.5 mg/dL (44 μmol/L) OR need for renal
replacement therapy

<0.3 mL/kg/h for 24 h OR anuria for 12 h
OR need for renal replacement therapy

Kidney Disease: Improving Global Outcomes (KDIGO) Classification

Stage 1 Increase ≥0.3 mg/dL (≥26.5 μmol/L) OR 1.5–1.9
times baseline <0.5 mL/kg/h for 6-12 h

Stage 2 2.0–2.9 times baseline <0.5 mL/kg/h for 12 h

Stage 3

3.0 times baseline OR increase in serum creatinine to
≥4.0 mg/dL (≥354 μmol/L) OR need for renal

replacement therapy OR in patients <18 years old a
decrease in eGFR to <35 mL/min/1.73 m2

<0.3 mL/kg/h for 24 h OR anuria for 12 h

Acute Dialysis Quality Initiative (ADQI):
Risk, Injury, Failure, Loss of Kidney Function and End-Stage Kidney Disease (RIFLE) Classification

Risk 1.5-fold increase OR GFR decrease >25%
from baseline <0.5 mL/kg/h for 6-12 h

Injury 2.0-fold increase OR GFR decrease >50%
from baseline <0.5 mL/kg/h for 12 h

Failure

3.0-fold increase OR GFR decrease >75% from
baseline OR serum creatinine ≥4.0 mg/dL

(≥354 μmol/L) with an acute increase of ≥0.5 mg/dL
(44 μmol/L)

<0.3 mL/gk/h for 24 h OR anuria for 12 h

Loss of kidney
function Complete loss of kidney function >4 weeks

End-stage
kidney disease Complete loss of kidney function >3 months

Abbreviations: GFR: glomerular filtration rate, eGFR: estimated glomerular filtration rate. Please refer to text
for references.

AKI Biomarkers

Neutrophil gelatinase-associated lipocalin (NGAL) is expressed in multiple cell types (e.g., renal,
hepatic, cardiac, etc.) at relatively low, but constant levels [98]. NGAL generally functions as a
bacteriostatic agent [99]. Urinary NGAL is the most widely studied biomarker of AKI [94]. Renal
NGAL mRNA and protein are strongly upregulated after ischemic or toxic kidney injury in both
human and animal models [100–103]. In the kidneys, NGAL is produced in the thick ascending limb
of the loop of Henle and intercalated cells of the collecting duct [104]. In addition, circulating NGAL
from extrarenal sources is filtered by the glomeruli and reabsorbed in the proximal tubules [105].
The increased urinary NGAL concentrations in the context of AKI are likely caused by endogenous
NGAL production in the kidneys and reductions in tubular NGAL reabsorption [94,104], a hypothesis
supported by clinical evidence that urinary NGAL is not elevated in isolated prerenal AKI [33,106],
although these findings are not unanimous [107]. Therefore, urinary NGAL appears to be a marker
of general tubular injury, without a specific etiology [93,94,104] (Figure 1). Plasma NGAL may also
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have some utility as a biomarker of AKI [93]. However, increases in plasma NGAL likely more readily
reflect reductions in GFR, as well as renal ischemia and/or glomerular dysfunction [93,95] (Figure 1).

Figure 1. Top: Anatomical locations for biomarkers indicative of an increased risk of acute kidney
injury (AKI) and common clinically relevant measures indicative of overall kidney function. Bottom:
Potential etiology underlying increases in AKI biomarkers. Abbreviations—NGAL: Neutrophil
gelatinase-associated lipocalin, [IGFBP7•TIMP-2]: the product of Insulin-like growth factor binding
protein 7 (IGFBP7) and tissue inhibitor metalloproteinase 2 (TIMP-2), KIM-1: Kidney injury molecule-1,
L-FABP: Liver-type fatty acid binding protein, IL-18: Interleukin-18. Please refer to text for references.

Kidney injury molecule-1 (KIM-1) is a transmembrane glycoprotein that is expressed at low levels
in the normal kidney, but is further upregulated following ischemia-reperfusion and toxic kidney
injury [108,109]. KIM-1 is mainly upregulated in proximal tubule cells during AKI [110,111]. Thus,
increases in urinary KIM-1 likely indicate proximal tubule injury, although the etiology is nonspecific
(Figure 1). Clinical studies investigating the utility of KIM-1 have shown variable results [94].
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Liver-type fatty acid binding protein (L-FABP) is a cytoplasmic protein that protects against oxidative
stress induced by peroxisomal metabolism [112], particularly in the presence of hypoxia given that the
human L-FABP gene contains a hypoxia-inducible factor 1α response element [113]. L-FABP is excreted
by proximal tubule epithelia into the tubular lumen together with bound peroxisomal products [113].
Urinary L-FABP can likely be used to identify patients at risk of developing AKI. This is supported
by data indicating that patients with high L-FABP levels measured at the time of intensive care unit
admission had a greater risk for developing AKI within 1 week, compared to a group of patients
with lower L-FABP levels [114]. The genetic link with hypoxia-inducible factor 1α, together with
findings indicating that urinary L-FABP levels are strongly correlated with the duration of ischemia
in kidney transplant recipients [113], suggests that urinary L-FABP may provide an indication that
the mechanism of this risk of AKI is related to proximal tubule hypoxemia and the development of
oxidative stress (Figure 1).

Interleukin-18 (IL-18) is a proinflammatory cytokine that is produced in the intercalated cells of the
collecting ducts of healthy kidneys [115], but is more broadly made in tubular epithelial cells as part
of the inflammatory cascade induced by AKI [116]. Urinary IL-18 has been shown to be a promising
biomarker of AKI in animal models [94]. Clinical studies also demonstrate that urinary IL-18 may have
utility in predicting AKI [117]. However, its diagnostic value remains less clear [117]. Nevertheless,
urinary IL-18 is likely a marker of general tubular injury and subsequent inflammatory-pathway
activation (Figure 1).

Insulin-like growth factor binding protein 7 (IGFBP7) and tissue inhibitor metalloproteinase 2 (TIMP-2)
are proteins known to induce G1 cell cycle arrest [118]. In general, cell cycle arrest likely occurs to
prevent potential DNA damage during cellular stress [119]. However, if cells stay in a phase too long or
exit a phase too soon, the normal division and repair process can become maladaptive [120]. Cell cycle
arrest occurs in renal epithelial cells in a variety of in vitro models of AKI [121] and is associated with
the development of fibrosis following multiple types of AKI in rodents [122]. The arithmetic product
of urinary IGFBP7 and urinary TIMP-2 ([IGFBP7•TIMP-2]) was identified as an AKI biomarker in a
clinical study in which it outperformed ~338 other candidate biomarkers at predicting AKI based on
standard clinical criteria (Table 1) [123]. In 2014, an [IGFBP7•TIMP-2] test system (better known by
its proprietary name, NEPHROCHECK®) received FDA approval for marketing as a screening tool
to estimate the risk of AKI development [124]. FDA approval carefully stipulated that increases in
[IGFBP7•TIMP-2] should not necessarily be interpreted to indicate that AKI is ongoing. This indication
is consistent with the fact that G1 cell cycle arrest occurs during the very early stages of cellular
stress [125]. Notably, [IGFBP7•TIMP-2] is the only biomarker approved by the FDA for an AKI related
indication [124]. Recent evidence indicates that increases in urinary [IGFBP7•TIMP-2] following
diverse forms AKI is contributed to by a multitude of factors, which include decreases in glomerular
permeability, proximal tubular cell leakage, and impaired reabsorption of IGFBP7 and TIMP-2 in
the proximal tubule [126]. Thus, increases in [IGFBP7•TIMP-2] can be interpreted as evidence of
the potential for renal injury of a nonspecific origin occurring in the glomeruli and proximal tubules
(Figure 1).

3. Interpretation of AKI Biomarkers in Non-Clinical Settings

Recent advances in our understanding of AKI biomarkers have unexpectedly resulted in reports
of the potential for AKI in situations traditionally considered to be clinically benign for the kidneys.
This is highlighted by studies consistently demonstrating increases in AKI biomarkers following a
single bout of prolonged endurance exercise [127–132]. Such findings have raised the question as
to whether regularly engaging in endurance exercise may lead to poor renal health outcomes [133].
Arguments against this position are numerous and highlighted by the supposition that since the
development of the ‘jogging phenomenon’ in the early 1960s [134] there has not been a profound
increase in the incidence of AKI. Rather, the epidemic of AKI in the general population is largely
attributed to patients hospitalized with acute illnesses and those undergoing major surgery, which may
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be partially contributed to by a greater recognition of AKI, and improved diagnostic and classification
criteria [135]. Moreover, regularly engaging in vigorous physical activity (such as endurance exercise)
reduces the risk of developing CKD [136], suggesting that the repeated exposures to exercise-induced
elevations in AKI biomarkers does not lead to long-term sequelae. This has raised the question
regarding how to interpret acute increases in AKI biomarkers in otherwise healthy individuals. This is
an important consideration with regards to understanding the risk of AKI occurring subsequent to
exercise in the heat.

The AKI biomarkers described herein were developed to identify AKI as would occur in clinical
situations, in which large and sustained elevations were expected. In such instances, elevations in
these AKI biomarkers would be indicative of intrinsic renal damage occurring at various locations
along the nephron (Figure 1) [96,137]. Data obtained from otherwise healthy individuals engaging
in endurance exercise demonstrate consistent increases in AKI biomarkers [127–132], but these
elevations are often shorter in duration and not to the same extent as those observed in clinical
situations [100–103,113,117,123]. These consistent elevations in AKI biomarkers are often interpreted
as meaningful, but because the increases are small, they are usually not interpreted as being indicative
of intrinsic renal injury. Rather, these small increases in AKI biomarkers likely reflect an increased
potential to develop of AKI, although the possibility that increases in AKI biomarkers reflect some
degree of intrinsic injury cannot be completely ruled out at this time. We believe this conclusion is
indirectly supported by evidence that elevations in AKI biomarkers in the laboratory setting typically
resolve ~24 h following exercise [127,130]. Thus, small, transient increases in AKI biomarkers are
likely indicative of acute kidney stress [138]. This state likely represents a period in which there
is an increased risk of developing AKI, with the magnitude of this risk occurring in proportion
to the magnitude of elevations in AKI biomarkers. Notably, this definition is consistent with the
FDA approved indication for urinary [IGFBP7•TIMP-2] as a biomarker of the magnitude of the risk
associated with developing AKI.

Currently, there is no consensus regarding the best AKI biomarker to measure. Urinary NGAL
may have the most robust evidence base [94], but only urinary [IGFBP7•TIMP-2] has an FDA approved
indication for AKI [124]. That said, to our knowledge no study has measured urinary [IGFBP7•TIMP-2]
under conditions of exercise, heat strain and/or exercise. In this context, there is likely value in
employing a battery of assays for AKI biomarkers. This approach may provide important insights
regarding: (i) the magnitude of the risk of AKI, (ii) the anatomical location where this risk originated,
and (iii) the potential etiology of this risk (Figure 1). Such an understanding may provide important
information towards determining countermeasures to reduce the risk of AKI in the context of exercise
in the heat.

There is likely also value in combining the measurement of AKI biomarkers with traditional
indices of kidney function (e.g., serum creatinine, urine flow rate, etc.) for interpreting the risk of
AKI. This approach has been proposed in the clinical literature as a method to discern prerenal AKI
(i.e., only a reduction in kidney function without increases in AKI biomarkers) from intrinsic AKI
(i.e., a reduction in kidney function with increased AKI biomarkers) or subclinical AKI (i.e., increased
biomarkers in the absence of a reduction in kidney function) [96,97,137,139]. In a similar manner,
the risk of AKI can likely be assessed in the context of exercise in the heat (Figure 2). For instance,
a decrease in kidney function without increases in AKI biomarkers may be indicative of a relatively
mild risk for AKI because the change in function is unlikely to be pathological. This decline in kidney
function may be the normal physiological response of the kidneys to a stressor (such as exercise) that
is completely reversed once the stress has abated. That said, increases in AKI biomarkers without a
change in kidney function may be interpreted as a slightly higher (i.e., moderate) risk of AKI, owing
to the presence of potential pathological processes. Finally, the highest risk of AKI may occur when
kidney function is reduced alongside increases in AKI biomarkers. Moreover, this risk could be further
delineated based on the magnitude of the reductions in kidney function and/or increases in AKI
biomarkers. For example, the condition invoking the greatest reductions in kidney function and largest
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increases in AKI biomarkers would be interpreted as having the highest risk of AKI. Notably, however,
this AKI risk matrix is likely only useful in situations where comparisons between conditions might be
considered the most important (i.e., it may only provide an index of relative AKI risk). The utility of
this matrix for providing information regarding absolute AKI risk is currently unclear.

 
Figure 2. Proposed method for determining the relative risk of developing acute kidney injury (AKI)
during exercise in the heat based on changes in kidney function and AKI biomarkers. A decrease in
kidney function without increases in AKI biomarkers may be indicative of a relatively mild risk for AKI
because the renal changes are unlikely to be pathological (bottom-left). Increases in AKI biomarkers
without a change in kidney function may be interpreted as a slightly higher (i.e., moderate) risk of
AKI, owing to the presence of potential pathological processes (top-right). The highest risk of AKI may
occur when kidney function is reduced alongside increases in AKI biomarkers (bottom-right). AKI
risk could be further delineated based on the magnitude of the reductions in kidney function and/or
increases in AKI biomarkers.

Finally, an important methodological consideration is the normalization of urinary AKI biomarkers
to urine concentration. It is common in clinical and research settings to correct urine-based AKI
biomarkers by normalizing to urinary creatinine [140]. However, the application of urinary creatinine
normalization in exercise models is likely flawed [36]. This is because urinary creatinine excretion
becomes inconsistent both within and between subjects during and following exercise, owing to
relatively large swings in GFR [141]. Thus, in controlled laboratory settings it is often suggested that
the most accurate method to quantify renal biomarkers requires the collection of timed urine specimens
to estimate the excretion rate of a given biomarker [140]. Therefore, concentrations of urinary AKI
biomarkers in the context of exercise in the heat are often normalized to urine flow rate [30,36]. That
said, normalization to other markers of urinary concentration (e.g., osmolality) may also be a valid
approach [131,132].

4. AKI Susceptibility Evoked by Exercise in the Heat in Humans

Clinical AKI associated with exercise in the heat has occasionally been reported in the clinical
literature. To our knowledge, the most complete clinical dataset was published in 1967, which reported
the cases of eight previously healthy military recruits who had developed AKI during training exercises
outdoors in the summer months [142]. The overall incidence of AKI is generally very low in this
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population of military recruits. However, it was later estimated that ~10% of the AKI cases treated at
Walter Reed General (Military) Hospital from 1960 to 1966 were due to AKI occurring subsequent to
exercise in the heat [143]. Thus, there is clinical evidence that exercise in the heat can bring about AKI,
at least in a subset of individuals.

More recently, traditional measures of kidney function have been combined with AKI biomarkers
to examine the risk of AKI during exercise in the heat. Generally, the findings from these studies
suggest that exercise in the heat can increase the susceptibility to AKI. For instance, Junglee et al.
demonstrated that mild heat strain (+1.3 ◦C increase in core temperature) and mild dehydration (~1%
body weight loss) due to exercise in the heat resulted in elevations in serum creatinine, reductions
in urine flow rate, and increases in plasma NGAL [36]. Our laboratory has furthered this work and
found that elevations in serum creatinine and plasma NGAL were influenced by the magnitude of
increases in core temperature and the extent of dehydration produced by exercise in the heat of two
different durations [29] (Figure 3). Of the increases in serum creatinine, ~30% of the observations
satisfied the criteria for stage 1 AKI according to the AKIN criteria (Table 1) [73] (Figure 3). We
also showed that elevations in serum creatinine and plasma NGAL returned to baseline levels the
following day [29] (Figure 3), which is supportive of the idea that this period of an increased risk
of AKI is transient. Similarly, McDermott et al. found that 4–6 h of exercise in the heat, which
evoked moderate dehydration (~1.6% body weight loss), elevated both serum creatinine and serum
NGAL [70]. Collectively, the findings to date support that exercise in the heat can increase the risk
of AKI in humans and that this increased risk occurs in proportion to the magnitude of heat strain
and dehydration. To our knowledge, however, no study in the context of exercise in the heat has
systematically examined markers of kidney function simultaneous with a panel of AKI biomarkers.
This is a significant limitation with regards to the strength of the evidence base. Thus, future studies
are necessary to conclusively determine the risk of AKI caused by exercise in the heat.

Importantly, many of the potential modulators of the magnitude of AKI risk evoked by exercise in
the heat remain largely unexplored. This is important because resolving these unknowns will have
important ramifications regarding the development of countermeasures to alleviate the risk of AKI
during exercise in the heat. For instance, the relative importance of heat strain versus dehydration on
the magnitude of the risk of AKI evoked by exercise in the heat is unknown. Although a formal body
of evidence is lacking, there is evidence that hydration status may be a comparatively more important
modulator of AKI risk compared to heat strain alone. For instance, allowing rodents full access to
water during 4 weeks of repeated heat exposure prevented the renal injury and nephropathy that
occurred in the rodents that were exposed to the same heat load, but were restricted from drinking
during the heat exposures [47]. Thus, it can be speculated that hydration status is the most important
modulator of AKI risk during exercise in the heat. That said, a limitation of this conclusion is that
core temperature is often elevated to a greater extent in a dehydrated state during exercise and/or
heat exposure [144]. In the aforementioned study, core temperature in the rats was not measured [47].
Therefore, the comparative importance of heat strain versus dehydration on the risk of AKI during
exercise in the heat remains largely uncertain. Another important knowledge gap is the effect of
substances that have nephrotoxic side effects on the risk of AKI during exercise in the heat. The best
example is likely NSAIDs, which are commonly used in occupational settings [18,19]. Notably, a
1.2 g dose of the NSAID ibuprofen results in greater reductions in GFR during exercise in the heat
compared to a placebo condition [145]. However, recent evidence indicates that this deleterious effect
on kidney function does not translate to a greater risk of AKI, such that a 0.6 g dose of ibuprofen did
not lead to greater increases in serum NGAL following 4–6 h of exercise in the heat [70]. However,
these findings may be explained by the lower NSAID dose (0.6 vs. 1.2 g). Thus, future studies are
required to elucidate the modulatory role of nephrotoxic substances (particularly NSAIDs) on the risk
of AKI during exercise in the heat.
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Figure 3. During the longer of two bouts of exercise in the heat (LONG vs. SHORT), greater heat strain
(A) and dehydration (B) resulted in greater changes (Δ) in serum creatinine (C), which were sufficient
to satisfy the criteria for Stage 1 acute kidney injury (AKI) in ~30% of the subjects (D), and greater
increases in plasma neutrophil gelatinase-associated lipocalin (NGAL) (E). * different from SHORT
(p < 0.05), Mean ± SD, n = 29. From Schlader et al. [29] with permission.

Mechanisms of AKI Susceptibility Evoked by Exercise in the Heat

In general, the mechanisms by which exercise in the heat may increase the risk of AKI in humans
remain largely unexplored. That said, data from animal models, together with some fundamental
physiological data in humans, suggest that the potential increased risk of AKI provoked by exercise in
the heat is multifactorial.

Heat strain [145,146], dehydration [81,82] and exercise [147–149] independently reduce renal blood
flow in humans, and even more profound reductions in perfusion are observed when these conditions
are combined [150]. These reductions in renal perfusion are largely due to increases in renal sympathetic
nerve activity [151] and circulating vasopressin levels [152], but may also be contributed to by activation
of the renin–angiotensin–aldosterone system. For instance, angiotensin II has vasoconstrictor actions
in the kidneys [153] and may modulate kidney function during exercise in the heat in humans [154].
Notably, these declines in renal perfusion typically resolve with recovery [36,145,146,150] and are
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generally considered to be clinically inconsequential [16]. That said, data from dehydrated rats
indicate that reductions in overall renal perfusion can invoke a heterogenous distribution of blood
flow within the kidneys [84]. Strikingly, in this same study a sub-analysis of data from one rat
using a different experimental technique indicated that dehydration can produce localized ischemia,
particularly in cortical regions [84]. These data are seemingly corroborated by data in dogs whereby
heat strain-induced reductions in renal perfusion were solely caused by reductions in cortical blood flow,
without a change in medullary blood flow [155]. This relatively low blood flow state can compromise
oxygen delivery to the renal cortex, which could provoke ischemia and a localized reduction in ATP [84].
Importantly, a low ATP environment can theoretically increase the risk of AKI secondary to increased
oxidative stress and inflammation [156].

Against this background, it is clearly important to understand how exercise in the heat may affect
renal vascular control in humans, particularly as it relates to intrarenal blood flow distribution and
oxygenation. To our knowledge, such studies have never been carried out. This knowledge gap may be
important for understanding the mechanisms by which exercise in the heat may increase the risk of AKI.
For instance, the renal cortex, which demonstrates reductions in blood flow during dehydration (in
rats) [84] and heat strain (in dogs) [155], anatomically houses the majority of the proximal tubules [157],
where upwards to 65% of sodium is reabsorbed [158]. Sodium reabsorption in the kidneys can be
directly stimulated by aldosterone [159], angiotensin II [160] and/or increases in renal sympathetic
nerve activity [161], all of which are increased with heat strain, dehydration and/or exercise in an effort
to maintain fluid homeostasis [162–164]. Sodium reabsorption is energetically expensive, owing to the
reliance on the Na+/K+ pump [165]. Thus, an increased demand for sodium reabsorption may increase
the susceptibility of the kidneys to injury particularly in the presence of additional stressors that can
compromise ATP production (e.g., low blood flow). This is supported by data demonstrating that
blocking the actions of aldosterone via the administration of a mineralocorticoid receptor antagonist
attenuates the severity of injury in a rat model of mild ischemia-induced AKI [166], and prevents
the subsequent development of CKD in a similar rodent model of ischemic AKI [167]. Aldosterone
exerts its sodium reabsorption actions via the Na+/K+ pump [159]. Thus, these data support the idea
that increased energy demands associated with activation of the Na+/K+ pump can contribute to the
incidence and severity of AKI. Whether this holds true in the context of exercise in the heat remains
unknown. Notably, sodium reabsorption is greater during exercise in the heat compared to passive heat
exposure to the same extent of dehydration and heat strain [164], suggesting that exercise in the heat
evokes a relatively large renal ATP demand. Moreover, sodium reabsorption is greater during exercise
in the heat in the presence of dehydration [168]. This increased ATP demand is further challenged
by the relatively low renal cortical oxygen delivery that is likely occurring subsequent to heat strain,
dehydration and exercise. Oxygen delivery is required to sustain ATP production. Moreover, any
mismatch between oxygen delivery and oxygen demand increases the susceptibility of the kidneys
to injury [169], which likely occurs subsequent to increased oxidative stress and inflammation [156].
Thus, it is possible that a redistribution of blood flow within the kidneys, together with an increased
oxygen demand, contributes to the increased risk of AKI during exercise in the heat. However, direct
evidence is warranted.

There is certainly reason to believe that reductions in renal blood flow contribute to the increased
risk of AKI during exercise in the heat in humans. However, there are two arguments against
this contention. First, heat acclimation (or acclimatization) invoked by repeated heat exposures
stimulates greater reductions in renal blood flow during heat exposure in rats [170], which contributes
to improvements in heat tolerance [171]. Recent evidence, however, indicates that heat acclimation
over a 23 day period attenuated the rise in serum creatinine during exercise in the heat in humans [172].
This was interpreted as evidence that heat acclimation likely has a protective effect in the kidneys,
such that the incidence of serum creatinine defined AKI was attenuated with heat acclimation [172].
Despite the limitations associated with using serum creatinine to define AKI risk, such findings suggest
that the presumed greater reductions in renal blood flow during exercise in the heat following heat
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acclimation may not translate to a greater risk of AKI. That said, it is important to note that workers
experiencing CKDu are likely heat acclimated. Thus, the presumed protective effect of heat acclimation
on kidney health remains uncertain. Second, older adults have attenuated reductions in renal blood
flow during exercise in the heat [173] and passive heat exposure [174]. However, the incidence of AKI
during heat waves is disproportionately higher in older adults compared to younger adults [175–178].
Thus, the theoretical benefit conferred by the relative maintenance of renal blood flow during heat
exposure may not be protective against the risk of AKI in older adults. That said, these findings
may be confounded by other age-related changes in kidney function, such as overactivation of the
polyol-fructokinase pathway [179] and augmented vasopressin responses [180,181], both of which are
discussed below. Nonetheless, there is a clear need to discern the role of reductions in renal blood flow
to the increased risk of AKI during exercise in the heat in humans.

Rodent models also convincingly demonstrate that nephropathy due to recurrent AKI elicited by
repeated heat exposures is contributed to by activation of the intrarenal polyol-fructokinase pathway
and the endogenous production of fructose [47–49,182,183]. The polyol pathway is stimulated by an
increased plasma osmolality that upregulates the enzyme aldose reductase [184]. Aldose reductase
catalyzes the conversion of glucose into sorbitol, which has a protective effect against a hyperosmolar
renal environment [184]. However, this benefit is not sustainable. Recent evidence has uncovered
the potential deleterious effect of the subsequent activation of the fructokinase pathway, particularly
with recurrent heat exposure and/or dehydration [185]. Under such conditions, sorbitol can be
metabolized to fructose by sorbitol dehydrogenase and this fructose is then broken down by the
enzyme fructokinase [185]. The metabolic breakdown of fructose occurs rapidly and is energetically
costly [186]. Thus, activation of the fructokinase pathway can further reduce ATP availability [187].
It should be noted that the anatomical location of the polyol-fructokinase pathway is the proximal
tubules [185,186], a location that likely has experienced a selective reduction in blood flow [84,155]
and probably already has a heightened ATP demand [165] due to sodium reabsorption [164,168]
and the activation of the Na+/K+ pump [159]. Collectively, this reduced ability to generate ATP
can promote oxidative stress and inflammation [156] and can stimulate uric acid production [186].
Notably, hyperuricemia can further reduce renal perfusion [188] and independently can incite the
polyol-fructokinase pathway [49,189], thereby exacerbating the oxidative stress and inflammation [67]
that ultimately causes AKI [156]. Importantly, the fructokinase pathway is at least partially mediated
by actions associated with vasopressin release [48,183,190], the production of which is stimulated by
increases in plasma osmolality and/or hypovolemia [191].

The importance of the polyol-fructokinase pathway in AKI associated with heat exposure is
highlighted by data indicating that when rats consume a high fructose beverage, which exogenously
increases substrate for the fructokinase pathway, the resulting AKI and kidney damage from recurrent
heat exposure is exacerbated [182,183]. Moreover, when the ability to generate fructokinase is genetically
knocked out, mice exposed to recurrent heat exposure do not demonstrate AKI or kidney damage [47].
We have recently provided similar evidence in humans such that drinking a soft drink with a high
fructose content during and following 4 h of exercise in the heat exacerbates increases in serum
creatinine, reductions in urine flow rate, and elevations urinary NGAL, compared to when drinking
an equivalent amount of water [30] (Figure 4). Interestingly, this observation occurred alongside
greater increases in copeptin (a stable surrogate for vasopressin) and serum uric acid (Figure 4). These
latter findings support the animal data [48,182,183] and the mechanisms by which the activation of
the polyol-fructokinase pathway may increase the risk of AKI [185]. This recent work suggests that
polyol-fructokinase pathway activity may modulate kidney function and the risk of AKI following a
single bout of exercise in the heat in humans. It is important to note, however, that to our knowledge
there is no evidence regarding whether the polyol-fructokinase pathway directly modulates the risk of
AKI during exercise in humans. This is likely due to a lack of established biomarkers for determining
the activation of these pathways in humans. Further work is required to establish such biomarkers
and to apply this knowledge to exercise in the heat.
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Figure 4. Despite no differences in core temperature or changes in body weight (data not shown),
drinking a high fructose soft drink compared to water during and following 4 h of exercise in the
heat resulted in greater changes (Δ) in serum creatinine (A), meeting the criteria for Stage 1 acute
kidney injury (AKI) at Post exercise in ~60% of the subjects (B). During the overnight period (defined
as the time from leaving the laboratory immediately after post-exercise data collection until returning
to the laboratory 24 h following pre-exercise (~18 h following post-exercise)), drinking a soft drink
reduced urine flow rate (despite drinking ~347 mL more fluid during the overnight period) (C) and
elevated urinary neutrophil gelatinase-associated lipocalin (NGAL) (D). These changes in indices in
kidney function and biomarkers of AKI in the soft drink trial were paralleled by greater elevations in
serum uric acid (E) and plasma copeptin (F), a stable surrogate for vasopressin. * different from Water
(p < 0.05), Mean ± SD or individual values, n = 12. From Chapman et al. [30] with permission.
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5. Summary

The purpose of this narrative review was to present evidence that exercise in the heat increases
the risk of developing AKI in humans. A growing body of evidence demonstrates that passive heat
exposure in rodents causes kidney injury, and when this injury is chronically repeated it is capable of
eliciting CKD. Experimental evidence in humans is more limited, with many gaps in the literature
(Table 2). That said, studies consistently demonstrate that a single bout of exercise in the heat increases
biomarkers of AKI and that the magnitude of these elevations in AKI biomarkers is dependent on the
extent of heat strain and dehydration. In this context, elevations in AKI biomarkers are not necessarily
indicative of intrinsic renal damage. Rather, a better interpretation is that they reflect an increased
risk of AKI. Data largely derived from animal models indicate that the mechanism(s) underlying
elevations in AKI biomarkers is multifactorial (Figure 5). For instance, heat-related reductions in renal
blood flow may provoke a heterogenous blood flow distribution within the kidneys. In theory, this
can promote localized ischemia, hypoxemia and ATP depletion, which may be exacerbated by an
increased demand for sodium reabsorption—an energetically expensive process. Moreover, heightened
polyol-fructokinase pathway activity likely exacerbates tissue hypoxemia and ATP depletion, occurring
secondary to the intrarenal production of fructose and hyperuricemia. Collectively, these responses
likely promote inflammation and oxidative stress, which can elevate biomarkers of AKI in otherwise
healthy humans. Unfortunately, there is currently very little direct mechanistic evidence to support
how exercise in the heat may increase the risk of AKI in humans (Table 2). This is an important
knowledge gap that has ramifications regarding the development of countermeasures to safeguard the
renal health of people who regularly engage in physical work in hot environments.

Table 2. Selected identified knowledge gaps regarding the link between exercise in the heat, acute
kidney injury and the development of chronic kidney disease in humans.

• Acute Kidney Injury and the Development of Chronic kidney Disease:

• Can exercise in the heat induce intrinsic renal damage?

• How do we interpret increases in AKI biomarkers associated with exercise in the heat?

• Can repeated exposures to AKI caused by exercise in the heat lead to CKDu? How does the frequency and severity of
this AKI relate to the development and severity of CKDu?

• Does heat acclimation alleviate the risk of AKI (and CKDu) associated with exercise in the heat?

Mechanisms by Which Exercise in the Heat May Increase the Risk Of Acute Kidney Injury:

•What is the relative importance of heat strain versus dehydration on the magnitude of the risk of AKI evoked by
exercise in the heat?

• Do NSAIDs (or other common substances with nephrotoxic side effects) modulate the risk of AKI evoked by exercise
in the heat?

• To what extent does exercise in the heat invoke a heterogenous distribution of blood flow in the kidneys? What are the
contributions of heat strain and/or dehydration?

• Do reductions in renal blood flow during exercise in the heat cause localized ischemia, reductions in oxygenation,
and/or decreases in ATP availability? Where do these changes occur within the kidneys?

• Does exercise in the heat promote inflammation and oxidative stress within the kidneys? What are the contributions of
heat strain and/or dehydration?

•What is the extent by which activation of the Na+/K+ pump contributes to the risk of AKI during exercise in the heat?

• Does the polyol-fructokinase pathway directly contribute to the risk of AKI during exercise in the heat?

•What are the roles of vasopressin and hyperuricemia in the risk of AKI during exercise in the heat?

Abbreviations: AKI: acute kidney injury, CKDu: chronic kidney disease of unknown origins, NSAIDs: nonsteroidal
anti-inflammatory drugs.
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Figure 5. Potential mechanisms by which exercise in the heat and the subsequent development of heat
strain (i.e., increases in core body temperature) and dehydration (a hypovolemic, hyperosmotic state)
may increase the risk of acute kidney injury (AKI) while simultaneously promoting fluid conservation.
Red arrows indicate potential pathophysiological pathways. Blue arrows indicate known beneficial
physiological responses. Abbreviations—RAAS: Renin–angiotensin–aldosterone system, RSNA: Renal
sympathetic nerve activity, ATP: adenosine triphosphate. Please refer to text for references.
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Abstract: Predicted global climate change, including rising average temperatures, increasing airborne
pollution, and ultraviolet radiation exposure, presents multiple environmental stressors contributing
to increased morbidity and mortality. Extreme temperatures and more frequent and severe heat
events will increase the risk of heat-related illness and associated complications in vulnerable
populations, including infants and children. Historically, children have been viewed to possess
inferior thermoregulatory capabilities, owing to lower sweat rates and higher core temperature
responses compared to adults. Accumulating evidence counters this notion, with limited child–adult
differences in thermoregulation evident during mild and moderate heat exposure, with increased
risk of heat illness only at environmental extremes. In the context of predicted global climate
change, extreme environmental temperatures will be encountered more frequently, placing children
at increased risk. Thermoregulatory and overall physiological strain in high temperatures may be
further exacerbated by exposure to/presence of physiological and environmental stressors including
pollution, ultraviolet radiation, obesity, diabetes, associated comorbidities, and polypharmacy that
are more commonly occurring at younger ages. The aim of this review is to revisit fundamental
differences in child–adult thermoregulation in the face of these multifaceted climate challenges,
address emerging concerns, and emphasize risk reduction strategies for the health and performance
of children in the heat.

Keywords: thermoregulation; children; sweating; skin blood flow; heat stress; climate change;
pollution; ultraviolet radiation; hydration; environmental stressors

1. Introduction

Globally, increased variability in environmental extremes and rising average global
temperatures [1], coupled with increasing ultraviolet (UV) exposure [2] and pollution [3–6], are
greatly impacting human health and performance [7–9]. The very limits of human thermoregulation
may be tested, with multiple combined stressors of heat, dehydration, UV radiation, pollution, and
noise and disease transmission all exacerbating physiological strain [10,11]. This review aims to
address the topic of thermoregulation in the context of global climate challenges with emphasis placed
on children, who are considered an ‘at risk’ population for increased morbidity and mortality during
heat events and a range of environmental stressors.

Concepts in pediatric thermoregulation have been revisited and challenged over the past 20 years,
countering the argument that children possess inferior thermoregulatory capabilities [12], particularly
in mild and moderate environmental conditions. However, greater risk of adverse health events
compared to healthy adults is widely recognized in more extreme environmental conditions and during
physical exertion. Considering the rapidity and magnitude of predicted global climate change and
adverse environmental conditions, it is prudent to understand the effects on physiological function
resulting from high ambient temperatures, UV radiation [2,13,14], and pollution [4,15–18]. In addition,
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understanding the interplay between multiple environmental stressors and increasingly common
childhood diseases and comorbidities, including obesity and the onset of preventable ‘adult’ diseases in
children, is important in accurately predicting thermoregulatory responses and long-term health effects
in a rapidly changing environmental landscape. This review is not a comprehensive and exhaustive
review of thermoregulation in children, for which the reader is directed to other articles [19,20]. Rather,
the focus of the present review will be adult–child differences in thermoregulation, with an emphasis on
the adverse impact of projected environmental and climate change on thermoregulation, physiological
function, overall health, and precautions for risk reduction.

2. Thermoregulation

Humans regulate internal body temperature at ~37 ◦C via complex autonomic control of skin
blood flow (SkBF) and sweating, with further local modulation [21]. Afferent inputs from central
and peripheral (skin) thermoreceptors are sent to the thermoregulatory control center in the preoptic
anterior hypothalamus (POAH) [22–24]. Inputs are integrated in the POAH before efferent sympathetic
signals elicit appropriate sudomotor and vasomotor adjustments to regulate core body temperature
(Tc) [21]. Heat exchange and Tc responses are conceptually demonstrated via the human heat balance
Equation (1), with additional adjustments for respiratory heat losses:

S = M−W ±K ±R±C− E. (1)

Metabolic energy (M) is either converted into external work (W; negligible in most conditions) or
thermal energy, which must be dissipated from the body to avoid an increase in heat storage (S). Heat
exchange (both losses and gains) occurs via dry heat loss mechanisms; conduction (K), radiation (R),
convection (C), in addition to evaporative heat loss (E), primarily from sweat on the skin surface but to a
minor extent via the respiratory tract. Rates of heat gain and dissipation must be equivalent to maintain
heat balance (S = 0) and a stable Tc [25]. Under normothermic conditions, cutaneous vasomotor
adjustments facilitate convective heat loss (or gain) at the skin surface to counter minor fluctuations in
body temperature. During exercise and/or exposure to high ambient temperatures, heat gains exceed
heat losses (S > 0), and increased Tc and skin (Tsk) temperatures elicit more pronounced cutaneous
vasodilation and initiation of sudomotor responses [26–28]. SkBF can increase from ~0.25–0.30 L/min
during normothermic conditions to 6–7 L/min during extreme heat exposure. To facilitate increased
SkBF (and muscle blood flow during exercise in the heat), in addition to providing blood plasma as a
precursor for sweat production, cardiac output (Q) increases to meet demands. Notably, when ambient
temperature (Ta) exceeds Tsk, a reversal of the temperature gradient prevents dry heat losses from
the body, and heat is gained, increasing thermal load. Evaporation of sweat is the greatest avenue of
heat loss from the body during exercise and heat exposure, varying with age, exercise intensity, and
hydration status. Thermoregulatory function is influenced by many factors, including cardiovascular
responses, sweating rate (SR), body surface area (BSA) to mass ratio, body composition, hydration
status, and nonthermal inputs. During hyperthermia, increased Tc and Tsk elicit thermoregulatory
responses to balance heat losses and gains and stabilize Tc (compensable conditions) [25]. If heat loss
mechanisms are not sufficient, conditions are said to be uncompensable and Tc will continue to rise,
with potential progression to heat-related illness and injury, including fatal heat stroke [29].

Adult–child differences in thermoregulatory responses to warm environments are evident, largely
owing to immaturity of their physiological systems, morphological, and neuroendocrine differences.
Children exhibit a lower Q [30], lower whole-body SRs [31–34], and greater increases in Tc during
passive exercise in the heat [33,35]. Children consistently show higher SkBF responses in warm
conditions compared to adults, directing a significantly greater proportion of their lower Q to the
skin. Combined with significantly lower SRs, children are reported to rely more heavily on dry heat
losses compared to adults [31,35]. Historically, these differences have led to the view that children
possess inferior thermoregulatory responses and poorer tolerance to heat compared to adults, defined
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as an inability to maintain heat balance, resulting in an amplified Tc response that may progress to
serious heat illness without intervention [36]. This notion has been challenged [37], with accumulating
evidence of compromised thermoregulatory function only at environmental extremes. This warrants
further investigation with rising average global temperatures and increased frequency of heat events.

The concept of children being classified as “at risk” of heat-related illness relates to increased
vulnerability to the effects of heat stress, with increased morbidity or mortality versus a healthy adult
reference population [38]. Epidemiological evidence is mixed but does indicate a distinct age-related
variation in heat-related morbidity and mortality [38]. Age groups at greatest risk of health-related
morbidity and mortality include older adults (≥75 years) and “young children” (0–4 years) [38,39].
Death rates are lowest among children aged 5–14 years at 0.1 per million, with considerably higher infant
death rates at 4.2 per million, in part owing to infants and younger children being unable to operate locks
or being restrained in vehicles, in which ambient temperature is exacerbated [38]. Between 17–74 years
of age, a progressive, moderate increase in heat-related deaths occurs, with considerable increases with
more advanced age (≥85 years, 12.8 deaths per million). Prediction models of weather-related deaths
due to excessive natural heat exposure suggest an odds ratio of 4.4 in infants (<1 year), 1.9 in young
children (1–4) versus an odds ratio of 1.0 in the young adult reference population (25–34 years) [38].
Overall, the World Health Organization (WHO) predicts child mortality related to heat exposure at
>100,000 deaths per year by 2050, with greatest climate change related mortality occurring in South
Asia [40].

3. Global Climate Change

Climate fluctuations are recognized to increase the risk and exacerbate the impact of a broad range
of diseases, with extreme heat (and cold), pollution and UV exposure increasing human morbidity and
mortality [41,42]. Compelling evidence from predictive models of climate change indicate with virtual
certainty rising global temperatures and increasing heat wave frequency and severity, but the overall
impact of climate change on human health is not fully understood [43].

Climate change will disproportionally affect certain global regions, with extreme temperatures
occurring not only in traditionally warm countries, but also in regions not accustomed to high ambient
temperatures. A direct temperature–mortality relationship exists and varies by geographical region
and climate, with heat events causing significantly greater deaths in historically cooler areas. Predicted
heat-related illness and injury could be reduced with heat acclimatization and physiological adaptation,
improving the temperature–mortality relationship in cooler areas closer to that observed in warmer
geographical regions [44]. In areas frequently exposed to heat, increasing frequency and severity of
heat events will occur, with projected temperatures challenging the limits of human thermoregulation
and acclimatization [44–46]. In Europe, estimates for predicted heat-related mortality in the 2080’s
ranges from 60,000–165,000 in the absence of acclimatization or acclimation [44]. Notably, not only is
the increase in average global land and sea temperatures important, but close attention should be given
to the frequency, duration, and overall impact of heat events, during which fatalities dramatically
increase [44].

Global climate change has been evident for several decades, with anticipated increases in average
global temperatures of approximately 1.5 ◦C (2.7 ◦F) by 2100, with predictions ranging from 0.3 to
4.8 ◦C (0.5–8.6 ◦F) depending on varying emission scenarios predicted utilizing climate models [47,48]
(pp. 1037, 1065–1068). In the United States, predictive climate models indicate increases of 1.7–6.7 ◦C
(3–12 ◦F) by 2100, varying by the emission scenario. There will be an increased frequency and
intensity of heat waves and related events, with altered patterns and frequency of storms (both heat-
and cold-related) and precipitation [47]. Regional variation in severity of climate change will occur,
with amplified arctic warming at rates ~2.2–2.4 times greater than the global average [48] (pp. 1037,
1065–1068). Predicted heat events and extremes will continue to exceed prior records, causing hundreds
of thousands of additional deaths, crop destruction, and subsequent food shortages, altered disease
transmission, and significantly affected economic burden [41].
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Despite wide-scale scientific evidence associating greenhouse emissions and global climate change,
there is limited evidence of emission reductions. The accelerated rate of increase is unparalleled
in human history. Populations who are heat-sensitive or possess underdeveloped or compromised
thermoregulatory responses will be most at risk of heat-related morbidity and mortality. Particular
attention should be focused on the elderly, infants and children, individuals with cardiovascular,
renal, metabolic diseases and related comorbidities, and individuals using medications that alter or
limit mechanisms of heat dissipation. The limits of human thermal tolerance and ability to adapt to
increasing global temperatures, even in healthy populations, will be tested.

4. Adult–Child Differences in Thermoregulation during Heat Exposure

The American Academy of Pediatrics defines pediatrics as “the specialty of medical science
concerned with the physical, mental, and social health of children from birth to young adulthood.” [49].
Discrepancies in pediatric thermoregulation literature are therefore not surprising given the large
age range and developmental stages encompassed by this field. For the purposes of this review,
pediatric age categories follow US Food and Drug Agency (FDA) [50] and World Health Organization
(WHO) [51] guidelines for clinical pharmacology, reflecting the underlying principle of a liner
relationship between weight and growth. Based on these guidelines, pediatric subpopulations are
defined as (a) neonates, 0–1 month, (b) infants, 1 month to 2 years, (c) children, 2–12 years, and
(d) adolescents 12–16 years. If considering adolescent, further sub-classifications based on pubertal
maturational stage should be considered. Physiological responses to exercise and heat exposure differ
between infants, children, adolescents, and adults owing to differences in morphological, endocrine,
cardiovascular, metabolic, and thermoregulatory responses, yet guidelines are often modified from
adult data. Infants and children have traditionally been considered an ‘at risk’ group with greater
susceptibility to adverse physiological responses and health events during environmental extremes
owing to inferior thermoregulatory capabilities [12]. Over the past twenty five years, this notion
has been challenged, with limited physiological or epidemiological evidence of compromised or
insufficient thermoregulatory capabilities in a wide range of environmental conditions when compared
to healthy adults [19,37,52]. Many identified risk factors for heat illness in children, including hydration
status, clothing, training and recovery periods, are modifiable and thus largely preventable [52].
The importance of many of these factors in pediatric thermoregulation will be reviewed, with an
emphasis on recent advances and future challenges associated with climate change.

4.1. Morphology

Understanding alterations in thermoregulation in the context of growth and development is
complex and multifaceted. Not only do children grow and mature at differing rates, but the many
physical and physiological changes that impact thermoregulation during this time also occur at varied
rates and times, making the pediatric population challenging to assess. Understandably, as children and
adolescents grow and develop towards full maturity, adult–child differences become less pronounced.
During the 1990s, several investigators suggested that thermoregulation in children differed from adults
for physiological reasons beyond morphology [53–55], but this remains a prominent physical difference
with important consequences for thermoregulation. Children are smaller than adults, with associated
smaller total body surface area (BSA), lower total muscle mass, and metabolic heat production during
exercise [37,56]. Notably, children have a larger BSA to mass ratio, with more effective dry heat loss
and evaporative efficiency versus adults. This is advantageous in cooler and moderate conditions
when Ta < Tsk [32,57] but also provides a greater surface area to take on heat in hot conditions. Several
studies support the beneficial larger BSA:mass ratio in children during exercise in the heat [58], but this
may increase the risk of heat illness as global temperatures continue to rise.
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4.2. Body Composition

Obesity is widely recognized as a risk factor for heat-related illness and injury in both adults and
children [59–61]. The most recent nationally representative estimates from the United States indicate
that the prevalence of childhood obesity is continuing to increase: In 2015–2016, 35% of 2–19-year-olds
in the National Health and Examination Survey (NHANES) were overweight (BMI ≥85th CDC
percentile), and a further 24.5% obese (BMI ≥95th percentile) [62]. Globally, 50 (24–89) million girls
and 70 (39–125) boys aged 5–19 years are estimated to be obese (2SD above the WHO median) [63].
In the context of the increasing incidence of overweight and obesity in children both in the USA and
internationally, coupled with increasing average global temperatures, appropriate risk assessment
and safety guidelines for exercise in the heat are critically important [64]. The majority of data
regarding body composition and thermoregulation concerns adults, with considerable discrepancies
in the literature. Several studies indicate similar responses during passive heating [65] or exercise
in the heat [66], whilst others demonstrate blunted thermoregulatory (sweating) responses [67] and
increased thermal strain (Tc) in obese versus normal weight individuals [67]. Notably, most studies
appear confounded by the effects of body mass and/or heat production introducing a systematic
bias owing to study design and not adiposity per se [68]. When metabolic heat production is fixed,
some of the differences are mitigated [69]. Several studies in children similarly demonstrate the
physiological disadvantage of higher adiposity during exercise in the heat [70–72]. Higher visceral
and subcutaneous fat deposits, combined with a typically lower BSA to mass ratio, may contribute
to hindered heat loss in obese versus lean children [73]. By contrast, a small number of studies
indicate similar heat tolerance of obese or overweight compared to normal weight children during
exercise in the heat [70,74]. This has been suggested by other authors to result in part from three
exercise heat acclimation sessions conducted prior to testing, which were not discussed in the studies
themselves [72]. Studies incorporating exercise/heat acclimation sessions prior to experimental testing
may reduce differences in thermoregulatory responses between groups but in applied terms have
important implications for reducing heat illness risk in obese children.

Importantly, total body mass is typically greater in obese compared to lean children, resulting in a
greater heat production and therefore evaporative requirement during similar absolute workloads.
In addition, obese children typically possess a lower maximal aerobic capacity, and therefore, when
exercising at the same intensity, obese children are achieving a higher absolute workload and heat
production [74]. Adipose tissue has a lower water content and lower specific heat compared to muscle
(2.97 kJ·kg−1· ◦C−1 versus 3.66 kJ·kg−1· ◦C−1), with less heat necessary to increase a specific mass
of adipose tissue a given temperature. It is logical to assume that both children and adults with
higher adiposity may therefore experience a greater Tc rise for a given heat production compared to
lean individuals. Notably, the physiological impact of adiposity on thermoregulation and practical
considerations for prescribing comparable workloads has recently been challenged [68]. In adults,
Dervis and colleagues [68] eloquently demonstrated that during exercise in the heat, overweight or
obese individuals experience a greater Tc increase versus those with lower body fat, independently of
differences in mass and metabolic heat production [68]. They further suggest that body fat percentage
has a relatively small influence on Tc, with independent influences on thermoregulatory function
during exercise only with large differences (>20%) between groups or individuals (e.g., obesity). Dervis
and colleagues calculated (based on another authors data [75]) that a 20% difference in body fat only
elicits a ~3%–5% difference in whole-body mean specific heat, perhaps explaining the similarities
between groups in some studies. Obese individuals pose a lower mean specific heat capacity compared
to lean individuals, which, coupled with blunted sudomotor responses, may explain the greater Tc

rise [68]. Prior studies have also suggested the insulative properties of adipose tissue may attenuate
heat loss at the skin [76], but this was not observed by Dervis et al. [68] and may only be relevant
in cool conditions when SkBF is minimal and subcutaneous fat is of greater importance. Many of
these biophysical principles may hold true in children but warrant further research to explore the
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independent effects of adiposity on thermoregulation, with appropriate physiological adult–child
comparisons requiring workload adjustment for body mass and BSA to avoid systematic bias.

Body composition is an important factor for consideration in outdoor physical activity guidelines
for children, in addition to hydration, fitness level, acclimation status, disease, and medications, all of
which can modulate thermoregulatory responses and ultimately risk of heat-related illness and injury.
Although beyond the scope of this review, it is also pertinent to recognize that obesity is associated with
a multitude of risk factors for the development of cardiovascular disease, including insulin resistance,
dyslipidemia, and hypertension. Obesity is a proinflammatory condition that contributes to the
pathogenesis of obesity-linked diseases, including metabolic dysfunction, cardiovascular diseases, and
associated comorbidities [77]. In light of the growing incidence of childhood obesity [62,63], associated
comorbidities [78], and increased polypharmacy at increasing younger ages [79,80], development of
significant vascular dysfunction and cardiovascular disease in children and young adults is a sobering
reality [78,81,82]. This has serious implications for long-term cardiometabolic risk profiles [82,83],
in addition to thermoregulatory dysfunction contributing to increased heat illness risk [84–87],
exacerbated by a warming global climate.

4.3. Metabolic Heat Production

Children have less efficient locomotion than adults, producing more heat per unit body mass
during weight-bearing activities [88,89]. Metabolic heat production can be ~10%–15% higher in children
for a given workload [88], although is less pronounced during nonweight bearing activities including
cycling. Studies investigating the metabolic cost of locomotion in relation to individual biomechanical
variables have typically observed poor relationships. Rather, economy appears related to results from
the combined effects of a multitude of factors [90]. Frost and colleagues [91] investigated metabolic,
kinematic, and electromyographic responses of varying ages of children (7–8 years, 10–12 years, and
15–16 years) to 4 minute bouts of treadmill walking and running at increasing speeds. The best
predictor of both VO2 and efficiency was age, but specific growth-related factors that may influence
the metabolic cost of locomotion remain unclear [91]. Resting metabolic rate (per kg TBW) is higher
in children than adults, decreasing during childhood [92,93]. Differences in total mechanical work,
stride length [92], knee joint range of motion, gait efficiency [94], and higher respiratory frequency
(and a higher cost of ventilation) may all contribute to a greater submaximal VO2 in children versus
adults [92,93].

For children with disabilities or disease that affects mobility, low locomotion efficiency results
in large energy expenditure compared to healthy or typically developing children. For example,
cerebral palsy, the most common childhood disability in the United States, causes a high metabolic
demand on daily activates. Walking efficiency is three times higher in cerebral palsy children, affecting
participation in daily activities and overall quality of life [94]. Specific metabolic demands of activities
in children are important in the context of safe exercise practices and thermoregulation in extreme
environments, with important consideration and modifications to activities for children with disabilities
affecting movement.

4.4. Cardiovascular Responses

In comparison to adults, children produce a lower Q during similar absolute submaximal
workloads [30,95,96]. Several studies have reported similar Q during exercise in children and adults,
but an explanation for these discrepancies is not clear [97,98]. Lower Q in children results from a lower
stroke volume (SV), attributed to their smaller body size and therefore smaller heart (left ventricle)
compared to adults [95]. Partial compensation is provided by a higher heart rate, with more complete
compensation resulting from a greater arterial–venous O2 difference, ultimately providing similar
adult–child VO2 values despite a lower Q. Children therefore have an appropriate cardiovascular
response for their size during exercise. This is demonstrated when SV is scaled to body size, virtually
eliminating child–adult SV differences [95]. Similarly, Falk and Dotan calculated cardiovascular
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responses at fixed relative workloads corrected to provide a body mass specific Q (based on the data of
Turley and Wilmore [95]), with values that were in fact ~10% higher in children than adults.

Despite the lower, albeit size-appropriate exercise Q in children, differences in cardiovascular
responses associated with thermoregulatory challenges become apparent. Children possess a greater
(~20%) BSA compared to adults, shunting a greater proportion of Q to the skin to maximize dry
heat losses [31,33,35]. Higher SkBF responses are evident during exercise (50% VO2max) in hot–dry
conditions [55] and for similar rectal temperature (Tre) responses [31]. Notably, comparisons of
cardiovascular responses to heat are typically standardized to metabolic load (relative intensity). If
absolute workloads were utilized, group differences would be artificially exaggerated owing to factors
including differing locomotion and therefore greater physiological strain in children, differences in
body mass and size, and potentially greater SkBF responses for dissipation of additional heat [19].
The high SkBF response declines with increasing maturational development throughout adolescence.
Falk and colleagues [55] observed progressively lower SkBF responses in pre-, mid-, and late pubertal
boys (significant between all groups) during cycling at 50% VO2max in a hot–dry environment (42 ◦C,
20% rh). Considering the proportionally higher SkBF responses in children, declines in performance
are understandable. Venous return and thus Q are compromised, coupled with relatively lower
muscle blood flow, presenting competing demands on the cardiovascular system during exercise in the
heat [99]. If conditions (heat and exercise intensity) are sufficiently extreme and exposure continues,
particularly without adequate rehydration, SkBF and sweating responses may decline, compromising
thermoregulatory function with potential development of heat illness [100].

4.5. Thermoregulatory Sweating

Many authors have reported lower local and whole-body SRs in children compared to
adults [31–34]. This is typically true regardless of normalization for BSA or per sweat gland, exercise
intensity, environmental conditions, and Tre [55–57]. Further, the significantly lower SRs in children
appear more pronounced in comparison to adults when exposed to greater environmental extremes,
higher workloads [20] or during hypohydration [101]. This leads to the widespread view that children
possess inferior thermoregulatory capabilities, a notion that was challenged by Falk and Dotan [37].
Despite lower whole-body SRs, Tc responses are often similar when workloads are adjusted or during
passive heating, leading some to suggest that children may actually possess greater thermoregulatory
efficiency during exercise and/or exposure to mild and moderate conditions [34,37]. This does not
hold true in extreme ambient conditions, with children displaying greater physiological strain and
increased heat illness risk.

The main focus on thermoregulatory sweating in children is typically whole-body sweating, with a
paucity of data regarding RSR. Regional SRs are widely recognized in adults [102–106], with differences
in children depending on maturational stage [34]. This was observed by Shibasaki and colleagues [34]
following passive heating of prepubertal boys (7–11 years) and young men (21–25 years) via lower
leg immersion in a 42 ◦C water bath for 60 min. RSRs varied, with some sites significantly higher
than adults (forearm), some significantly lower (chest, thigh during latter 30 minutes only), and others
showing no differences (back) between groups. The sweating threshold (Tb) was slightly higher in
boys, albeit nonsignificant (p < 0.10), regardless of body region. Heat-activated sweat gland density
(HASG) was higher in boys at all sites, but this is not surprising given their developmental stage and
smaller body size and surface area. The authors suggest regional variation in sweating associated
with maturational stage and argue a peripheral ‘underdevelopment’ at the level of the sweat gland
versus central drive [34]. This highlights the necessity for measuring RSR at multiple sites and the
need for more detailed regional sweating data in children and adolescents at varying maturational
stages. Notably, ambient conditions were 25 ◦C, 45% rh, providing a favorable temperature gradient
for dry heat losses on which children typically rely more heavily. The authors focus on sweating in
relation to maturational age, but other heat loss mechanisms should be considered. Despite lower
RSR, change in Tre did not differ between groups, indicating that prepubertal boys could adequately
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thermoregulate under mild to moderate passive heat stress in the specified conditions, relying on
differing mechanisms and perhaps displaying greater efficiency.

Greater evaporative efficiency can also be attributed to the lower sweat electrolyte concentration
in children [107] and serves to conserve body fluids. Children typically have higher Tsk, and thus
higher sweat temperatures, resulting in higher water partial pressure. The result is increased water
vapor pressure and higher sweat evaporation [37]. A greater evaporative efficiency and the ability
to conserve water may actually serve as an argument for thermoregulatory superiority in children
versus adults in mild and moderate conditions. Maximal SRs in children have never been established
for ethical reasons, but it is reasonable to assume that in the context of global climate change and
increasing heat waves, children may be unable to achieve sufficient sweating rates for heat balance
(maximal evaporation < required evaporation) more frequently. Maximal SRs may be improved
with heat acclimation, but in uncompensable conditions, children will be unable to thermoregulate
adequately, with the potential for progression to developing heat illness if precautionary measures are
not employed.

4.6. Heat Acclimation

Heat acclimation (HA) involves a series of beneficial physiological adaptations resulting from
repeated exposure to heat stress that facilitate a greater ability to deal with subsequent heat
exposure. Considering children are vulnerable to heat illness under extreme conditions, employing
HA strategies provides a feasible risk reduction strategy in the face of climate change. Differing
HA regimens may be utilized, with conditions closest to the anticipated exposure environment,
typically lasting 7–14 days [108–111] and often incorporating exercise to elicit a maximally heat
acclimated phenotype [112,113]. Physiological adaptations to HA have been extensively documented
in adults [104,114–120], including reduced cardiovascular strain (heart rate (HR) and Q) at a given
workload, a lower Tc threshold for sweating, increased thermosensitivity resulting in a higher SR for a
given Tc, and greater maximal SRs [111,116,119,121–125]. Children acclimate similarly to adults yet do
so more slowly, requiring several more days of exposure for complete HA [72]. The reduced sweating
onset threshold and HA-associated increases in SR are highly beneficial during subsequent exposure to
high ambient temperatures in a population that has significantly lower sweating responses compared
to adults. Children display lower sweat NaCl concentrations compared to adults [107], with reductions
in sweat Na+ and Cl− concentrations in both groups following HA [126,127]. Further acclimation
increases the responsiveness of the duct to aldosterone in adults [128], but this mechanism has not
been investigated in children.

A pertinent consideration with increasing prevalence of childhood obesity (Section 2.4. Body
Composition) is that obese children appear to possess a lower level of acclimation versus lean boys,
likely resulting from the partial acclimation acquired through training. Obese boys show higher resting
and exercise Tc, elevated HR responses, and lower SRs, indicating higher physiological strain [72].
Sedentary, obese children may therefore benefit most from carefully monitored HA regimens prior
to summer months. In the instance of athletes, similarly to adults, exercise intensity should be
progressively increased to emulate competition. A gradual increase in the number of training sessions
per day and progressive introduction of protective clothing that may hinder heat loss should be
adopted [129]. Considering the tendency for children to voluntarily dehydrate, special attention should
be given to rehydration strategies during HA to limit hypohydration and maximize cardiovascular
adaptations [130].

Ultimately, HA reduces cardiovascular strain, improves performance, and increases survivability
to extreme environmental conditions, making this a critical component in reducing heat-related illness
and injury in the pediatric population [72,111,116,119,121–125,129]. Most of the evidence available
indicates similar HA responses between children and adults, but further work is warranted if HA
regimens become widely adopted as ambient temperatures continue to increase, with additional
consideration for body composition, disease conditions, and medication use.
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4.7. Sweat Composition and Fluid Intake

Fluid intake is of considerable importance in relation to thermoregulatory function, with
hypohydration considered a major risk factor in the development of heat illness [100,131–135].
In adults, even mild hypohydration (<2% body weight) impacts cardiovascular and sudomotor
responses, reducing SkBF [136,137], delaying both the vasodilatory and sweating onset thresholds, and
reducing sweating rates for a given Tc (reduced gain) [137,138], attenuating thermoregulatory function
and heat tolerance [137]. For extensive reviews regarding the physiology of water balance, hydration
assessment, strategies, and pathology, please refer to other reviews within this Special Issue. In the
context of this review, hypohydration in children with consideration for rising global temperatures
and concerns over predicted water shortages accompanying climate change are addressed.

In the pediatric population, voluntary dehydration is common, largely owing to children feeling a
limited need to replenish fluids even when intake is insufficient [139]. This increases susceptibility
to hypohydration and subsequent physiological and psychological impairments. Fluid intake and
euhydration are essential for physiological function and health, in addition to cognitive function and
mood in both children [140,141] and adults [142]. Hypohydration attenuates SRs in both populations,
with notable thermoregulatory impact on children due to their already lower sweating responses
for a given workload. Children experience a greater rise in Tc for a given level of hypohydration
versus their adult counterparts, increasing physiological strain and thus reducing tolerance to the
heat. Hypoydration is recognized as a major risk factor for heat-related illness and injury, including
progression to life threating heat stroke [52,101].

Both adults [143] and children [139] often hydrate inadequately, but the effects of chronic low
fluid intake and dehydration on health are not well understood. As global climate change progresses,
knowledge of the complex and multifaceted interplay of factors influencing thermoregulatory function
is important. Although speculative, consideration needs to be given to pediatric fluid intake as it
pertains to chronic health, with the mindset of encouraging “preventative” habits for long-term health
and risk reduction. In adults, fluid intake (typically self-reported) provides conflicting results regarding
cardiometabolic disease risk, in part due to failure of investigators to report plain water consumption
versus intake of other fluids, including sweetened beverages [144]. Evidence does indicate low fluid
intake is independently associated with developing hyperglycemia [145], type 2 diabetes mellitus [146],
and renal dysfunction including chronic kidney disease (CKD) [144], with inconsistent evidence of
cardiovascular disease risk. The putative link between hydration and long-term health in adults
remains controversial but certainly warrants consideration in children. This is particularly concerning
in light of climate change potentially exacerbating dehydration risk, coupled with the high incidence
of overweight and obese children in the western world, already at increased risk of cardiometabolic
disease. Limited research has assessed the relationship between fluid intake and childhood obesity,
but there is some indication that obese children are less hydrated compared to those of normal
weight. Maffeis and colleagues [144] determined significantly lower hydration in obese versus normal
weight children (7–11 years), based on average free water reserve over 48 h. In adults, Guelinckx
and colleagues [144] raise the concept of increased plain water intake as a mechanism to reduce renal
and metabolic dysfunction. Risk reduction for CKD and vascular dysfunction in adults has also been
observed with high water intake (>2.6 L/day) but not sweetened beverages [147–149]. In children,
albeit speculative, perhaps this approach serves to not only improve hydration and thermoregulatory
function but reduce or limit the risk of renal and metabolic dysfunction.

Appropriate replacement of both electrolytes and water should be achieved during exercise and/or
in warm conditions, yet limited data concerning sweat composition in children and adolescents are
available, with subsequent hydration guidelines for children derived from adult data. Maintaining
appropriate water balance is important, but beverage flavor and composition are of particular
significance when SRs are high. During exercise in the heat, children consume significantly more fluid
when beverages are flavored compared to plain water [150]. Bar Or and colleagues [150] observed that
voluntary dehydration was significantly reduced when chilled water (8–10 ◦C) was grape-flavored
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versus plain during 3 h of intermittent exercise in the heat (35 ◦C, 40–45% rh). Further increases in fluid
consumption were observed when the beverage was not only flavored but also contained carbohydrates
(6%) and NaCl (18 mmol/L), resulting in mild overhydration (0.47% increase body weight). Physiological
and perceptual variables, including Tre, Tsk, HR, thirst, and stomach fullness did not differ between
conditions, which may be explained by the relatively minimal dehydration of only−0.65%, −0.32%,
and+0.47% of body weight for plain water, flavored water, and flavored carbohydrate/NaCl water,
respectively. Current guidelines by The American Association of Pediatricians [52] recommend
consumption of cooled, flavored beverages to mitigate dehydration in the heat, with the addition
of 15–20 mmol/L NaCl increasing ad libitum drinking by up to 90% versus plain water. Sweat
composition and optimal composition of fluid-replacement beverages has been extensively studied
in adults [150–154], but limited data are available in children, with an emphasis on pathophysiology,
specifically cystic fibrosis.

There are many individual factors that can influence sweat electrolyte losses and therefore
replacement, including age, physical fitness [155,156], and acclimation status [126,157]. Sweat
electrolyte concentrations are a function of SR [158], with higher sweat Na+ and Cl− concentrations
evident at higher SRs resulting from reduced reabsorption in the sweat duct [157,159]. Wide variation
in sweat lactate concentrations has been reported, with data indicating an inverse correlation with
SR [160,161], positive correlation [162], or no correlation [163]. Several studies have demonstrated
significantly lower sweat lactate concentrations with maturational age (pre- versus late-pubescent
boys) [164] and in children versus adults [160] during the initial stages of moderate exercise in the heat,
but not during subsequent bouts. Despite varying data concerning the relationship between sweat
lactate and SR, it has been proposed that sweat lactate is higher in children owing to their lower SR
compared to adults. However, sweat lactate tends to decrease with increasing exercise duration in the
heat [160], and the similarity in child and adult sweat lactate during latter stages of exercise cannot
be explained by SR. One proposed mechanism is the reliance on anaerobic metabolism in a sweat
gland during the initial stages of sweating, and an increasing reliance on oxidative phosphorylation
as exercise progresses [160]. Regardless of the mechanism, identifying sweat electrolyte losses and
adapting hydration strategies is vital.

Similarly to lactate, sweat NH3 is significantly higher during initial stages of exercise than adults,
which is thought to prevent further decreases in sweat pH through protonation of NH3 to NH4

+. This is
also reflected in the lower sweat pH observed in children during the initial stages of moderate exercise
in the heat (≤20 min) [160]. Further, an inverse correlation has been observed between sweat H+

and Na+, thought to relate to acidification of sweat via tubular antiporters reabsorbing HCO− and/or
secreting H+ in exchange for Na+ reabsorption, potentially explaining the greater Na+ reabsorption
in children [160].

Understanding optimal fluid composition and replacement strategies should be a priority in
children, not only for performance but also overall health and safety. Hydration guidelines in
children are often based on adult data, yet adult–child differences in sweat electrolyte concentrations,
variation with intensity and duration, and marked differences in SR are evident. Coupled with
greater voluntary dehydration in children [101], beverage composition and hydration guidelines
need tailoring specifically to children and the intensity and environment in which they are exercising.
Drink palatability, including flavor and temperature, are also important when considering fluid
replacement in children. In the face of predicted rising average global temperatures, increased severity
and frequency of heatwaves, and predicted water shortages, tailored hydration strategies will be
increasingly important not only for those exercising in the heat, but for daily activates and prolonged
periods outside in the heat (i.e., summer camps).

5. Emerging Environmental Challenges: Effects on Thermoregulation and Health

The World Health Organization (WHO) first published an atlas outlining global environmental
challenges to children’s health in 2004, which has since been expanded and updated to highlight
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emerging environmental stressors and strategies for exposure reduction [165]. Rising global
temperatures and heat waves are only one component of environmental hazards facing children,
with exposure to multiple physiological and psychological stressors influencing growth, development,
and long-term health. In the context of thermoregulation, stressors including pollution, UV exposure,
and water shortages may not only directly affect physiological function, but a complex interplay of
multiple stressors may plausibly modulate thermoregulatory function in children (e.g., via impacts on
the cardiovascular system), potentially increasing risk associated with heat-related illness and associated
complications. Currently, little is known about the effects of multiple stressors on thermoregulatory
function in children.

5.1. Pollution

Acute exposure to pollutants and toxic substances can impair thermoregulatory responses [166],
with chronic exposure resulting in a multitude of long-term health complications. Children are
reported to spend significantly greater periods of time outdoors compared to adults, potentially
increasing their likelihood for exposure to toxicants. It is widely recognized that high ambient
temperatures increase the uptake of many pollutants and play a critical role in increasing toxicity [167],
which may be further compounded by exercise in the heat [167]. Pollutants and toxins that alter
metabolism, SkBF, and/or sweating responses may have a profound effect upon thermoregulation
responses of both children and adults [168]. In rodents, an acute, protective hypothermia followed
by a rebound, sustained hyperthermia is observed following dosing with many toxic substances,
including insecticides. Humans do not typically experience the magnitude of hypothermia observed
in rodents following toxicant exposure, although marked hypothermia has been observed in specific
instances [169]. More common is a hyperthermic or fever response that may persist for several days
after exposure to a toxic agent [167]. Importantly, Tb affects both uptake and toxicity of substances,
which in turn impacts Tb regulation. Based on increasing levels of pollution from vehicles, insecticide
use, and byproducts from industry, an understanding of routes of absorption, toxicity, modulation of
physiological responses, including temperature regulation, and long-term health effects is necessary.
Increasing interest in the complex interplay among pollutants, mortality, and heat stress in older
individuals is evident [17,170], which should be extended to other vulnerable populations.

The WHO estimates the global cost resulting from pollution at 1.7 million children deaths per
year [171]. High ambient temperatures and airborne pollutants independently increase morbidity
and mortality, but few studies have investigated the interplay between both stressors [172,173]. A
limited number of studies have attempted to do so, yielding mixed results. Several studies indicate an
interaction effect, with pollution effects being greater on days with higher ambient temperature [17],
whilst others found limited or no interaction [172]. Toxicity of air pollutants can be modified by
atmospheric transformations, with greater primary pollutants forming toxic secondary products under
conditions of higher temperature, greater sunlight exposure, and in the presence of copollutants [174].
Considering predicted elevations of both stressors in the future, and limited current knowledge
of how their interactions affect thermoregulation and overall health, further research is urgently
needed. The physiological strain associated with exposure to high ambient temperatures may alter the
physiological response to pollutants and other chemicals, increasing susceptibility to the negative health
effects [172,173]. A further plausible consideration is the deleterious cardiovascular and respiratory
effects of airborne pollution that may lead to compromised thermoregulatory function both in children
and later in life, raising health risks in an already vulnerable population during extreme heat exposure.

An increasing number of studies have elucidated an association between residential proximity
to high traffic roads and, thus, airborne vehicle pollution and a multitude of adverse health events
and conditions. Impacts on the respiratory system have been widely studied [175], and increasing
literature is indicating a concerning impact on the cardiovascular system.

Air pollution has been implicated as proatherogenic, increasing likelihood of cardiovascular
events [176]. Vehicle emissions are a major contributor to outdoor pollution, accounting for up to 90% of
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pollutants, including carbon dioxide (CO2), carbon monoxide (CO), oxides of nitrogen (NOx), particulate
matter (PM), ozone (O3), volatile organic compounds (VOCs) including benzene and formaldehyde,
and other byproducts. Many of these pollutants are linked to numerous adverse health conditions and
events, particularly relating to respiratory function [177] and cancer risk [178]. Specifically, PM from
vehicle exhaust emissions has been linked to adverse cardiovascular events [179,180]. Of concern to
climate change, higher ambient temperatures are linked to greater respiratory uptake of pollutants
such as O3 and greater toxicity [167].

In adults, literature is varied, with some evidence that long-term exposure to urban pollution may
increase arterial stiffness and carotid intima–media thickness, regardless of pre-existing Cardiovascular
disease (CVD) [181]. Potential mechanisms include signaling cascades stimulating pro-inflammatory
cytokine release, ROS production, endothelial dysfunction, and vascular smooth muscle remodeling,
ultimately attenuating vascular function and promoting atherogenesis [182,183]. Children are at
greater risk of negative health effects associated with pollution, owing to a complex interplay of factors,
including immature immune responses, small lung volumes, higher respiratory rates, tendency for
mouth breathing, and longer time periods spent outside [184]. Children exposed to urban air pollution
show increased markers of oxidative stress, inflammation, and endothelial dysfunction [16,185].
Notably, this an understudied area of toxicology and physiology, with only one study indicating that
long-term urban residency of children living in close proximity to a major road (30–300 m) was linked
to increased carotid arterial stiffness versus those living further away.

Armijos and colleagues [186] observed that long-term residency in close proximity to a high traffic
road (<100 m), and thus airborne pollution, stimulates arterial remodeling (carotid intima–media
thickness) in children aged 7–12 years versus those living further away (>200 m), with control for
covariates and risk factors for atherosclerosis [186]. Many factors can influence inflammation and CVD
risk, but there is a need for long-term, longitudinal, epidemiological studies to determine the cumulative
effects of pollution on cardiovascular health, with putative implications for thermoregulatory function
and exercise capacity. Exposure to proatherogenic environmental factors may cause early progression
to clinical disease, rendering current knowledge of vascular responses in children inaccurate with the
potential for overestimating heat loss potential in certain conditions. Whilst currently speculative,
elucidating if pollution has functional consequences for thermoregulation in children is vital in the
face of multifaceted physiological stressors, including climate change and increasing prevalence of
noncommunicable diseases.

5.2. Ultraviolet Exposure

Exposure to UV radiation can have beneficial or detrimental effects depending on a complex
interplay of factors, including the wavelength of UV radiation, extent of exposure, skin pigmentation,
and other individual factors [2]. Depletion of protective stratospheric ozone has led to increased UVB
(315–400 nm) levels reaching the earth’s surface [187] and is therefore of concern to human health.
The epidermis absorbs the majority of UV that irradiates the skin, with only longer wavelengths
transmitted deeper into the dermis. UVB has therefore been the predominant focus of research, but
interest is growing in the effects of the UVA waveband (315–400 nm). Environmental change coupled
with lifestyle choices in recent decades, including increased leisure time, popularity of beach/sunshine
vacations, poor sunscreen habits, use of tanning beds, and fewer clothes worn outdoors, places
individuals at risk of irradiation. This has pertinence to both adults and children; however, some
evidence indicates that UV radiation exposure during childhood may be of greater importance for
both beneficial and detrimental effects compared to exposure later in life [188].

Despite the largely negative literature surrounding UV exposure, it is important in many
physiological processes, with skeletal disease and vitamin D insufficiency associated with inadequate
exposure. Some evidence indicates a regulatory role in blood pressure via calcium homeostasis
and vitamin D3, with artificial UVB exposure lowering blood pressure in mild, unmedicated
hypertensives [189]. Photoimmunology, an emerging field of study regarding how UV radiation
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impacts immune function, is a reminder of how limited current knowledge is on topics such as UV
and effects on many physiological processes. UV radiation is typically immunosuppressive, yet
increasing evidence suggests a protective role of UV radiation in autoimmune diseases, including
Type 1 diabetes, rheumatoid arthritis, and multiple sclerosis [14]. This occurs via multiple signaling
mechanisms, including local and systemic immunosuppression, the immunomodulatory effects of
vitamin D (1,25-dihydroxycholecalciferol), and suppression of melatonin secretion and subsequent
T cell responses [190–193]. Overall, it appears that UV radiation exerts immunomodulatory effects,
primarily via suppression of helper T cell type-1 mediated responses thorough multiple mechanisms.
This may be beneficial in specific circumstances, including autoimmune diseases, but requires further
investigation in humans.

Excessive exposure to UV radiation is associated with many negative health effects, including
increased skin cancer risk [13,194,195], eye damage, and suppressed immune function [196], with further
deleterious health effects becoming more apparent. In instances of sunburn, skin injury results from
penetration of UVB into the dermal and epidermal layers, causing damage to cutaneous blood vessels
and eccrine sweat glands [197]. Mild artificial sunburn appears to attenuate SRs and sensitivity for at
least 24 h, with potential for impaired thermoregulatory function if this occurs over a large body surface
area [197]. Greater time spent outdoors by children compared to adults, poor sunscreen habits, and
increasing UVB levels increase the likelihood of sunburn in a pediatric population, with potential for
thermoregulatory dysfunction. Specific dermal conditions have been shown to impair thermoregulation
and reduce heat tolerance [198]. Evidence is currently limited with regard to sunburn and thermal
tolerance, but further studies examining the acute and chronic effects on eccrine sweat gland function
and vascular responses are necessary in light of changing environmental conditions. Evidence of
UVB-induced alterations in cutaneous vasodilation have recently been reported in adults but, as an
important component of the thermoregulatory response, may have relevance for thermoregulation
in both children and adults. Children rely more heavily on cutaneous vasodilation and ‘dry’ heat
losses for thermoregulation compared to adults, making decrements in this response potentially more
problematic. Nitric oxide (NO) is a potent vasodilator, produced from the substrate L-arginine via
nitric oxide synthase (NOS) isoforms, and is necessary for full expression of the cutaneous vascular
response to both local [199–201] and whole-body heating [202]. Recent work by Wolf et al. [203,204]
indicates deleterious effects of acute UV radiation exposure on cutaneous microvascular function.
Specifically, an acute dose of UVB radiation (300 mJ.cm2, 75 s) was shown to attenuate NO-dependent
vasodilation on the ventral forearm, likely via its putative degradation of 5-methyltetrahydrofolate
(5-MTHF) and subsequent reactive oxygen species (ROS) signaling [203]. A further study by this
group [204] indicated attenuated NO-dependent skin blood flow responses to a local heating protocol
(42 ◦C) following acute broad spectrum UV radiation exposure (450 mJ.cm−2, 75 s) versus control
(non-exposure). UV radiation-mediated reductions in NO-dependent vasodilation were prevented
with application of SPF 50 sunscreen or ‘simulated sweat’. Notably, this was conducted under very
acute conditions (60–75 s) in a young, healthy adult population, but consideration must be given to
implications in children and adolescents. Children often spend greater time outdoors than adults, and
rely more heavily on dry heat losses, shunting a greater proportion of Q to the skin during passive and
exercise heat exposure. Whether long-term effects of chronic, repeated UV exposure on cutaneous
vascular reactivity translate to meaningful physiological outcomes and compromised thermoregulatory
function is currently unknown. As average global temperatures rise and broad spectrum UV radiation
exposure increases, in part due to decreasing atmospheric ozone [187], understanding if these factors
modulate cutaneous vascular responses, and thus thermoregulation, is certainly warranted.

6. Child Health, Safety, and Risk Reduction

Based on global climate predictions, awareness of the factors increasing risk of heat-illness in
children is important in prevention, with particular emphasis on dehydration, current or recent illness,
chronic conditions, and specific medications [52]. In particular, illness involving gastrointestinal distress
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(particularly vomiting and diarrhea), and conditions and medications that affect thermoregulation,
exercise tolerance, and water–electrolyte balance should be addressed. Common examples include
type 2 diabetes [205–207], obesity [72,208], cystic fibrosis [209], diabetes insipidus, anticholinergic
medications, diuretics, dopamine [210], and serotonin uptake inhibitors.

A second important step in the prevention of heat-related illness and injury is understanding
and implementing HA. Children acclimate to heat more slowly than adults [72] but will beneficially
increase sweat capacity, reduce the onset threshold for sweating, and reduce overall physiological
strain [72,208]. Obese children possess lower levels of acclimation and therefore should be acclimated
more progressively during summer months [72]. When exercising in the heat, children should follow
appropriate hydration and exposure guidelines for the ambient conditions, with special consideration
and awareness of their propensity for greater voluntary dehydration [101]. Hypohydration compromises
thermoregulatory function to a greater extent in children compared to adults, making it an import
factor to mitigate health risks during exposure. The American Academy of Pediatrics position stand
addressing “Climatic Heat Stress and Exercising Children and Adolescents” [52] recommends multiple
risk reduction strategies, including but not limited to:

1. Increasing rest periods. Activities lasting >15 min should be reduced in conditions of high solar
radiation, high humidity, and ambient temperatures above critical limits.

2. When beginning a strenuous exercise program or travelling to a warmer climate, HA over
10–14 days should be planned with reduced exercise intensity, duration, and protective clothing.

3. Ensure adequate hydration prior to extended exercise in the heat. Intermittent drinking
periods should be enforced, regardless of thirst (100–250 mL every 20 min). Weighing a
child pre/post-exercise can assist with verifying hydration.

4. Lightweight, light-colored, single-layer clothing should be worn that is absorbent. Sweat-soaked
garments should be replaced.

5. Child education on heat illness and hydration practices should be adopted to help raise awareness
of prevention, and recognition of the signs and symptoms of heat-related illness and injury.
Trained staff should be present, and an emergency plan should be in place.

Considering the increasing incidence of a multitude of childhood diseases, awareness of diseases
that alter thermoregulatory responses, recent illness, specific medications, and mental retardation (for
example, a compromised ability to recognize dangers of heat, not rehydrating) are also important.
Education surrounding behavioral thermoregulation is vital, including seeking shade, requesting
help when needed, and using cool water and damp towels to help to reduce body temperature
during hyperthermia. Sunscreen should be applied to reduce acute effects of UV radiation on
cutaneous vascular responses in the heat and avoid sunburn. Clothing insulation and requirements
in children in varying environmental conditions are beyond the scope of this review but are an
important consideration. Readers are directed to other excellent reviews [211]. Emerging evidence
highlights the complex interplay between multiple stressors, modulating physiological responses,
and, therefore, morbidity and mortality risk. Exposure to increasing global temperatures necessitates
consideration of heat stress in cumulative risk assessment [43], due to potential temperature-related
modulation of toxicity of air pollution and other abundant chemicals, for example, pesticides [174],
exacerbating health effects. Children are exposed to many physical and chemical stressors, including
heat, UV radiation, sunlight, noise, infection, psychosocial stressors, and pollution. Long-term
exposure may facilitate earlier progression to clinical disease, altered physiological responses versus
those observed in healthy children, and ultimately premature mortality. The long-term impact
of multiple environmental–physiological factors on physiological function are currently not fully
understood. Combined efforts between thermal physiologists, epidemiologists, climate physiologists,
and regulatory bodies/policymakers are necessary to produce more comprehensive heat protection
policies, incorporating technology, clothing, and behavioral adaptations as global climate change
advances and limits of human tolerance are reached [45].
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7. Summary

Understanding physiological responses to heat exposure is of increasing importance in the face
of extraordinary environmental and climate change facing humans. In particular, emphasis should
be placed on ‘at risk populations’, including children and infants, the elderly, and individuals with
obesity and chronic pathologies, including cardiovascular, renal, and metabolic diseases. Many
physiological differences exist between adults and children of varying developmental stages in their
responses to exercise and exposure to environmental extremes, including morphological, endocrine,
cardiovascular, metabolic, and thermoregulatory responses. The classic notion that children possess
inferior thermoregulatory capabilities and reduced thermal tolerance has been vigorously challenged
over the past 25 years and may only hold true in extreme conditions. Of course, this is particularly
relevant in light of global climate change where ‘extremes’ are more likely to be encountered, evidenced
by patterns of increasing average global ambient temperatures, increased frequency and severity of
heat waves, and increased pollution and UV exposure. The complex interplay between increasing
environmental stressors should be carefully considered when coupled with concerning health statistics
that negatively affect thermoregulation in children, including prevalence of inactivity, childhood obesity,
and the earlier onset of preventable ‘adult’ diseases, including type 2 diabetes and dyslipidemia.
The long-term impact of multiple environmental–physiological stressors, including heat, UV exposure,
and pollution on physiological function in children, is not fully understood and warrants further
investigation as a significant future global health challenge.
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Abstract: The detrimental effects of dehydration, to both mental and physical health, are well-described.
The potential adverse consequences of overhydration, however, are less understood. The difficulty for
most humans to routinely ingest≥2 liters (L)—or “eight glasses”—of water per day highlights the likely
presence of an inhibitory neural circuit which limits the deleterious consequences of overdrinking in
mammals but can be consciously overridden in humans. This review summarizes the existing data
obtained from both animal (mostly rodent) and human studies regarding the physiology, psychology,
and pathology of overhydration. The physiology section will highlight the molecular strength and
significance of aquaporin-2 (AQP2) water channel downregulation, in response to chronic anti-diuretic
hormone suppression. Absence of the anti-diuretic hormone, arginine vasopressin (AVP), facilitates
copious free water urinary excretion (polyuria) in equal volumes to polydipsia to maintain plasma
tonicity within normal physiological limits. The psychology section will highlight reasons why humans
and rodents may volitionally overdrink, likely in response to anxiety or social isolation whereas
polydipsia triggers mesolimbic reward pathways. Lastly, the potential acute (water intoxication)
and chronic (urinary bladder distension, ureter dilation and hydronephrosis) pathologies associated
with overhydration will be examined largely from the perspective of human case reports and early
animal trials.

Keywords: hydration; dehydration; hypohydration; hyponatremia; polydipsia

1. Introduction

Hydration and the evolving search for an adequate universal daily water intake recommendation
remains elusive [1] and somewhat contentious [2,3]. Most of the disagreement over an adequate
index for fluid intake, however, likely revolves around the disparate and non-standardized metrics
commonly utilized to define both normal and abnormal hydration status (HS) [4]. For example, the
clinical definition of dehydration is cellular dehydration from extracellular hypertonicity [5,6] while
scientists often use the term dehydration to describe the process of losing water [4]. Alternatively,
the term hypohydration refers to a negative water balance [7] or state of water deficit [4]. Regardless
of which hydration terminology is utilized to define HS, the vast majority of the scientific and lay
literature highlights the well-recognized detrimental effects of dehydration and/or hypohydration
on a variety of conditions such as kidney stones [3], obesity [8], recurrent urinary tract infections [9],
cognition [10], and athletic performance [11].

At the opposite end of the hydration spectrum, a paucity of data exists on the topic of overhydration.
In 1923, Rowntree published a series of animal and human data exploring the detrimental effects
of “water intoxication” [12]. Rowntree successfully induced water intoxication (characterized by
restlessness, lethargy, polyuria, diarrhea, salivation, frothing at the mouth, nausea, retching, vomiting,
muscle twitching, seizures, coma and death) in dogs, cats, rabbits and guinea-pigs by rapidly
administering tap or distilled water (50 mL/kg bodyweight every 30 min) rectally, intravenously,
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through a stomach tube and/or ureteral catheter to induce water overload [12]. Combined with similar
human cases of water intoxication [13–17], it appears clear that extreme fluid administration in excess
of excretion rates—or more modest intakes when coupled with pathological anti-diuretic hormone
secretion—are indeed detrimental (and sometimes toxic) to health [12].

Thus, while the current evidence suggests that modest hypohydration and extreme overhydration
have deleterious health consequences, the question remains whether modest overhydration is beneficial
or detrimental to health. This review will explore the physiology, psychology, and pathology of
overhydration. Both animal (mostly mice) and human studies will be detailed, with an emphasis
placed upon the psychogenic polydipsia literature to more clearly evaluate: (1) long-term physiological
changes associated with concomitant and sustained polyuria and (2) the putative neurogenic pathways
which may differentially drive high (anxiolytic) versus low habitual fluid consumption. We will refer
to the term polydipsia to represent excessive drinking (beyond regulatory need) without any known
medical cause [18].

2. Physiology

As comprehensively described elsewhere [1,19–22], water balance is exquisitely regulated in all
mammals (and some non-mammals) [22,23] in physiological defense of both osmotic balance (plasma
tonicity) and circulatory volume. Plasma tonicity dictates cellular size, and is tightly regulated by a
coordinated system of osmosensors, neural networks, endocrine mediators, and physiologically-driven
behaviors which cooperatively serve to sustain extracellular fluid osmolality around a remarkably
constant set-point of 300 mOsmol/kgH2O [20] (or, plasma sodium concentration ~140 mmol/L) [21].
Central to this evolutionarily stable feedback-loop controlling osmotic regulation is the kidney,
whose immediate ability to retain or excrete free water is vital to the overall maintenance of fluid
homeostasis [19,24]. For clinical convenience, we will refer to a plasma sodium concentration ([Na+])
between 135–145 mmol/L as the “normal” range for extracellular fluid osmolality/plasma tonicity since
sodium is the main extracellular cation found within the plasma [21].

When modest amounts of water (or other hypotonic fluids) are ingested above osmotically-driven
thirst stimulation (overhydration), osmoreceptors located within the highly vascularized
circumventricular organs (CVO’s) within the brain detect a (dilutional) decrease in plasma [Na+]
once water is absorbed into the circulation from the gastrointestinal (GI) tract [20,25]. These CVO’s,
located outside of the blood brain barrier, suppress both the release of the body’s main anti-diuretic
hormone, arginine vasopressin (AVP), from the posterior pituitary gland and suppress the sensation
of osmotically-driven thirst to prevent further dilution of plasma [Na+]. Oropharyngeal receptors,
activated by physical contact with ingested fluids [26–28], as well as gastrointestinal sensors responding
to stretch receptors sensing fullness [29–32] serve to terminate drinking behavior, perhaps as an
anticipatory measure to prevent the pathophysiological consequences of overdrinking (i.e., cellular
swelling). In fact, recent electrophysiological and optogenic studies performed on mice confirm the
presence of a distinct neuronal network, mediated by cross-talk between the brain and gastrointestinal
tract, through activation of the subfornical organ within the CVO [32]. The subfornical organ appears
to coordinate a variety of neuronal inputs that anticipate the homeostatic consequences of food and
fluid intake well before changes in plasma tonicity are observed [32,33].

Functional magnetic resonance imaging (fMRI) studies further suggest that the brain senses water
intake in response to thirst as “pleasant”, while overdrinking suppresses this hedonic response [34–36].
The alliesthesia associated with drinking while thirsty mainly activates the anterior midcingulate
cortex and orbitofrontal cortex, suggesting that drinking to thirst is pleasurable and involuntary [35,36].
In contrast, continued drinking after thirst satiation (+1 L above thirst suppression) [34] activates brain
areas associated with swallowing inhibition as well as cortical areas associated with unpleasantness
ratings [34,35]. Activation of the motor cortex, striatum and thalamus suggests that voluntary motor
activity is required to continue drinking above thirst satiation [34]. As such, drinking above thirst
requires a threefold increase in volitional effort compared to drinking when thirsty [34]. Independent
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data collected from a clinical trial, where 316 participants with stage three chronic kidney disease
were “coached” to increase daily water intake by 1–1.5 L/day, corroborate these fMRI findings and
confirm that drinking above thirst is difficult and unpleasant [37]. The average increase in water intake
in the participants randomized into the “coached hydration” group, could only increase their daily
water intake by ~0.6 L relative to the control group [37]. Thus, the inability for free-living adults to
voluntarily sustain even modest 500 mL (~2 cup) increases in daily water consumption (above thirst)
underscores the strength of the central inhibitory pathways that serve to prevent the deleterious and
life-threatening consequences of fluid overload.

Both thirst stimulation and AVP release are centrally coordinated in real-time by input largely
from the cranial nerve system. As such, central integration of neuronal feedback from osmoreceptors
(subfornical organ), baroreceptors (tenth cranial nerve), the mouth (fifth cranial nerve), tongue (seventh
cranial nerve), oropharynx (ninth cranial nerve), and stomach (tenth cranial nerve) ultimately results
in either the stimulation or suppression of AVP from the posterior pituitary gland [20,21,35]. AVP then
regulates plasma [Na+]/tonicity by retaining or excreting water within the kidney collecting duct.
The permeability of the kidney collecting duct increases when AVP binds to the vasopressin-2 receptors
(V2R), which stimulates the insertion of aquaporin 2 (AQP2) water channels into the lumen of
the kidney collecting duct [19,24]. The insertion of these AQP2 water channels allows for water
molecules (otherwise destined for urinary excretion) to be reabsorbed back into the circulation when
plasma tonicity is high (or circulating plasma volume low) to conserve total body water. Conversely,
with overdrinking, there is central inhibition of the AVP release, which withdraws AQP2 channels
from the lumen of the kidney collecting duct; thereby promoting urinary free water excretion which
matches fluid ingestion beyond physiological need.

It is important to emphasize that the neuroendocrine feedback loop coordinating fluid balance
between the brain and kidney is highly conserved within the DNA (deoxyribonucleic acid) of vertebrate
and invertebrate species dating back 700 million years [23]. Once released into the circulation, AVP can
increase kidney collecting duct permeability within 40 s of activation of the V2R in rodent species [38].
Quantification studies of microdissected renal tubule segments, obtained from the middle part of
rodent inner medullary collecting duct, estimate that there are ~12 million individual AQP2 water
channels present within each kidney collecting duct cell [24]. Thus, the molecular strength and
precision of the diuretic renal response to AVP suppression is powerful and allows for urinary excretion
rates approximating 1 L/h, as seen in patients with diabetes insipidus [21] and compulsive water
drinkers [39,40].

Interestingly enough, chronic overhydration (>3 days), triggers the downregulation of AQP2
water channels within the kidney collecting duct cells [19,24]. This phenomenon has been verified
directly in a series of elegant studies performed on water-loaded rats and mice [19,24] and indirectly
confirmed in human studies [41–44]. The sustained suppression of circulating AVP in response to
overdrinking enhances urinary free water excretion and teleologically represents the most appropriate
renal adaptation to a constant fluid intake load (polydipsia = polyuria). However, when high
fluid intakes are suddenly curtailed [42–44], the downregulation of AQP2 water channels triggers a
transient inability to reabsorb water molecules back through the kidney collecting duct in response
to AVP V2R stimulation [19,24,45]. This renal insensitivity to AVP secretion augments urinary
fluid losses (above intake), which is clinically characterized by an inability to concentrate urinary
solutes [43,44,46,47] coupled with enhanced body water/weight loss [42]. This phenomenon of “water
loading”, popularized by combat sport athletes and body builders before competition as a method to
“weigh-in light” [39,45], highlights the dynamic molecular adaptability within the kidney collecting
duct cells in response to chronic (>3 days) changes in water intake that have been clearly demonstrated
in rodent models [19,24,48–51]. A return to regulated drinking (osmotically-driven thirst stimulation)
and concomitant AVP exposure will restore AQP2 expression within collecting duct epithelium by
3–5 days [48] and reverse the physiologic nephrogenic diabetes insipidus induced by chronic water
loading in both mice and men [24].
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3. Psychology

At the most extreme range of overhydration, compulsive water drinking has been recognized in
emotionally disturbed individuals without neurogenic (i.e., inability of secrete AVP from the posterior
pituitary) or nephrogenic (i.e., kidneys resistant to AVP stimulation) diabetes insipidus [47]. Sometimes
referred to as “psychogenic polydipsia” [52,53], 80% of compulsive water drinkers represent neurotic
females with a history of schizophrenia [40,54], depression [14,45], and/or anxiety [53,55]. Psychogenic
polydipsia in schizophrenic patients was first identified in 1936 through investigation of profuse
polyuria, which eventually ceased when the polydipsia was minimized [56].

To a more modest degree of drinking, social polydipsia—or overdrinking to achieve health
benefits—has become popularized within western culture. The most common “one-size-fits-all”
guideline suggests that all healthy humans need to drink at least eight glasses of water daily beyond
fluids obtained through foods or other beverages. This popular recommendation persists despite
equivocal evidence, which supports the claim that water intake maximizes skin heath, digestion,
renal, sexual, or neurological function [3,57,58]. The continued success of this advice is evidenced by
robust water bottle sales, which topped 2.78 billion dollars in 2018 within the United States alone [59].
At extreme levels (>5 L daily), social polydipsia may result in profound dilation of the bladder, ureters
and kidneys [60] and at worst, water intoxication (i.e., overconsumption of fluids beyond excretion
rates leading to the signs and symptoms of encephalopathy) [12]. Of note, updated (2017) guidelines
put forth by the European Food Safety Authority (EFSA) now defines total water intake to include all
beverages consumed plus the moisture contained in foods [61].

Drinking beyond the dictates of thirst has been popularized within athletic circles to prevent
the detrimental effects of hypohydration on health and performance [11]. Although guidelines have
evolved to drink to minimize body weight losses (<2%) [62], other drinking guidelines recommend
drinking before the onset of thirst stimulation to maintain a dilute urine (urine specific gravity
<1.020) [11]. Some athletes, unfortunately, have taken this advice to extreme levels (i.e., drinking
80–100 cups of fluid during a marathon footrace [63]) and have developed water intoxication [13,64].
Additionally, water loading has become a popular practice for combat sport athletes to enhance water
weight losses before weigh-ins [42] while actors participating in pornographic films have begun water
loading to enhance their squirting performance abilities [58]. The prevalence of symptomatic water
intoxication in prolonged endurance races remains relatively rare (<1%), however [65].

Why otherwise healthy people, outside of sports or social reasons, habitually drink high volumes of
fluid [66] above physiological need remains a curious and unanswered phenomenon. Studies performed
in mice exposed to chronic stress [67,68] or raised in isolation [69,70], provide psychological insight
into this peculiar finding. Male C57BL/6 mice subjected to chronic social defeat stress (i.e., exposure
to bigger, meaner, “bully” mice) demonstrate a distinct phenotype characterized by enhanced fluid
intake [67,70] and water retention [68]. Additionally, two-month old Sabra mice [70] and adolescent
male Sprague-Dawley rats [69] reared (post-weaning) in isolation developed significant polydipsia
compared with control animals. Follow-up molecular and electrophysiological studies implicate the
mesolimbic dopamine circuit in the manifestation of polydipsia in response to loneliness and social
anxiety [67].

One explanation as to why anxious mice develop polydipsia, is that water intake may somehow
reduce dopaminergic neuron excitability within the ventral tegmental area (VTA), or the reward area, of
the brain. Of note, schizophrenia has been linked to enhanced dopaminergic receptor excitability [67,71],
which likely mediates polydipsia as either a reward-seeking [67] or anxiolytic [67,68,70] behavior.
Further investigations on drug-induced polydipsia are required to tease out the potential neurochemical
circuits linking dopamine, reward, and drinking. Drugs that demonstrate the most promising
results, include: methamphetamines (which inhibit dopamine reuptake in the brain) [72] such
as 3,4 methyldioxymethamphetamine (Ecstasy) [73], agonists, which downregulate dopamine receptor
2 (DRD2) [74], first and second generation antipsychotics [75], and antidepressant medications [76].
All these drugs have been linked to hyponatremia from non-osmotic AVP secretion, but their relationship
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to polydipsia is under-appreciated. Of note, a variety of drugs and excipients have been shown to
affect hydration status by augmenting fluid losses, affecting thirst and/or appetite, increasing intestinal
permeability and/or renal reabsorption rates [7].

Human observations corroborate these animal findings, as most psychogenic polydipsic patients
report that drinking makes them feel better [77]. Patients with hallucinations also report that drinking
fluids suppress the “voices” [78], further suggesting that the act of drinking activates neural circuits
associated with primitive coping mechanisms [77]. Other investigators suggest that the anterior
hippocampus and nucleus accumbens are involved in polydipsia as a reward-seeking behavior in
psychiatric patients [77]. Alternatively, compulsive water drinking has been documented in non-neurotic
individuals seeking to achieve a drunken-like state [14,55]. For example, a 16-year-old female drank
copious amounts of water because it made her feel “funny and high, like after a beer” [55] while a
46-year-old man with a history of depression ran out of money to buy beer, so drank large amounts of
water because it made him feel “slightly drunk” [14]. Therefore, coupled with evidence suggesting
that drinking fluids improves cognition [10], it is possible that polydipsia activates a dopaminergic
reward circuit that attenuates anxiety in susceptible individuals exposed to chronic stress and/or social
isolation. A summary of this proposed relationship is detailed in Figure 1. Further investigation on the
potential anxiolytic effects of polydipsia, especially in females, warrants further investigation with
particular regards to whether this practice is adaptive or maladaptive over the long term.

Figure 1. Summary of data obtained from mice and humans linking polydipsia to mesolimbic reward
centers, which serve to reduce anxiety and/or signs and symptoms of psychiatric illness.

4. Pathology

As previously summarized, total body fluid regulation is exquisitely regulated in defense of
plasma [Na+]/tonicity and circulating volume. Accordingly, complications from overdrinking are rare.
The most common (and dire) clinical consequence from overdrinking is water intoxication, which is
biochemically defined as a plasma [Na+] below the normal range set by the lab performing the test
(usually a plasma [Na+] < 135 mmol/L, which is called “hyponatremia”, because hypo = low and
natremia = blood sodium) [21]. As first described by Rowntree in 1923, the fatal consequences of
water intoxication occur when fluid administration exceeds the capacity to excrete any fluid excess and
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exacerbated by AVP stimulation (water retention) [12]. Hyponatremia causes water to flow down an
osmotic gradient from outside of cells to inside of cells and causes all cells within the body to swell.
Hyponatremia is fatal when cerebral swelling in excess of 5–8% exceeds the rigid confines of the skull,
resulting in brainstem herniation, cerebral hypoxia, and loss of vegetative functions [13,64].

Gross estimations suggest that an acute (<1 h) fluid intake around 3–4 L (~1 gallon) is enough to
induce symptomatic hyponatremia in otherwise healthy individuals at rest [12,52]. Although maximal
urine excretion rates allow humans to tolerate water intakes approximating 20 L per day without
ill-effects [79], the actual fluid intake tolerance limit appears to be closer to 10 L per day in normal
individuals [43,79]. De Wardener and Herxheimer each drank 10 L of water per day (250–500 mL
every 30–60 min during waking hours) for 11 days and reported physical signs of headache, scotoma,
skin coldness with pallor, and puffiness of the face [43]. These two subjects also reported that their
lips felt dry (without the sensation of thirst), food was tasteless, emotional liability was high, and
simple intellectual tasks became increasingly difficult during this period of enhanced water intake [43].
Of note, the pathogenic effects of overhydration are not isolated to oral intake. The first water
intoxication fatality was reported in 1935, in a 50-year-old female who received 9 L of fluid over 24-h
through the rectum (proctoclysis) following an otherwise uncomplicated gallbladder surgery [17]. Thus,
it is difficult to commit to recommending a threshold volume of water that can be safely consumed
(or administered) over time, since both the ~3 L per hour and ~10 L per day can be tolerated by some
(especially athletes with high sweat rates [80]) but fatal to others. Of note, when non-osmotic AVP
secretion is present, or when sodium losses are severe, modest water ingestion at rates of 1–2 L/h
can induce symptomatic hyponatremia [13,21]. Non-osmotic stimuli to AVP secretion, sodium losses,
a variety of drugs and excipients influencing hydration status, and type of fluids consumed are beyond
the scope of this review and detailed elsewhere [7,81,82].

The body’s appropriate fluid homeostatic response to polydipsia is polyuria (i.e., excessive urine
production). For individuals with normal kidney function, any excess fluid that is ingested (beyond
osmoregulatory need) is promptly excreted by the body. For example, the 10 L of water ingested
by De Wardener and Herxheimer resulted in a daily urine output of 10 L [43]. Polyuria is also the
characteristic feature of diabetes insipidus (both neurologic and nephrogenic), whereas chronic urinary
free water excretion (from AVP suppression or renal insensitivity) is counterbalanced by osmotic thirst
stimulation and concomitant water intake, which matches urinary fluid losses (to maintain plasma
[Na+] within the normal physiological range) [21,47,83]. As such, sustained polyuria has been shown
to cause profound urinary tract changes such as bladder distension, dilation of the ureters, renal back
pressure atrophy, hydronephrosis, traumatic rupture of the urinary tract, and renal failure [60,84–88].
One such case of (reversible) hydronephrosis occurred in an otherwise healthy 53-year-old female who
drank 4.5–5.5 L of fluid daily over the subsequent three years to “stay healthy” and because “all her
friends do so” [60]. Another possible mechanical consequence of polydipsia is gastric distension [89],
which may be advantageous in those trying to lose weight (producing the sensation of stomach
fullness ahead of meals) [8]. Figure 2 summarizes the acute and chronic physiological effects of
overhydration while Figure 3 summarizes the acute and chronic physiological effects of water intake
when hypohydrated.
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Figure 2. Summary diagram of acute (A) and chronic (C) physiological responses integrating potential
pathologies and benefits associated with overdrinking in the satiated condition (above thirst stimulation).

Figure 3. Summary diagram of acute (A) and chronic (C) physiological responses and potential
pathologies associated with drinking to thirst when hypohydrated.

With specific regards to kidney function, individuals with a history of kidney stones
(nephrolithiasis) have a reduced risk of recurrent stone formation if they consume more than 2 L of water
per day [3,57]. One hypothesis is that increased water intake (>2 L/day for 12-months) reduces renal
papillary density, which may precipitate calcium oxalate stone formation [90]. Conversely, excessive
fluid intake may exacerbate proteinuria [91], have no effect [37] or accelerate [92] the progression of
chronic renal disease.
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It has been demonstrated in a randomized-control trial that premenopausal women with a history
of recurrent urinary tract infections (UTI), who drink less than 1.5 L of water daily (low volume
drinkers), can reduce the recurrence rate of UTI’s from three to two episodes/year by increasing water
consumption by +1.3 L/day [9]. However, increased fluid intake has not been equivocally shown to
enhance skin complexion or kidney function [3,57], while data are unclear regarding constipation [57,93].
Data regarding the effect of water intake on weight loss are mixed. Some studies demonstrate positive
associations between water intake, weight management and body composition [94–96], while others
demonstrate an increase in energy intake when pre-meal water ingestion was removed [97,98].
Alternatively, a randomized control trial performed on obese and overweight adolescents did not
demonstrate enhanced weight loss with increased water consumption [8].

It is important to note that water intake is not completely benign. Otherwise healthy individuals
have died or developed significant brain swelling (hyponatremic encephalopathy) from drinking too
much fluid to prevent kidney stones [99], sooth a toothache [100], dilute ingested poison [16], counter
a UTI [101], treat gastroenteritis [15], and alleviate constipation [46,102], as shown in Table 1. These
cases highlight the need to dampen overzealous (but well-intended) advice to “stay hydrated”.

Table 1. Cases of hyponatremic encephalopathy (and death) in otherwise healthy people who overdrank
to treat another medical condition (L = liters).

Subject Amount of Fluid Consumed Reason for Polydipsia Report

Not described 3 L/20 min Test skin elasticity Rowntree 1923 [12]
16 yo female 20 L/day Facial acne Lee 1989 [55]
44 yo male 12 L/day Kidney stones Berry 1977 [99]
9.5 yo male 10–15 L/24 h Soothe toothache Pickering 1971 [100]

* 40 yo female “plenty of water” Dilute poison (ingested) Sarvesvaran 1984 [16]
59 yo female “plenty of water” Urinary tract infection Lee 2016 [101]

* 27 yo female “lots of water” Gastroenteritis Sjoblom 1997 [15]
52 yo male 6 L/2 h + 1 L enema Constipation Swanson 1958 [102]

74 yo female 10–14 glasses water/day Soften stool Walls 1977 [46]

* fatality.

The potential for abnormal thirst regulation to contribute to pathological water consumption has
been documented in a few select scenarios (one in humans and another in cattle). Compulsive water
drinkers demonstrate abnormal thirst regulation, whereas the osmotic threshold for thirst stimulation
is paradoxically lower than the osmotic threshold for AVP release [83]. Whether or not this reverse in
osmotic thresholds for thirst and AVP stimulation is a cause or effect of psychogenic polydipsia remains
unclear. Additionally, the animal studies suggest that most mammals will not voluntarily develop
water intoxication, unless artificially induced in the laboratory to investigate hyponatremia [12,103].
The only confirmed exception are calves (and in rare instances, adult cattle) who develop fatal water
intoxication only after given access to water following a period of water deprivation for reasons which
remain unclear [104].

Finally, in contrast to the potential beneficial effects of polydipsia in healthy humans detailed
elsewhere [1,4,57], fluid overload is conversely associated with an increase in mortality in unhealthy
animals and humans. More specifically, hyponatremia is associated with an increased mortality rate in
hospitalized dogs and cats [105]. Schizophrenic patients with polydipsia demonstrate a higher mortality
rate [18] while fluid retention/overload predicts 30-day mortality rate in geriatric patients [106] while
increasing morbidity and mortality in critically ill children [107]. One proposed mechanism to explain
the increased mortality in compromised patients is a plausible relationship between fluid overload and
inflammation, which has been observed in patients with chronic kidney disease [108,109]. Whether or
not fluid overload or hyponatremia is a cause or result of disease progression remains unclear [110].
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5. Conclusions

Studies performed in mice and men collectively suggest that modest overhydration results in
modest urine production (which matches fluid intake volumes) in homeostatic defense of plasma
tonicity and intracellular size. In the chronic condition (>3 days) sustained AVP suppression results
in the downregulation of AQP2 water channels within the kidney collecting duct, which results in a
transient (3–5 days) inability to concentrate urine or reabsorb kidney water back into the circulation in
response to AVP stimulation. Complications from acute (>3 L/h) or chronic (5–10+ L/day) water intakes
at rest are uncommon but may result in acute water intoxication or chronic urinary tract abnormalities
such as urinary bladder distention, ureter dilation, and hydronephrosis. Modest overhydration
(>2 L/day in sedentary individuals of average size in temperate environments) may prevent kidney
stones in individuals with recurrent nephrolithiasis or reduce the number of urinary tract infections
in susceptible premenopausal females. The anxiolytic effects of copious water intake on a subset
of vulnerable individuals, with or without mental illness, has been demonstrated along with data
suggesting that overhydration enhances cognitive function. Further studies assessing the benefits and
detriments of water intake above thirst are required, as long as water intakes are not extreme and
warnings of the potentially fatal consequences of water intoxication are duly noted.
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Abstract: Water is essential for metabolism, substrate transport across membranes, cellular homeostasis,
temperature regulation, and circulatory function. Although nutritional and physiological research
teams and professional organizations have described the daily total water intakes (TWI, L/24h) and
Adequate Intakes (AI) of children, women, and men, there is no widespread consensus regarding the
human water requirements of different demographic groups. These requirements remain undefined
because of the dynamic complexity inherent in the human water regulatory network, which involves
the central nervous system and several organ systems, as well as large inter-individual differences.
The present review analyzes published evidence that is relevant to these issues and presents a novel
approach to assessing the daily water requirements of individuals in all sex and life-stage groups, as an
alternative to AI values based on survey data. This empirical method focuses on the intensity of a specific
neuroendocrine response (e.g., plasma arginine vasopressin (AVP) concentration) employed by the brain
to regulate total body water volume and concentration. We consider this autonomically-controlled
neuroendocrine response to be an inherent hydration biomarker and one means by which the brain
maintains good health and optimal function. We also propose that this individualized method defines the
elusive state of euhydration (i.e., water balance) and distinguishes it from hypohydration. Using plasma
AVP concentration to analyze multiple published data sets that included both men and women,
we determined that a mild neuroendocrine defense of body water commences when TWI is <1.8 L/24h,
that 19–71% of adults in various countries consume less than this TWI each day, and consuming less
than the 24-h water AI may influence the risk of dysfunctional metabolism and chronic diseases.

Keywords: water-electrolyte balance; drinking water; body water; water restriction

1. Introduction

Individuals with a normal POSM (e.g., 285–295 mOsm/kg) may be considered to be normally
hydrated without regard to daily total water intake (TWI; [1]) or urinary biomarkers [2] because
the brain actively regulates both total body water volume (within 0.5% day-to-day; [3]) and blood
concentration (within a normal POSM range of 285–295 mOsm/kg; [4]) across a wide range of TWI
(women, 1.3–6.1; men, 1.7–7.9 L/24h; [5,6]). Thus, an individual with suboptimal water intake may
be evaluated to be euhydrated due to the defense of POSM through reduced urine production and
other compensatory responses. However, there is no widespread consensus regarding a definition
of euhydration. For example, the 2004 U.S. National Academy of Medicine (NAM) publication,
which presented dietary reference intakes for water [6], included a lengthy review of water balance
studies and water needs (i.e., using the stable isotope of water D2O) of children and adults (Table 1).
However, this report concluded that: (a) individual water requirements can vary greatly on a
day-to-day basis because of differences in physical activity, climates, and dietary contents; and (b) there
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is no single daily water requirement for a given person. As a result, Adequate Intake (AI) volumes for
water (i.e., which are not daily water requirements) were developed from median TWI values in the
NHANES III survey database [5]. The 2010 European Food Safety Authority (EFSA) panel utilized
a different approach when developing dietary reference intakes [7]. Water AI values for various
life-stage groups (Table 1) were derived from three factors: observed intakes of European population
groups, desirable urine osmolality values, and desirable TWI volumes per unit of dietary energy (Kcal)
consumed. Similar to the NAM report (above), however, the EFSA report stated that a single water
intake cannot meet the needs of everyone in any population group because the individual need for
water is related to caloric consumption, the concentrating-diluting capacities of the kidneys, and water
losses via excretion and secretion. This report defined the minimum water requirement in general
terms as the amount of water that equals water losses and prevents adverse effects of insufficient water
such as dehydration.

Table 1. Comparison of recommended Adequate Intakes a for water, published by European and
American health organizations.

Life Stage & Sex Age
European Food Safety Authority,

Parma, Italy b 2010 (ml/day)
National Academy of Medicine,

USA 2004 b (ml/day)

Infants
0–6 months 680 via milk 700
6–12 months 800–1,000 800

Children

1–2 years 1100-1200 1300
2–3 years 1300
4–8 years 1600 1700

9–13 years, boys 2100 2400
9–13 years, girls 1900 2100

14–18 years, boys 2500 3300
14–18 years, girls 2000 2300

Adults
Men 2500 3700
Women 2000 2700

Pregnant Women ≥ 19 year 2300 3000
Lactating Women ≥ 19 year 2600–2700 3800

Elderly same as adults same as adults
a Adequate Intakes represent an amount that should meet the needs of almost everyone in a specific life-stage group
who is healthy, consumes an average diet, and performs moderate levels of physical activity [6,7]; b, values refer to
total water intake (TWI = plain water + beverages + food moisture).

Neither the NAM nor the EFSA document presented a method to assess the human water
requirement of individuals, or (b) neuroendocrine data to support daily AI values for water. However, it
is widely accepted that the brain constantly acts to preserve homeostasis via neuroendocrine responses
which defend set points of body water volume and concentration [8]. In contrast to the methods
used in the NAM and EFSA reports, we propose that minimal/baseline fluid-electrolyte regulatory
responses by the brain signal body water balance (i.e., euhydration), and that increased neuroendocrine
responses (e.g., plasma AVP levels) represent the threshold at which the brain begins to defend body
water volume and concentration (i.e., hypohydration). This is important because no measurement or
biomarker has previously been proposed to define a state of euhydration (i.e., often defined loosely as
normal total body water or water balance). Furthermore, we propose that neuroendocrine thresholds,
in conjunction with TWI measurements, can reveal the water intake requirement of individuals in a
specific life-stage group when the turnover of body water (e.g., intake versus loss) is relatively constant
(i.e., no large activity-induced sweat loss), an average diet is consumed, and ample water is available
to support ad libitum drinking. Sedentary adults whose free-living daily activities include working
in an air-conditioned office and consuming a typical Western diet represent an example of such a
group. We propose this individualized physiological measurement of neuroendocrine responses as a
methodological alternative to AI values (Table 1).
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Thus, the primary purpose of the present manuscript is not to modify current AIs but rather
to provide novel additional perspectives regarding 24-h TWI, euhydration, and human water
requirements. We have analyzed the relationship between 24-h TWI values and their corresponding
plasma AVP levels from multiple research studies, and identified a plasma AVP concentration that
approximates the neuroendocrine response threshold for water regulation in free-living adults.
Interestingly, this AVP threshold is exceeded when 24-h TWI is <1.8 L/24h. The second purpose
of the present manuscript is to increase awareness of the importance of daily water intake, because a
considerable percentage of individuals in industrialized countries consume less than the 24-h water AI
that is recommended for their life stage. Evidence for this purpose exists in a growing body of recent
epidemiological studies that report statistically significant relationships between chronic low daily
water consumption and disease states or metabolic dysfunction.

Because methods and terminology vary across publications, we emphasize the following
important definitions. The term water in beverages refers to water + water in all other fluids (e.g., juice,
tea, coffee, milk). The term total water intake refers to water + water in beverages + food moisture
(e.g., fruit, soup). Distinct from the term dehydration (i.e., the process of losing water), the term
hypohydration is presently defined as a steady-state condition of reduced total body water.

2. Representative Research Evidence

As shown in Table 2, a variety of methods and theoretical approaches have influenced our present
understanding and theories regarding human water intake, euhydration, hypohydration, and water
requirements. The range of measured or calculated variables includes dietary macronutrients, 24-h TWI
(defined above), biomarkers of hydration status, water volumes (i.e., consumed, metabolized, excreted,
turnover), and fluid-electrolyte regulating hormones. Not all these methods (column 1, Table 2) have
contributed in meaningful ways to organizational recommendations regarding the daily water intake
required for good health (Table 1). For example, the NAM recommendations [6] include consideration
of large non-renal water losses via sweating, during labor or physical activity. This is a primary
reason why 24-h TWI recommendations from European and U.S. organizations differ by 1.1–1.3 L/24h,
in specific life stage and sex categories (Table 1). Table 3 describes eight components of 24-h water
balance, shown as the headings for columns 2-9. All these components interact with each other in
a network that includes the central nervous system (CNS), oropharyngeal region, gastrointestinal
tract, kidneys, neuroendocrine system, cardiovascular system, skin, and respiratory organs; feedback
from one organ system affects all others, directly and/or indirectly. The components of 24-h water
balance in Table 3 have contributed to international recommendations regarding the daily water intake
required for good health (Table 1). For example, the NAM recommendations [6] assimilated all water
balance components in Table 3, and the recommendations of the EFSA (2010) [7] emphasized both
desirable urine osmolality values and the observed TWI of specific groups.

A review of the hundreds of publications that contributed to our understanding of human water
intake, euhydration, hypohydration, and water requirements is beyond the scope of this manuscript.
However, the mean values (Table 3), measured variables, and reference citations (Tables 2 and 3),
although not exhaustive, represent the nature and types of meaningful available evidence regarding
human water needs.
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3. Why are Human Water Requirements Elusive?

To maintain normal physiological functions (e.g.., blood pressure, pH, internal body temperature)
and optimal health, and to deliver essential substances (e.g., oxygen, water, glucose, sodium,
potassium) to cells, the CNS and neuroendocrine hormones act constantly to preserve internal
homeostasis via a complex network of many organ and neural systems. Figure 1 presents several
CNS-regulated variables which are relevant to body water balance. Each of these variables is
simultaneously: (a) maintained (i.e., within the circulatory system or fluid compartments of the body) at
a specific set point (e.g., a threshold beyond which the intensity of neuroendocrine responses increases );
and (b) constantly changing throughout the human life span in response to water and food intake, urine
production, and non-renal water losses. Because of these fluctuations, human body water regulation is
also dynamic. Therefore, we utilize the phrase dynamic complexity to refer to a constantly changing,
vastly integrated regulatory mechanism [56]. This dynamic complexity is amplified by interconnected
fluid compartments (i.e., intracellular, interstitial, extracellular, circulatory), organ systems (Table 3),
neural plasticity (i.e., adaptations), and interactions of the physical processes (i.e., osmotic and oncotic
pressure, simple diffusion, active transport) which govern water and electrolyte movements throughout
the body.

Figure 1. Variables that are regulated as part of body water homeostasis.

This dynamic complexity (Table 3, Figure 1) represents the primary reason why the daily water
requirements of humans have not been determined to this date (Table 1). We provide the following
evidence in support of this statement:

• The relative influence of physiological processes which maintain water balance (Table 3) varies
with different life scenarios. During sedentary daily activities in a mild environment, renal
responses and thirst are the primary homeostatic regulators. During continuous-intermittent
labor, or prolonged exercise at low intensities (5–18h duration), renal responses and thirst have
minor-to-large effects on water regulation, whereas sweat loss presents the foremost challenge to
homeostasis [56].

• Large between- and within-subject variances (i.e., of the variables in Table 3) make it difficult
to determine a water requirement for all persons within a life stage (Table 1). As an example,
Figure 2 illustrates the large between-subject variance of habitual TWI that exists in healthy
young women (range, <1.0 to >4.5 L/24h) [13]. A large range of habitual TWI (0.6–5.2 L/24h) has
also been reported for women during pregnancy [57]. Similarly, the third National Health and
Nutrition Examination Survey [5] reported that the 1st decile and 10th decile of the mean TWI
were 1.7–7.9 L/24h for men (n = 3,091) and 1.3–6.1 L/24h for women (n = 2,801). An example of
large within-subject variability is also seen in the day-to-day differences of sweat losses that are
experienced by athletes [24]. Total sweat loss during sedentary work activity (e.g., 8h of computer
programming in an air-conditioned environment) may amount to <0.2 L/24h, whereas the total
sweat volume during a 164-km ultradistance cycling event often exceeds 9 L during a 9-h ride [42].

143



Nutrients 2018, 10, 1928

• The 24-h human water requirement varies with anthropomorphic characteristics, especially body
mass. Large individuals require a greater daily TWI than small individuals [6].

• The daily water requirement of any life-stage group is influenced by dietary sodium, protein and
total solute load, due to individual dietary preferences as well as traditional regional-cultural
foods. For example, large differences of mean urine osmolality (UOSM) have been reported
for residents of Germany (860 mOsm/kg) and Poland (392 mOsm/kg). These differences are
influenced by unique regional customs involving beverages (i.e., water, beer, wine) and food
items [1] and the moisture content of solid foods; the latter factor varies among countries and
demographic groups: the United States, 20–35% [2,51,58,59]; Germany, 27% [10]; the United
Kingdom, 24–28%; and France, 35–38% [14].

• The principle that both water and beverages contribute to rehydration and the maintenance
of body water has been fundamental in publications involving large populations [11,25], TWI
differences in various countries [14,15], habitual low and high TWI consumers [16,17], water
AI recommendations [6,7], the health effects of beverage consumption [60], young versus older
adults [61], 12-h or 24-h water restriction [62,63], and experimental interventions which control
and modify daily total water intake and beverage types [13,17,36,64]. However, small differences
exist in the percentage of water retained (4-h post consumption), primarily due to beverage
osmolality and the content of sodium chloride, protein, and/or energy [36,37].

• Intracellular water volume (~28 L in a 70 kg male) is considerably larger than extracellular water
volume (~14 L) [65]. No hydration assessment technique measures intracellular water content or
concentration directly [27].

• Although some authorities consider plasma osmolality (POSM) to be the best index of euhydration
and hypohydration [2,6], POSM does not assess whole-body hydration validly in all settings,
especially when TBW, water intake, and water loss are fluctuating [66]. Furthermore, POSM

may not reflect widely accepted physiologic principles, as shown by decreased POSM (6 out of
39 subjects) after losing 3–8% of body mass via sweating [67], and increased POSM at rest (4 out of
30 values) 60 min after ingesting 500 ml of water [68]. These findings likely result from the large
between- and within-subject variance that exists in POSM measurements [56].

• Arginine vasopressin (AVP) is the body’s primary water-regulating hormone. It functions to
maintain body water balance by keeping POSM within narrow limits and allowing the kidneys to
alter water excretion in response to the body’s needs, in conjunction with thirst [69]. Dehydration
of a large enough volume to result in increased POSM is a stimulus for the release of AVP. Table 4
summarizes research publications that determined the plasma osmotic threshold (i.e., set point)
for increased plasma AVP; most of these studies employed intravenous hypertonic saline infusions
with serial blood samples. Across these studies, the mean osmotic threshold values range from
280–288 and individual values range from 276–291 mOsm/kg. This large range of POSM values
illustrates dynamic complexity, in that the network of fluid-regulatory functions, and water
movements between fluid compartments differ across experimental designs and between normal
subjects (see column 1, Table 4). Table 5 further describes the complexity of AVP, in terms of its
biological functions, factors that influence neurohypohysial AVP release, and diseases which are
related to AVP dysfunction.

• Thirst is the primary means by which humans sense dehydration and hypohydration.
Several factors influence the onset of thirst, including blood pressure, blood volume, AVP, and
angiotensin II [8]. The primary stimulus for thirst, however, is POSM. Table 6 summarizes research
studies which determined the plasma osmotic threshold for the appearance of thirst. Across these
studies, the mean osmotic threshold values range from 286–298 and individual values range from
276–300 mOsm/kg. As with AVP (see previous item), this large range of POSM values illustrates
dynamic complexity, in that the network of fluid-regulatory functions and water movements
between fluid compartments differ across experimental designs and among normal subjects
(Table 6). This range of POSM values also may explain part of the range in habitual TWI (Figure 2).
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• Older adults (>65 years) experience reduced thirst and water intake, reduced maximal renal
concentrating ability, greater plasma AVP concentration during water restriction, and reduced
ability to excrete a water load when compared to younger adults [61,88,89]. Although the osmotic
threshold for thirst apparently does not change during the aging process [88,90], older adults
have a reduced autonomic baroreceptor capability to sense a depletion of blood volume [89,91].
In addition, older adults demonstrate changes in water satiation that hinder the ability to hydrate
following an osmotic challenge. This deficiency has been linked to changes in cerebral blood flow
and/or altered activation of the anterior midcingulate cortex area within the brain [92]. Thus,
aging appears to be responsible for large between-subject variances (i.e., of the variables in Table 3)
across age groups, which make it difficult to determine a universal water requirement for children,
adults, and the elderly (Table 1).

 
Figure 2. Frequency distribution of the habitual total water intake (TWI, 5-d mean values, n = 120) of
healthy, college-aged women (n = 120). Reprinted with permission (Johnson et al., 2016 [13]).

Table 4. Plasma osmotic threshold a for plasma AVP increase.

Osmotic Threshold b (mOsm/kg) Participants/Conditions References

282 (280–285) Normal adults (n = 6♂), dehydration via water restriction, upright posture Moses and Miller, 1971 [70]

285 (284–286) c Normal adults (n = 9♂), IVHS Moses and Miller, 1971 [70]

287 (286–288) c Normal adults (n = 6♂), IVHS Moses and Miller, 1971 [70]

288 (287–289) c Normal adults (n = 6♂), IVHS, then IVHS plus dextran (expanded plasma volume) Moses and Miller, 1971 [70]

280 (272–284) c Normal adults (n = 25), recumbent rest, in three states: ad libitum fluid intake, acute
water load (20 ml/kg) and water restriction Robertson et al., 1973 [71]

280 (276–291) c Normal adults (n = 9♂, 7♀), recumbent rest Robertson et al., 1976 [72]

IVHS, 287 (283–291)
M, 286 (282–290) Normal adults (3♀, 3♂), supine rest, IVHS (5%) and hypertonic mannitol (M, 20%) Zerbe et al., 1983 [73]

285 (282–289) Healthy adults (10♂), recumbent rest, IVHS and IVI Thompson et al., 1986 [74]

287 (286–288) Healthy adults (7♂), recumbent rest, IVHS Thompson et al., 1988 [75]

287 (281–290) Healthy adults (3♂, 4♀), recumbent rest, IVHS Thompson et al., 1991 [76]

MZ, 283 (277–290)
DZ, 281 (274–285) Healthy twins (7♂monozygotic pairs, 6♂dizygotic pairs), IVHS Zerbe et al., 1991 [77]

a, refers to the plasma osmolality (i.e., determined statistically or graphically) at which plasma AVP concentration
rises from baseline; b, mean (range or 95% confidence interval); c, data derived from a figure.
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Table 5. Research findings that illustrate the dynamic complexity of AVP, a peptide hormone produced
in the hypothalamus a.

Biological functions

Regulates body water and sodium homeostasis by acting on renal nephrons to decrease urine volume and
increase the concentration of urine
Maintains plasma osmolality within narrow limits
Encourages vasodilation in vascular smooth muscle cells by inducing NO production
Affects liver metabolism (e.g., gluconeogenesis, glycogenolysis)
Stimulates the pancreas to produce either insulin or glucagon, depending on blood glucose concentration

Factors which influence neurohypohysial AVP release and plasma AVP concentration

Plasma osmolality
Angiotensin II
Oropharyngeal environment
Water restriction and consumption
Osmolar content of diet, especially sodium
Hypoglycemia
Blood volume and pressure
Upright posture
Emotional stress
Exercise
Circadian rhythmicity
Hypoxia
Nausea
Pain

Diseases and disorders that involve AVP dysfunction

Diabetes insipidus and diabetes mellitus
Syndrome of inappropriate ADH excess (SIADH)
Sepsis
Severe bleeding, hemorrhage
Chronic hypernatremia
Primary polydipsia syndrome, compulsive water drinking
Kallmann’s syndrome
Autosomal dominant polycystic kidney disease

a, compiled from: [69,72,78–86].

Table 6. Plasma osmotic threshold a for appearance of the thirst sensation.

Mean (Range b) Osmotic
Threshold (mOsm/kg)

Participants/Conditions References

IVHS, 298 (294–300)
M, 296 (290–299)

Normal adults (n = 2–5 ♂&♀), supine rest, IVHS (5%) and
hypertonic mannitol (M, 20%) Zerbe et al., 1983 [73]

F, 297 (296–298)
L, 293 (291–295)

Healthy women (n = 8) were tested in the follicular (F) and
luteal (L) phases of the menstrual cycle, IVHS

Spruce et al., 1985 [87]

287 (286–288) Healthy males (n = 7), recumbent rest, IVHS Thompson et al., 1988 [75]

287 (282–291) Healthy adults (3♂, 4♀), recumbent rest, IVHS Thompson et al., 1991 [76]

MZ, 286 (276–293)
DZ, 289 (283–296) Healthy twins (7♂monozygotic pairs, 6♂dizygotic pairs), IVHS Zerbe et al., 1991 [77]

a, refers to the plasma osmolality (i.e., determined statistically or graphically) at which thirst is first perceived; b,
mean (range or 95% confidence interval); Abbreviations: IVHS, intravenous hypertonic saline; IVI, intravenous
isotonic saline.

The preceding points of evidence exemplify the difficulties which the National Academy of
Medicine, USA, and the European Food Safety Authority faced and which prompted them to establish
Adequate Intakes (AI), which are not Recommended Dietary Allowances (requiring a higher level of
evidence) or water requirements (Table 1). The NAM assumed the TWI AI volumes to be adequate,
based on observed or experimentally determined approximations or estimates of water intake by a
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group of apparently healthy people [6]. The EFSA determined AIs on the basis of population statistics,
utilizing calculated ‘free water reserve’ (ml/24h) [12]; this quantity is defined as the difference between
the measured urine volume (ml/24h) and the calculated urine volume necessary to excrete all urine
solutes (i.e., obligatory urine volume, mOsm/24-h) at the group mean value of maximum UOSM [1,11].
Furthermore, both the NAM and EFSA noted that AI values for water apply only to moderate
environmental temperatures and moderate physical activity levels, because non-renal water losses via
sweating (see column 8 in Table 3) can exceed 8.0 L/24h when exercise-heat stress is extreme [7].

4. A Proposed Method to Assess Daily Water Requirements

We now propose a novel approach to the assessment of the daily water requirement of individuals
in all life stages, which was not employed during the development of water AI values (Table 1).
This method focuses on the thresholds and intensity of responses within the brain and neuroendocrine
system (i.e., autonomic nerves and endocrine organs that release hormones to regulate water and
electrolyte balance). Figure 3 provides a graphic representation of this technique. The central dashed
line represents the set point (threshold) for each of the five regulated variables listed within the central
rectangle; Tables 4 and 6 present set point values for a plasma AVP increase and the appearance of
thirst. The regions to the left and right of the set point represent a water or sodium deficit, and water
or sodium excess, respectively; the zones farthest to the left and right of the set point represent the
greatest perturbations of each regulated variable due to change forces (e.g., dehydration, drinking, large
dietary osmotic load). The block arrows to the left and right of the set point illustrate neuroendocrine
responses which move each regulated variable toward the set point in an effort to restore altered
homeostasis; examples include release of AVP, angiotension II, aldosterone, atrial natriuretic peptide,
as well as blood vessel constriction or dilation, increased thirst, and water consumption (i.e., sensory
and behavioral effects that are influenced by endocrine responses). The strongest neuroendocrine
responses occur at the far left and far right of the threshold (labeled with the words deficit and excess).
If all fluid-electrolyte regulatory variables are at or near the set point (or if all neuroendocrine responses
are minimal), a state of euhydration exists because the brain is activating no compensatory responses;
in contrast, when responses counteract water loss a state of dehydration or hypohydration exists.
Measuring the intensity of neuroendocrine responses and identifying when set points have been
exceeded allow for quantitative comparisons of values during controlled laboratory experiments.
Alternatively, the area under the curve (i.e., response intensity plotted versus response duration) could
be measured.

Figure 4 illustrates this approach to assessing individual daily water needs. In normal subjects,
the increase in plasma AVP (panel A) is stimulated primarily by increased POSM. Increasing POSM

signifies increasing perturbation of homeostasis; whereas an increasing plasma AVP concentration
represents an increased intensity of neuroendocrine response and indicates that the brain is regulating
body water via the kidneys. Thus, the data in the upper right quadrants of panel A and panel B
correspond to intense neuroendocrine responses and a rigorous defense of total body water; the data
in the lower left quadrants correspond to minimal-to-moderate defense of total body water.
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Figure 3. A proposed schematic of a method to assess human daily water requirements by measuring
the intensity of neuroendocrine responses that are employed by the brain to defend homeostasis of body
water volume and concentration. These responses and thresholds are inherent hydration biomarkers,
and the means by which the brain maintains good health and optimal function. Abbreviations: AVP,
arginine vasopressin; ANG II, angiotensin II; ALD, aldosterone; ANP, atrial naturietic peptide.

 
Figure 4. The relationship of plasma osmolality to plasma AVP (panel A), and the relationship of plasma
AVP to urine osmolality (panel B). Reprinted with copyright from Robertson et al. [71]. Plasma was
collected during recumbent rest in three states of water balance: ad libitum fluid intake, following an
acute water load (20 ml/kg), and after acute periods of fluid restriction. The data represent healthy
adults and patients with diverse types of polyuria (i.e., abnormally large urine volume and frequency).
Dashed lines represent the sensitivity limit of the plasma AVP assay.

In normal adults, an increased intensity of neuroendocrine response (i.e., which defends the
volume and concentration of total body water) results in decreased urine volume and increased
urine osmolality, secondary to increased plasma AVP (Figure 4, panel B). As such, urinary variables
(e.g., osmolality, specific gravity, 24-h urine volume) have been identified as valid hydration biomarkers
in studies involving free-living pregnant women, nonpregnant women, and men [16,18,38,39,57].
Central, autonomically-controlled changes of plasma AVP concentration (i.e., at the border of

148



Nutrients 2018, 10, 1928

euhydration and mild hypohydration; Figure 3) also act to maintain optimal health and functions
in normal persons. In turn, AVP may be a prognostic indicator of various disease states (Table 7),
including ischemic stroke, myocardial infarction, pneumonia, certain types of cancer, and septic
shock [93–95].

Table 7. Effects of 12-h and 24-h water restriction a on plasma osmolality and AVP concentration.

Participants Experimental Design Phase Plasma Osmolality (mOsm/kg H2O) Plasma AVP (pg/ml) Reference

8 ♀b

(21–34 year)

Baseline, EU 289 ± 2 1.3 ± 0.6
Davison et al., AJP 1984 [62]

12-h WR c 294 ± 2 2.9 ± 1.2

5 ♂& 3 ♀b

(26–50 year)

Baseline, EU 292 ± 1 1.7 ± 0.2
Geelen et al., AJP 1984 [63]

24-h WR c 302 ± 1 3.3 ± 0.5

7 ♂
(20–31 year)

Baseline, EU 288 ± 1 1.0 ± 0.3
Phillips et al., NEJM 1984 [88]

24-h WR c,d 291 ± 1 3.5 ± 0.3

7 ♂
(67–75 year)

Baseline, EU 288 ± 1 1.8 ± 0.3
Phillips et al., NEJM 1984 [88]

24-h WR c,d 296 ± 1 8.3 ± 0.3

a, diets included no water or beverages and dry food items; b, nonpregnant women; c, 24-h total water intake was
not measured; d, body mass loss was 1.8–1.9% of the baseline value; Abbreviations: AVP, arginine vasopressin; EU,
euhydrated; WR, water restriction.

In terms of the water requirements of normal individuals, determining the intensity of the body’s
defense of total body water and tonicity (e.g., measuring changes of plasma AVP or regulated variables)
provides a laboratory method to assess the intensity of homeostatic responses and the response
thresholds which the brain employs. Once identified, these measurements could be compared to
experimentally-controlled TWI volumes to determine the minimum 24-h TWI that generally elicits
no neuroendocrine response above resting baseline levels (i.e., thereby representing euhydration
or normal water balance). This method for assessing 24-h water balance also can be applied to the
TWI of free-living adults. For example, in recent years several research teams have compared the
physiological responses of habitual low-volume drinkers (LOW) to those of habitual high-volume
drinkers (HIGH) [16–18,51]. Figure 5 depicts plasma the AVP concentrations of free-living LOW and
HIGH during one morning laboratory visit on each of 8 days. The TWI levels of LOW (n = 14 ♀) and
HIGH (n = 14 ♀) are described in the figure legend. The experimental design involved 3 d of baseline
observations, 4 d of modified water intake (during which LOW consumed the TWI which HIGH
habitually consumed, and vice versa), and 1 d of ad libitum water intake. The morning plasma AVP
levels in Figure 5 were similar (LOW, 1.4–1.5 pg/ml; HIGH, 1.1–1.3 pg/ml) when both groups were
consuming a similar high TWI (LOW, 3.5 L/24h; HIGH, 3.2 L/24h). Considering the plasma AVP
threshold which indicates an obvious neuroendocrine response (~2.0 pg/ml [78]; Figure 4), LOW were
above this threshold when consuming a TWI volume of 1.6–1.7 L/24h whereas HIGH were above this
2.0 pg/ml AVP threshold only when their TWI was modified to 2.0 L/24h on days 4–7. We interpret
these data to mean that the brain did not attempt to conserve water when TWI was ≥3.2 L/24h, and
that the water requirement of these healthy young women existed between 1.6 and 3.2 L/24h. Similar
plasma AVP concentrations have been published in a study of LOW (TWI, 0.74 L/24h) and HIGH
(TWI, 2.70 L/24h) by Perrier and colleagues [16]. Furthermore, a plasma AVP threshold <2.0 pg/ml
corresponds closely with the euhydrated baseline values shown in Table 7 (1.0–1.8 pg/ml), as observed
in four groups of men and women. However, when these test subjects underwent water restriction
for 12h and 24h, a stronger neuroendocrine response was observed (i.e., representing hypohydration)
as plasma AVP levels of 2.9–3.5 pg/ml in young adults and 8.3 pg/ml in older adults. In one Table 7
experiment [63], participants (5 ♂& 3 ♀, 26–50 years) rehydrated with tap water (10 ml/kg, 620–870 ml)
after a 24-h water restriction; 60 min after this water consumption, the average plasma AVP decreased
from 3.3 to 1.5 pg/ml, suggesting that subjects had reached a state of euhydration.
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Figure 5. Morning plasma AVP concentrations of habitual high-volume drinkers (HIGH, 3.2 ± 0.6
L/24h, n = 14♀) and low-volume drinkers (LOW, 1.6 L/24h, n = 14♀) during ad libitum baseline (3 days),
modified water intake (4 days; HIGH, 2.0 ± 0.2 and LOW, 3.5 ± 0.1 L/24h), and ad libitum recovery
(1 day; HIGH, 3.2 ± 0.9 and LOW, 1.7 ± 0.5 L/24h). Different experimental phases are separated by
vertical dotted lines. a, within-group significant difference from the 3-d baseline mean (p < 0.001).
Reprinted with permission from Johnson et al., (2016) [13].

Utilizing a plasma AVP threshold of <2.0 pg/ml, this method could be employed to: (a) define and
distinguish states of euhydration and hypohydration; and (b) evaluate the neuroendocrine response
changes which occur with advanced age (Table 7; [61,88,91,96]) or any factor that potentiates the release
of AVP into the circulation. Although a plasma AVP concentration is useful because it represents the
sum of all factors that influence pituitary AVP release (Table 5) and AVP turnover in the circulation, we
acknowledge that other hormonal/neurological biomarkers (e.g., angiotensin II, aldosterone) also play
a role in water homeostasis. In addition, cases of over-hydration likely represent a limitation of this
method. Excess body water may reduce plasma AVP to a level below the sensitivity of present-day
technologies (i.e., most immunoassays detect AVP to ≥0.5 pg/ml; [69], making it difficult to distinguish
over-hydrated states from a normal euhydrated state (1.0–1.8 pg/ml; Table 7). One final limitation of
this method is the circadian variation in AVP secretion. It would be imperative for any investigation
utilizing this proposed method to ensure blood sampling at similar times if successive samples were
taken as it has been demonstrated that AVP is both an outcome and input related to suprachiasmatic
nucleus activity [97].

Plasma AVP concentration was selected as the primary outcome variable of this method because
previous TWI investigations have also published AVP with no copeptin measurements. However,
AVP has a short half-life and is difficult to isolate/analyze [69,98], whereas copeptin is stable at room
temperature and is recognized as a diagnostic biomarker for various diseases [99,100]. Furthermore,
several studies have reported a strong correlation between plasma AVP and copeptin levels in healthy
individuals [98,101] and patients [102,103] across a wide range of POSM. Thus, it is very likely that
copeptin will be measured in future investigations of neuroendocrine response intensity.

Currently, copeptin is just beginning to be used in clinical settings during randomized control
trials evaluating changes in water intake and disease [104,105]. Clinical settings are ideal because
copeptin measurement, although less prone to errors compared to AVP, still requires specialized
and expensive equipment (i.e., B·R·A·H·M·S KRYPTOR random-access immunoassay analyzer,
ThermoFisher Scientific). Copeptin is also utilized in hospital settings for the evaluation of heart
failure [106]. Therefore, many researchers in the clinical setting already have access to copeptin analysis
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equipment. It is hoped that in the coming years this type of equipment will become a mainstay within
hydratrion physiology laboratories, or advances in assay techniques will make copeptin quantification
more accessible for all levels of researchers.

To our knowledge, only one study has assessed changes of plasma copeptin concentrations
in normal adults during water restriction [107]. Resting euhydrated plasma copeptin values
(i.e., representing no neuroendocrine response by the brain to conserve water) were 18.5 ± 6.8 pg/ml
(4.6 ± 1.7 pmol/L; 8 ♀, 8 ♂) at baseline, and increased to 37.0 ± 20.9 pg/ml (9.2 ± 5.2 pmol/L) after a
28-h water restriction period that induced a 1.7% body mass loss. To determine a plasma copeptin
threshold similar to the plasma AVP threshold of 2.0 pg/ml (see above), additional experiments similar
to those in Table 7 are required.

5. Neuroendocrine Responses across a Range of TWIs

Figure 6 provides evidence regarding the daily water requirement of humans. Compiling a range
of data from six studies that reported 22 different observation days [10,13,16,18,54,64], we plotted
the relationships between TWI and the primary brain-regulated variable (POSM), the neuroendocrine
response (plasma AVP) to changes of POSM, and the resulting changes in urine volume and concentration.
The R2 value for each relationship describes the amount of variance in the four variables that is
explained by TWI values. Clearly, POSM is not strongly related to TWI (R2 = 0.18, p < 0.05) because
blood concentration is regulated by the brain within a narrow normal limit [4], across a wide range of
TWI [6]; as reported in previous publications [16,18], POSM does not serve as a valid indicator of either
TWI or water requirement in free-living adults. This fact opposes the theory that all individuals with
normal POSM levels are similar [2,108], even if their 24-h TWI is low.

Figure 6. Urine volume (UVOL), plasma osmolality (POSM), urine osmolality (UOSM, 24h), and plasma
AVP plotted against daily total water intake. EFSA and NAM water Adequate Intakes are shown as
the vertical shaded column. AVP concentrations associated with water restriction (WR) and baseline
resting total water intake (B) (Table 7) appear as horizontal shaded rows. All data points are group
mean values (SD not shown) from investigations that measured TWI.
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The relationship between TWI and urine osmolality in Figure 6 appears to be moderately strong
(R2 = 0.56, p < 0.001), but not very strong because of the simultaneous influence of dietary osmolar
load on UOSM. In contrast, the relationship between TWI and urine volume is very strong (R2 = 0.94,
p < 0.001). However, plasma AVP concentration is the only variable in Figure 6 that directly represents
the intensity of neuroendocrine responses across a wide range of TWI (0.7–6.8 L/24h). As such, this
relationship (R2 = 0.88) provides evidence of the TWI volume that is required to maintain water and
electrolyte homeostasis. Recalling that a plasma AVP concentration of ≥2.0 pg/ml indicates an obvious
neuroendocrine response by the brain ([78]; Figure 4), and that the normal resting level (shaded zone
labeled WR) of plasma AVP lies below 2.0 pg/ml, the line of best fit for the relationship between TWI
and plasma AVP in Figure 6 shows that a plasma AVP concentration of 2.0 pg/ml is equivalent to a
TWI of 1.8 L/24h. Approximately 40% of young healthy college-aged women in the USA (Figure 2),
19–24% of men and women in Great Britain [109], and 68–71% of men and women in Spain [110]
consume less than this volume of water each day. In Figure 6, a TWI of 1.8 L/24h is equivalent to
a urine volume of ~1400 mL/24h and a 24-h urine osmolality of ~770 mOsm/kg. Furthermore, a
TWI of 1.8 L/24h is similar to the much-debated recommendation to drink “8 × 8” each day, which
refers to consuming eight 8 oz glasses of water (1.89 L/24h) [108,111], and to the recommended daily
AI of water for women (2.0 L/24h, Table 1) established by the European Food Safety Authority [7].
The two vertical shaded zones in Figure 6 display the EFSA and NAM daily water AI ranges for men
and women; all of these AI correspond to plasma AVP levels <2.0 pg/ml and a minimal/baseline
neuroendocrine defense of total body water and tonicity (Table 7). The daily water AI range of the
NAM corresponds to plasma AVP levels well below 2.0 pg/ml, likely because the NAM proposed that
human water requirements should not be based on a “minimal” intake [6], as this might eventually
lead to a deficit and possible adverse performance and health consequences [2].

Figure 6 also depicts plasma AVP levels during the four 12-h and 24-h water restriction experiments
(see the horizontal shaded zone labeled WR) that are described in Table 7. At the end of these water
restriction periods, group mean plasma AVP concentrations ranged from 2.9–3.5 pg/ml, representing a
mild-to-moderate neuroendocrine response (Figures 3 and 4). Interestingly, this range of concentrations
(representing hypohydration of approximately 1% of body mass) is similar to the plasma AVP levels
reported for individuals who habitually consume a low daily TWI of 0.7 L/24h (2.4 pg/ml; [16]),
1.0 L/24h (2.5–3.6 pg/ml; [54]), and 1.6 L/24h (2.5–2.9 pg/ml; Figure 5; [13]). This suggests that women
who consume a TWI of 0.7–1.6 L/24h (i.e., ~20–30% of young healthy women; Figure 2)—well below the
AI recommended by EFSA and NAM (Table 1)—experience a chronic mild-to-moderate neuroendocrine
defense of total body water. This observation is significant because numerous investigations and letters
to the editor have proposed that chronically elevated plasma AVP and angiotensin II levels may be
related to negative health outcomes (e.g., cardiovascular disease, obesity, diabetes, cancer morbidity
and mortality) [69,96,112] as well as the progression of disease states (e.g., salt-sensitive hypertension,
chronic kidney disease, and diabetic nephropathy [113]). Other investigators have: (a) utilized plasma
copeptin concentrations (i.e., part of the molecular pre-prohormone of AVP) to detect myocardial
ischemia and other diseases (Figure 4; [8,69,114]); and (b) supported the use of AVP receptor antagonists
to treat specific cardiovascular pathologies, suggesting dysfunctional body water regulation [115,116].
A 6-week study, involving 82 healthy adults (50% ♀) in three TWI groups (1.43, 1.83, and 2.42 L/24h),
provided promising evidence (i.e., increasing the daily TWI of the two LOW groups to match 2.42 L/24h)
of reduced circulating copeptin levels [19]. This study suggests that the reduction of plasma AVP via
increased TWI offers a safe, cost-effective, and easy-to-implement primary preventive intervention that
should be evaluated in large future clinical trials [117].

6. Evidence for a Role of 24-h TWI in Reducing Disease Risk

As noted above, a surprising number of adults in developed countries do not meet water AI
recommendations (Table 1). This fact is significant in terms of long-term health outcomes because a
growing body of epidemiological evidence shows that chronically elevated plasma AVP ( likely due
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to an insufficient daily TWI) is related to cardiovascular, obesity and cancer morbidity and mortality,
as well as the regulation of glucose metabolism. Unfortunately, controlled, randomized clinical
trials (spanning multiple years or decades), which focus on the relationship between chronic low
water volume intake and development of diseases, do not exist for three reasons [118]. First, lengthy
controlled studies suffer from participant attrition and noncompliance because it is difficult for any
person to maintain a constant hydration state or 24-h TWI across years of life. Second, multiple personal
characteristics, dietary habits, or lifestyle behaviors may concurrently encourage disease development.
Third, because of the large number of confounding dietary, behavioral, and genetic factors related
to the development of the above diseases, the number of subjects required for adequately-powered
statistical analyses which isolate the effects of water is large and the research is costly. Therefore,
researchers must focus on the mechanisms that regulate body water (Figures 1 and 4) to investigate
potential relationships between chronic low TWI and the development of diseases.

Recent epidemiological studies (n = 3000–4000 Scandinavian adults) have reported statistically
significant associations between high plasma AVP (or its surrogates, including low daily TWI, low
urine flow rate, high POSM, or copeptin) [69] and the incidence of type 2 diabetes, metabolic syndrome,
end-stage renal disease, cardiovascular disease, and premature death [117,119–122]. Furthermore,
during the past 25 years, several observational studies have reported that increased daily TWI
reduces the risk of kidney stone formation and stone recurrence [118,123–128] preserves kidney
function in chronic kidney disease [129], and retards cyst growth in polycystic kidney disease [130].
If these findings are supported by future controlled intervention studies, it is possible that increased
daily water consumption will be recognized as a safe, cost-effective, simple primary preventive
intervention for some kidney diseases [117,131]. However, establishing such relationships will be
challenging (i.e., for the reasons noted in the preceding paragraph) [118], and will likely be specific
to each type of kidney disease/dysfunction. For example, at least one recent randomized clinical
trial found no benefit of coaching chronic kidney disease patients to increase their 24-h TWI, even
though coaching resulted in a 24-h urine volume that was +0.6 L/day greater than an uncoached
control group (p < 0.001) [104]. Thus, because epidemiological and observational studies do not
allow for cause-and-effect inferences, randomized clinical trials and experimental studies employing
animal models are needed to further evaluate mechanisms such as the contribution of AVP to renal,
cardiovascular, and metabolic disorders [113].

7. AVP Influences Glucose Metabolism

The first observations regarding the association between “pituitary extract” and antidiuresis
occurred more than a century ago [132], after which AVP synthesis and its mechanistic description
became the subjects of the 1955 Nobel Prize in Chemistry [133]. Two decades later, medical
professionals hypothesized that the excess water loss (i.e., polyuria) observed in people with
type 2 diabetes mellitus resulted from decreased secretion of AVP. Contrary to their inclination,
researchers testing this hypothesis observed that the plasma AVP concentration was markedly elevated
in hyperglycemic patients [134]. These researchers, along with many during subsequent decades,
hypothesized that increased plasma AVP was an ineffective effort to conserve water in the face of
an overwhelming solute diuresis caused by glucose in urine (i.e., glucosuria). To our knowledge,
this theory persisted until 2010, when epidemiological findings reversed the relationship between
AVP and glucose regulation, from one of result to cause [135]. Based on an apparent dose-response
relationship between copeptin and severity of the metabolic syndrome [136], the important work
of Enhörning and colleagues [135] described a significant positive association between the baseline
plasma copeptin concentration of healthy adults and their odds of developing impaired fasting glucose
and/or diabetes during the five-year observation period. Shortly thereafter, it was confirmed that an
inverse relationship existed between self-reported water intake and the development of hyperglycemia,
during a nine-year longitudinal surveillance study [137]. These two investigations were theoretically
connected by the fact that AVP is secreted in response to high plasma osmolality (i.e., low water intake)
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and acts via V2 receptors in renal nephrons, increasing translocation of the aquaporin 2 channel and
facilitating increased water reabsorption [138]. Thus, chronically low water intake is associated with
elevated plasma AVP [16], both of which predict the development of impaired glucose regulation.

Historically, low daily water intake, in the absence of symptoms and outside of athletic pursuits,
has been considered to be innocuous because theoretically it was balanced by increased AVP
secretion, enhanced renal water reabsorption, increased water consumption, and maintenance of
water balance [108]. However, the examination of cellular receptors sensitive to AVP yielded insights
into possible mechanisms responsible for the above results. Distinct from V2 membrane receptors, V1a
receptors are expressed in the kidney, liver, vascular smooth muscle, blood platelets, and brain [69].
In the liver, V1a stimulation by AVP initiates calcium signaling reactions which increase glycogenolysis
and blood glucose, directly in hepatocytes and indirectly via vasoconstriction-mediated ischemia [139].
Indeed, multiple animal investigations and human genetic studies have described the role of V1a
receptors in glucose regulation and dysfunction [140–142].

Independently, V1b receptors are concentrated within the hypothalamic-pituitary-adrenocortical
(HPA) axis, where they enhance ACTH and cortisol release, and the physiological effects of CRH,
when stimulated by AVP. The downstream effect of increased plasma glucocorticoids is increased
hepatic gluconeogenesis and decreased insulin sensitivity [143]. The role of AVP in glucocorticoid
release is supported by observational data which show that individuals who consume low daily TWI
exhibit increased plasma concentrations of both AVP and cortisol [16]. Additionally, men with type 2
diabetes exhibited deteriorated glucose control and increased plasma cortisol following three days of
water restriction [144]. Thus, mounting evidence suggests that a link exists between AVP and glucose
regulation. Our understanding of this relationship will expand in coming years.

8. Summary

Despite numerous efforts to define a state of euhydration and determine the daily water
requirements of children, men, women, and older adults, no empirical research provides definitive
answers and no universal consensus exists. The dynamic complexity of the water regulatory network,
and inter-individual differences, are the primary reasons why widespread consensus regarding
the daily water requirements has not been reached to this date. In the preceding paragraphs, we
have proposed a novel experimental approach that offers an alternative to water AI survey data
and the potential to determine 24-h water requirements of individuals. This approach involves
the assessment of the intensity of neuroendocrine responses during euhydration and following
experimental perturbations of essential regulated variables. Although future researchers may choose
a different regulated variable, we focused on plasma AVP as the primary hydration biomarker to
determine the intensity of neuroendocrine responses to a range of TWIs (Figure 6). A plasma AVP
concentration < 2.0 pg/ml represents a baseline euhydrated state (i.e., the brain is not attempting to
conserve water), whereas plasma AVP ≥2.0 pg/ml indicates dehydration or hypohydration because
the brain is acting to conserve water ([78]; Figure 4). These concentrations provide a previously
unpublished definition of each term. Our examination of data from multiple research studies (Figure 6)
demonstrates that a plasma AVP concentration of 2.0 pg/ml is equivalent to a TWI of 1.8 L/24h.
Observational studies demonstrate that 19–71% of adults in various countries consume this volume
of water or less each day [13,109,110]. This is significant because increasing evidence shows that
chronically elevated plasma AVP (likely due to an insufficient daily TWI) could contribute to a number
of negative health outcomes. A TWI of 1.8 L/24h also questions the theory that all individuals with
normal POSM levels are similar [2,108], even if their 24-h TWI is low. Fortunately, the chronic reduction
of plasma AVP by consuming a daily TWI that maintains plasma AVP <2.0 pg/ml suggests a safe,
cost-effective, and easy-to-implement primary preventive intervention that can be evaluated in future
long-term clinical trials.
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Abstract: The purpose of this study was to examine the perception of thirst as a marker of hydration
status following prolonged exercise in the heat. Twelve men (mean ± SD; age, 23 ± 4 y; body mass,
81.4 ± 9.9 kg; height, 182 ± 9 cm; body fat, 14.3% ± 4.7%) completed two 180 min bouts of exercise
on a motorized treadmill in a hot environment (35.2 ± 0.6 ◦C; RH, 30.0 ± 5.4%), followed by a
60 min recovery period. Participants completed a euhydrated (EUH) and hypohydrated (HYPO)
trial. During recovery, participants were randomly assigned to either fluid replacement (EUHFL and
HYPOFL; 10 min ad libitum consumption) or no fluid replacement (EUHNF and HYPONF). Thirst was
measured using both a nine-point scale and separate visual analog scales. The percent of body mass
loss (%BML) was significantly greater immediately post exercise in HYPO (HYPOFL, 3.0% ± 1.2%;
HYPONF, 2.6% ± 0.6%) compared to EUH (EUHFL, 0.2% ± 0.7%; EUHNF, 0.6% ± 0.5%) trials
(p < 0.001). Following recovery, there were no differences in %BML between HYPOFL and HYPONF

(p > 0.05) or between EUHFL and EUHNF (p > 0.05). Beginning at minute 5 during the recovery
period, thirst perception was significantly greater in HYPONF than EUHFL, EUHNF, and HYPOFL

(p < 0.05). A 10 min, ad libitum consumption of fluid post exercise when hypohydrated (%BML > 2%),
negated differences in perception of thirst between euhydrated and hypohydrated trials. These results
represent a limitation in the utility of thirst in guiding hydration practices.

Keywords: fluid replacement; hypohydration; assessment; perception; exercise

1. Introduction

The complexities surrounding the turnover of body water complicates any single measure of
hydration status qualifying as a standard for assessment [1]. Methods for assessing hydration status
utilize urinary and hematologic measures, among others; however, these methods are not without
limitations regarding accuracy and applicability in all settings [1–4]. Furthermore, many of these
assessment methods require expensive laboratory instrumentation and/or expertise in these techniques,
limiting real-world applicability for all persons.

Thirst, defined as a desire to consume fluids as a result of a body water deficit, is a subjective
perception controlled by both neuroendocrine responses to maintain fluid homeostasis [5–7] and
psychosocial influences [8]. The physiological onset of thirst, occurring with fluid losses of a magnitude
of 1–2% body mass loss [6,9] is influenced by hyperosmolality, hormonal responses (arginine vasopressin
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(AVP) and angiotensin II (Ang II)), and peripheral osmoreceptors [10–12], but is highly variable within
individuals [5]. In addition, non-homeostatic influences, such as beverage taste, availability, individual
drinking habits, and timing with meals, dictate daily fluid intake [8].

Current recommendations advocate for using thirst to guide hydration practices during exercise to
reduce the risk of exertional hyponatremia [13]; however, recommendations by the American College
of Sports Medicine [14] and the National Athletic Trainers’ Association [15] encourage individualized
replacement of fluid losses to prevent dehydration-mediated loss of >2% of body mass during exercise.
Evidence suggests that relying solely on thirst as a means of replacing fluid losses during exercise,
especially in hot environmental conditions, may prevent the full restoration of body water losses,
leading to involuntary dehydration [6]. Armstrong et al. [16] has suggested that thirst may provide
an inexpensive means of assessing hydration status upon waking in the morning, but differences in
thirst perception were negated following the consumption of a bolus of fluid, despite hypohydration
equaling 2% body mass loss. Similar findings were observed when ad libitum consumption of water
was allowed following high intensity intermittent exercise; however, body water deficits were only
1.3% of body mass [17].

An assessment of thirst’s tracking of hydration status has previously been performed during
exercise and at rest. However, few studies have investigated the efficacy of thirst as a potential marker
of hydration status when a bolus of water was provided following exercise-induced dehydration upon
a magnitude of ~3% body mass loss. Therefore, the purpose of this study was to examine the perception
of thirst as a marker of hydration status following prolonged exercise in the heat. It was hypothesized
that when a bolus of fluid was consumed following exercise-induced dehydration, thirst sensation
would be attenuated despite a sustained level of dehydration above the threshold (~2% body mass
loss from dehydration) in which thirst is present.

2. Materials and Methods

2.1. Design

Participants completed two testing sessions in a randomized, counter-balanced manner.
We randomly assigned participants to testing sessions, designed to manipulate participants’ hydration
states following exercise: euhydrated (EUH) and hypohydrated (HYPO). The EUH trial consisted of
a euhydrated arrival to the laboratory, followed by minimal fluid losses throughout the duration of
exercise dictated by participant’s individual fluid needs. The HYPO trial was designed to achieve
a state of hypohydration of roughly 3% body mass loss and was achieved via 14 h fluid restriction
prior to arrival to the laboratory and throughout the bout of exercise. Following exercise, participants
completed a 60 min bout of recovery in the heat, where they were randomly allocated to either a
fluid replacement group or fluid restriction group. All exercise sessions occurred at the same time
of day, ±1 h, and were separated by a minimum of 72 h to minimize the circadian variability of the
physiological variables of interest and allow for appropriate recovery from the previous sessions,
respectively. Exercise and recovery took place in a climate-controlled environmental chamber (Model
200, Minus-Eleven, Inc., Malden, MA, USA) with conditions being: ambient temperature, 35.2 ± 0.6 ◦C;
RH, 30.0% ± 5.4%; wet bulb globe temperature, 26.6 ± 1.1 ◦C. Additionally, all exercise sessions took
place during the winter months in Connecticut, USA to ensure that none of the participants were
heat acclimated.

2.2. Participants

Twelve recreationally active men between the ages of 18 and 35 volunteered to participate
in this study (mean ± SD; age, 23 ± 4 y; body mass, 81.4 ± 9.9 kg; height, 182 ± 9 cm; body fat,
14.3% ± 4.7%). All participants reported exercising a minimum of 4–5 d·wk−1 for at least 30 min per
session. Participants were excluded if they reported any chronic health problems, such as cardiovascular,
metabolic, or respiratory disease; current illness or musculoskeletal injury; or a previous history of
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exertional heat illness within the last 3 y. Participants provided written and informed consent to
participate in this study, which was approved by the University of Connecticut’s Institutional Review
Board (protocol number: H15-154) and in accordance with the Declaration of Helsinki.

2.3. Procedures

Familiarization Session. Prior to the exercise sessions, participants completed a familiarization
session for them to become acquainted with the laboratory and testing procedures. The familiarization
session was scheduled as close to the scheduled testing session times as possible, to ensure minimal
variability in reference hydration values due to circadian rhythm. To ensure participants arrived
euhydrated, they were asked to consume 500 mL of water prior to going to bed the night before and
upon waking in the morning. Hydration status was measured upon arrival to the laboratory using
urine specific gravity (USG ≤ 1.020) (refractometer, model A300CL; Atago Inc., Tokyo, Japan) and urine
color (UCOL ≤ 4) via urine color chart [18]. Participants arriving to the laboratory for the EUH trial with
a USG > 1.020 were instructed to consume an additional 500 mL of fluid prior to the start of exercise.
Participants arriving to the laboratory for the HYPO trial with a USG > 1.020 were not provided fluid,
as the purpose of the HYPO trial was to induce a state of hypohydration prior to the start of exercise.

Each participant’s height was measured using a standard stadiometer and their body fat was
calculated via three-site skinfold measurements of the chest, abdomen, and thigh using calibrated
calipers (Lange Skinfold Caliper; Beta Technology Inc., Santa Cruz, CA, USA) [19]. Participants were
instructed on the insertion of the rectal thermometer (Model 401, Measurement Specialties, Hampton,
VA, USA), which was used for the monitoring of body temperature during the exercise sessions.
They were also familiarized to the perceptual scales that they were asked about during the exercise
sessions: the thirst perception (TH) and thirst sensation scales (TSS), described below.

Each participant’s sweat rate was measured to determine their fluid needs during the EUH exercise
trial. A nude body mass (NBM) was measured to the nearest 0.1 kg using a calibrated scale (Defender
5000, OHAUS, Parsippany, NJ, USA) before entering the environmental chamber. Upon entering the
chamber, they stood for 15 min to become equilibrated to the environmental conditions prior to exercise.
Exercise consisted of walking on a motorized treadmill at a speed ranging from 5.6 to 6.4 km·h−1 at a
2% gradient for a total of 30 min. Participants were instructed to set a speed equivalent to a “fast walk”
that they would be able to sustain for up to 3 h. The speed selected during the familiarization session
remained the same for both exercise sessions. Following exercise, participants provided another NBM
to determine sweat rate by assessing body mass change. Body water losses were used to quantify the
prescribed fluid replacement during exercise of the EUH trial; 0.001 kg equaled 1 mL.

Testing Sessions. For all testing sessions, participants were instructed to conduct their normal
daily routine (e.g., exercise, food and fluid intake), so as to not deviate from their individual norm.
Participants were asked to consume an additional 500 mL of water the night prior and the morning of
the EUH trial to ensure a state of euhydration. For the HYPO trial, participants were asked to restrict
fluid intake (including fluid heavy foods) for 14 h prior to their arrival to the laboratory. Participants
were scheduled for the same time of day for each of their trials to minimize any effects of circadian
rhythms on physiologic function.

Upon arrival to the laboratory for the EUH and HYPO trials, we obtained the following measures;
NBM, USG, and UCOL. Following a 15 min equilibration in the environmental chamber, pre-exercise
(PREEX) measures of rectal temperature (TREC), heart rate (HR) (Race Trainer, Timex Group USA,
Middlebury, CT, USA), body mass, TH, and TSS were obtained. A blood sample, with participants in a
seated position, was also drawn at this time for the assessment of serum osmolality prior to exercise.
Participants then began exercise, consisting of six 30 min bouts of exercise, each involving a 25 min
walk at the speed at which participants performed the sweat rate assessment test, followed by a 5 min
rest. During the 5 min rest period, participants stepped off the treadmill, removed their shoes and
t-shirt, toweled off as much as possible and provided a body mass measure to track body mass loss
over the course of exercise. Before commencing the next bout of exercise, TREC, HR, RPE, and TH were
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measured. During the EUH trial, participants consumed equal boluses of water during each 25 min
exercise bout at a volume matching their calculated sweat rate for that time period. During the HYPO
trial, participants were restricted from water throughout exercise.

Following the 3 h bout of exercise, participants stepped off the treadmill, provided body mass,
TREC, HR, TH, and TSS post-exercise (POSTEX) measures, and sat in a chair to begin a 60 min period of
recovery. During recovery, participants were randomly assigned to one of two recovery conditions;
fluid replacement (FL; EUHFL and HYPOFL) or no fluid replacement (NF; EUHNF and HYPONF).
Participants remained in the same recovery group for both trials. For EUHFL and HYPOFL conditions,
participants were given a bolus of water equaling their total body mass losses that occurred during
exercise. The participants were allotted 10 min to consume the water and were permitted to consume
the water ad libitum. After 10 min, any remaining water was taken from the participants and they
remained in a seated position for the next 50 min. Following the completion of the recovery portion of
the trial, TREC and HR were measured and TH and TSS were assessed for a post-recovery (POSTREC)
time point. Prior to exiting the environmental chamber, a POSTREC blood sample was obtained for
assessment of serum osmolality. Participants then exited the environmental chamber and provided
final NBM, USG, and UCOL measures.

2.4. Thirst Assessment

TH was measured using nine-point (1–9) Likert scale that provided verbal anchors of 1, “Not Thirsty
at All”; 3, “A Little Thirsty”; 5, “Moderately Thirsty”; 7, “Very Thirsty”; and 9, “Very, Very Thirsty” [20].
Participants were asked, “How thirsty are you right now?” when shown the scale, and they provided a
numerical answer based on their perceived feeling of thirst.

The second measure of thirst assessment, TSS, was measured using a 100 mm visual analog
scale, for which participants were asked, “How thirsty do you feel right now?” (not at all thirsty–very
thirsty); “How pleasant would it be to drink some water right now?” (very unpleasant–very pleasant);
“How dry does your mouth feel right now?” (not at all dry–very dry); “How would you describe the
taste in your mouth?” (normal–very unpleasant); “How full does your stomach feel right now?” (not at
all full–very full); “How sick to your stomach do you feel right now?” (not at all sick–very sick) [21,22].
All six visual analog scales were on one piece of paper and each 100 mm line was anchored using the
aforementioned words/phrases in parentheses above. Participants were asked to mark on each line
their responses to each question.

2.5. Hematological Measures

Five milliliters of blood was drawn from an antecubital vein into a collection tube without additive
(BD Vacutainer, Becton Dickinson Company, Franklin Lakes, NJ, USA) and allowed to clot at room
temperature. Samples were then centrifuged at 3000 rpm at 4 ◦C and assessed in triplicate for serum
osmolality using the freezing point depression method (Model 3320, Advanced Instruments, Norwood,
MA, USA).

2.6. Statistical Analysis

All statistical analyses were performed using SPSS Statistical Software version 21 (IBM Corporation,
Armonk, NY, USA). Tests for normality were conducted using the Shapiro–Wilk tests with any
non-normally distributed data being analyzed by the appropriate non-parametric tests. All values are
presented as means ± standard deviations unless otherwise noted. In addition, comparisons between
variables are presented as mean differences (MD) and 95% confidence intervals (95%CI). Effect size
(ES) was also calculated using Cohen’s d, for which d = 0.2 was considered a small effect, d = 0.5
was considered a medium effect, and d = 0.8 was considered a large effect. A priori power analysis
(G*Power 3.1, Düsseldorf, DE) computing an F test for repeated measures ANOVA with within–between
interaction for two groups (NF and FL) across 20 timepoints with an alpha level of 0.05, power of 0.8,
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and a medium effect size of d = 0.5 yielded a total sample size of 8. A sample size of 12 (n = 6 were
each assigned to each of NF and FL groups) was used to ensure a power of >0.8.

Three-way (condition × trial × time) repeated-measures ANOVAs were used to assess differences
in dependent variables (TH, TSS, body mass, serum osmolality, HR, and TREC) between conditions
(FL and NF), trials (EUH and HYPO), across time. With significant three-way interactions, follow-up
post hoc testing utilizing appropriate two-way ANOVAs were utilized. Significance was set a priori at
p < 0.05.

Post hoc power analysis comparing TH (comparison of pooled means during recovery) yielded a
power-achieved of β = 0.997, confirming that the sample size selected was appropriate for the analysis.
Post hoc power analysis comparing the TSS measures of thirstiness, pleasantness, dryness, taste,
fullness, and sickness yielded power measures of β = 0.579, β = 0.338, β = 0.516, β = 0.415, β = 0.453,
and β = 0.435, respectively.

3. Results

Figure 1A depicts the change in TH throughout exercise and recovery and Figure 1B depicts the
delta change (recovery–exercise) in pooled means for TH. There was a significant three-way interaction
for TH between EUHFL, EUHNF, HYPOFL, and HYPONF (p = 0.015). Follow-up testing revealed that,
during recovery, mean TH was significantly greater in HYPONF than EUHFL (p < 0.001, ES = 6.44),
EUHNF (p < 0.001, ES = 5.05), and HYPOFL (p = 0.002, ES = 3.70) (Figure 1A).

Figure 2 portrays the separate measures assessed in TSS at the PREEX, POSTEX, and POSTREC

time point. There were no significant differences in feelings of thirstiness (p = 0.052), pleasantness
toward drinking water (p = 0.211), dryness in the mouth (p = 0.072), taste in the mouth (p = 0.12),
fullness (p = 0.099), and sickness (p = 0.145) between trial, recovery condition, and time; however, it can
be observed that feelings of thirstiness and dryness in the mouth trended toward significance in this
three-way interaction. Despite no significant three-way interactions, there were significant trial ×
time interactions for thirstiness (p = 0.004), pleasantness in the mouth (p = 0.034), dryness in the
mouth (p = 0.002), and fullness (p = 0.034). Specifically, thirstiness was significantly greater at POSTEX

(ES = 5.81) and POSTREC (ES = 3.48) in the HYPO trial (POSTEX, 69.5 ± 9.0; POSTREC, 51.9 ± 14.1)
than EUH trial (POSTEX, 23.1 ± 6.8; POSTREC, 15.5 ± 4.4). Pleasantness in the mouth was significantly
greater (greater unpleasant feeling) at POSTEX (ES = 8.01) and POSTREC (ES = 3.95) in the HYPO
trial (POSTEX, 84.9 ± 5.9; POSTREC, 67.3 ± 10.6) than in the EUH trial (POSTEX, 36.4 ± 6.2; POSTREC,
32.1 ± 6.8). Dryness in the mouth was significantly greater at POSTEX (ES = 6.48) and POSTREC

(ES = 3.18) in the HYPO trial (POSTEX, 70.3 ± 5.9; POSTREC, 60.6 ± 12.3) than in the EUH trial (POSTEX,
26.2 ± 7.6; POSTREC, 29.2 ± 6.6). Lastly, participants experienced significantly greater fullness at
POSTEX (ES = 2.93) in the EUH trial (39.5 ± 9.0) compared to the HYPO trial (16.9 ± 6.1).

The hypohydrated trials (HYPOFL and HYPONF) resulted in significantly greater levels of
dehydration at POSTEX and POSTREC than the euhydrated trials (EUHFL and EUHNF), as measured by
the percentage of body mass loss (%BML) (p < 0.001) (Table 1). Fluid replacement after exercise did not
influence %BML between HYPO trials (HYPOFL, 2.1% ± 1.1%; HYPONF, 2.6% ± 0.6%) or EUH trials
(EUHFL, 0.2% ± 0.7%; EUHNF, 0.6% ± 0.5%) at POSTREC, respectively (p = 0.330) (Table 1). Serological
and urinary hydration measures are shown in Table 2. Changes in TREC (p = 0.052) and HR (p = 0.067)
trended toward statistical significance (Figure 3).
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Figure 1. (A) Thirst perception throughout exercise and post-exercise recovery and (B) delta change
(recovery–exercise) of pooled means in thirst perception (TH) by trial× condition. # indicates a significant
difference between HYPOFL and HYPONF, EUHFL, and EUHNF, p < 0.05. EUHFL =minimized fluid
losses during exercise and remaining losses replaced during recovery; EUHNF =minimized fluid losses
during exercise and did not replace losses during recovery; HYPOFL = fluid restricted during exercise
and losses replaced during recovery; HYPONF = fluid restricted during exercise and losses not replaced
during recovery.
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Figure 2. Perceptions of (A) thirstiness, (B) dryness, (C) pleasantness, (D) fullness, (E) taste,
and (F) sickness in EUHFL EUHNF HYPOFL and HYPONF groups. * indicates a significant difference
between the HYPO trial (HYPOFL and HYPONF) and EUH trial (EUHFL and EUHNF); p < 0.05.
EUHFL = minimized fluid losses during exercise and remaining losses replaced during recovery;
EUHNF = minimized fluid losses during exercise and did not replace losses during recovery;
HYPOFL = fluid restricted during exercise and losses replaced during recovery; HYPONF = fluid
restricted during exercise and losses not replaced during recovery.
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Figure 3. Changes in (A) rectal temperature and (B) heart rate during exercise and recovery in
EUHFL, EUHNF, HYPOFL, and HYPONF groups. EUHFL = minimized fluid losses during exercise
and remaining losses replaced during recovery; EUHNF =minimized fluid losses during exercise and
did not replace losses during recovery; HYPOFL = fluid restricted during exercise and losses replaced
during recovery; HYPONF = fluid restricted during exercise and losses not replaced during recovery.

Table 1. Body mass changes by condition.

Condition
PREEX

Mass (kg)
POSTEX

Mass (kg)
POSTEX

%BML (%)
POSTREC

Mass (kg)
POSTREC

%BML (%)
POSTREC Fluid
Consumed (mL)

% BML
Replaced (%)

EUHFL 77.0 ± 10.9 76.8 ± 10.2 0.2 ± 0.7 76.9 ± 11.1 0.2 ± 0.7 337.5 ± 48.3 57.4 ± 13.2
EUHNF 85.9 ± 6.3 85.4 ± 6.7 0.6 ± 0.7 85.4 ± 6.3 0.6 ± 0.5 0 ± 0 0 ± 0
HYPOFL 76.4 ± 11.3 74.1 ± 11.0 3.0 ± 1.2 α,β 74.8 ± 11.4 2.1 ± 1.1 α,β 1100.0 ± 155.0 55.3 ± 15.6
HYPONF 86.4 ± 6.5 84.1 ± 6.1 2.6 ± 0.6 χ,δ 84.1 ± 6.5 2.6 ± 0.6 χ,δ 0 ± 0 0 ± 0

α = HYPOFL significantly different than EUHFL, p < 0.05; β = HYPOFL significantly different than EUHNF, p < 0.05;
χ = HYPONF significantly different than EUHFL, p < 0.05; δ = HYPONF significantly different than EUHNF, p < 0.05.
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Table 2. Serological and urinary hydration variables.

Variable Condition PREEX POSTREC

Serum Osmolality
(mOsm·kg−1) EUHFL 295 ± 2 296 ± 3

EUHNF 290 ± 5 291 ± 5
HYPOFL 296 ± 8 310 ± 6 β,*
HYPONF 294 ± 3 304 ± 3 δ,*

Urine Specific Gravity (AU) EUHFL 1.012 ± 0.009 1.009 ± 0.004

EUHNF 1.018 ± 0.005 1.017 ± 0.007
HYPOFL 1.014 ± 0.008 1.017 ± 0.004
HYPONF 1.021 ± 0.007 1.020 ± 0.005

PREEX, prior to commencement of exercise; POSTREC, 60 min post exercise. β = HYPOFL significantly different than
EUHNF, p < 0.05; δ = HYPONF significantly different than EUHNF, p < 0.05; * = POST significantly greater than PRE,
p < 0.05.

4. Discussion

This study evaluated the use of thirst as a marker of hydration following exercise-induced
dehydration. Subjective sensations of thirst (TH and TSS) were significantly elevated immediately
following an exercise bout that induced a level of hypohydration of 2.8% ± 0.9% body mass loss
(combined mean of HYPOFL and HYPONF groups). Our hypothesis was supported in that when
HYPOFL was permitted to consume water ad libitum during the initial 10 min of a 60 min bout
of recovery following exercise, subjective feelings of thirst (TH) were minimized throughout and
at the completion of recovery to levels similar to the EUHFL and EUHNF groups, despite %BML
remaining >2% (Figure 1A). Measures of thirstiness and dryness in the mouth, as measured by TSS,
approached statistical significance (p = 0.052 and p = 0.072, respectively), with HYPOFL exhibiting a
reduction in thirst and dryness in the mouth following 60 min of recovery (Figure 2).

The role of oropharyngeal receptors in attenuating thirst has been extensively studied in both
human [11,17,23–26] and animal models [27–30]. Figaro and Mack [11] showed that oropharyngeal
receptors played an immediate role in inhibiting thirst, and thus, fluid intake, without influencing
plasma osmolality when fluid was extracted immediately from the stomach after consumption.
In addition, Mears et al. [17] found that thirst, which was stimulated by a rise in serum osmolality
following a bout of high intensity interval exercise, rapidly declined upon the consumption of fluid
immediately after exercise. Thirst also remained elevated when fluid consumption was delayed for
30 min or prohibited at any point during recovery, despite a decline in serum osmolality. Our findings
support these results and the role that oropharyngeal receptors play in reducing the thirst sensation,
despite a sustained elevation of serum osmolality, in that the sensation of thirst was immediately
reduced in HYPOFL once fluid was permitted and remained at levels similar to EUHFL and EUHNF

(Figures 1A and 2), despite a sustained elevation in serum osmolality levels compared to baseline
(+14 mOsm·kg−1). This is evident in Figure 1B, where the delta change of pooled means for TH between
recovery and exercise shows a negative delta change for EUHFL, EUHNF, and HYPOFL compared to
HYPONF; this figure shows that sensations of thirst for the former conditions are lower across the
recovery period on average than what appeared during exercise.

Interestingly, unlike the work by Figaro and Mack [11] and Mears et al. [17], we did not see a
decline in serum osmolality when ad libitum fluid intake was permitted. We postulate that this may be
due to the total volume of water consumed. In the Figaro and Mack [11] and Mears et al. [17] studies,
participants replaced ~67–86% and 63–82% of the water lost during exercise, respectively. In our study,
participants in HYPOFL only replaced ~55% of what they lost, which may have influenced the amount
of water absorbed into the vasculature during recovery. As we did not measure serum osmolality
immediately following exercise or throughout the recovery portion of the trial, nor did we measure the
amount of fluid absorbed from the gastrointestinal tract during recovery, we are unable to develop a

170



Nutrients 2019, 11, 2689

further rationale as to why we did not observe a change in serum osmolality. We postulate that the
total volume of water consumed during the initial 10 min of recovery was not large enough to result in
a change in serum osmolality.

The role of one’s mouth’s state may be an important factor when considering fluid replacement
following exercise eliciting levels of dehydration that exceed 2% BML, a level of dehydration that
has been shown to adversely affect physiological function [31–34] and exercise performance [4,35–37].
Our findings, in support of prior literature [10,21,26], show that individuals will have a reduced
drive for consuming fluids once sensations of thirst, dryness in the mouth, and unpleasantness in the
mouth are rectified and prior to completing fluid replacement; this incomplete fluid replacement has
commonly been termed “involuntary” or “voluntary” dehydration [6,38]. Specifically, in our study,
thirst, mouth dryness, and ratings of unpleasantness in the mouth in HYPOFL were lower at POSTREC

than POSTEX (Figure 3), despite a level of hypohydration of 2.1% ± 1.1%, a level of body mass loss
where thirst is typically induced [6,9]. Despite not being statistically significant, thirst (p = 0.052) and
dryness in the mouth (p = 0.072) exhibited a large effect for HYPONF at POSTREC when compared
to HYPOFL (ES = 7.15 and 6.3, respectively), EUHFL (ES = 7.49 and 6.02, respectively), and EUHNF

(ES = 5.6 and 5.61, respectively) conditions.
We observed that within the first 10 min of recovery, participants in HYPOFL consumed

approximately 55% of total fluid losses incurred during exercise, which is consistent with
prior literature [11,17]. It must be noted, however, that we only permitted participants 10 min
to consume water, which may have prevented additional consumption to offset fluid losses.
Interestingly, Evans et al. [39] assessed ad libitum intake of fluids at 15 min increments for 2 h following
exercise; their findings show that after 15 min of ad libitum fluid consumption, roughly 25–30% of fluid
losses were replaced. Speculating as to the reason for this discrepancy, knowledge from the participants
of how long they had access to fluid in the current study may have prompted them to consume more
fluid than they would have if allotted more time overall to consume fluids. Despite this, we believe
that if our participants were permitted to consume water throughout the entire 60 min recovery period,
they would not fully replace fluid losses. Work by Maughan et al. [40–42] and Shirreffs et al. [43,44]
suggest that following exercise, especially when there is limited time before the next bout, a strategic
approach to rapid rehydration based on individual losses must be utilized to optimize the potential for
rehydration. Relying solely on thirst alone would not be appropriate in this scenario, especially if fluid
losses exceed ~3% of body mass, as shown in our study.

To contextualize the aforementioned into real-world context, allowing participants to consume
fluids during the first 10 min of a post-exercise recovery period, may mimic what could occur in a
sport. For example, sports such as soccer and rugby, require athletes to perform continuous exercise,
with the elite levels of these sports preventing the number of substitutions permitted; this could
create a scenario in which athletes enter the half-time portion of a competition (typically 10–15 min in
length) hypohydrated to ~2% BML, especially if competition is being performed in hot conditions.
If provided ad libitum access to fluids, based on our findings, these athletes would consume fluids
to quench their thirst, and if only using thirst as a measure of preparedness for the second half of
competition, would enter the latter half of the event hypohydrated to a level that may result in marked
performance deficits. While our study did not examine whether thirst would remain attenuated if a
second bout of exercise ensued based on the aforementioned example, our findings would support
the recommendation that individualized fluid replacement strategies are optimal for minimizing the
extent of fluid losses during exercise.

This study is not without limitations. We only tested male participants in this study, which may
not be generalizable to females, particularly given the physiological changes that occur during the
menstrual cycle that may influence hydration state and thirst [45]. Furthermore, we only permitted
participants to consume water ad libitum for a 10 min block of time immediately post exercise.
Without permitting ad libitum consumption of water for the entire duration of post-exercise recovery,
we were unable to determine if fluid consumption would have continued to further correct fluid losses.
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Additionally, given the influence of increasing the osmolarity of the fluid that is being consumed and
the attenuation in the decline of thirst, we are unable to make a determination of how the osmolarity
of fluid following exercise-induced hypohydration may have further augmented the replacement of
fluids. Evans et al. [39] found no difference of ad libitum fluid ingested when comparing hypertonic
10%, 2%, and 0% glucose solutions; however, since an equal concentration of sodium was included in
each beverage, it is unknown if differences would have been found if plain water was also ingested.
Furthermore, the thirst scales utilized, TH [20] and TSS [21,22], have not been validated to date; there is
no existing evidence that has compared changes in plasma osmolality to the thirst scales utilized for this
study. While this prevents us from making conclusions based on perceptual scales validated against
physiological measures, in utilizing a randomized cross-over design where participants completed
both a euhydrated and hypohydrated trial under the same environmental conditions and exercise
stress, we feel that the within-person changes in the thirst scales tested allows for consistency in these
measures. Our post hoc power analysis revealed that we were underpowered for the TSS measures,
which may explain why we observed non-significant findings for thirstiness, dryness in the mouth,
pleasantness in the mouth, and fullness. Lastly, by not utilizing an exercise duration and/or intensity
that may mimic various settings (athletic, occupational, and military settings) we are not able to
make conclusive statements surrounding the use of thirst in guiding fluid replacement following the
cessation of exercise.

5. Conclusions

In conclusion, our findings indicate that when a bolus of fluid is provided immediately following
exercise-induced dehydration, the sensation of thirst rapidly declines to levels observed in euhydrated
individuals for up to 60 min following exercise, despite a level of dehydration exceeding 2% body
mass loss. The prolonged inhibition of thirst when less fluid was consumed than total water losses
may prevent one’s ability to rehydrate rapidly following prolonged exercise. These findings support
the recommendation that individuals may benefit from knowing their fluid needs and that fluid
replacement should be individualized based on fluid losses and subsequent fluid need. Future research
should consider examining the types of fluids consumed and allowing participants consume fluids
ad libitum at their discretion following exercise-induced dehydration. This would further expand on
the utility of thirst as a tool to guide fluid replacement following exercise-induced dehydration and
provide for more refined, data-informed recommendations being derived.
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