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ABSTRACT

The kidneys' integrative responses to heat stress aid thermoregulation, cardiovascular control, and
water and electrolyte regulation. Recent evidence suggests the kidneys are at increased risk of
pathological events during heat stress, namely acute kidney injury (AKI), and that this risk is
compounded by dehydration and exercise. This heat stress related AKl is believed to contribute to
the epidemic of chronic kidney disease (CKD) occurring in occupational settings. It is estimated
that AKI and CKD affect upwards of 45 million individuals in the global workforce. Water and
electrolyte disturbances and AKI, both of which are representative of kidney-related pathology,
are the two leading causes of hospitalizations during heat waves in older adults. Structural and
physiological alterations in aging kidneys likely contribute to this increased risk. With this back-
ground, this comprehensive narrative review will provide the first aggregation of research into the
integrative physiological response of the kidneys to heat stress. While the focus of this review is
on the human kidneys, we will utilize both human and animal data to describe these responses to
passive and exercise heat stress, and how they are altered with heat acclimation. Additionally, we
will discuss recent studies that indicate an increased risk of AKI due to exercise in the heat. Lastly,
we will introduce the emerging public health crisis of older adults during extreme heat events and
how the aging kidneys may be more susceptible to injury during heat stress.
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Introduction Our understanding of the kidneys has evolved
over thousands of years, but the effects of heat
stress on the kidneys have only been well described
within the last century. Terminology for urine and
the kidneys first appeared in Sumerian writings
around 3,000 BC [1]. Nearly 3,000 years later, the
Greek physician Galen of Pergamum famously
described the filtering capacity of the kidneys and
pondered the function of the kidneys to produce
urine [2-4], which provided foundational knowl-
edge that was further clarified in the 1500 and
1600s with the improved depictions of human
anatomy [1] and advances in microscopy [5].
During this time, the link between anatomy and
physiological function of the kidneys was starting
to be described [2,6,7], which is probably best
highlighted in the observations of the anatomist
Lorenzo Bellini who described that, when the renal

The kidneys are highly vascularized organs that
receive approximately 20% of cardiac output at
rest and are central to many homeostatic functions
including the regulation of blood pressure, water
and electrolytes, and acid/base balance. As such,
physiological challenges to these regulatory pro-
cesses often elicit compensatory responses from
the kidneys. For instance, heat stress causes
a multitude of physiological actions in the kidneys
to maintain blood pressure, conserve water and
electrolytes, and redirect blood flow away from
the kidneys to the skin to offload heat and pro-
mote heat loss. Moreover, there is an elevated
demand on these systems when heat stress is com-
bined with dehydration and/or exercise, and the
consequence of these combined demands can be
physiological or pathophysiological in nature.
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tubules were compressed, if “you are not afraid to
present this to your tongue you will discover
a certain saltiness and, in some, the taste of urine
(pg. 20)” [3,8]. Technological advances over the
next three centuries led to discoveries of the
nephron [9], while understanding of the biophysi-
cal and biochemical principles underlying glomer-
ular filtration and body fluid balance were
advanced by the preeminent physiologists Carl
Ludwig [10] and Ernest Starling [11]. To our
knowledge, it wasn’t until 1898 that the first pub-
lished reports of kidney function and environmen-
tal temperature appeared in which it was reported
that urinary protein content varied inversely cool
ambient temperatures [12].

The first description of the effects of heat stress
on kidney function can be found in the 1904 text
Physiology and Pathology of the Urine, in which it
was described that “ in hot weather ... the propor-
tion in urine to liquids swallowed is much less
(pg- 1)” [13]. It wasn’t until 1916 that the first
direct experimental evidence of the effect of heat
stress on kidney function was published, where it
was reported that urine output decreases during
heat stress [14]. These early findings were furth-
ered by observations that sodium reabsorption by
the kidneys varies with urine output and sweat
losses [15], data that ultimately provide the foun-
dation for our understanding of the effects of heat
stress on kidney function.

The public health challenges of heat stress

The increased frequency, severity, and duration of
heat waves caused by climate change [16] and the
urban heat island phenomenon [17] will likely
increase the physiological demands placed upon
the kidneys [18]. Heat stress, which invokes
increases in core body temperature, particularly
when coupled with dehydration (i.e., a hypertonic,
hypovolemic state), amplifies processes that may
result in kidney-related pathology, the most notable
of which is acute kidney injury (AKI), which is
generally defined as an acute reduction in kidney
function (AKI) [19-21].

The interaction between heat stress and AKI
was first identified in adults aged <45 years under-
going military physical training (i.e., exercise) in
a hot environment [20-23]. These relatively
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isolated occurrences, however, proved to be illus-
trative of a larger problem taking place in occupa-
tional settings in which workers are regularly
exposed to heat stress [19,24,25]. This is high-
lighted by observations that large populations of
agricultural workers in Central America, India and
Sri Lanka, amongst others, experience recurrent
episodes of AKI that are strongly associated with
heat stress, which has been hypothesized to be
a leading etiological cause of the epidemic of
chronic kidney disease (CKD, a progressive loss
of kidney function caused by irreversible kidney
damage) of unknown origin occurring in these
regions [26]. Data in a recent meta-analysis indi-
cate that 15% of people who typically work in the
heat experience CKD or AKI [25]. The prevalence
of this heat stress related-kidney pathology is
alarming due to the large number of people that
are or will be exposed to occupational heat stress.
For example, according to the International
Labour Organization [27], an estimated
280 million people are employed as agricultural
workers in Central America, India and Sri Lanka,
while the U.S. Bureau of Labor Statistics data [28]
indicate that ~15 million Americans work out-
doors in occupations that involve regular exposure
to heat (e.g., agriculture, forestry, construction).
Therefore, an estimated 42 million people in
Central America, India and Sri Lanka and
~2.3 million workers in the United States are cur-
rently at risk for CKD or AKI due to their
occupation.

In addition to occupational settings, which typi-
cally involve younger adults 18-45 years old, older
adults aged 65 years or more are also likely at risk
of AKI associated with heat stress. Furthermore,
compared to younger adults, older adults have
disproportional increases in morbidity and mor-
tality during heat waves [29-41], which are defined
as periods of unusually hot weather lasting two or
more days [42]. Emerging epidemiological evi-
dence consistently demonstrates the kidneys’ sus-
ceptibility to heat stress in older adults. This is
highlighted by observations that the top two
causes of hospitalizations in older adults during
heat waves are fluid/electrolyte disturbances
[32,35,41], a risk factor for AKI [43], and AKI
[32-36,41,44]. Notably, this public health challenge
is likely to be magnified in the coming decades
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given the simultaneous rise in the frequency,
intensity, and duration of heat waves [45] and
growth in the number of older adults [46].

The combination of heat stress and AKI is an
emerging public health problem affecting both
younger and older populations. There is a need
to understand the mechanisms underlying epide-
miological observations to identify and examine
strategies to mitigate the risk of AKI during heat
stress. At present, this understanding is in its
infancy. For instance, the mechanisms by which
heat stress can elicit AKI, without consideration
for biological age, have just started to be elucidated
over the past ~5 years in both rodent [47-61] and
human [18,19,24,26,54,62-67] models. Moreover,
to our knowledge, heat stress provoked AKI has
never been experimentally studied in the context
of aging.

Objective

The objective of this comprehensive narrative
review is to present the physiological and potential
pathophysiological effects of heat stress on the
kidneys in both younger and older adults. The
kidneys are involved in many integrative physio-
logical responses to heat stress, which are further
modulated by the mode of heat stress, the magni-
tude of dehydration, heat acclimation, age, and
many other factors. Therefore, we will first intro-
duce the physiology of heat stress and dehydra-
tion. Next, we will discuss kidney function and
AKI, with some attention paid to the experimental
methodologies employed to study the physiologi-
cal and pathophysiological processes. This back-
ground information will provide context to
accomplish our objective, which is to comprehen-
sively review the physiological effects of heat stress
from the perspective of kidney health in both
younger and older adults. A narrative review was
carried out given the purposefully broad scope of
this review, which makes conducting a systematic
review inappropriate [68].

Defining heat stress

In healthy humans, resting core temperature fluc-
tuates over a relatively narrow range of 36.5-37.5°
C [69]. Heat stress is defined as net heat load to

which a person is exposed and is a function of
environmental factors, physical exertion, and
clothing. During heat stress, the net heat load is
positive causing a rise in core body temperature
(i.e., hyperthermia). Heat stress can occur pas-
sively, where heat gain is increased despite no
change in metabolism, or with exercise, where
the rate of metabolic heat production is increased
[70]. Thermoregulation aims to balance this heat
gain with heat loss [71]. Heat loss responses
include cutaneous vasodilation and sweating,
with the evaporation of sweat being the most
powerful mode of heat loss [70,72]. The ability of
heat loss responses to offload heat dictates the
extent of hyperthermia and is a function of both
the magnitude of heat stress and thermoregulatory
processes. By extension, heat stress can be classi-
fied into two categories — compensable vs. uncom-
pensable. Compensable heat stress occurs when
the maximal evaporative capacity permitted by
the environment exceeds the evaporative heat
loss requirements necessary to promote heat bal-
ance. In this state, core temperature may rise, but
will ultimately plateau once heat loss matches heat
gained [73]. In contrast, uncompensable heat
stress occurs when the maximal evaporative capa-
city permitted by the environment is lower than
the evaporative heat loss required to maintain heat
balance. This situation results in a state of contin-
ual body heat storage and core temperature will
rise indefinitely if the uncompensable conditions
persist [74].

There are a variety of methods in which heat
stress can be experimentally induced in laboratory
settings. Thus, careful consideration is necessary
when designing, interpreting, and comparing
across experiments examining the physiological
effects of heat stress. Decisions associated with
selecting a heat stress model should consider
whether the focus of the study requires high inter-
nal validity or high external validity (Figure 1). For
instance, studies requiring a high internal validity
would be focused on examining causal relations
between increases in skin and/or core body tem-
perature and physiological outcomes. As a result,
in such studies there is a need to experimentally
control the magnitude of increases in body tem-
perature. In contrast, if high external validity is
necessary, then it is important to simulate the
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Figure 1. Examples of common methods of studying heat stress in a laboratory setting delineated by internal (left) or external (right)

validity. Abbreviations — METS: metabolic equivalents.

conditions encountered in real life scenarios. The
compromise, however, is that there is less experi-
mental control of body temperature due to inter-
individual variation.

For studies seeking high internal validity, tight
control of skin and/or core temperature can be
achieved in several ways. In such instances, select-
ing the mode of heat stress and the magnitude of
heat stress (i.e., compensable vs. uncompensable)
will depend on the nature of the research question.
For example, studies interested in examining
responses to passive heat stress will typically use
warm/hot water immersion or water-perfused
suits. Warm/hot water immersion (typically ~39-
42°C) invokes immediate rises in skin temperature
and often provokes a rapid rise in core tempera-
ture owing to the high thermal conductivity of
water. In this instance, the extent of hyperthermia
will depend on the temperature of the water and
the desire for compensable or uncompensable con-
ditions. With water immersion, the hydrostatic
pressure of the water stimulates increases in cen-
tral blood volume and readily alters central and
peripheral hemodynamic responses, particularly in
the kidneys [75]. This likely confounds the utility
of employing water immersion as a modality to
study the independent effects of heat stress on the
kidneys. The water-perfused suit method utilizes
a tube-lined suit that is perfused with hot water
(typically ~40-50°C) to produce relatively quick
and reproducible increases in skin and/or core
temperature, the magnitude of which can be rela-
tively easily manipulated depending on whether
compensable or uncompensable conditions are
desired. Given these advantages, the water-

perfused suit is likely the more preferred form of
passive heat stress [70]. For studies focused on
heat stress during exercise, reproducible increases
in core temperature both within and between
groups (in healthy people) can be sought by
clamping the rate of metabolic heat production
normalized to body mass [76]. The environmental
conditions in which this exercise is conducted can
then be predicated on the desire for compensable
or uncompensable heat stress.

For studies seeking high external validity, the goal
is to simulate the conditions encountered in real
world situations. For example, studies focused on
understanding and mitigating the risk of AKI in
agricultural workers may want to replicate the con-
ditions to which these people are regularly exposed.
Lucas et al. [77] reported that in a single work-shift
agricultural workers in Central America spend ~6
hours exposed to a wet bulb globe temperature
between 26 and 32°C while working at ~54% of
their estimated heart rate maximum. These condi-
tions can be readily simulated in an environmental
chamber, which often also permits the simulation of
various types of exercise (e.g., upper vs. lower body),
work-to-rest ratios, and other variables that are
encountered in occupational settings. It is also pos-
sible to simulate conditions of a heat wave, which
may have more relevance to the general public. In
practice, the U.S. National Weather Service issues an
Excessive Heat Warning when the heat index,
a function of dry and wet bulb temperatures [78],
exceeds either 41°C for more than 3 hours during
the day or 46°C over any period during the day [79].
These environmental conditions, particularly when
studied over consecutive days and coupled with low
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levels of exercise to simulate activities of daily living
(usually 3-4 metabolic equivalents), may provide
a unique laboratory model to study the physiological
responses to heat waves and/or the evaluation of
health and safety countermeasures [80,81]. This
may be particularly relevant for older adults given
that morbidity in older adults is worsened with
increased heat wave duration [32,35]. Moreover,
recent findings demonstrate that the magnitude of
increase in core temperature is greater on the second
of consecutive days of exercise in a hot environment
[82,83] and that this effect may be exacerbated in
older adults [84].

Physiology and assessment of body water
regulation

In humans, water accounts for ~73% of fat free
body mass [85]. Under normal conditions, elim-
ination of water from the body is primarily routed
through the kidneys with a lesser amount of water
loss occurring through sweat loss, evaporation
from the skin, respiration, and the gastrointestinal
tract (e.g., in feces). The kidneys have a direct role
in maintaining euhydration, which is defined as
a state of optimal body water content [86]. This is
highlighted by the fact that euhydration is main-
tained with total water intakes ranging from 1.3 to
7.9 L/24 h to maintain plasma osmolality within
a normal range (285-295 mOsm/kg) among indi-
viduals, in varying environments and circum-
stances [87]. The process of losing body water is
termed dehydration, whereas the state of deficient
body water caused by acute or chronic dehydra-
tion is known as hypohydration [86].

Humans have a tremendous capacity to produce
sweat, with maximal sweat rate often approaching or
even exceeding 2 L/h [88]. Thus, during heat stress,
dehydration is relatively common given that the large
volume of water lost as sweat is often not sufficiently
replaced with drinking even when fluids are readily

available [89]. Because sweat is hypoosmotic

compared to plasma, the resulting body water losses
cause intracellular dehydration and result in water
loss from both the intra and extracellular fluid spaces,
which is ultimately characterized by a state of hyper-
osmolality and hypovolemia [90]. Objective determi-
nation of dehydration (and/or hypohydration) can be
ambiguous given that there is no universal gold stan-
dard assessment for dehydration, particularly given
the high monetary cost associated with direct mea-
surements of total body water [91]. That said,
a dehydrated state can be reliably identified by mon-
itoring changes in two or more markers over time
[92]. For example, conservative estimates indicate that
intracellular dehydration (i.e., hyperosmotic, hypovo-
lemia) can be identified with 95% confidence using
a combination of specific anthropometric, blood and
urine-based measures [93-95] (Table 1).

The state of hyperosmotic, hypovolemia brought
about by intracellular dehydration causes a cascade of
hormonal responses to promote water conservation
including the activation of the renin-angiotensin-
aldosterone system and the release of vasopressin
[96] (Table 2). Decreases in blood volume, such as
with dehydration, are detected by baroreceptors in the
systemic vasculature resulting in increased renal sym-
pathetic nerve activity (RSNA) and renin secretion.
One of the important consequences of increased
plasma renin is the production of angiotensin II,
which binds to receptors located in many organs
[96]. Activating the angiotensin II type 1 receptor
(AT;R) results in many physiological actions that
are important during dehydration. In the kidneys,
activation of the AT ;R located on the basolateral sur-
face of proximal tubules increases sodium reabsorp-
tion, and thus water reabsorption, by stimulating Na*/
K" ATPase and the Na*/H" exchanger NHE3 [97,98].
Additionally, AT, R activation causes vasoconstriction
in vascular tissues, including both the renal afferent
and efferent arterioles [99,100]. Angiotensin II also
contributes to the sensation of thirst through activa-
tion of the AT, R in the subfornical organ of the brain
[101,102]. The final major role of angiotensin II in the

Table 1. Examples of methods for objective determination of hydration status.

Measure Reference range [94]

Euhydrated state [95]

95% probability of a dehydrated state
(change score) [95]

Change in body mass (%) N/A
Plasma osmolality (mOsmol/kg) 275-295
Urine specific gravity 1.003-1.035

<10 >-25
< 290 > +9
< 1.020 > +0.010
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Table 2. Summary of potential neuro-hormonal responses to heat stress (with or without dehydration) and the primary physiological

actions, anatomical locations, and physiological outcomes.

Neuro-hormonal
effector

Primary physiological
actions

Primary anatomical locations

Primary physiological outcomes

Vasoconstriction
(at higher levels of
activation only)
Na* reabsorption
Renin release

Renal sympathetic
nerve activation

Translocation of
Aquaporin-2

Na* reabsorption
Vasoconstriction

Vasopressin Collecting ducts

Distal tubules

Efferent arterioles

Aldosterone Na* reabsorption

collecting ducts

Vasoconstriction
Na* reabsorption
Aldosterone release

Angiotensin Il
Proximal tubules
Adrenal cortex

Afferent and efferent arterioles
Proximal and distal tubules
Afferent and efferent arterioles
(juxtaglomerular cells)

(distal straight tubule)

Distal convoluted tubules,

Afferent and efferent arterioles

Decreased renal blood flow

Increased (or maintained) blood pressure
Decreased GFR

Water and electrolyte conservation

Water and electrolyte conservation (via actions of
angiotensin II & aldosterone)

Water conservation

Water and electrolyte conservation
Decreased renal blood flow

Increased (or maintained) blood pressure

Water and electrolyte conservation

Decreased renal blood flow

Increased (or maintained) blood pressure
Decreased GFR (at higher concentrations only)
Water and electrolyte conservation

Water and electrolyte conservation (via actions of
aldosterone)

classical renin-angiotensin-aldosterone system is to
stimulate aldosterone secretion by the glomerulosa
cells of the adrenal cortex through AT;R activation
[103]. Aldosterone acts on mineralocorticoid recep-
tors in the distal convoluted tubule and collecting
ducts to increase NaCl reabsorption and K" excretion
[104] (Table 2).

Dehydration also increases circulating vasopressin
(also known as antidiuretic hormone or ADH).
Vasopressin acts on type 2 vasopressin receptors
(V,) to stimulate NaCl reabsorption by the thick
ascending limbs of Henle and promote the localiza-
tion of the water channel, aquaporin-2, on the apical
membrane of the collecting duct to promote water
reabsorption [105]. These processes are initiated
when the increased plasma osmolality [106] and/or
sodium concentration [107] is detected in the brain,
and is also stimulated by reductions in blood volume
[108]. Ultimately, these processes result in decreased
urine output and increased urine concentration
[109]. Vasopressin also exhibits vasoconstricting
actions in the kidneys by activating V; receptors in
vascular smooth muscle, primarily in efferent arter-
ioles, to reduce renal blood flow [110], which
together with angiotensin II is important in main-
taining blood pressure during dehydration [111-117]
(Table 2).

It is also worth noting that recent work provides
support for a localized autocrine/paracrine renin-
angiotensin-aldosterone system that operates
quasi-independently from the classical renin-
angiotensin-aldosterone response [118]. For
instance, Wang et al. [119] demonstrated that the
intrarenal renin-angiotensin-aldosterone system
contributes to increased fluid reabsorption in the
distal tubule during fluid deprivation by activating
prostaglandin E, receptor 4, which independently
stimulates the (pro)renin receptor and renin,
a pathway that has also been shown to comple-
ment the actions of in upregulating aquaporin-2
expression [120].

Physiology and assessment of kidney
function

A large portion of cardiac output is delivered to
the kidneys via the renal artery, which branches
into a series of smaller arteries and arterioles and
is ultimately filtered by the functional unit of the
kidneys, the nephron (Figure 2). The control of
renal blood flow (discussed below in Renal blood
flow) and glomerular filtration rate (GFR, dis-
cussed in Glomerular filtration rate) are important
functions of the kidneys to regulate homeostatic
processes that are stressed during heat stress, such
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as blood pressure and water and electrolyte regula-
tion. A multitude of techniques can be used to
quantify kidney function, including measures of
clearance, renal blood flow, and urine production
and concentration. The strengths and limitations
of these techniques must be understood when
developing and interpreting experiments examin-
ing the physiological responses of the kidneys
[121]. This section will introduce measures of kid-
ney function that are relevant to physiological or
pathophysiological responses to heat stress.

Autonomic control of kidney function

The renal sympathetic nerves have potent actions on
kidney function. Innervation sites for sympathetic
nerves are located along the major resistance vessels
of the kidney (i.e., interlobar, arcuate, and interlob-
ular arteries), the afferent and efferent arterioles, at
the juxtaglomerular apparatus, and heterogeneously
distributed across the proximal and distal tubules,
the thick ascending limb of the loop of Henle, and
the collecting duct [122-125] (Figure 2). Thus, the
renal sympathetic nerves have important roles in
modifying renal blood flow, glomerular filtration
rate (GFR), tubular sodium and water reabsorption,
and mediating the release of vasoconstricting hor-
mones that increase blood pressure in response to
various stimuli.

Measuring RSNA is not possible in humans with-
out highly invasive surgical procedures. Therefore,
understanding of the responses of human RSNA is
based on direct measures from animal studies (e.g.,
rodents, rabbits), renal denervation in humans (e.g.,
kidney transplant, renal sympathetic denervation in
patients with resistant hypertension), or approxima-
tions based on changes in muscle sympathetic nerve
activity and/or renal norepinephrine spillover.
Norepinephrine is the primary neurotransmitter
released by the renal sympathetic nerves, which
also release co-transmitters such as neuropeptide
Y and ATP to mediate changes in kidney function
[122]. The degree to which muscle sympathetic
nerve activity accurately reflects that of RSNA is
not known given that there is not a consensus
method on how to measure RSNA in humans
[126]. However, tests evoking sympathetic activation
(e.g., cold pressor test, hand-grip exercise, tilting)
have been used to probe changes in renal vascular
control [127-132].

Renal denervation causes increases in sodium
and water excretion in rats [133,134] and in
some patient populations, including those with
resistant hypertension [135]. Renal sympathetic
nerve stimulation activates adrenoreceptors
located in the renal tubular epithelial cells and
granular cells of the juxtaglomerular apparatus to
cause these cells to reabsorb sodium and release

Interlobular artery

Efferent
Arteriole

Cortex

Medulla

=% 5
Interlobar artery [

Segmental artery fi- - “‘ :
A\
Medulla'yg®
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convoluted tubule

.t @
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v
Distal straight
tubule

f}’

| |

)
L

Collecting
Duct

Loop of Henle

Figure 2. Simplified anatomy of the vascular system of the human kidney and the human nephron.



renin, respectively [122]. a;-adrenoreceptor activa-
tion in the proximal tubule epithelial cells causes
increased activity in Na*/H" exchanger and NHE3,
promoting fluid absorption [136].

In general, renal blood flow (described below in
Renal blood flow) is reduced with increased RSNA,
including that resulting from general reflex-
mediated activation of the sympathetic nervous sys-
tem (e.g., chemoreceptor or baroreceptor activation)
[137-140]. Increased RSNA decreases renal blood
flow due to vasoconstriction of the afferent and
efferent arterioles and to a lesser degree the inter-
lobular arteries [122]. That said, DiBona and Kopp
[141] have also demonstrated a graded response of
the kidneys to RSNA with lower frequencies of
RSNA increasing renin secretion without changes
in sodium handling or renal hemodynamics. At rela-
tively moderate increases in RSNA, that remain sub-
threshold to alter renal hemodynamics, sodium
reabsorption occurs alongside renin secretion.
Relatively higher increases in RSNA reduce renal
blood flow and glomerular filtration rate, which
together with increases in renin secretion, provide
a potent stimulus for conserving water (i.e., antidiur-
esis) and sodium (i.e., antinatriuresis).

The effects of RSNA are likely modulated, at least
in part, by angiotensin II. The modulatory role of
angiotensin II is supported by evidence demonstrat-
ing that the antidiuretic and antinatriuretic effects
with lower levels of RSNA were blunted when inhibit-
ing angiotensin-converting enzyme [142] and
restored with angiotensin II infusion [143]. The mod-
ulatory role of nitric oxide, which is generated by
nitric oxide synthase (NOS) enzymes, on RSNA is
less clear based on the differing effects reported in
the literature. Three isoforms of NOS are located
throughout various regions of the kidney, including
endothelial NOS in the endothelial cells of the renal
vasculature and glomerular capillaries [144,145], neu-
ronal NOS within the renal sympathetic nerves [146],
renal tubules and macula densa [147], and inducible
NOS in the renal medulla [148]. It has been speculated
that nitric oxide may have differing roles at various
anatomical sites within the kidneys, such that nitric
oxide at the postjunctional membrane, or at vascular
and tubular epithelial cells, may depress neurally
mediated changes in kidney function, whereas nitric
oxide at the prejunctional membrane facilitates the
release of norepinephrine [122].
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Renal blood flow

Renal blood flow broadly describes blood flow in
the renal artery to the kidneys and regional blood
flow within the kidneys (e.g., cortical, medullary).
Classically, renal blood flow is measured using
clearance techniques that measure renal plasma
flow, such as para-aminohippurate (PAH) clear-
ance (Table 3). These techniques are founded on
the basis that kidney function is the net action of
input (i.e., renal artery blood flow) and output,
which is comprised of renal venous blood flow
and urinary excretion [121]. In this sense, clear-
ance is defined as the “volume of plasma per unit
time from which all of a specific substance is
removed (pg. 36)” and is defined as U,-V/P,,
where U, and P, are the concentration of sub-
stance X’ in the urine and plasma, respectively,
and V is urine flow rate [149]. Renal blood flow
is related to renal plasma flow by the hematocrit,
such that renal blood flow is equal to renal plasma
flow divided by (1-hematocrit) [RBF=RPF/
(I-Hct)]. PAH clearance has traditionally been
used as the gold standard measure for renal artery
plasma flow. Approximately 90% of PAH, which is
filtered at the glomeruli and secreted by the
tubules, is extracted from the blood by the kidneys
[150], with several factors precluding the complete
extraction of PAH from the blood, including peri-
glomerular shunts and limitations in secretion of
PAH in cortical areas and in regions of reduced
perfusion such as the proximal tubules in the
medulla [151]. For these reasons, PAH clearance
is often referred to in the literature as ‘effective’
renal plasma flow because it provides an approx-
imation of renal plasma flow without requiring
a renal venous blood sample [152].
Determination of PAH clearance is an invasive
technique that requires a priming dose and sus-
tained infusion to maintain constant PAH concen-
tration in the plasma [152-154]. Classic methods
of measuring PAH clearance use the bladder clear-
ance technique, which requires the collection of
urine either through spontaneous voiding or
catheterization in order to determine the concen-
tration of PAH in the urine [154]. The alternative
constant-infusion technique eliminates the need to
collect urine, which was often a source of error
(e.g., contaminated urine during spontaneous
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Table 3. Common methods for measuring renal blood flow and glomerular filtration rate in humans.

Measure Method Advantages Disadvantages
Renal blood flow Para-aminohippurate Gold standard measure of renal Not a direct assessment of arterial blood flow, expensive,
clearance plasma flow invasive, unable to measure dynamic changes, may require
timed urine samples.

Doppler ultrasound Reliable, affordable, non-invasive, Can only measure blood velocity (not blood flow*) in renal,
index of arterial blood flow, can segmental, and/or interlobular arteries, has not been
measure dynamic changes validated against other measures

Magnetic resonance Direct assessment of renal blood flow Not feasible in some experimental settings, expensive

imaging and/or oxygenation, non-invasive

Glomerular Inulin clearance** Gold standard Expensive, requires timed urine samples

filtration rate
Creatinine clearance
affordable
Estimated glomerular
filtration rate
to collect urine

Uses an endogenous substance,

Simple, affordable, spot check of an
endogenous substance without need

Requires timed urine samples, may be inaccurate during
intense exercise and/or dehydration

May be inaccurate when glomerular filtration rate is rapidly
changing

* Two studies have reported Doppler ultrasound derived measures of renal blood flow [171,172], but this has not been replicated by other

laboratories nor has it been used during heat stress.

** lohexol and mannitol clearance are also common and are based on the same principles as inulin clearance [189-192], but these have rarely been

used during heat stress [264,290].

voiding) [155], and assumes that, for substances
such as PAH that are neither metabolized nor
stored by the body, when plasma PAH is constant,
the rate of excretion of U,V must be the same as
(and therefore can be substituted by) the rate of
infusion. However, this requires equilibrium
between rate of infusion and rate of excretion of
PAH that may not be possible in shorter duration
studies [156]. To overcome this limitation, inves-
tigators typically correct for changes in plasma
concentration of PAH by accounting for plasma
concentrations at the beginning and end of the
clearance period [157-160].

Despite improvements in technology, several
technical challenges hinder the direct quantifica-
tion of renal artery blood flow and/or regional
renal blood flow (i.e., not the net renal blood
flow) in experimental settings. In humans, various
magnetic resonance imaging (MRI) based methods
(e.g., dynamic contrast-enhanced, blood oxygen
level-dependent, arterial spin labeling) are promis-
ing technologies, but may be cumbersome or
infeasible during experimental heat stress.
Another approach is Doppler ultrasound, which
is often used in clinical and research settings to
assess kidney hemodynamics. Doppler ultrasound
is appealing because of its noninvasive nature and
the ability to quickly render and capture real-time
images [121,127,161-168], with acute vascular
responses measured within seconds in similar

regions within and between subjects [121]. Data
obtained using the Doppler ultrasound technique
have been found to be reliable both within and
between days [166]. However, the diameter of the
vessels of the renal vasculature cannot be accu-
rately measured with Doppler ultrasound. Thus,
in its current form, this technology can only mea-
sure blood velocity, assuming that blood velocity is
proportionate to blood flow. This assumption is
only valid provided that the diameter of renal and
segmental arteries does not change between assess-
ment periods and is reinforced by the fact that the
renal and segmental arteries are conduit, not resis-
tance, vessels [128]. In support of this, changes in
renal artery blood flow have been found to be
dependent on changes in blood velocity and not
changes in vessel diameter during infusion of
a vasoconstrictor (adenosine) or vasodilators (iso-
sorbide dinitrate, papaverine, dopamine, and
fenoldopam) [169,170]. To the contrary, however,
there is some evidence that during exercise the
diameter of the renal artery decreases [171,172],
but these measurements were made using ultra-
sound techniques that have not yet been replicated
by other laboratories.

There is great interest in accurately quantifying
changes in renal blood flow because it is a highly
controlled variable that has implications for the
regulation of blood pressure and water and electro-
lytes. Thus, it is also important to note that the



kidneys have an intrinsic ability to maintain blood
flow at varying arterial pressures (i.e., autoregulate).
Renal blood flow autoregulation is mediated by
actions of the afferent arterioles and interlobular
arteries and their myogenic response to constrict
or relax in response to changes in perfusion pres-
sure [173-175]. Approximately, 50% of the total
autoregulatory response [176,177] rapidly occurs
within 3-10 seconds [178,179], which is contributed
to by unloading of the renal baroreceptors and
tubuloglomerular feedback provided by the juxta-
glomerular apparatus [180,181]. Tubuloglomerular
feedback also results in renin release by the afferent
arterioles in response to sensation of decreased
NaCl delivery to the macula densa in the distal
tubule [182], which ultimately ensures a relatively
stable renal blood flow and glomerular filtration
rate (see Glomerular filtration rate). These neural
(discussed previously in Autonomic control of kid-
ney function), hormonal (discussed previously in
PHYSIOLOGY AND ASSESSMENT OF BODY
WATER REGULATION), and autoregulatory
mechanisms offer a complex and highly redundant
control of renal blood flow to maintain homeostasis
utilizing many systems.

Glomerular filtration rate

In clinical settings and most research studies, kid-
ney function is quantified as a function of GFR,
which provides a measure of the ability of the
kidneys to filter blood. The kidneys typically func-
tion at ~75% of their maximum filtration capacity
in healthy individuals, which allows the kidneys to
preserve GFR in conditions that otherwise reduce
GFR, such as a loss of nephron mass or partial loss
of individual nephron filtering ability (e.g., as
occurs with aging) [183]. Thus, the maintenance
of kidney function through hyperfiltration reflects
a reserve capacity of the kidneys to increase GFR
and highlights that there is no linear relation
between nephron number and GFR. This reserve
capacity can be assessed as the difference between
peak (or ‘stressed’) GFR and baseline GFR, and is
often referred in the literature as renal functional
reserve [184-186]. The usefulness of GFR is high-
lighted by when renal mass is decreased, such as in
kidney damage, hyperfiltration increases as
a compensatory mechanism to maintain GFR
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within normal ranges, even with losses up to 50%
of functional renal tissue [187].

An ideal measure of GFR requires the calcula-
tion of clearance of a substance that is freely fil-
tered by the kidneys and is completely excreted in
the urine without undergoing metabolism, tubular
secretion or reabsorption [188] (Table 3). Inulin
clearance is considered the gold standard measure-
ment for GFR [150] and involves continuous inu-
lin infusion and wurine collection, but is
cumbersome and expensive given that the cost of
inulin has increased [189]. There is also evidence
supporting the utility of measuring GFR with renal
clearance of chromium 51-labeled ethylenediami-
netetraacetic acid (°’Cr-EDTA) and renal clear-
ance of iohexol [189]. Additionally, mannitol,
a 6-carbon alcohol, is an osmotic diuretic that is
freely filtered across the glomerulus [190,191] and,
with a particular preparation, has been reported to
reflect a similar GFR as inulin clearance in healthy
adults [192].

Creatinine clearance is probably the most com-
mon means of estimating GFR. Creatinine is
released into the circulation at a relatively steady
rate from the nonenzymatic dehydration of muscle
creatine [193]. Approximately 98% of creatine in
the body, which is primarily synthesized in the
liver, is stored in muscle with ~1.6% of total
body creatine being converted to creatinine daily
[194,195]. Using creatinine as a marker of GFR has
advantages because it is endogenously produced
and can be assessed with routine clinical techni-
ques in the blood and urine. However, creatinine
clearance is not considered to be a perfect marker
of GFR. For instance, creatinine clearance assumes
there are no changes in muscle mass or muscle
damage during the protocol. Moreover, creatinine
clearance requires the use of timed urine samples,
which may not always be feasible. Finally, tubular
secretion of creatinine can result in overestima-
tions of GFR by >20% compared to inulin clear-
ance [196,197]. To our knowledge, the accuracy of
creatinine clearance derived measures of GFR
compared to that measured with inulin clearance
during exercise or heat stress has never been
explored. That said, Sjostrom et al. [198] have
reported that creatinine clearance overestimates
GFR by ~5% compared to inulin clearance follow-
ing dehydration induced by furosemide, which
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increases water loss through increased isosmotic
urine production [199]. However, following rehy-
dration, creatinine clearance overestimates GFR by
nearly 50% [198]. Thus, experiments that involve
a rehydration protocol, such as during or follow-
ing exercise in the heat, may result in an over-
estimation of GFR as tubular secretion of
creatinine is increased.

In most clinical settings, GFR is estimated from
serum concentrations of creatinine or cystatin C,
another endogenous filtration marker, using spe-
cialized equations that often adjust for variables
such as age, race, sex, body size, blood urea nitro-
gen, and albumin [121]. These equations utilize
the assumption that creatinine or cystatin C are
produced endogenously at a constant rate and
thus, an increase in these markers is reflective of
a decrease in GFR [121,200]. While this approach
is convenient, the accuracy of serum creatinine or
cystatin C derived estimates of GFR is limited
when there are rapid changes in GFR such as
during exercise [201,202]. As such, estimated
GFR calculated by both creatinine and cystatin
C during exercise underestimates decreases in
GFR compared to that calculated from creatinine
clearance [202].

Water and electrolyte regulation

The kidneys are vital in regulating body fluid
volume and composition and there are many sys-
temic and intrarenal mechanisms underlying water
and electrolyte regulation. The ability of the kid-
neys to concentrate urine arises from interactions
among the active transport of NaCl from the thick
ascending limbs (i.e., sodium reabsorption), water
permeability of the collecting ducts, delivery rate
of NaCl and water to the loop of Henle, and the
volume of tubular fluid delivered to the medullary
collecting ducts, which increases osmotic water
transport across the epithelium of the collecting
duct [203]. Most of the techniques used to quan-
tify changes in water and electrolyte regulation
require collection of timed urine samples and,
depending on the measurements, blood draws
(e.g., fractional excretion calculations, hormones).
Thus, the measurements presented in this section
typically reflect a systemic response to changes in
water and electrolyte regulation.

Urine production can be quantified by volume or
flow rate. The extent of urine concentration can be
assessed via osmolality, specific gravity, and urinary
creatinine concentration. Decreases in urine produc-
tion and/or increases in the extent of urine concentra-
tion are typical physiological responses of the kidneys
to mitigate water and electrolyte losses, such as during
heat stress. In healthy humans, the excretion of urine
by the kidneys has large variability. ‘Normal 24 hour
urine volumes can range from ~0.5 L to ~25.0 L with
osmolality ranging from as high as 1400 mOsm/kg
(with low urine volumes) to as low as 40 mOsm/kg
(with high urine volumes). This modulation of urine
volume and concentration aids in the maintenance of
extracellular volume within narrow limits across
a wide range of daily water and sodium intakes
[204]. Calculations can be made to quantify kidney
function via clearance, where the handling of
a substance by the kidneys is calculated as the amount
of substance excreted in the urine (a product of urine
concentration of the substance and urine flow rate)
subtracted from the filtered load (a product of GFR
and plasma concentration of the substance). The
result of this calculation will quantify whether there
is net secretion (a positive value), net reabsorption
(negative), or neither secretion nor reabsorption
(zero) [121]. The concept of clearance is also used to
calculate free water clearance as Cio=V-(1-[Ugem
/Posm]), where V is equal to urine flow rate and
Ugsm and P, are the osmolality of the urine and
plasma, respectively. Free water clearance quantifies
how dilute the urine is relative to the plasma. For
example, a positive free water clearance in
a dehydrated individual would be a sign of pathology
where the ability to conserve water is impaired.
Another useful calculation includes the fractional
excretion of electrolytes, which is calculated using
urinary and plasma concentrations of creatinine as
FEleoo([Ux/ Px]/ [Ucreatinine/ Pcreatinine])> where Ux
and P, represent the concentration of substance x in
the urine and plasma, respectively. Notably, a low
fractional excretion of sodium (i.e., <1%) is typical
for euhydrated subjects with normal kidney function
and moderate salt intake [205].

Additional markers of kidney function

Various other blood and urine markers can be
used to inform interpretation of kidney function.



Proteinuria, which can portend a reduction in
GFR, can be assessed by measuring total protein
or albumin in the urine [206]. Proteinuria may be
indicative of increased glomerular permeability,
a reduced capacity for reabsorption due to damage
or dysfunction in the renal proximal tubules, or
saturation of the renal tubules capacity for reab-
sorption due to overflow of normal or abnormal
proteins that are produced in increased amounts
[206]. Urine microscopy can be used to determine
content of the urinary sediment, such as presence
of erythrocytes (i.e., hematuria), casts, or crystals
[206]. Blood urea nitrogen (BUN) is a metabolic
waste product from dietary protein catabolism and
turnover of tissue proteins, which increases in
concentration with excessive tissue catabolism,
such as fever or severe burns [206]. Measuring
BUN may provide insight into potential dysfunc-
tion or pathology within the glomeruli. However,
interpretation of increased BUN is limited during
conditions eliciting increases in the tubular reab-
sorption of urea (e.g., decreased renal perfusion
from heat stress). Kidney biopsies, although highly
invasive and impractical for most experimental
studies, can provide morphological assessment of
the kidney, and have been previously used in sus-
pected heat stress-related nephropathy in agricul-
tural workers [207].

Physiology and assessment of acute kidney
injury

Definition of acute kidney injury

Acute kidney injury (AKI) is defined as a rapid
(hours to days) decrease in kidney function (e.g.,
GFR), with increasing concentrations of products
of nitrogen metabolism in the plasma (e.g., creati-
nine, urea) that may also manifest with decreased
urine output [208]. Okusa and Portilla [209] describe
AKI as a “summation of temporally activated sys-
tems that together result in inflammation, activation
of cell death pathways, tubular obstruction, back
leak, altered glomerular hemodynamics and a loss
of the GFR (pg. 912).” Thus, AKI represents a wide
range of pathophysiological responses of varying
severity and causes. The consensus term AKI
replaced the older terminology of acute renal failure
(ARF), because ARF suggested a dichotomy between
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normal kidney function and organ damage/failure,
whereas AKI better reflects that even small and tran-
sient decrements in kidney function can result in
deleterious outcomes [210]. Indeed, even rapid
recovery (<2 days) from one episode of the mildest
form of clinically diagnosed AKI (i.e., Stage 1 AKI) is
associated with a 43% increased risk of Stage 3 or
higher CKD within one year [211]. This risk for the
development of CKD is exacerbated with increased
severity and/or length of recovery from AKI [211].

Typically, the cause of AKI is divided into three
pathophysiologic categories: prerenal, intrinsic,
and postrenal (obstructive). AKI of prerenal ori-
gins is the most common indication of AKI and
results from hypoperfusion of the kidneys occur-
ring secondary to reductions in true or effective
arterial blood volume [209]. This hypoperfusion
increases RSNA, activates the renin-angiotensin-
aldosterone system, and stimulates vasopressin
release. Ultimately, renal blood flow and GFR are
reduced and an ischemic environment is created in
the renal vasculature. Intrinsic AKI is most com-
monly caused by ischemia or sepsis, with primary
epithelial cell injury most commonly occurring in
the proximal tubule [209]. The most distal S3
segment of the proximal tubule is particularly sus-
ceptible to ischemic injury [212] due to marked
hypoperfusion in the medullary region and the
limited ability to undergo anaerobic glycolysis
[209]. Postrenal AKI is the least common type of
AKI and occurs due to obstruction of the ureters,
bladder outlet, or urethra [209].

In clinical settings, AKI is evaluated through
a review of medical history, physical examination,
review of laboratory tests, imaging of the kidneys,
and kidney biopsy if deemed appropriate [213].
Changes in kidney function are quantified via mea-
sures of GFR (usually estimated via spot assessment of
serum creatinine or serum cystatin C) and/or urine
output to identify the severity of AKI (ie., staging)
according to criteria established by the Acute Kidney
Injury Network (AKIN) [214], Kidney Disease:
Improving Global Outcomes (KDIGO)
Classification [215], or the Acute Dialysis Quality
Initiative (ADQI): Risk, Injury, Failure, Loss of
Kidney Function and End-Stage Kidney Disease
(RIFLE) classification [216]. However, spurious
causes of increased serum creatinine or decreased
urine output, such as that occurring from exercise in
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the heat, must be excluded before a diagnosis of AKI
is made. Thus, these classifications are limited in their
ability to classify AKI during heat stress, especially
when combined with dehydration and/or exercise,
because of the normal physiological response of the
kidneys to reduce renal blood flow, GFR, and urine
output. Therefore, it is likely inappropriate to classify
subjects as experiencing AKI from singular measure-
ments of serum creatinine in the post-exercise period
in studies of heat stress, because it is not possible to
distinguish between a clinical AKI-event (a serious
pathological diagnosis) and normal, physiological
increases in serum creatinine. Importantly, in
human subjects research, it is unethical to experimen-
tally induce AKI when investigating the pathophysiol-
ogy of the kidneys following exercise in the heat.
Thus, an alternative approach is required to under-
stand the pathophysiology underlying the potential
for AKI following exercise in the heat. Due to the
limitations associated with serum creatinine and
urine output-based assessments of AKI, there is
great interest in utilizing biomarkers that are more
specific to the kidneys [19]. Before detailing how the
aggregate findings of these biomarkers can be inter-
preted, a brief introduction to a few relevant AKI
biomarkers is warranted.

Biomarkers of acute kidney injury

Insulin-like growth factor binding protein 7 and
tissue inhibitor of metalloproteinase 2

In renal epithelial cells, insulin-like growth factor
binding protein 7 (IGFBP7) and tissue inhibitor
of metalloproteinase 2 (TIMP-2) induce cell cycle
arrest during AKI through autocrine and para-
crine mechanisms [217-219]. IGFBP7 and TIMP-
2 can be measured in the urine and both have
been shown to outperform >330 biomarkers in
predicting AKI within 6-12 hours, including neu-
trophil gelatinase-associated lipocalin (NGAL),
kidney injury molecule-1 (KIM-1), interleukin-
18 (IL-18) and liver type fatty acid binding pro-
tein (L-FABP) in predicting the incidence of AKI
in clinical settings [220]. Moreover, the mathe-
matic product of IGFBP7 and TIMP-2
([IGFBP7TIMP-2]) has an FDA-approved indi-
cation as a tool for assessing the risk for AKI
(better known as NEPHROCHECK®) [221],
which is the only AKI biomarker to have received

this designation [221]. Thus, [IGFBP7«TIMP-2]
is likely the best available marker of the risk of
AKI (Figure 3). Moreover, independently exam-
ining changes in IGFBP7 and TIMP-2 provides
insights into the potential location of tubular
injury given that IGFBP7 1is preferentially
secreted by proximal tubule epithelia and TIMP-
2 is secreted to a larger degree by distal tubule
epithelia [222] (Figure 3).

Neutrophil gelatinase-associated lipocalin

NGAL is the most widely studied biomarker and is
measured in the plasma as a general indicator of
renal ischemia or in the urine as a marker of
general tubular injury [223-226]. NGAL functions
in the immune response as a bacteriostatic agent
to form a complex with iron-binding siderophores
to enhance the delivery of iron [227], blunt iron-
catalyzed damage [228] and ultimately convert
renal progenitor cells into tubule epithelial [229].
NGAL expression in renal tubular epithelial cells is
upregulated following ischemia-induced AKI
[230]. Increases in plasma NGAL are often inter-
preted as an indication of renal ischemia [223]
given that it is mainly expressed in the kidneys,
but this conclusion may be clouded by the fact that
NGAL is also expressed in hepatic and cardiac
tissues, albeit to a lesser degree than in the kidneys
[231]. NGAL in the circulation is filtered by the
glomeruli and reabsorbed by the proximal tubules
[232]. Increases in NGAL in the urine are likely
more indicative of NGAL production in the kid-
neys, coupled with reductions in tubular NGAL
reabsorption, to provide utility as a marker of
general tubular injury [223,233,234] (Figure 3).

Kidney injury molecule-1

KIM-1 is a transmembrane glycoprotein that is
expressed at low levels in the healthy kidneys but
becomes highly expressed with intrinsic AKI
[235,236]. During AKI, KIM-1 is mainly upregulated
in proximal tubule cells, which is reflected by
increases in urinary KIM-1 [237,238]. Thus, increases
in urinary KIM-1 likely indicate proximal tubule
injury, although the etiology is nonspecific (Figure 3).

Interleukin-18
Urinary IL-18, a proinflammatory cytokine,
increases with ischemic or nephrotoxic AKI that



Increased risk of tubular injury

| IGFBP7-TIMP-2] | | NGAL |

Location of potential tubular injury
Distal tubules

| TIMP2 |

Proximal tubules
| IGFBP7 || KIM-1 |

Potential etiology underlying risk of tubular injury

Inflammation Hypoxemia / oxidative stress

Figure 3. Example of how increases in urinary biomarkers of acute
kidney injury can be used to identify the relative risk of tubular
injury, the location of this potential injury, and the etiology that
may be underlying the risk of tubular injury. Abbreviations -
[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, IL-18: interleukin-18, L-FABP:
liver-type fatty acid binding protein.

occur within 6 hours of tubular injury [225,239].
IL-18 is produced in the intercalated cells of the
collecting ducts of healthy kidneys [240], but is
more broadly expressed in tubular epithelial cells
as part of the inflammatory cascade induced by
AKI [241]. Thus, urinary IL-18 is likely a marker
of general tubular injury and subsequent inflam-
matory pathway activation (Figure 3).

Liver type fatty acid-binding protein

L-FABP is expressed in the proximal tubule and can
be detected in the urine within 6 hours of ischemic
kidney injury [242-244]. L-FABP is prophylactically
expressed to protect against oxidative stress induced
by peroxisomal metabolism [245], particularly in the
presence of hypoxia given that the human L-FABP
gene contains a hypoxia-inducible factor 1X response
element [246]. Therefore, L-FABP may provide an
indication that the mechanism of AKI is related to
proximal tubule hypoxia and the development of
oxidative stress (Figure 3).

Interpretation of acute kidney injury biomarkers

The measurement of AKI biomarkers was intended
to identify AKI in clinical situations, in which large
and sustained elevations would be interpreted as
kidney damage [247,248]. However, increases in
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these AKI biomarkers are also unexpectedly
observed in various settings (e.g., endurance exer-
cise [249-254],). In these cases, the elevations in
AKI biomarkers are transient and of a lower mag-
nitude than those observed in clinical situations
[220,224,230,246,255,256]. These small and transi-
ent increases in AKI biomarkers are often inter-
preted as meaningful but are not likely indicative
of a clinical AKI event. Rather, increases in AKI
biomarkers in these non-clinical situations likely
reflects an increased potential to develop AKI
because some underlying pathophysiological pro-
cesses taking place [19]. This interpretation is con-
sistent with the idea that small and transient
increases in AKI biomarkers are indicative of
acute kidney stress [257]. Accordingly, elevations
in AKI biomarkers represents a state in which
there is an increased risk of developing AKI and
that the magnitude of this risk is proportional to the
magnitude of elevations in AKI biomarkers.
Notably, this approach allows for the assessment
of AKI risk between imposed experimental condi-
tions. However, the extent to which the relative risk
of AKI reflects absolute risk AKI is unknown.
Currently, a consensus AKI biomarker does not
exist. However, as previously discussed, only urin-
ary [IGFBP7.TIMP-2] has an FDA approved indi-
cation for the spot assessment of the risk of AKI
[258], suggesting that this might be the best single
indicator of examining the AKI risk. There is
likely utility in employing a battery of AKI bio-
markers to quantify the risk of AKI because AKI
biomarkers can also be employed to report the
anatomical location of this risk and to understand
the etiology underlying this potential pathology.
For instance, differential peak increases in urinary
NGAL and/or urinary [IGFBP7TIMP-2] may be
used to identify the presence of the potential for
tubular injury, isolated assessment of IGFBP7,
KIM-1 and TIMP-2 may provide insights regard-
ing whether the potential tubular injury is isolated
to the proximal tubules (IGFBP7, KIM-1) and/or
distal tubules (TIMP-2), and assessment of urin-
ary L-FABP and IL-18 could provide an indica-
tion that AKI risk is related to tubular hypoxia
and the development of oxidative stress (L-FABP)
and/or inflammatory activation (IL-18) (Figure
3). It is also likely important to consider the
response of AKI biomarkers after correcting for
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urinary concentrating ability, e.g., using measures
of urine flow rate [65] or osmolality [252,254].
For example, urinary [IGFBP7«TIMP-2] appears
to be elevated in healthy individuals with normal
kidney function at higher urine osmolality (>600
mOsm/kg), which suggests that correcting to the
concentration of the urine may improve the spe-
cificity of the biomarker [259,260]. To correct to
osmolality or urine flow rate, it is critical to obtain
precisely timed urine samples to accurately assess
the excretion rates of AKI biomarkers. Thus, cor-
recting for urine production or concentration
may not be practical outside of laboratory-
controlled conditions. Finally, the timing of
when biological samples are collected during the
post-exercise periods is important due to the dif-
ferences in the kinetic response of biomarkers in
the blood and urine [63,261]. Therefore, future
studies should include sample collections beyond
the initial post-exercise period to ensure that
a delayed latency in urine AKI biomarkers is not
missed due to study design [261,262]. Notably,
there is not yet a consensus for best practices for
collecting AKI biomarkers beyond the post-
exercise period.

Physiological response of the kidneys to heat
stress

Passive heat stress

Renal blood flow

In 1943, Byfield et al. [263] reported that a -
four hour exposure to a 37.5°C, 19% relative
humidity environment decreased renal plasma
flow by ~30% in three patients with either essential
hypertension (n=2) or glomerulonephritis (n=1).
These findings were confirmed six years later in
healthy adults whereby renal plasma flow
decreased by ~38% following seated exposure in
a 50°C environment [264]. Since this time, these
passive heat stress induced reductions in renal
plasma flow have been replicated in many studies
[159,160,265-271]. Collectively, depending on the
intensity or duration of the heat stress, increases in
skin temperature and/or increases in core tem-
perature ranging from ~0.5-2.0°C decreased renal
plasma flow by 15-30% [272]. As demonstrated in
a classic study by Rowell [271], the redistribution

of blood flow away from the kidneys with passive
heat stress is thought to be critical to maintain
blood pressure at a time when skin blood flow
tremendously increases [273].

Activation of the sympathetic nervous system
appears to be the primary mechanism by which
heat stress causes vasoconstriction in the kidneys
[272,274]. In support of this, heat stress-induced
increases in RSNA have been reported in rats [275-
280] and cats [281] across a wide range of core
temperatures. Furthermore, increases in RSNA also
occur with partial body heating, such as with the rat’s
tail [282-285]. Importantly, there are additional
redundant pathways (e.g, renin-angiotensin-
aldosterone system, vasopressin, arterial baroreflex)
that can induce renal vasoconstriction, but there is
currently no direct evidence investigating the inter-
dependent effects of all these systems on renal vaso-
constriction during heat stress. That said, Eisman
and Rowell [286] reported that renal vasoconstric-
tion during whole body heating in baboons was
largely attenuated with infusion of propranolol,
which blocks the B-adrenergic release of renin, or
with saralasin, which competes with angiotensin II
for AT1R receptor-binding. This evidence suggests
that angiotensin II also plays an important role in the
renal vasoconstrictor response to heat stress. To our
knowledge, despite evidence that vasopressin has
vasoconstrictor actions in the kidneys [287], there
has not been a study to further elucidate the mechan-
ism by which vasopressin may induce renal vasocon-
striction during heat stress. Indirect evidence
suggests that this renal vasoconstriction to heat stress
is not caused by the arterial baroreflex, due to evi-
dence suggesting that vasomotor tone in other visc-
eral vascular beds (e.g., the splanchnic circulation)
are not modified by the arterial baroreflex in
humans [288].

In addition to reductions in renal blood flow,
there may also be a heterogenous redistribution of
intrarenal blood flow in response to heat stress. In
support of this, Miyamoto [289] reported
hyperthermia-induced reductions in cortical renal
blood flow and the maintenance of medullary
renal blood flow in dogs. Notably, this experimen-
tal approach used extreme heat stress with
increases in core temperature exceeding 4°C (end
core temperature of 42-43°C). Whether heat stress
elicits a heterogenous redistribution of intrarenal



blood flow in humans when increases in core
temperature are in the physiological range remains
unknown.

Glomerular filtration rate

Studies investigating the effect of passive heat stress
on GFR in healthy adults have shown variable
results (Table 4). The collective interpretation of
these findings is difficult due to the use of various
heat stress models (e.g., dry vs. humid conditions,
environmental chamber vs. water-perfused suit),
differences in clearance techniques used to measure
GFR (e.g., inulin, mannitol, creatinine), the position
of the subject during the exposure (ie., seated vs.
supine), lack of core temperature data reported in
some studies, and that some studies have subjects
drinking water throughout the protocol, which is
likely necessary to maintain urine flow rate, but has
the consequence of preventing dehydration. For
instance, while Byfield et al. [263] reported no
changes in GFR (inulin clearance) following a -
two hour passive exposure in a 37.5°C, 19% relative
humidity environment, Radigan and Robinson [32]
reported a 21% decrease in GFR (mannitol clear-
ance) in healthy adults following a 60 min resting
exposure in a reclined position in a hot and dry
environment (50°C, ~17% relative humidity).
Notably, subjects drank 1.2-1.5 L of water during
the protocol in the latter study. In a follow-up study
using the same experimental model, Smith et al.
[290] reported contrasting results, where GFR was
only decreased during heat stress when the subjects
became markedly dehydrated. However, it is not
clear if the ~12% decrease in GFR in the dehydrated
group was strictly due to the dehydration or the
markedly higher core temperatures reached with
dehydration (38.5°C vs. 37.3°C). In hot and humid
conditions, Kenney [269] reported that GFR was
reduced to 108 £ 5 mL/min in a 43°C, 60% relative
humidity environment compared to a GFR of 131 +
15 mL/min elicited by exposure to a 28°C, 80%
relative humidity environment. Using a Finnish
sauna bath exposure (~67°C, 15% relative humidity
environment), Haapanen [266] reported GFR (inu-
lin clearance) decreased by ~20% following ~50-60
min supine rest that resulted in an end rectal tem-
perature of 38.3°C. Finally, passive heat stress
invoked by an environmental chamber [291] and
a water-perfused suit [292] have demonstrated no
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changes in GFR when assessed using creatinine
clearance.

It is reasonable to speculate that the large varia-
bility between studies examining the effects of
passive heat stress on GFR exists due to the pre-
viously described differences in study design.
However, there also exists two potential physiolo-
gical reasons, albeit speculative, that may explain
this variance. First, as previously described (see
Autonomic control of kidney function), there is
a graded response of the kidneys to RSNA where
decreases in GFR are only observed at relatively
high frequencies of RSNA [141]. In support of this
hypothesis, Low et al. [293] have previously shown
that with increasing hyperthermia there is a graded
response of muscle sympathetic nerve activity,
a technique typically interpreted to reflect general
sympathetic nervous system outflow. Thus, it may
be that the magnitude and/or duration of heat
stress in these previous studies elicited increases
in RSNA that were subthreshold of the frequency
required to alter GFR. A second potential mechan-
ism that may explain some of the variability
between studies is renal functional reserve (see
Glomerular filtration rate), which provides
a stopgap for the kidneys to maintain GFR, in
the presence of a reduced renal perfusion, through
hyperfiltration. However, to our knowledge, the
interaction between renal function reserve in
maintaining GFR during heat stress has never
been studied. Collectively, given the extremely
variable findings and models used between studies,
further exploration into the response of GFR dur-
ing passive heat stress is warranted.

Water and electrolyte regulation

It has been well documented that heat stress and
dehydration elicit physiological
responses to conserve water and maintain electro-
lyte balance. In 1921, Adolph [15] observed reduc-
tions in urine output associated with higher
volumes of sweat during heat stress. These heat
stress-induced reductions in urine output with
heat stress are associated with decreases in urinary
sodium and chloride excretion, which is indicative
of an increased renal reabsorption of electrolytes
[294]. These changes happen rapidly, such that
sodium excretion rates have been observed to fall
below 20 pequiv./min and urine flow rates below

numerous
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0.3 mL/min within 30 minutes of the onset of
sweating during exposure to a 41°C environment
[295]. This increased electrolyte reabsorption and
decreases in urine production are likely mediated
by the actions of the renin-angiotensin-
aldosterone system [296-300] and increases in cir-
culating vasopressin [301].

Autonomic control

Tests evoking non-exercise sympathoexcitatory
stimulation (e.g., cold pressor test, head-up tilting,
mental stress) can be used to probe alterations in
renal vascular control under various environmen-
tal and physiological stressors. For example, dur-
ing normothermia mental stress results in a 14%
decrease in renal plasma flow and 48% increase in
renal vascular resistance [302]. Similar findings
have been reported using the cold pressor test
[127] and head-up tilting [160]. Heat stress likely
modulates renal vascular control to sympathetic
stimulation in a manner dependent on the magni-
tude and/or duration of heat stress and the tech-
nique used to provoke sympathetic stimulation.
For instance, there are no changes in renal vascu-
lar conductance elicited by forearm heating that
increased muscle temperature by ~5°C and skin
temperature by ~9°C, but did not increase core
temperature [130]. By contrast, renal vascular con-
trol to sympathetic stimulation is likely altered at
various levels of whole body heat stress. For exam-
ple, twenty minutes of head-up tilting during heat
stress that increased core temperature by ~0.4°C
caused a heightened increase in renal vascular
resistance compared to when head-up tilt was
completed during normothermia [160]. By con-
trast, our laboratory has identified that increases
in vascular resistance in both the renal and seg-
mental arteries (Doppler ultrasound) during the
cold pressor test were attenuated during passive
heat stress that increased core temperature by
~1.2°C [303]. The increase in muscle sympathetic
nerve activity during a sympathetic stimulus is not
affected by passive heat stress [304]. Thus, it is
likely that the attenuated increase in renal vascular
resistance during sympathetic activation with pas-
sive heat stress is due to reduced vasoconstrictor
responsiveness to a given level of sympathetic acti-
vation, such as occurs in nonrenal vascular beds
where increases in local vasodilators, such as nitric
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oxide and ATP, evoke a sympatholytic effect [305].
The reason for the heightened increase in renal
vascular resistance with head-up tilt [160] and
attenuated increase in renal vascular resistance
with the cold pressor test [303] remains unknown,
but may be attributed to differential increases in
core temperature (0.4°C vs. 1.2°C) and/or the sym-
pathoexcitatory stimulus (head-up tilt vs. cold
pressor test).

Exercise in the heat

Independent effect of exercise on kidney function
Exercise is an independent modulator of kidney
function. Therefore, it is important to introduce
the effect of exercise on kidney function prior to
describing the interactions of exercise and heat
stress. As such, it is well established that renal
blood flow decreases during exercise [306] and
that decreases in renal blood flow are linearly
and inversely related to relative exercise intensity,
which ultimately aid blood pressure regulation
[307]. Renal venous overflow of norepinephrine,
a surrogate measure of RSNA, increases at higher
exercise intensities, suggesting that renal vasocon-
striction during exercise is at least partially sym-
pathetically mediated, with the activation of the
renin-angiotensin system likely also playing a role
[308]. GFR is either maintained or increases with
light exercise (~25% maximal oxygen uptake
(VO,ma)), but begins to decrease from moderate
(~40% VO,may) to heavy exercise (>80% VO,max)
[309]. Moreover, to offset plasma volume losses
due to hydrostatic pressure, osmotic pressure
and/or sweat losses with exercise, these reductions
in GFR are coupled with increased sodium reab-
sorption, which reduces sodium excretion as exer-
cise intensity increases [309]. In addition to renal
vasoconstriction, the kidneys release several com-
pounds into the systemic circulation during exer-
cise, including renin and norepinephrine [307].
Interestingly, changes in kidney function during
exercise are mostly proportional to the relative
workload. Thus, exercise training does not appear
to affect the kidney responses to exercise, with the
exception being when comparisons are made
between individuals of differing levels of aerobic
fitness during exercise at the same absolute
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workload [307]. In these instances, changes in
renal blood flow of individuals with higher fitness
will be less for a given absolute workload, because
the relative intensity is lower. Thus, trained indi-
viduals exhibit less renal vasoconstriction in
response to the same absolute exercise intensity
[310]. This is perhaps best highlighted by data
from Ho et al. [157], who observed reduced renal
vasoconstriction for a given absolute work inten-
sity in older adults (~65 years) following 4 weeks
of intense aerobic exercise training.

Renal blood flow

Radigan and Robinson [264] were the first to show
a decrease in renal plasma flow with 60 minutes of
exercise in the heat (50°C) compared to exercise in
a 21°C environment, with the majority of the aug-
mented reductions in renal plasma flow occurring
within the first 20 minutes of exercise. Strikingly, in
the over 70 years since these observations were pub-
lished, the precise latency and magnitude of the
exaggerated reductions in renal blood flow during
exercise in the heat remain ill-defined due to lack of
available techniques that can measure both rapid and
dynamic changes in renal blood flow and are practi-
cally feasible to utilize during exercise in the heat.
Nevertheless, in a follow-up study, Smith et al. [290]
identified that renal plasma flow was further
decreased during exercise in the heat in dehydrated
men compared to when they were well hydrated.
Since these early studies, reductions in renal plasma
flow as a physiological response to exercise have
been consistently reported during exposure to
warm (30°C, 60% humidity) [158] or hot (36°C)
[157,311] environments.

Glomerular filtration rate

Reductions in GFR are exacerbated when exercise is
carried out in the heat [264,290]. Moreover, exer-
cise induced reductions in GFR are ~50% and
~44% lower when dehydrated compared to when
euhydrated in a moderate and hot environment,
respectively [290]. Interestingly, even incomplete
fluid replacement may abolish these effects of dehy-
dration on GFR. For instance, Otani et al. [312]
identified that voluntary fluid ingestion (replacing
~32% estimated sweat loss), partial fluid ingestion
(replacing ~50%) and full fluid replacement (100%)

all attenuated reductions in creatinine clearance,
but there were no differences between fluid replace-
ment strategies. Similarly, our laboratory recently
found that replacing 100% of body weight loss by
drinking water throughout two hours of exercise in
the heat attenuates reductions in creatinine clear-
ance by ~16% compared to a trial without fluid
replacement [63]. We also identified that attenuat-
ing the rise in core temperature via upper body skin
cooling better maintained creatinine clearance dur-
ing exercise in the heat compared to drinking water,
which suggests that cooling during exercise in the
heat may better support GFR compared to drinking
[63]. However, more evidence is needed with gold
standard measures of GFR (e.g., inulin clearance).
The mechanisms by which reductions in GFR are
exaggerated during exercise in the heat and further
accentuated by dehydration remain largely unex-
plored. However, the GFR response to exercise in
the heat is unlikely related to the actions of angio-
tensin II. This is supported by evidence that angio-
tensin converting enzyme inhibitors (ACEi), which
block the conversion of angiotensin I to angiotensin
II, do not affect creatinine clearance compared to
placebo during exercise in the heat [313]. Thus, the
simplest explanation may be that these greater
reductions in GFR are caused by decreases in
renal blood flow such that the glomeruli can only
filter the blood that they receive.

Water and electrolyte regulation

Increases in circulating vasopressin are nearly two-
fold higher following exercise when compared to
passive heat stress sufficient to elicit equivalent
increases in core temperature [301]. This suggests
that exercise and heat stress have synergistic effects
on vasopressin release. In general, circulating aldos-
terone and vasopressin increase in a graded manner
with hypohydration and exercise intensity during
exercise in the heat [314]. The same is likely also
true for renin release and the actions of angiotensin
IT such that ACEi attenuates the rise in plasma
aldosterone during exercise in the heat [313].
However, ACEi does not differentially affect urine
flow rate or urinary sodium excretion [313].
Nevertheless, the hormonal milieu associated with
exercise in the heat clearly supports conditions of
water and electrolyte conservation. To the contrary,
however, exercise in the heat is a condition in which



the capacity of the kidneys to conserve water and
electrolytes is relatively impaired. When exercise
intensity exceeds 60% VOsmax there is a decline in
urine concentrating ability that is reflected in eleva-
tions in free water clearance despite reductions in
urine flow rate [309,315-317]. Melin et al. [318]
have reported that hypohydration prior to engaging
in moderate exercise in the heat decreased urine
concentrating ability despite augmented increases
in circulating vasopressin. Otani et al. [312]
extended these findings by demonstrating that
only full fluid replacement was sufficient to mitigate
decrements in urine concentrating ability during
prolonged exercise in a hot environment, where
reductions in urine concentrating ability persisted
when replacing ~50% of sweat loss with drinking
water. This finding is paradoxical because
a relatively more dilute urine is being produced
(i.e., increased free water clearance) despite the
overall reduction in urine output during exercise
in the heat. It has been speculated that exercise and/
or heat stress induced reductions in the medullary
osmotic gradient, likely occurring secondary to
sympathetic activation, may compromise the ability
of the kidneys to concentrate the urine
[291,312,318]. Importantly, such a mechanism
indicates that urine specific gravity may not be an
accurate measurement of hydration status during
or following intense exercise. Notably, urea is also
an important factor in the urine concentrating
mechanism [319]. However, to our knowledge, no
studies have investigated how urea may alter the
ability of the kidneys to concentrate the urine dur-
ing exercise in the heat.

Autonomic control

To our knowledge, the autonomic control of renal
blood flow and/or kidney function during exercise
in the heat has never been explored.
A reexamination of data from Smith et al. [290]
indicates that after core temperature is increased
by ~0.8°C acute increases in renal vascular resis-
tance (PAH clearance) are attenuated during tread-
mill walking, which activates the sympathetic
nervous system. In line with these findings, it is
possible that the activation of the sympathetic ner-
vous during exercise in the heat results in a blunted
increase in renal vascular resistance, as is observed
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during passive heat stress [303]. However, this has
never been reported in the literature.

Pathophysiological responses of the kidneys
to heat stress and exercise in the heat

Proteinuria

Post-exercise proteinuria is a well-documented
phenomenon that appears to be more dependent
on exercise intensity compared to exercise dura-
tion [320,321]. Poortmans & Vanderstraeten [322]
suggested that urine albumin excretion is caused
by increased glomerular permeability and/or
saturation of the renal tubular capacity. In most
cases, this post-exercise proteinuria appears to be
transient in nature and typically resolves within
24-48 hours [323]. However, excessive proteinuria,
which is typically unlikely during normal exercise,
can result in progressive glomerular injury, tubu-
lointerstitial damage, and renal interstitial inflam-
mation [324,325]. Although proteinuria can occur
with fever [326], it is unlikely that proteinuria is
elicited by moderate passive heat stress [292].
However, proteinuria is likely more prevalent
with exercise in the heat. For instance, the inci-
dence of proteinuria in agricultural workers in hot
climates ranges between 5-30% depending on the
region [327-330]. Despite that this proteinuria is
typically transient, proteinuria may still be a risk in
some individuals during occupational (e.g., agri-
cultural work, construction, firefighting) [331-333]
and exercise heat stress [334]. Our laboratory has
reported that when exercise intensity and duration
are fixed, greater magnitudes of hyperthermia and
dehydration during exercise in the heat exacerbate
post-exercise proteinuria [63].

Acute kidney injury

Emerging evidence suggests that the kidneys may
be at risk of AKI during exercise in the heat
[18,26,52,55,64-66,335-337]. This point is high-
lighted by the findings from Schrier et al. [20]
that previously healthy military recruits were clini-
cally diagnosed with AKI that resulted in hospita-
lization following exercise in the heat. The
investigators subsequently estimated that ~10% of
all AKI cases under treatment at the Walter Reed



128 e C. L. CHAPMAN ET AL.

General (Military) Hospital from 1960-1966 were
caused by exercise in the heat [21]. In a more
recent retrospective analysis, Donham et al. [22]
reported that ~40% of the active-duty United
States military service members hospitalized with
exertional heat stroke between 2007-2014 were
diagnosed with AKI.

Findings from a rodent model indicated that
limiting dehydration by drinking water during
recurring bouts of heat stress limits the extent of
kidney damage [52]. Likewise, using a similar
rodent model, Sato et al. [60] have provided evi-
dence indicating that the extent of hyperthermia
during repeated bouts of heat stress may modulate
the extent of kidney damage. These rodent models
employed passive heat stress. To our knowledge,
no studies have examined the effect of passive heat
stress on AKI risk in humans. Nevertheless, the
rodent data from these studies and others are
advantageous for examining the mechanisms asso-
ciated with kidney damage from heat stress.

Exercise places additional stress on the kidneys
beyond that of heat stress and dehydration. Thus,
the compounding interactions of exercise in the heat
with dehydration places a large stress on the kidneys,
which increases the risk of AKI as reflected by eleva-
tions in AKI biomarkers. For example, Junglee et al.
[65] reported that a 1.3°C increase in core tempera-
ture and ~1% body weight loss resulted in elevated
serum creatinine, reduced urine flow rate, and
increased plasma NGAL. Our laboratory extended
these findings and reported that longer exercise dura-
tions in the heat, which produce greater rises in core
temperature and magnitudes of dehydration, resulted
in larger increases in serum creatinine and plasma
NGAL [64]. McDermott et al. [66] reported similar
findings with elevations in serum creatinine and
serum NGAL following 6 hours of exercise in the
heat that resulted in a 1.6% reduction in body weight.

Based on this background, in a recent study we
sought to determine the relative importance of attenu-
ating the development of hyperthermia and/or dehy-
dration during exercise in the heat on the magnitude
of AKI biomarker responses [63]. In four quasi-
randomized exercise trials in a 40°C, 30% relative
humidity environment, subjects received either water
to match losses in body weight to remain euhydrated
(Drinking), continuous cooling via a suit top perfusing
2°C water (Cooling), both interventions (Cool

+Drink), or no intervention (Control). (Figure 4).
We found the greatest reductions in kidney function
and largest increases in AKI biomarkers in the Control
trial, which elicited the greatest magnitudes of
hyperthermia and dehydration, as evidenced by
greater increases in serum creatinine, urine albumin,
plasma NGAL, urine NGAL, and urine IGFBP7, and
greater reductions in urine flow rate. Further exam-
ination of these data indicates that the greatest increase
in core temperature and magnitude of dehydration
(Control trial) also elicited the highest peak
[IGFBP7+TIMP-2] levels, independent of time, and
that alleviating hyperthermia (Cooling trial) or dehy-
dration (Drinking trial) resulted in peak
[IGFBP7.TIMP-2] levels that were not different
from when both hyperthermia and dehydration were
at their lowest (Cool+Drink trial) (Figure 4).
Collectively, these findings support that peak
[IGFBP7+TIMP-2] is sensitive to hyperthermia and
dehydration evoked by exercise in the heat, that the
risk of AKI is greatest when the largest magnitudes of
hyperthermia and dehydration are combined, and
that this risk is alleviated by mitigating hyperthermia
and/or dehydration. Interestingly, there were no dif-
ferences in urine TIMP-2 between trials, either peak
(Figure 4) or over time. Based on the preferential
secretion of IGFBP7 in the proximal tubule and
TIMP-2 in the distal tubule [222], we interpreted
these dichotomous responses of urine IGFBP7 and
TIMP-2 as indicating that the proximal tubules are
the likely site of renal pathophysiology provoked by
greater magnitudes of hyperthermia and dehydration
during exercise in the heat [63].

This potential tubular injury is likely caused by
numerous mechanisms primarily stemming from
reductions in renal blood flow. The importance of
renal blood flow in the etiology underlying AKI risk
from exercise in the heat has never been formally
established. However, a retrospective analysis of data
collected over three studies published from our
laboratory that measured both core temperature and
plasma NGAL [62-64], a marker of the potential for
renal ischemia [223], suggests that renal blood flow
likely plays an important role. For instance, the
change in core temperature was found to explain
a small (~13%) but significant portion of the variance
associated with changes in plasma NGAL during
exercise in the heat [338] (Figure 5). This analysis
also indicated that the relation between increases in



Flll Condition

A Core temperature (°C)
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A Body weight (%)

Control (n=13) +1.9(0.3) -2.4 (0.5)

Cooling (n=12) +1.1(0.4)* -1.5(0.3)*
Drinking (n=13) +1.2(0.4)* -0.2 (0.4) **
Cool+Drink (n=13) +0.8 (0.3) ** -0.2 (0.5) **

b peak Urine [IGFBP7-TIMP-2] © Peak Urine IGFBP7 ~ d Peak Urine TIMP-2
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Figure 4. Continuous upper body cooling and drinking to replace sweat losses to minimize dehydration (Cool+Drink), which
attenuated the rise in core temperature and reductions in body weight during 2 hours of exercise in the heat (A), attenuates peak
urinary [IGFBP7-TIMP-2] compared to cooling alone (Cool), drinking alone (Drinking) or a condition where drinking or cooling were
not permitted (Control) (B). This observation is mostly explained by higher peak urinary IGFBP7 concentrations in the Control trial
compared to all other conditions (C) and not differential increases in peak urinary TIMP-2 (D). Data are presented as mean (SD).
*indicates different from Control (P<0.05), * indicates different from Cooling (P<0.03). B-D: Data were reanalyzed from Chapman
et al. [63]. Data are presented as box and whisker plots. Data were analyzed using a one-way repeated measures (RM) analysis of
variance (ANOVA) with actual p-values reported accordingly. Pairwise comparisons were made using two tailed least significant
difference post hoc tests. P-values are shown for differences from Control. Abbreviations — A: change, [IGFBP7-TIMP-2]: the product
of insulin-like growth factor binding protein 7 (IGFBP7) and tissue inhibitor metalloproteinase-2 (TIMP-2).

core temperature and changes in plasma NGAL is
stronger when subjects are dehydrated compared to
when euhydrated. This observation provides preli-
minary evidence of the potential for a magnifying
effect of dehydration on AKI risk during heat stress,
a tentative conclusion that is consistent with the dose-
dependent nature of the relation between hydration
status and renal blood flow during exercise in the heat
[290] and that the risk of AKI is greatest when dehy-
dration occurs alongside increases in core tempera-
ture [63] (Figure 4).

The mechanisms by which reductions in renal
blood flow during exercise in the heat increases the
risk of AKI are likely multifactorial (Figure 6). Data
from animal models demonstrate that reductions in
renal blood flow during heat stress initiates a selective
redistribution of blood flow away from the renal cor-
tex [289,339], which house the majority of the prox-
imal tubules [340]. This decreased cortical blood flow
can impair oxygen delivery to this anatomical location
[341], which occurs despite an increased demand for

oxygen caused by the activation of the Na*/K* pump
that is necessary for fluid conservation [291,312]. As
a result, tissue oxygenation can become compromised,
which can limit ATP production that is necessary for
normal cell functioning [60]. Consistent with the
hypothesis that dehydration magnifies the risk of
AKI during heat stress is that with a background of
dehydration, proximal tubule ATP demand is further
increased due to an increased drive for water and
electrolyte conservation [291,312]. It is also important
to note that increases in circulating uric acid, which is
generated as an end product of purine metabolism and
the breakdown of ATP [342], is common during heat
stress and dehydration [63,64], which may also con-
tribute to the increased AKI risk. For instance, in
intracellular environments, uric acid is a pro-oxidant
that increases the risk of AKI if it accumulates in the
circulation (i.e., hyperuricemia) [343]. Moreover, uric
acid further increases the demand for intracellular
ATP in renal proximal tubular cells [53,344] and can
independently decrease renal blood flow [345]. The
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Figure 5. Pearson correlation between the change (A) in core temperature evoked by exercise in the heat and the change in plasma
neutrophil gelatinase-associated lipocalin (NGAL), a marker of the potential for renal ischemia. Raw data were obtained across three
published studies from our laboratory [62-64]. Inset box: Pearson correlations were also conducted separately for trials in which
subjects were dehydrated and euhydrated. The resulting correlation coefficients were compared via the methods of Meng et al.
[336]. *indicates that the change in core temperature explained more variance in the change in plasma NGAL when subjects were

dehydrated compared to when euhydrated (P=0.03).

importance of uric acid as a key modulator of AKI risk
with heat stress and dehydration is highlighted by data
demonstrating that treatment of mice with allopuri-
nol, a xanthine oxidase inhibitor that reduces serum
urate concentrations, decreases the extent of kidney
damage caused by recurrent heat stress and dehydra-
tion exposures [58]. Finally, it has recently been pro-
posed that the activation of these potentially
pathophysiological pathways that ultimately result in
ATP depletion is magnified in the presence of
a background of inflammation [67]. Indeed, exercise
in the heat is a pro-inflammatory state, with the mag-
nitude of inflammation increasing as a function of
elevations in core temperature [346], which may pro-
vide a background environment conducive to aug-
menting AKI risk (Figure 6).

In heat stress animal models,
increased fructose metabolism in the proximal
tubules has also been shown to elicit kidney
damage caused by fructokinase activity occurring
secondary to endogenous fructose production via
the polyol-fructokinase pathway or when consum-
ing fructose sweetened drinks [47-52,57,58,60,61].
The polyol-fructokinase pathway is activated by
increased plasma osmolality (Figure 6), which sti-
mulates the conversion of glucose into sorbitol via
the enzyme aldose reductase to protect the renal

recurrent

medullary cells against the hypertonic environ-
ment [347]. However, this initial protective
response has been shown to stimulate fructose
metabolism in the proximal tubules with recurrent
heat stress and dehydration because of the conver-
sion of sorbitol to fructose [348]. In recurrently
heat stressed animals, kidney damage occurs as
a secondary effect of fructokinase activity, which
in the proximal tubules reduces ATP availability
and promotes oxidative stress, inflammation and
the production of uric acid [47-52,57,58,60,61], the
latter of which can also stimulate the polyol-
fructokinase pathway [58,349]. Additionally, the
polyol-fructokinase pathway is both partially
mediated by, and also mediates, vasopressin
release [49,50,57,61]. Strikingly, the importance
of the polyol-fructokinase pathway in the potential
for kidney injury is demonstrated by data showing
that fructokinase knock out mice do not demon-
strate kidney damage caused by recurrent heat
stress and dehydration [52].

Given the protective nature of sorbitol genera-
tion by the enzyme aldose reductase in the initial
steps of the polyol-fructokinase pathway [347], it is
unclear whether acute activation of this pathway
and the potential pathophysiology associated with
increased activity of renal fructokinase, contributes
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to the increased AKI risk during a single bout of
heat stress and dehydration, as has been observed
in humans [63-65]. Supplemental data published
by Garcia-Arroyo et al. [49] indicate that measur-
able increases in cortical fructokinase are not
observed until the third day of repeated heat expo-
sure, which suggests that this pathway is not likely
activated during a single bout of passive heat stress
and dehydration, but the influence of exercise
remains unknown. Unfortunately, however, to
our knowledge it is not possible to quantify the
activation of the polyol-fructokinase pathway in
humans. That said, evidence does support that
the polyol-fructokinase pathway can be pathogenic
in humans with consumption of a fructose con-
taining soft drink, which exogenously increases
substrate for the polyol-fructokinase pathway
(Figure 6). Indeed, data from our laboratory indi-
cate that, compared to drinking the same volume
of water, consuming a soft drink sweetened with
high fructose corn syrup during and following four
hours of exercise in the heat exacerbates increases
in serum creatinine, reductions in urine flow rate,
and elevations in urinary NGAL [62].
Additionally, we reported greater increases in
copeptin (a surrogate measure of vasopressin)
and serum uric acid, which supports the pre-
viously described animal data suggesting the

polyol-fructokinase pathway as a mechanism for
increased AKI risk with heat stress. In a follow-up
study we identified that vascular resistance in the
kidneys (Doppler ultrasound) was increased dur-
ing rest and with sympathetic activation only with
soft drinks sweetened with high fructose corn
syrup and not those artificially or sucrose-
sweetened [167]. This increased renal vasocon-
striction appears to be mediated by simultaneous
increases in both wuric acid and copeptin (ie.,
vasopressin). Thus, in total, recent evidence from
our laboratory supports data from animal models
and indicates that high fructose corn syrup swee-
tened soft drinks have direct, acute effects on the
kidneys [167] which may present a greater risk of
AKI during heat stress [62]. Notably, this may
have important ramifications regarding fluid pre-
scription in the workplace or during heat waves
because of the prevalence of consumption of
drinks sweetened with fructose (e.g., soft drinks,
fruit juices). That said, some of these drinks con-
tain compounds that may be protective against
AKI, such as antioxidants (e.g., vitamin C in fruit
juices). The protective effect of antioxidants has
been demonstrated by data obtained in rats where
antioxidant supplementation protected against
kidney damage caused by recurrent heat stress
when consuming a fructose sweetened drink [48].
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To our knowledge, the potentially protective
effects of antioxidant supplements or naturally
occurring antioxidants has not been studied in
humans at risk of AKI due to exercise in the heat.

Optimal hydration beverages for alleviating the
risk of acute kidney injury

Given the etiology underlying the increased risk of
AKI during exercise in the heat (Figure 6), there is
likely a need to identify optimal hydration strate-
gies. We previously described evidence collectively
indicating that hydration practices likely need to
occur during the exercise period to minimize the
extent of dehydration (and hyperthermia) to
reduce the risk of AKI and that, to date, rehydra-
tion after heat exposure has not proven effective
(see Acute Kidney Injury). In addition to hydra-
tion timing, the type of hydration beverage used in
occupational settings is of great concern for reg-
ulatory agencies whose purpose serves to protect
the health and safety of workers. The importance
of varying the contents of hydration beverages is
highlighted by published recommendations to pre-
vent or alleviate the development of dehydration
under conditions of occupational heat stress [350-
352]. For instance, the U.S. National Institute for
Occupational Safety and Health (NIOSH) recom-
mends drinking 237 mL of cool (<15°C) fluid
every 15-20 min to ensure that decreases in body
weight are <1.5% during physical work in the heat
[352]. Water is recommended if work duration is
less than 2 hours, but if work duration is 2 hours
or more, NIOSH recommends consuming
a beverage containing carbohydrates and electro-
lytes to the replace electrolytes lost from sweating
[352]. However, an important knowledge gap
exists because it is not known if these occupational
recommendations alleviate the risk of AKI. That
said, data obtained from mice exposed to recurrent
heat stress [52] and data from our laboratory dur-
ing a single bout of exercise in the heat [62,63]
demonstrate that drinking a volume of water suf-
ficient to prevent dehydration during the heat
exposure is protective against AKI. Therefore, if
the occupational hydration recommendations
stave off dehydration, they should be effective in,
at least partially, alleviating AKI risk during exer-
cise in the heat. Moreover, experimental evidence
supports that water may be an adequate hydration

beverage for preventing AKI provided that water is
consumed in a sufficient quantity to prevent dehy-
dration. However, there may be a ceiling effect to
the benefits of consuming solely water such that
overconsumption of water can lead to hyponatre-
mia [92], which may be associated with increased
AKI risk during outdoor work in the heat [353].
However, to our knowledge no studies have
directly examined optimal hydration beverages
with regards to alleviating AKI risk during exercise
in the heat. Notably, identification of optimal fluid
replacement beverages in the context of AKI risk is
likely multifaceted and depends on many factors
including beverage osmolality and composition,
and both the duration and magnitude of heat
exposure [88].

Based on our understanding of the potential
mechanisms by which AKI risk is elevated during
exercise in the heat (Figure 6), optimal hydration
beverages should likely aim to limit the extent of
dehydration and minimize the length of time in
a dehydrated state. Thus, the optimal hydration
beverage is likely a hypotonic solution containing
both carbohydrates and electrolytes (i.e., sodium)
[354]. For instance, hypotonic solutions are
absorbed in the intestines at a faster rate than
hypertonic solutions [355]. In fact, intake of
hypertonic solutions can decrease plasma volume
owing to an increased net secretion of water into
the intestinal lumen during digestion [356].
Moreover, hypotonic solutions containing carbo-
hydrates provide the fastest rate of intestinal
absorption due to the active co-transport of solute
from the intestinal lumen into the mucosa
[355,357]. Notably, hypotonic beverages contain-
ing sodium or the addition of sodium to
a carbohydrate containing beverages does not
modify intestinal fluid absorption [358]. That
said, there may be a benefit to ingesting electro-
lytes during exercise in the heat to alleviate the risk
of AKI. For example, workplace data indicate that
the consumption of an electrolyte solution during
agriculture work in the heat alleviates the risk of
AKI [333]. These observations may be explained
by decreasing the demand for sodium reabsorp-
tion in the kidneys, which would theoretically alle-
viate ATP demand in the proximal tubules, and
sodium-mediated improvements in renal fluid
retention in the post-work period [359].



However, this remains speculative. Clearly, there-
fore, observations from controlled experimental
studies are required to identify hydration bev-
erages optimized to avert the risk of AKI during
exercise in the heat.

Rhabdomyolysis and acute kidney injury
In both healthy individuals and patients, exercise-
induced rhabdomyolysis is a potentially life-
threatening condition caused by numerous factors,
including but not limited to direct muscle injury,
unaccustomed exercise, ischemia, and electrolyte
or endocrinological abnormalities [360]. During
exertional rhabdomyolysis, myoglobin is one of
several muscle proteins released directly into the
blood stream following extensive damage to the
muscle. Importantly, because myoglobin is cleared
by the kidneys, if rhabdomyolysis is left untreated,
myoglobin can cause AKI by either precipitating
in the kidney or by its direct nephrotoxic actions
that stimulate oxidative stress [360]. Muscle dama-
ging exercise increases creatinine content in the
blood, which cautions the use of serum creatinine-
based estimates of GFR during exercise inducing
injury to the muscle [65]. Additionally, dehydra-
tion and nonsteroidal anti-inflammatory drugs
(NSAID) use during heat stress are associated
with increased risk of exertional rhabdomyolysis
[361-363]. The incidence of secondary complica-
tions of AKI to exertional rhabdomyolysis is not
well described in the literature but appears to be
a rare occurrence [361,364]. However, this risk
appears to be elevated in individuals during heat
stress and those with a prior heat injury [365-367].
The risk of AKI during exercise in the heat may
be increased in the presence of muscle damage
[65] such as occurs in many occupational settings
that are often exposed to heat stress, e.g., burnt
sugarcane harvesting [368]. For example, a study
in Brazilian sugarcane workers observed that
serum creatinine based-measures of AKI were
associated with increases in serum creatine kinase,
a marker of muscle damage, and reductions in
serum sodium [353]. These workers consumed
large volumes of water (~5-10 L) during the
work shift and, with reductions in serum sodium
of ~6 mmol/L, it is unclear if the risk of AKI was
increased due to muscle damage, hyponatremia, or
other environmental factors [353]. That said,
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further observations demonstrate that declines in
kidney function from pre- to post-work shift are
not associated with rhabdomyolysis in Guatemalan
sugarcane workers [369], a population at risk for
AKI and CKD [24]. Additionally, adaptations in
skeletal muscle mitigate further damage following
the initial bout of exercise-induced muscle damage
[370]. Thus, it is likely that the contribution of
rhabdomyolysis to AKI from occupational heat
stress may be minimal, given the resiliency of
skeletal muscle to adapt to repeated exercise (e.g.,
as occurs in manual labor situations). However,
despite the limitations associated with serum crea-
tinine based measures of AKI during exercise in
the heat, that markers of muscle damage have been
associated with indices of AKI- in a subset of
agricultural workers [353] suggests that further
investigation is warranted into kidney-related
risks associated with muscle damage in occupa-
tional settings. As previously mentioned, NSAID
use is associated with an increased risk of rhabdo-
myolysis during exertional heat stress. Ibuprofen
exacerbates reductions in GFR during exercise in
the heat by reducing prostaglandins [311].
However, they do not appear to differentially ele-
vate plasma NGAL [66]. Whether these observa-
tions remain consistent when AKI biomarkers are
measured in the urine, which is more specific to
the kidneys, remains unknown. Thus, further
investigation into the potential nephrotoxic effects
of NSAID use during heat stress is warranted.

Thermal burns and acute kidney injury

One might consider a thermal burn as the most
severe form of heat stress. A burn is an injury,
typically to the skin, that can be caused by extreme
heat or other factors such as radiation, electricity,
or chemicals. The morbidity associated with burn
injuries is high, as evidenced by ~40% of the
~410,000 burn injuries occurring in the United
States requiring hospitalization in 2008, and that
~11 million people worldwide suffered burn inju-
ries requiring medical attention in 2004 [371]. In
a recent meta-analysis, Folkestad et al. [372]
reported that the incidence of AKI is ~38% in
burn patients admitted to the hospital. The prog-
nosis is bleak as mortality rates approach upwards
of 80% in burn patients with AKI [373].
Proteinuria is a common finding in burn patients
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[374,375]. These findings are likely due to systemic
pathophysiological changes in the hypermetabolic
phase [376], which is a profound catabolic
response in patients with burns covering >20% of
total body surface area that can persist anywhere
from six months postburn or beyond two years
with more severe burn injuries [377,378]. The
initial 48 hours of the postburn period is charac-
terized by reductions in metabolic rate and GFR
[379,380]. Additionally, renal blood flow is
reduced during this period in burn patients and,
with the hypovolemia associated with the loss of
fluid from the burn wound and intercompartmen-
tal fluid shifts into the interstitium, oliguria is
observed following a burn ([381]. This severe
volume depletion in the vasculature in burn
patients is associated with elevated concentrations
of vasopressin that are 50-fold greater than normal
upon hospital admission [382] and requires large
resuscitation volumes of fluid to stabilize the
patient [378]. It has also been shown that thermal
burns may elicit a heterogenous redistribution of
intrarenal blood flow, where both moderate (70°C
hot water) and severe (90°C hot water) scalding on
30% of the body surface area of dogs for four
minutes elicits profound reductions in outer and
inner cortical blood flow with no changes in
medullary blood flow [383].

In contrast to the initial postburn period, the
hypermetabolic phase is characterized by an
increase in GFR [380,384] that is likely due to an
increased glomerular permeability from the release
of inflammatory factors [385-387]. Additionally,
renal blood flow is elevated in burn patients dur-
ing the hypermetabolic phase [388]. Moreover,
autopsies by Goodwin et al. [388] revealed
a nearly 60% higher kidney weight in patients
who died 60 days or more after burn injury com-
pared to individuals who died within 48 hours of
their burn. It was subsequently concluded that this
increase in kidney weight was primarily due to
cellular hypertrophy and hyperplasia [388], which
is consistent with the increased work demands
imposed on the kidneys during the postburn
hypermetabolic phase. Crum et al. [382] reported
profound decreases in circulating vasopressin fol-
lowing 48 hours of treatment in burn patients, but
plasma atrial natriuretic peptide increased from
days 3 to 5 during the hypermetabolic phase.

With this background, there remains a paucity of
research regarding changes in renal vascular con-
trol during the various phases of burn recovery,
and if the kidneys are particularly susceptible to
additional exposures of heat stress or subsequent
burns.

Heat adaptation and the kidneys
Background

Repeated exposures to heat stress that sufficiently
elevate core temperature elicit phenotypic altera-
tions (i.e., heat adaptation) that reduce the physio-
logical challenges of subsequent heat exposures.
These adaptations, some of which can be observed
following as little as three consecutive days of heat
exposure, can be induced from heat stress in nat-
ural (i.e., heat acclimatization) or artificial (i.e.,
heat acclimation) environments, and have been
demonstrated to improve thermoregulation [389],
exercise performance [72,390,391], and markers of
cardiometabolic health [392].

There are several methodological approaches to
induce heat adaptation, including (but not limited
to) fixed work-rate exercise in the heat, where
exercise intensity is clamped throughout, self-
regulated exercise in the heat, where individuals
control work rate based on their own perception
of discomfort, and controlled hyperthermia, where
core temperature is clamped during the acclima-
tion protocol and can be accomplished in both
resting and exercising situations. The fixed work-
rate, and to a lesser degree the self-regulated,
approaches are commonly used because of their
ease of use in group settings (e.g., military person-
nel). However, both approaches are limited in that
the thermal load will differ amongst individuals
and, as heat adaptations occur throughout the
acclimation period, the magnitude of physiological
strain imposed by the heat stressor is attenuated
with each heat stress exposure [390]. Notably, the
controlled-hyperthermia approach may better
optimize heat adaptations because the magnitude
of the thermal impulse is maintained [389,390].

As described by Sawka et al. [72], the ther-
moregulatory adaptations to repeated heat
stress are numerous and include lower basal
and exercise core temperatures [393,394],



lower exercise skin temperatures [395], and
improvements in sweating [396] and skin
blood flow [397]. These improvements in ther-
moregulation coincide with alterations in the
processes regulating water and electrolyte
homeostasis, many of which are influenced by
the kidneys, although our collective under-
standing remains incomplete.

Renal blood flow

To our knowledge only one study has examined the
potential adaptive effects of heat acclimation on
renal blood flow. In this study, Zappe et al. [398]
found that four consecutive days of exercise in the
heat did not affect renal plasma flow during rest,
exercise in the heat or during recovery in young
healthy adults. The four day heat acclimation proto-
col was sufficient to stimulate plasma volume expan-
sion, suggesting that there was evidence of heat
adaptation. That said, the limited duration largely
leaves the question regarding whether renal blood
flow is modified with heat acclimation in humans
unanswered. Nevertheless, data in animals indicate
that heat acclimation may actually reduce basal renal
plasma flow. Jones et al. [399] reported that after
correcting for reductions in renal mass, renal plasma
flow is decreased by 15% in the heat acclimated
hamster. Additionally, the investigators found that
heat acclimation decreased the fractional distribu-
tion of cardiac output to the kidneys by 27% and
increased renal norepinephrine concentration by
41%, indicating a greater sympathetic outflow to
the kidneys following heat acclimation [399]. These
findings were further supported by data in rats where
three weeks of heat acclimation at ~35°C reduced
renal plasma flow by 56% [400].

Glomerular filtration rate

The effect of heat acclimation on GFR has not been
tully elucidated, which is likely due to inconsistent
findings from the few studies that exist. For
instance, there are only two studies that have inves-
tigated the effects of passive heat acclimation on
GFR. Data in humans demonstrate that seven
days of passive, controlled hyperthermia did not
alter GFR (creatinine clearance) during normother-
mia or heat stress [292]. By contrast, Chayoth et al.

TEMPERATURE (&) 135

[400] found that three weeks of passive-heat accli-
mation in rats lowered GFR (inulin clearance) by
~61%. To further complicate the interpretation,
however, the three week heat acclimation protocol
caused a ~15% loss in both body and kidney weight.
Thus, it is not clear if the results of this study are
due to morphological or physiological reasons.
Therefore, the effects of passive heat acclimation
on GFR remain largely unknown.

Exercise heat acclimation protocols have also
revealed variable effects on GFR. Interpreting
these studies is difficult due to the differences in
the duration and stimulus of heat acclimation
across these studies. Furthermore, a gold standard
technique (e.g., inulin clearance) has not been used
to assess GFR following exercise heat acclimation.
In this regard, the current literature has assessed
GFR as estimated by serum creatinine (i.e., esti-
mated GFR) or with creatinine clearance. For
instance, it has been recently reported that
a 23 day heat acclimatization protocol in military
personnel attenuated reductions in estimated GFR
during exercise in the heat [401]. These findings
may be partially supported by data from Schrier
et al. [21], who found in four military recruits
during summer training in San Antonio, Texas,
USA (i.e., heat acclimatization) that creatinine
clearance following moderate intensity exercise in
the heat was greater towards the end of the accli-
matization protocol compared to the -earlier
phases. However, the authors also note that the
increase in serum creatinine (indicative of
a reduction in GFR) following a bout of high
intensity exercise was not different at 10 days
compared to 6 weeks of training. Notably, data
before this 10 day period were not reported and,
therefore, subjects may have already presented
with a fully heat acclimated phenotype by this
point in their training [390], which clouds the
interpretation of these findings. Nevertheless,
recent evidence indicates that reductions in esti-
mated GFR are not altered with six days of heat
acclimation [402]. Therefore, it may be that heat
acclimation needs to be of a sufficient duration or
magnitude before reductions in GFR to exercise
heat stress are attenuated. Further research is
warranted.
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Water and electrolyte regulation

Heat adaptation causes several phenotypic altera-
tions that are beneficial towards maintaining water
and electrolyte regulation, despite augmenting
sweat losses. These adaptations include an
increased total body water, plasma volume expan-
sion, reduced electrolyte losses, and improved
thirst response during exercise in the heat
[72,389-391,403] These adaptations are at least
partially mediated by adaptations in the kidneys.
For instance, plasma volume expansion with heat
adaptation is elicited via two mechanisms [404]
including the conservation of electrolytes by the
kidneys and sweat glands, and increased colloidal
pressure through increases in plasma protein con-
tent [405].

Some of the best early evidence of improve-
ments in renal electrolyte conservation with heat
acclimation were identified by Smiles and
Robinson [406] who found that individuals on
a low sodium diet (i.e., a sodium deficit) experi-
enced marked reductions in urinary sodium
excretions with heat acclimation. By contrast,
however, individuals on a higher sodium diet
during the exercise heat acclimation protocol
did not change urinary sodium excretion rate
from pre-acclimation values. These findings
were later confirmed by Allsopp et al. [407].
Importantly, a study by Francesoni et al. [408]
provided evidence that the type of heat acclima-
tion exposure modifies the electrolyte conserving
effects. In this study, exercise heat acclimation
reduced 24-hour urinary excretions of sodium
and potassium. However, passive heat acclima-
tion in the same environmental conditions
slightly decreased 24-hour urinary excretion of
potassium but did not alter sodium excretion
[408]. This unchanged sodium excretion follow-
ing a short-term passive heat acclimation has also
been demonstrated following seven days of hot
water immersion using the controlled-
hyperthermia approach [292].

The idea that heat adaptation promotes the
conservation of electrolytes has prompted studies
investigating the effects of heat acclimation on
fluid regulatory hormones. For example, heat
acclimation does not alter basal plasma concentra-
tions of renin [409-413] nor vasopressin

[409,410,414-417]. In response to exercise in the
heat, increases in plasma concentrations of renin
have been reported to be attenuated [409,412],
unchanged [411,413], or potentially increased
[410]. It is worth noting that with the exception
of one study [413] that used a controlled-
hyperthermia approach, these studies controlled
for work intensity, which may have limited the
magnitude of the heat adaptation stimulus and
may account for some of the variability between
studies. There are also conflicted findings regard-
ing vasopressin release during exercise in the heat
following heat acclimation with reports that vaso-
pressin is decreased [414], unchanged [409,415],
or slightly increased [410]. Highlighting this varia-
bility, Mudambo et al. [416] reported that heat
acclimation attenuates increases in vasopressin
during exercise when fluid is not provided, but
when allowed to drink water the post-acclimation
response of vasopressin was not different from
pre-acclimation. This suggests that body fluid sta-
tus modulates the effect of exercise on vasopressin
release following heat acclimation. Overall, while
the effect of heat acclimation on resting circulating
concentrations of renin and vasopressin are con-
sistent, the response of these hormones to exercise
following acclimation requires further study.

To our knowledge, no studies have examined
the effect of heat acclimation on resting angioten-
sin IT concentrations in humans. By contrast, over
a dozen studies have investigated the effects of
heat acclimation on plasma aldosterone, which is
likely attributed to the effects of aldosterone at
improving electrolyte reabsorption in the sweat
gland [72,389]. Despite the plethora of studies,
the literature is conflicted with studies reporting
heat acclimation increases [409,410,413,418,419]
or does not change [411,412,414,415,417,420-422]
basal plasma aldosterone concentrations. The
cause of this discrepancy between studies is not
inherently clear but may be contributed to by
differences in the experimental protocols, such as
the method of heat acclimation, mode of exercise,
training status of subjects, and differences in
sodium balance and hydration status. That said,
a subset of these studies were included in a meta-
analysis from Tyler et al. [390] whose analysis
indicated that, despite the large variability between
studies, exercise heat acclimation may induce



a small positive effect (+25 + 35%) on resting
plasma aldosterone concentrations.

While it appears that heat acclimation increases
circulating aldosterone, the literature better sup-
ports that sensitivity to aldosterone is increased
with heat acclimation. This is supported by studies
reporting elevated concentrations of plasma
sodium and/or plasma osmolality to exercise in
the heat following heat acclimation that is accom-
panied by attenuated [401,410] or similar [409]
post-acclimation increases in plasma aldosterone
during exercise in the heat compared to pre-
acclimation. Additionally, an increased sensitivity
to aldosterone is supported by heat acclimation
studies demonstrating attenuated increases (by
~20-30%) in plasma aldosterone to exercise in the
heat [412,414,422] accompanied with unaltered
plasma sodium responses compared to pre-
acclimation [414,422]. In contrast, others have
reported that end exercise plasma aldosterone is
increased with heat acclimation, but this is likely
related to a relative sodium deficit experienced by
highly trained individuals during the experimental
intervention [418] or as a result of a lower sodium
diet [413]. This is supported by the findings of
Allsopp et al. [407] who found that five days of
heat acclimation increases plasma aldosterone to
exercise in the heat when subjects are on a low
sodium diet (1,500 mg/day) and that these increases
were abolished with a high sodium diet (8,000 mg/
day). The modulatory role of sodium intake is
further supported by the study of Davies et al.
[413] who identified that consuming a saline
drink attenuated increases in plasma aldosterone
during exercise in the heat following 11 days of
heat acclimation. In addition to dietary sodium,
the effect of heat acclimation on the fluid regulatory
hormonal responses is also modulated by hydration
status. Francesconi et al. [419] reported that heat
acclimation over 10 days attenuated increases in
plasma renin activity and aldosterone during exer-
cise in the heat while dehydrated, further support-
ing the role of increased aldosterone sensitivity with
heat stress. By contrast, it has also been reported
that hypohydration during five days of heat accli-
mation exacerbates increases in plasma aldosterone
and vasopressin during exercise heat stress [415].
The reason for these different hormonal profiles is
not clear. It may be that these differences can be
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explained by achieving a more fully heat acclimated
phenotype with 10 days of heat acclimation [419].
However, other differences between the studies
such as the use of the controlled-hyperthermia
approach (compared to fixed-work intensity) or
differences in cardiorespiratory fitness levels may
also contribute [412,414,418,422]. Nevertheless,
despite a minority of studies showing divergent
results, the literature supports an increase in aldos-
terone sensitivity with heat acclimation [389].

The enhanced sensitivity to plasma aldosterone
and conservation of electrolytes with heat acclima-
tion stimulates an interesting question regarding
whether the urine concentrating ability of the kid-
neys is augmented with heat adaptation. To our
knowledge, only one study has investigated the
effects of heat acclimation on urine concentrating
ability. This study found that increases in free water
clearance to passive heat stress were attenuated after
seven days of passive heat acclimation, a finding
representative of a relative improvement in urine
concentrating ability [292]. The mechanism for
these findings remains elusive, but could be related
to the enhanced plasma aldosterone sensitivity or
improved structural integrity within the nephron.

Pathophysiology and acute kidney injury

Despite the protective effects of heat adaptation,
few studies have directly investigated the potential
pathophysiological benefits of heat acclimation
protocols on the kidneys, and the findings are
often conflicting. For example, Ravanelli et al.
[292] demonstrated that the incidence of albumi-
nuria during passive heat stress in otherwise
healthy individuals was reduced following passive
heat acclimation. By contrast, Schrier et al. [21]
found that the prevalence of proteinuria was
higher at the end of 42 days of summer training
in military recruits compared to after 10 days of
training, which may indicate that exercise training
is a more powerful stimulus driving proteinuria
compared to heat stress.

To our knowledge, only three studies have
attempted to investigate the efficacy of heat acclima-
tion on reducing the risk of AKI. These investiga-
tions employed changes in serum creatinine as their
primary endpoint, which is likely a flawed approach
(see section PHYSIOLOGY AND ASSESSMENT OF
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ACUTE KIDNEY INJURY). Despite this limitation,
there is still value in such studies as they provide the
groundwork from which future studies can be
designed employing AKI biomarkers.

In the first of these studies, American Football
players were observed over 10 days of preseason
training (i.e., heat acclimatization) and serum
creatinine was compared at days zero, 5, and 10,
from which estimated GFR was calculated [423].
Using this approach, it was found that over 43% of
the athletes were classified as at risk of AKI on day
10. However, despite the intent of the study,
whether heat acclimatization altered this response
remained unknown given that changes in esti-
mated GFR were not calculated within a given day.
Rather all comparisons were made with data
obtained on day zero. Moreover, it is likely that
exercise intensity and duration varied on these
measurement days, which further confounds the
results. Omassoli et al. [401] later showed stronger
evidence that increases in serum creatinine with
exercise in the heat were attenuated following 23
days of heat acclimatization and that the extent of
attenuations was sufficient to reduce the clinical
stratification of AKI according to the traditional
clinical classifications. Recently, these findings
have been found to be supported by additional
evidence that six days of heat acclimation may
reduce the rise in serum creatinine caused by
high intensity exercise in the heat to such an
extent so as to decrease the incidence of AKI
defined by traditional clinical criteria [402].

Despite the many beneficial adaptations
brought about by heat acclimation, there are, in
theory, several mechanisms by which the risk of
AKI could be modified with heat acclimation.
When examined in isolation, some of the kidney
related adaptations with heat acclimation will
likely be beneficial and others deleterious.
Ultimately, the balance between the positive and
negative renal adaptations will determine the
effects of heat acclimation on AKI risk during
heat stress (Figure 7). To date, the effects of heat
acclimation on AKI risk during heat stress remains
largely unexplored. For instance, there is
a complete lack of information regarding how
heat acclimation induced changes in renal blood
flow, GFR, and/or renal ATP demand interact to
modify AKI risk during heat stress. This is a very

important gap in the literature that requires
investigation.

The kidneys and aging
Background

Kidney function gradually decreases with advan-
cing age [424]. Thus, there is an increased preva-
lence of CKD in older adults [425], with
approximately 45% of adults aged >70 years in
the United States having CKD  [426].
Additionally, polypharmacy is a risk factor for
kidney damage [427], which further complicates
matters with ~70% of individuals aged 75-84 years
receiving =5 medications per day [428].
Furthermore, the incidence of AKI in adults >65
years is 10 times greater compared to younger
adults aged <40 years [429]. Strikingly, approxi-
mately one-third of older adults =65 years who
survive AKI do not fully recover kidney function
[430]. Moreover, aging is associated with impair-
ments in thermoregulation and fluid regulation
during heat stress that also likely contributes not
only to an increased incidence of heat related ill-
nesses and mortality during heat waves, but also
AKI [30,32-34,36,40,431,432].

Physiology of aging kidneys

The decline in kidney function associated with
healthy aging is caused by many factors, includ-
ing changes in anatomical structure and renal
blood flow regulation. Davies et al. [433] were
one of the first to identify that older adults (>60
years) have ~20% lower basal GFR (inulin clear-
ance) and ~30% lower basal renal plasma flow
compared to younger adults (<40 years). Larger
disparities were observed between age groups for
each decade beyond 60 years. This was subse-
quently followed up by investigations identifying
that renal mass decreases with age such that after
the age of 50 years kidney parenchymal volume
declines by ~10% each decade, with larger
decreases in men compared to women [434-
436]. In addition to these morphological changes,
the reduced kidney function with aging is also
contributed to by a progressive loss of functional
nephron mass [437]. For instance, Denic et al.
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Physiological adaptations with heat acclimation
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Figure 7. Potential beneficial (on left) and deleterious (on right) adaptations with heat acclimation that may modify the risk of acute

kidney injury during heat stress.

[438] reported a 48% decrease in functional glo-
meruli (nonsclerotic) and a 15% increase in the
number of nonfunctional glomeruli (globally
sclerotic) with decreases in cortical volume of
16% in healthy adults >70 years compared to
those aged 18-29 years. Biopsies from healthy
living kidney donors older than 60 years revealed
that 36% had >10% glomerulosclerosis with 63%
of those individuals having tubular atrophy
[439]. Thus, nephrosclerosis, which describes an
aggregate of global glomerulosclerosis, arterio-
sclerosis, interstitial fibrosis and tubular atrophy,
increases even with healthy aging [440].

Kenney and colleagues [157-160,311,398,441]
have consistently demonstrated that basal renal
blood flow is lower in healthy older adults com-
pared to their younger counterparts using PAH
clearance techniques. Furthermore, hormone
replacement therapy in postmenopausal women
does not appear to change basal renal blood flow
compared to untreated control subjects [442]
despite altering vascular control in other vascular
beds [443,444]. Additionally, Doppler ultrasound
derived measures of renal artery vascular resis-
tance support that aging is associated with
enhanced vasoconstrictor responses to sympa-
thetic stimulation [165,445], which are sustained
longer after a given stimulus compared to younger
adults [158,446]. Finally, rodent data indicate that
an augmented basal activation of the polyol-
fructokinase pathway, which we previously

described as a pathophysiological pathway during
heat stress (see Acute kidney injury), may also
contribute to reductions in kidney function
observed with aging [56].

Given these impairments in kidney function, it is
perhaps not surprising that water and electrolyte reg-
ulation is altered in older adults. For instance, there is
an increased risk of dehydration and hyper- or hypo-
natremia in older adults [447]. According to Beck
[448], a 70 kg male aged 75 years would have 7-8
liters less total body water than a younger person due
to changes in body composition with aging (e.g.
increased fat mass). Furthermore, plasma volume is
reduced up to 21% in older adults compared to
younger adults [449]. This decreased blood volume
is further exacerbated by a ~50% reduction in urine
concentrating ability in older adults [450], despite
increased vasopressin secretion [451] and higher
osmoreceptor sensitivity [452]. That this deficit in
urine concentrating ability in older adults occurs
despite higher vasopressin concentrations suggests
that the urine concentrating impairment is predomi-
nantly due to factors intrinsic to the kidneys [453].
Indeed, data from a rat model indicate that aging
impairs the upregulation of the water channel aqua-
porin-2, which reduces the ability to reabsorb water in
the renal tubules [454]. Further evidence indicates
a reduced medullary concentrating gradient [455]
and a decreased ability to conserve sodium [456],
which also contributes to the deficit in urine
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concentrating ability with older age. For example,
Macias Nunez et al. [457] have reported that in adults
older than 60 years there is a 30% reduction in sodium
reabsorption in the distal tubule compared to younger
adults, but no differences between ages in proximal
tubule reabsorption. With this background, it is per-
haps not surprising that basal plasma aldosterone is
reduced in older adults [458]. Notably, it is believed
that elevations in mineralocorticoid receptor sensitiv-
ity, which have been observed in vascular smooth
muscle cells in older rats [459], does not fully com-
pensate for reductions in circulating aldoster-
one [460].

Fluid regulation is a function of both fluid output
(e.g., urine production) and fluid intake (i.e., drink-
ing). Thus, it is also notable that older adults consis-
tently display impairments in thirst and consume less
water for a given level of dehydration compared to
younger adults [453,461-463]. Ultimately, these fluid
regulation impairments are attributed to a decreased
ability to physiologically detect reductions in circulat-
ing blood volume and increases in plasma osmolality
[460,461], which are caused by reductions in baror-
eceptor sensitivity and/or altered sensitivity to the
fluid regulatory hormones [460,461].

Physiological responses of aging kidneys to heat
stress

Renal blood flow

The systemic cardiovascular response to passive or
exercise heat stress is attenuated in older adults. For
instance, it has been regularly observed that older
adults have an impaired ability to increase skin blood
flow during heat stress [464-467], which (in theory)
contributes to the augmented rate of heat gain in older
adults during heat exposure [30]. Minson et al. [159]
identified that renal plasma flow was lower during
both normothermia (1137 vs. 873 mL/min) and pas-
sive heat stress (1.5-2°C increase in core temperature;
847 vs. 674 mL/min) in older adults compared to
younger adults. Interestingly, however, the magnitude
of renal vasoconstriction was attenuated in older
adults. That is, in addition to having lower basal
renal blood flow, older adults have an attenuated
ability to decrease renal blood flow during heat stress
despite lower absolute flow rates in this vascular bed
compared to younger adults [159]. Hormone replace-
ment therapy in postmenopausal women does not

appear to change renal vasoconstrictor response to
passive heat stress compared to women not taking
hormone replacement therapy [442].

Despite attenuated increases in cardiac output
and less redistribution of blood flow from the
renal and splanchnic vascular beds, blood pressure
is relatively well-maintained in heat stressed older
adults during sympathetic activation (i.e., head-up
tilt) due to augmented increases in splanchnic
vascular resistance, but not renal vascular resis-
tance [160], the latter of which further supports
an altered control of renal blood flow during heat
stress in older adults. This differential control of
renal blood flow in older adults is unlikely to be
due to differences in activation of the sympathetic
nervous system given that aging does not differen-
tially modify muscle sympathetic nerve activity or
plasma norepinephrine concentrations during pas-
sive heat stress [468]. That said, the possibility
remains that for a given magnitude of sympathetic
activation the renal vascular response in older
adults is blunted owing to decreased adrenergic
receptor sensitivity, which is known to be dimin-
ished with aging [469]. Moreover, it is also possi-
ble that regional differences in sympathetic nerve
activity, especially within the renal nerves, contri-
bute to the differential renal vascular control in
older versus younger adults. In support of this
latter point, in healthy aged rats increases in
RSNA [470] and sympathetic discharge pattern
[277] during heat stress are drastically attenuated
compared to their young counterparts. Further
studies demonstrated that the altered RSNA dur-
ing heat stress in older rats is mediated by age-
related changes in brain stem neural circuits [278]
and an attenuated ability to withdraw rostral ven-
tral lateral medulla GABA tone to activate renal
sympathetic nerve discharge [471].

The altered RSNA with aging and heat stress
also translates to differential renal blood flow
responses during exercise in the heat. Kenney
and Zappe [158] were the first to report that
compared to younger men, older men have an
attenuated ability to redistribute blood flow from
the renal vasculature (40% vs. 12% reductions in
renal blood flow) during 90 min of cycling exercise
at 50% VO,may in a 30°C, 60% relative humidity

environment, observations that were independent



of aerobic fitness or physical activity levels. In an
extension of this study, Ho et al. [157] found that
in young adults aerobic fitness augments increases
in skin blood flow during exercise in the heat as
a function of a higher cardiac output and a greater
redistribution of blood flow away from the renal
and splanchnic vascular beds. However, in older
adults, aerobic fitness does not have these same
modulatory effects as attenuated reductions in
renal and splanchnic blood flow to exercise in
the heat persist even in aerobically fit older adults
[157]. The ability to restore renal blood flow to
basal levels following cessation of exercise in the
heat is also impaired in older adults compared to
younger adults [158,311]. For example, Farquhar
and Kenney [311] observed that renal plasma flow
was ~25% lower than baseline values in older
adults even after a 45 minute recovery period
that followed 60 minutes of exercise at 60%

VOymax in @ 36°C, 36% relative humidity environ-
ment and caused rectal temperature to increase by
1.5°C. In the same study [311], the younger con-
trol group exhibited complete recovery of renal
plasma flow following 45 minutes of rest.
Notably, the length of time required for renal
blood flow to return to pre-exercise levels follow-
ing exercise in the heat remains unknown in older
adults.

Glomerular filtration rate

Few studies have examined the effect of aging on
GFR during heat stress. For instance, we were unable
to find a study that examined how older age may
alter the GFR response to passive heat stress. On one
hand, this is not completely surprising, given the
large variability between the relatively few studies
that have been performed in younger adults (Table
4). On the other hand, this is an important gap in the
literature because GFR is a foundational element of
kidney function. Moreover, to our knowledge, only
one study has examined the effects of aging on GFR
during exercise in the heat. In this study, Farquhar
and Kenney (1999) found that older adults demon-
strated attenuated reductions in GFR normalized to
body surface area compared to younger adults
(~30% vs. ~40%). Similar to the response of renal
blood flow, the absolute values of GFR were lower
following exercise in the heat in older adults
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compared to younger controls (~60 ml/min/1.73m”
vs. ~78 ml/min/1.73m?) despite attenuated reduc-
tions in GFR during exercise, which was likely
explained by a lower pre-exercise GFR in older
adults (~85 ml/min/1.73m* vs. ~132 ml/min/
1.73m?) [311]. In total, the effects of heat stress on
GFR in older adults remains largely unexplored.

Water and electrolyte regulation

Older adults are at a greater risk for hyperthermia
and dehydration during passive [472] and exercise
heat stress [463], which is contributed to by decre-
ments in thirst perception [473]. This is high-
lighted by data from Miescher and Fortney [472],
who compared fluid regulation in older and
younger men during heat stress. It was subse-
quently identified that older men had higher
basal plasma osmolality, but they reported to be
less thirsty during passive heat stress despite hav-
ing larger increases in plasma osmolality (+5
mOsmol/kg vs. +1 mOsmol/kg), greater reduc-
tions in plasma volume (-11% vs. —=5%), and larger
increases in rectal temperature (+1.3°C vs. +0.6°C)
compared to the younger men. This reduced thirst
in older adults has been found to translate to fluid
intake during heat stress [472] and during dehy-
dration in the absence of heat stress [453,463] that
is not sufficient to restore body water to baseline
levels. Notably, this inadequate fluid intake in
older adults is accompanied by an attenuated
sodium appetite with aging following fluid depri-
vation [474,475]. The attenuated sodium intake
during dehydration may increase the need of the
tubules to reabsorb sodium, a process that is
impaired with aging [457]. As noted above (see
Physiology of aging kidneys), the reduced fluid
intake with heat stress in older adults may be
worsened by an attenuated capacity to concentrate
urine during heat stress [463], a process that is
contributed to by reduced renal responsiveness to
vasopressin, decreased aldosterone production,
and altered sodium handling with aging [473].
Interestingly, however, for a given volume of
fluid ingested, older adults better retain fluid com-
pared to their younger counterparts, which is at
least partially explained by altered renal sodium
handling and reductions in GFR [476]. Whether
this conclusion remains valid during or following
heat stress is unknown, but this may have



142 (&) C.L CHAPMAN ET AL.

important ramifications for hydration regimens
targeted at older adults during heat stress.

Heat adaptation and older adults

To our knowledge two studies have attempted to
investigate if heat acclimation mitigates the risk of
dehydration in older adults, which would poten-
tially occur via improvements in thirst sensation,
plasma volume expansion, and water and electro-
lyte handling. Takamata et al. [477] found that
a six day heat acclimation protocol (fixed work
intensity) improves thirst perception during exer-
cise in the heat in older adults. However, these
higher ratings of thirst did not translate to greater
fluid intakes in older adults [477]. Furthermore,
unlike the younger control group, older adults did
not present with an expansion of blood or plasma
volume following the six day heat acclimation
[477], findings that were consistent with
a previous observation following a four day heat
acclimation protocol in older adults [398].
Interestingly, vasopressin secretion for a given
increase in plasma osmolality during exercise in
the heat was increased with six days of heat accli-
mation in older adults, but there were no changes
in aldosterone [477], although this is not always
consistently observed [398]. Moreover, a four day
heat acclimation protocol did not affect GFR or
renal plasma flow during or following exercise in
the heat in older adults and had little impact on
urine concentrating ability or renal sodium hand-
ling [398]. Collectively, there is agreement
between the two studies conducted to date that
there is little evidence that heat acclimation
improves renal water and electrolyte regulation.
This conclusion is likely a function of the heat
acclimation protocols employed. Thus, future
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studies should employ longer heat acclimation
protocols and/or controlled-hyperthermia
approach to elicit a more fully heat acclimated
phenotype to determine the potential utility of
heat acclimation at improving water and electro-
lyte regulation in older adults.

Acute kidney injury

Older adults are highly susceptible to extreme heat
events and have disproportional increases in mor-
bidity and mortality during heat waves [29-41]. The
top two causes of hospitalizations during heat waves
in older adults are related to the kidneys - fluid and
electrolyte disturbances [32,35,41] and AKI [32-
36,41,44]. Notably, fluid and electrolyte disturbances
is a risk factor for AKI [43] and likely reflects the
myriad of deficiencies faced by the aging kidneys to
defend against dehydration (see Physiology of aging
kidneys). Our understanding of the risk of AKI
independent of aging is rapidly developing [19]. By
comparison, the pathophysiological response of the
kidneys to heat stress in older adults has never been
directly investigated. Importantly, understanding the
mechanisms by which heat stress may increase the
risk of dehydration and/or AKI in older adults would
provide critical insight into the interventions that
may help alleviate these risks during heat waves.

A recent observational study found evidence
that processes underlying the increased risk of
AKI during heat stress in younger adults, may
also be at play in older adults such that increases
in plasma NGAL, which reflects the risk of renal
ischemia [223], are independently associated with
elevations in ambient temperature in free living
older adults [478]. Given this limited evidence of
an analogous pathophysiology, there are likely
three mechanisms by which aging increases the
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Figure 8. Factors that may exacerbate the risk of acute kidney injury during heat stress in older adults.



risk of AKI during heat stress (Figure 8). First, as
described above (see Physiology of aging kidneys)
kidney function is reduced with aging, which is
contributed to by morphological changes
[85,434,436-440], reductions in renal blood flow
[157-160,311,398,441] and augmented basal acti-
vation of the polyol-fructokinase pathway [56].
These deleterious processes may be magnified by
heat stress, such that absolute renal blood flow is
even lower in older adults during heat stress com-
pared to younger adults [159]. Ultimately, this
manifests as an increased severity of AKI and
poor recovery following AKI [430,479]. Second,
as thoroughly discussed above, water and electro-
lyte regulation is altered with aging, which collec-
tively increases in the risk of developing
dehydration during heat stress [461,473,480].
Notably, dehydration increases the risk of devel-
oping AKI during heat stress [63,64]. Third, tem-
perature regulation is impaired in older adults
[481]. This is manifested as decreases heat loss
stemming from impairments in sweating and
skin blood flow [481] but is also contributed to
by delays in voluntary decisions to seek cooling
[482-484]. In total, this age dependent deteriora-
tion of temperature regulation increases the like-
lihood of the development of hyperthermia
[63,64], which increases the risk of developing
AKI during heat stress [466,485,486]. Clearly,
aggregation of these factors presents a compelling
case for older adults being at an increased risk of
AKI during heat stress. Perhaps more importantly,
however, understanding interactions between tem-
perature regulation, water and electrolyte regula-
tion, and kidney function in the context of aging
provides a framework by which interventions can
be systematically identified and examined to safe-
guard the kidney health of older adults during

a heat wave.

Summary

The kidneys play an integral role in maintaining
homeostasis. Heat stress challenges many physiolo-
gical systems that are impacted by the kidneys. We
have just begun to understand the dynamic, rapid
adjustments of the kidneys to heat stress, including
reductions in renal blood flow. Interestingly, despite
that glomerular filtration rate is typically regarded as
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the primary measure of kidney function, a consensus
does not exist for how glomerular filtration rate may
be altered by heat stress. In this narrative review, we
have described that the kidneys are susceptible to
heat stress, and that an emerging body of evidence
links heat stress to kidney-related pathology, such as
acute kidney injury. Moreover, this kidney-related
pathology is not unique to occupational settings, as
older adults are at risk for hospitalization during heat
stress for complications related to the kidneys,
including water and electrolyte disturbances and
AKI. This review has highlighted that our under-
standing of the kidneys’ physiological response to
heat stress in older adults is magnitudes smaller
compared to the body of literature in younger adults,
and that the pathophysiological response of the kid-
neys to heat stress in older adults is essentially non-
existent. In light of the public health challenge that
heat stress imposes on the kidneys, we have high-
lighted many important gaps in the literature that
represent exciting opportunities for future explora-
tion to expand our understanding of kidney physiol-
ogy and more importantly, protect kidney health for
the global population.
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