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Figure 1. An image of a kidney 
dissected from a rat. 

Despite the large volume of research on 
carbohydrate catabolism during exercise and related 
carbohydrate supplementation during prolonged 
exercise, considerably less research and attention 
has been given to fluid balance and dehydration.  
This is unfortunate, as the lean body mass is 
approximately 75% water.  In addition, a large 
proportion of athletes, recreationally active 
individuals, and select workers (laborers, factory workers, law enforcement, military, etc) 
routinely develop dehydration.  Dehydration also has a far greater potential for detriment 
to performance than substrate depletion for combined reasons of a larger number of 
people who develop dehydration, and the serious physiological consequences of 
continued exercise while dehydrated.  Severe dehydration while exercising in a hot 
environment can be life-threatening.  I will discuss more about the physiology of 
exercise, dehydration and thermoregulation later in this Topic. 

 
Given the prior introduction, it just makes sense that 
the neuroendocrine regulation of fluid balance be 
an early topic of study in this textbook.  After-all, 
dehydration has negative influences on 
metabolism, cardiovascular function, whole body 
oxygen consumption, and thermoregulation.  As 
sweat also contains electrolytes, even though 
more dilute than body water, dehydration is also a 
stress to the regulation of the electrolyte 
composition of body water. 
 
Fluid Balance 
The body has four main mechanisms for hormonal 
regulation of fluid balance; 1) anti-diuretic 
hormone (ADH or arginine vasopresin), 2) the 
renin-angiotensin-aldosterone axis, 3) direct 
neural control of the afferent and efferent arteriole, 
and 4) atrial natriuretic peptides.  The first two 
mechanisms oppose dehydration, while the third 
assists in protecting the body against over-hydration. 
 
The kidneys (Figures 1 and 2) are the organs of the body that filter body fluid of waste 
products, and excrete this waste, in addition to excess electrolytes, bases and protons.  
As such, the kidney also assists the body in acid-base regulation.  The kidney 
contains numerous tubules for collecting the urinary filtrate after it passes through 
specialized structures called nephrons (Figure 3).  There are two basic types of 
nephrons, with the larger of the two, the juxtamedullary nephron, being the most 
regulated by the fluid and electrolyte regulating hormones. 
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Figure 2. An image of the kidneys along with 
labeled structures connecting the outer (cortical) 

regions to the inner (medullary) region. 

 
Figure 3. Detailed components of the 

juxtamedullary nephron. 

 
Figure 4. The Bowman’s capsule 
and glomerulus of the nephron. 

 
Fluid filtration by a nephron begins at the Bowman’s capsule (Figure 4), which 
contains a specialized capillary system and layer of filtration cells (podocytes) (Figure 
5) collectively called the glomerulus.  Blood flowing into the glomerulus has a pressure 
that is influenced by the regulation of the smooth 
muscle surrounding the arterioles feeding blood 
flow (afferent arteriole) and leaving the 
glomerulus (efferent arteriole).  For example, 
decreasing the diameter of the efferent arteriole, 
while maintaining the diameter of the afferent 
arteriole, would increase pressure and the velocity 
of blood flow through the capillary network within 
the Bowman’s capsule.  This is synonymous with 
squeezing a hose to increase flow velocity out of 
the hose.  However, as the Bowman’s capsule has 
a filtering system caused by the presence of 
podocytes, the high blood pressure within the 
Bowman’s capsule forces fluid and small 
molecules into the initial collecting tubule called 
the proximal tubule.  As you should predict, a 
large volume of fluid passes through the nephron 
glomeruli into the initial kidney filtrate of the 
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Figure 5. A scanning electron micrograph 
of the podocytes surrounding capillaries of 

the glomerulus. 

 
Figure 6. The cellular mechanism of action 

for ADH. 

proximal tubules.  In fact, the total fluid 
filtrate of the kidneys in an average sized 
adult approximates 180 L each day, or 7.5 
L/hr, or 125 mL/min.  As the average sized 
adult may have a total body water of 45 L, 
this means that four times the total body 
water of the body is filtered by the kidney 
each day (Figure 5).  I hope you get the 
point here.  This all means that to keep the 
body hydrated, the kidney must also 
reabsorb the water from most of this filtrate.  
While not that well emphasized in most 
books, the ability of the kidney to reabsorb 
water, and not just filter it, is vital to normal 
body function.  This also means that there 

has to be a basal level of both ADH and aldosterone to stimulate water reabsorption.  
Studying the hormonal regulation of how the kidney reabsorbs water is therefore crucial 
to understanding fluid regulation. 
 
Anti-diuretic Hormone (ADH or arginine vasopresin) 
Prolonged or intense exercise can induce a significant sweat response.  Remember that 
the approximately 70% of the energy expenditure of muscle contraction is released as 
heat.  Evaporative cooling from the evaporation of sweat is the body’s main 
mechanism for heat dissipation from the body to the environment.  Such sweat losses 
can amount to 3 L/hr.  While most of this water source comes from intracellular and 
interstitial fluid compartments, the small blood volume also experiences gradual 
dehydration, causing an increase in particulate concentration quantified by the unit 
osmolality (mOsmol/kg water).  Play with Program 1 to visualize changes in all water 
compartments during prolonged exposures 
to thermal stress, and subsequent increases 
in blood osmolality. 
 
There are specialized cells within the lower 
brain that are sensitive to blood osmolality.  
Dehydration increases omolality, which in 
turn causes these osmotically sensitive cells 
(osmoreceptors) to shrink, as water leaves 
these cells by osmosis to the higher 
osmolality blood.  Such shrinking causes 
action potential discharge to the 
hypothalamus, which in turn stimulates the 
release of ADH by the posterior pituitary. 
 
This increased ADH release raises the 
blood ADH concentration, causing increased 
ADH binding to receptors of the collecting 
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Figure 7. The juxtaglomerular apparatus. 

 
Figure 8. Overview of the renin-angiotensin-

aldosterone regulation of fluid balance. 

duct in the medullary region of the kidney (Figure 6).  Binding of ADH to its receptors 
stimulates increased water permeability of the collecting duct, which promotes 
increased water reabsorption, decreased urine volume and a more concentrated urine.  
As ADH is a peptide hormone, this is a fast responding system of fluid regulation. 
 
Renin-Angiotensin-Aldosterone Axis 
The initial segment of the distal tubule 
coils back near the afferent arteriole 
(Figure 7), and in this specific region 
there are two types of specialized cells.  
One type, the juxtaglomerular cells, 
are located around the afferent 
arteriole and are sensitive to the blood 
pressure of the afferent arteriole.  The 
second set of specialized cells are 
located around the distal tubule, and 
the total cell complex is called the 
macula densa.  The macula densa 
is sensitive to the solute content of 
the filtrate flowing through the distal 
tubule.  The combination of the two 
specialized cells is referred to as 
the juxtaglomerular apparatus.  
During conditions of low 
particulate/electrolyte flow through 
the distal tubule of the 
juxtamedullary nephrons and/or low 
blood pressure and reduced blood 
flow through the afferent arteriole, 
the juxtaglomerular cells release 
renin.  Renin is actually an 
enzyme, and as it circulates 
through the body it converts 
angiotensinogen (a prohormone 
released by the liver with no 
biological activity) to angiotensin I 
by enzymatically cleaving the last 4 
amino acid residues (Figure 8). 
 
Angiotensin I circulates through the 
vascular system, and is further 
enzymatically altered by the 
removal of an additional 2 residues by angiotensin converting enzyme (ACE), 
forming angiotensin II.  As the majority of ACE is bound to vascular endothelium in the 
lung, most of this conversion occurs in the lung.  Angiotensin II is a potent 
vasoconstrictor, which is necessary during dehydration to overcome the lower blood 
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volume and lower blood pressures this can cause if there wasn’t an increase in 
peripheral vascular resistance.  Angiotensin II circulates to the adrenal cortex where it 
stimulates the release of aldosterone.  Aldosterone binds to the endothelium of the 
distal tubule, where it stimulates the increased synthesis of sodium receptor proteins for 
incorporation into the lining of the distal tubule.  Increased sodium receptor density 
increases the reabsorption of sodium, which in turn causes water reabsorption by 
osmosis.  As aldosterone is a steroid hormone, causing an increased sodium 
transporter density along the distal tubule, this mechanism is relatively long, providing 
more long term regulation of fluid balance, as would be needed with prolonged 
exposures to heat and dehydration stress as would occur during changes in weather or 
climate, or repeated daily exercise training. 
 
Sympathetic Innervation of the Kidney 
As the body becomes dehydrated, blood volume decreases, and distention of the major 
arteries of the body decrease.  This is detected by mechanoreceptors located in the wall 
of the arteries.  The decreased distension decreases the rate of action potentials 
leaving the receptors and is processed within the hypothalamus, resulting in constriction 
of the afferent arterioles decreasing blood flow through the glomeruli.  This response is 
also coordinated with increased ADH release. 
 
Atrial Natriuretic Peptides 
Over-hydration is also a serious problem, as excess body water can dilute electrolytes, 
which are needed to be maintained within small concentration ranges to preserve the 
membrane potentials of excitable tissues.  While excess hydration decreases blood 
osmolality and the signal for ADH release at the osmoreceptors, and the aldosterone 
response and mechanism for increased fluid reabsorption in the distal tubule is slow to 
turn on and off, added regulation exists to protect against over-hydration. 
 
As normal hydration is attained, blood volume expands to normal, causing increased 
venous return and right atrial and ventricular filling.  Such an increase in venous return 
causes an increase in atrial distension or stretch.  This is the stimulus causing the 
release of specialized peptides from the atrial myocardium, atrial natriuretic peptides 
(ANPs).  ANPs oppose water conservation by two mechanisms.  First, they inhibit the 
renin-angiotensin system and thereby decreases sodium and water reabsorption in the 
distal tubule of the nephrons.  Second, they function via a G-protein inhibitory response 
mechanism in the collecting ducts to increase sodium excretion into the filtrate, which 
also causes water release and a larger, more dilute urine volume. 
 
 

Glossary Words 
 
fluid balance refers to the changes (increases and decreases) in total body water 
caused by altered behavior (drinking vs. not), sweating from exercise and/or 
environmental heat exposure, and food consumption. 
 
dehydration refers to a decrease in total body water, though typically measured or 
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quantified by either a decrease in plasma volume, or a acute decrease in body mass. 
 
sweat is the fluid filtrate of plasma that is secreted from sweat glands. 
 
electrolytes are charged elements of the body that for biological function mainly consist 
of hydrogen (H+), sodium (Na+), potassium (K+), calcium (Ca2+), magnesium (Mg2+) and 
chloride (Cl-). 
 
anti-diuretic hormone (ADH) is secreted from the posterior pituitary gland in response 
to increased blood osmolality, causing increased water reabsorption from the collecting 
duct of nephrons. 
 
arginine vasopressin is the chemical name for ADH. 
 
renin-angiotensin-aldosterone axis refers to the regulatory system controlling 
aldosterone release and the relatively longer term regulation of fluid balance. 
 
atrial natriuretic peptides are special proteins secreted from the right atrial 
myocardium in response to stretch. 
 
acid-base regulation refers to the combined systems regulation affecting blood pH and 
the bicarbonate (HCO3

-) buffering capacity. 
 
nephrons are specialized structures within the kidney that cause water filtration, 
followed by regulated re-uptake of water, protons (H+), and other electrolytes. 
 
juxtamedullary nephron is the type of nephron most regulated by fluid balance 
hormones. 
 
Bowman’s capsule is the specialized structure of the nephron, auto-regulated for blood 
flow and pressure, to ensure the positive movement of fluid and small molecules from 
the capillary network to the proximal tubules of nephrons.  
 
podocytes are the specialized cells that cover the capillary network of the Bowman’s 
capsule, thereby constraining the size of molecules that are incorporated into the kidney 
filtrate. 
 
glomerulus is the name given to the capillary network within the Bowman’s capsusle. 
 
afferent arteriole is the arteriole providing blood flow to the glomerulus. 
 
efferent arteriole is the arteriole providing blood flow from the glomerulus to the 
capillaries surrounding the proximal and distal tubules. 
 
proximal tubule is the tubule region immediately distal to the Bowman’s capsule. 
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reabsorption is another term for uptake of a molecule from one location into another. 
 
evaporation is the change of state of water from a liquid to a gas (water vapor), which 
requires the input of heat energy and results the loss of heat (cooling) of the system. 
 
evaporative cooling refers to the cooling effective of evaporation. 
 
intracellular pertains to inside a cell. 
 
interstitial pertains to the extravascular body space between cells. 
 
osmoreceptors are specialized sensory and excitatory tissue that generate changes in 
the frequency of action potentials in response to changes in body fluid osmolality. 
 
juxtaglomerular cells are located near the glomerulous and afferent arteriole, and are 
sensitive to the glomerular pressure. 
 
macula densa are specialized cells located near and around the distal tubule that are 
sensitive to the solute content and flow of the filtrate. 
 
juxtaglomerular apparatus is the name given to the combination of the 
juxtaglomerular cells and macular densa. 
 
renin is an enzyme released by the juxtaglomerular cells in response to low solute flow 
in the kidney filtrate of the distal tubule. 
 
angiotensinogen is a prohormone released by the liver that is converted to 
angiotensin-I by renin. 
 
prohormone is the term for a non-biologically active structure that functions as a 
precursor to an active hormone. 
 
angiotensin I is formed from angiotensinogen when the last 4 amino acid residues are 
removed. 
 
angiotensin converting enzyme (ACE) is the enzyme that removes the last 2 amino 
acid residues from angiotensin-I to form angiotensin-II. 
 
angiotensin II is formed from angiotensin-I after the removal of the two terminal amino 
acid residues. 
 
vasoconstrictor is a molecule causing the contraction of smooth muscle surrounding a 
blood vessel. 
 
aldosterone is a steroid hormone produced from the adrenal cortex, and causes the 
increased synthesis of sodium transporter proteins along the distal tubule. 



Regulation of Fluid and Electrolyte Balance 
 

8 

 

 


