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CHAPTER 21: WATER, ELECTROLYTE, AND ACID-BASE BALANCE 

 

INTRODUCTION 

The human body consists of approximately 55% water (50% in ♀; 60% in ♂). Fluid input and output varies but is 

about 2500ml/day. Most input is ingested but some water is produced by cellular metabolism. Water occupies two 

main compartments within the body: the intracellular fluid and the extracellular fluid. Extracellular fluid includes 

plasma and interstitial fluid and other extracellular fluids such as lymph, cerebro spinal fluid. Water is the principle 

solvent of the body. Solutes are referred to as either electrolytes (the most abundant solutes) which are polar 

compounds that dissociate into ions in solution, and nonelectrolytes that do not dissociate and therefore do not form 

ions. Electrolytes have greater osmotic power than nonelectrolytes. 

Electrolytes are necessary for making certain structures (e.g. Ca
2+

 is needed for bone) and for physiological 

processes (e.g. Na and K are needed for action potentials i.e. muscle contraction and conduction of nerve impulse). 

Organic compounds, such as glucose, urea, lipids, generally do not dissociate i.e. they do not release electrolytes. 

Some of the major positive ions (cations) are Na
+
, K

+
, Ca

2+
, Mg

2+
, H

+
. Some of the major negative ions (anions) are 

HCO3
-
, Cl

-
, HPO4 

2-
 and SO4

2-
. The main extracellular fluid cation is Na

+
. The main intracellular fluid cation is K

+
. 

Water moves freely between the compartments along osmotic gradients. Exchanges between plasma and interstitial 

fluid occur across capillary membranes. The body’s water volume is closely tied to ionic sodium. 

Hormones: Antidiuretic Hormone (ADH) is produced in the hypothalamus and stored in the posterior pituitary. 

When ADH levels are low, water is not reabsorbed by the kidney tubules, but excreted in the urine. When ADH 

levels are high, water is reabsorbed and urine output is low. Osmoreceptors of the hypothalamus sense the 

extracellular fluid solute concentration and stimulate or inhibit the release of ADH from the pituitary. ADH release 

may also be affected by large changes in blood volume or blood pressure.  When the atria are stretched by an 

increase in blood volume, Atrial Natriuretic Hormone (ANH or ANP) is secreted. It causes an increase in the 

glomerular filtration rate thereby lowering blood volume. Edema is an atypical accumulation of fluid in the 

interstitial space leading to tissue swelling. 

Electrolyte Balance: Electrolyte balance, or salt balance, is necessary in controlling fluid movements within the 

body. Salts are lost in perspiration, urine, feces and may be lost excessively in diarrhea, vomiting and profuse 

sweating.  Sodium is the most important electrolyte in maintaining electrolyte balance. Regulating the balance 

between sodium input and output is an important renal function. Most sodium is reabsorbed in the kidney tubules 

and even more sodium is reabsorbed if levels of the hormone aldosterone are high. Aldosterone is released by the 

adrenal glands in response to increasing levels of angiotensin II. Aldosterone has the opposite effect on potassium. 

Low blood pressure leads to an increase angiotensin II → this leads to a release of aldosterone → this leads to more 

reabsorption of sodium in the kidney tubules → water follows the sodium leading to increased blood volume. 

Acid – Base Balance: Arterial blood must be kept at a pH of 7.35 to 7.45. Alkalosis results when the pH rises above 

7.45 and acidosis results when the pH falls below 7.35. The quickest way (< 1sec) that blood pH is adjusted is by 

chemical buffers. Remember that buffers are molecules that act to resist changes in pH. The bicarbonate buffer 

system, hemoglobin buffer system and protein buffers are important.   

The regulation of the breathing rate in the brainstem can change blood pH.  A lower rate of ventilation will cause 

CO2 to build up, and buildup of  CO2, more carbonic acid will be formed, and more carbonic acid means more 

hydrogen ions will be released = acidic pH   

H2O + CO2 → H2CO3 → H
+
 + HCO3

-
 

Increasing ventilation blows off more CO2, H
+
 ions concentration drop because the reaction will reverse and the 

blood becomes more alkaline i.e. hydrogen ions are eliminated by respiration as we exhale carbon dioxide.  

H
+
 + HCO3

- 
→ H2CO3  → H2O + CO2 

When the cause of the pH imbalance is a respiratory problem it is referred to as respiratory acidosis or respiratory 

alkalosis. For example, emphysema may cause CO2 to accumulate, hyperventilation may cause alkalosis. 

The kidneys also play a very important, but slower (minutes to hours), part in regulating blood pH. The primary 

method of doing this is by reabsorbing, excreting or generating new bicarbonate ion, HCO3 
-
. The hydrogen ion, H

+
, 

is also secreted into the filtrate in the proximal tubules. 
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Review from Chapter 2: Chemistry 

1. CO2 is a waste product of cellular respiration . 

2. Water is a polar molecule that demonstrates hydrogen bonding and therefore it possesses very unique 

characteristics. 

a) Water is an excellent solvent (universal): Many solutes are dissolved in our body's water and many 

ionic compounds (i.e. NaCl) dissociate or break apart in water. 

b) Water participates in many chemical reactions:  

I. Dehydration (synthesis) is when water is removed from adjacent atoms (of molecules) to form a 

bond between them. 

II. Hydrolysis (degradation) is when water is used to break bonds between molecules. 

III. Water is the most abundant component in cells. 

3. Salts: 

a) Salts dissociate (ionize) into ions when dissolved in water: dissociation of slat forms an anion and a 

cation. 

b) Example = In water NaCl dissociate   into Na
+
  +   Cl

- 
 

c) These ions are referred to as electrolytes (charged particles). 

I. Electrolytes must be maintained within a very narrow range in our blood and tissues (i.e. 

homeostasis). 

II. Electrolytes are needed for muscle contraction, nerve impulses, etc. 

III. Examples include Na
+
, K

+
, Cl

-
, Ca

2+
, PO4

-
 HCO3

-
, etc. 

4. Acids/Bases 

a) Acids dissociate (ionize) in water into: a hydrogen cation, H
+
, and an anion 

I. Example = HCl (hydrochloric acid) dissociate into H
+
 and Cl

-
. 

b) Bases dissociate (ionize) in water into: a hydroxyl anion, OH
-
, and a cation. 

c) Example = NaOH (sodium hydroxide) dissociate into Na
+
  +  OH

-
 

5. pH Scale:  

a) The relative concentrations of hydrogen ions and hydroxyl ions determine the pH in our blood, fluids, 

and tissues. 

b) pH in body = [H
+
]  +  [OH

-
] .  When H

+
 is equal to OH

-
, the pH is neutral, when H

+ 
more than OH

- 
the 

pH is acidic and when OH
- 
more than H

+ 
 the pH is 

0 ----------------------------7-------------------------------14 

                  acid                    neutral                  basic 

[H
+
] > [OH

-
]           [H

+
] = [OH

-
]         [H

+
] < [OH

-
] 

6. Buffering Systems 

a) Definition: Buffers are compounds added to solutions to prevent abrupt change in pH. 

I. Usually weak acids function by donating H
+
 (releasing hydrogen) when the pH needs to be 

reduced and by accepting H
+
 when pH needs to be increased. 

b. Decrease pH = acidic 

c. Increase pH = Alkaline (base) 

II. Buffer is very important in biological systems 

III. Example = the carbonic acid (H2CO3) buffering system. 

b. When pH is rising carbonic acid dissociates to bicarbonate and hydrogen ion i.e. released 

hydrogen ions and H
+
 increases: H2CO3 →  HCO3

- 
+

 
H

+
 

c. When pH is falling bicarbonate combines with hydrogen ions i.e. accepts hydrogen ions 

and H
+ 

decreases: HCO3
- 
+

 
H

+ 
→ H2CO3 

IV. Physiologic pH = 7.35 – 7.45. 

b. pH < 7.35 = acidosis lethal below 7.0. 

c. pH > 7.45 = alkalosis lethal above 7.8. 
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DISTRIBUTION OF BODY FLUIDS: 

1. Water accounts for roughly 60 percent of the total body weight of an adult male and 50 percent of that 

of an adult female (The gender difference primarily reflects the proportionately larger mass of adipose 

tissue in adult females and the greater average muscle mass in adult males. Adipose tissue is 10 percent 

water, whereas skeletal muscle is 75 percent water.)  

2. In both genders, intracellular fluid contains more of the total body water than does extracellular fluid 

3. Body fluids are divided into two compartments: extracellular fluid (ECF) and Intracellular fluid (ICF) 

a) ECF includes fluid that is outside the cell: the interstitial fluid, plasma, lymph, cerebrospinal fluid , 

synovial fluid, serous fluids (pleural, pericardial, and peritoneal fluids), aqueous humor, perilymph, 

and endolymph.  

I. Principal ions in the ECF are sodium, chloride, and bicarbonate  

b) ICF include the fluid that is inside the cell i.e. cytoplasm 

I. ICF contains an abundance of potassium, magnesium, and phosphate ions, plus large 

numbers of negatively charged proteins.  

c) The ECF and ICF are called fluid compartments, because they commonly behave as distinct entities  

4. In clinical situations, it is customary to estimate that two-thirds of the total body water is in the ICF and 

one-third in the ECF  

5. Exchange among the subdivisions of the ECF occurs primarily across the endothelial lining of 

capillaries i.e. fluid is continuously exchanged between:  plasma and interstitial fluid;  interstitial fluid 

and lymph; and lymph and plasma (lymph is drained into the circulation) 

6. The presence of a cell membrane and active transport at the membrane surface enable cells to maintain 

internal environments with a composition different from that of their surroundings i.e. composition of 

ICF is different than composition of ECF (ICF has high concentration of potassium, whereas ECF has 

low concentration of potassium. ICF has low concentration of sodium, whereas ECF has high 

concentration of sodium) 

7. If the cell membrane were freely permeable, diffusion would continue until these ions were evenly 

distributed across the membrane  

8. Despite the differences in the concentration of specific substances, the ICF and ECF osmotic 

concentrations are identical 

9. Summary 

a) Water composes the majority of a human’s body weight. 

I. Males more muscle = 60% water 

II. Females more adipose tissue = 50% water. 

b) Fluid Compartments:  

I. Intracellular Fluid Compartment (ICF) = fluid within cells. 

b. comprises about 63% of total water 

II. Extracellular Fluid Compartment (ECF) = fluid outside of cells 

b. In interstitial spaces (interstitial fluid) 

c. In blood vessels (plasma) 

d. In lymphatic vessels (lymph). 

e. Comprises about 37% of total water 

 

BODY FLUID EXTRACELLULAR FLUID INTRACELLULAR FLUID 

High  

Concentration 

Na
+
, Cl

-
, HCO3

-
 plasma 

contains a high fraction of 

proteins. 

K
+
, PO4

-
, Mg

++
  

SO3
-
 

negatively charged proteins 

Low  

Concentration 

K
+
, Ca

++
, Mg

++
 ,PO4

-
, SO3

-
 Na

+
, Cl

-
, HCO3

-
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MOVEMENT OF FLUID BETWEEN COMPARTMENTS:  

1. Water moves back and forth across the mesothelial surfaces that line the peritoneal, pleural, and 

pericardial cavities and through the synovial membranes that line joint capsules. The flow rate is 

significant; for example, roughly 7 liters of peritoneal fluid is produced and reabsorbed each day. The 

actual volume present at any time in the peritoneal cavity, however, is very small—less than 35 ml. 

2. Water also moves between blood and cerebrospinal fluid (CSF), the aqueous humor and vitreous humor 

of the eye, and the perilymph and endolymph of the inner ear. The volumes involved in these water 

movements are very small, and the volume and composition of these fluids are closely regulated. For 

those reasons, we shall largely ignore them in the discussion that follows 

3. The exchange between plasma and interstitial fluid, by far the largest components of the ECF, is 

determined by the relationship between the net hydrostatic pressure, which tends to push water out of 

the plasma and into the interstitial fluid, and the net colloid osmotic pressure, which tends to draw water 

out of the interstitial fluid and into the plasma.  

4. At any moment, interstitial fluid and minor fluid compartments contain roughly 80 percent of the ECF 

volume, and plasma contains the other 20 percent.  

5. Any factor that affects the net hydrostatic pressure or the net colloid osmotic pressure will alter the 

distribution of fluid within the ECF. The movement of abnormal amounts of water from plasma into 

interstitial fluid is called edema i.e. edema is deposition of fluid in tissue. 

6. When water is lost, but electrolytes are retained osmosis moves water from the ICF to the ECF. NOTE: 

water loss is from ECF, because water loss is due to urination (plasma water is lost), sweating 

(interstitial fluid is lost), bleeding (plasma is lost)… 

7. Summary 

a) Hydrostatic pressure and Osmotic pressure regulate fluid movement. 

I. Hydrostatic pressure drives fluid out of plasma and drives fluid into lymphatic vessels. 

II. Osmotic pressure causes the return of fluid to plasma and regulates movement into and out 

of cells. 

III. Sodium ion concentrations are especially important in fluid movement regulation (i.e. water 

follows sodium through cell membranes). 

 

WATER BALANCE 

1. Water Intake 

a) Varies from person to person, but generally a water gain of roughly 2500 ml/day is required to 

balance your average water losses.  

b) This value amounts to roughly 40 ml/kg body weight per day.  

c) You obtain water through eating (1000 ml), drinking (1200 ml), and metabolic generation (300 ml) 

i.e. Majority comes from consumption of liquid or moist foods. 

d) Regulation of water intake 

I. An increase in the osmotic pressure of ECF due to water loss stimulates osmoreceptors in the 

thirst center (in hypothalamus). 

II. Hypothalamic activity triggers thirst and the person seeks water 

III. Drinking fluids distends the stomach, whose stretch receptors send nerve impulses that 

inhibit the thirst center 

IV. Water is absorbed into ECF through walls of stomach and small intestine 

V. Osmotic pressure of ECF increases back to normal 

2. Water loss 

a) We lose roughly 2500 ml of water each day through urine, feces, and insensible perspiration,  

b) The losses due to sensible perspiration, the secretory activities of the sweat glands, vary with the 

activities you undertake.  
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c) Sensible perspiration can cause significant water deficits, with maximum perspiration rates reaching 

4 liters per hour.  

d) The temperature rise accompanying a fever. Fever can also increase water losses. For each degree 

your temperature rises above normal, your daily insensible water loss increases by 200 ml. The 

advice “drinks plenty of fluids” for anyone who is sick has a definite physiological basis.  

e) Summary 

I. Excretion in: urine, feces, skin 

II. Evaporation from: skin (sweating), and lungs (expiration) 

III. Urine production regulates water output through a variety of mechanisms. 

f) Regulation of Water Output: (Review Renin-Angiotensin System from previous lecture): 

I. In dehydration: 

b. ECF becomes more concentrated i.e. concentration of electrolytes such as sodium 

increases = increase in osmotic pressure. 

c. Osmoreceptors in hypothalamus detect this increase concentration of sodium (i.e. it 

detects increase in osmotic pressure). 

d. Hypothalamus triggers posterior pituitary to release antidiuretic hormone (ADH). 

e. ADH targets distal convoluted tubules and collecting ducts in nephrons to increase 

their water reabsorption (back into the blood) i.e. ADH promotes water conservation. 

f. Urine output decreases, returning osmotic pressure of ECF to normal.  

II. In water excess: 

b. ECF becomes less concentrated (i.e. decrease in osmotic pressure). 

c. Osmoreceptors in hypothalamus detect this decrease. 

d. Hypothalamus instructs posterior pituitary to decrease its release of ADH. 

e. Renal tubules decrease their water reabsorption. 

f. Urine output increases, returning osmotic pressure of ECF to normal. 

 

ELECTROLYTE BALANCE 

1. Electrolyte balance exists when the intake of electrolytes from various sources equals the output of all 

electrolytes. 

2. Electrolyte vitamins and mineral balance is important because: 

a) Total electrolyte concentrations directly affect water balance i.e. Influence on fluid balance (especially 

sodium, chloride, potassium) 

b) Vitamins are facilitators in release of energy (i.e. they act as coenzymes) and minerals are important  

c) The concentrations of individual electrolytes can affect cell functions. We saw many examples in earlier 

lectures, such as the effect of abnormal Na
+
 concentrations on neuron activity and the effects of high or 

low Ca2
+ 

and K
+
 concentrations on cardiac muscle tissue or contraction of skeletal muscle.  Calcium is 

essential for muscle contraction, nerve function, and blood clotting.  Iron (Fe
2+

) is a mineral or metal 

that is a component of hemoglobin, myoglobin, and cytochromes.  Thus it plays role in oxygen transport 

and electron transport system.  Vitamin A plays a role in maintaining epithelia and is required for the 

synthesis of visual pigments.  Vitamin K is needed for blood clotting; vitamin D is required for proper 

bone growth and for calcium absorption and retention. 

d) Two cations, Na
+
 and K

+
, merit attention, because: (1) they are major contributors to the osmotic 

concentrations of the ECF and ICF, respectively, and (2) they directly affect the normal functioning of 

all cells.  

I. Sodium is the major cation in the ECF i.e. it is the most abundant cation of the ECF, sodium is 

essential for normal membrane function (recall that depolarization is caused by sodium).  

b. Hypernatremia = above normal concentration of sodium 

c. Hypornatremia = below normal concentration of sodium 
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II. Potassium is the major cation in the ICF i.e. it is the most abundant cation of the ICF (cytoplasm 

= inside the cell). 

III. Cl
-
 is the most abundant anion of the ECF (body fluid = interstitial fluid) 

3. Electrolyte Intake 

a) Important electrolytes needed for cellular function are primarily obtained from food. 

b) Some may be obtained from water and other beverages. 

c) Some are byproducts of metabolic reactions. 

d) Regulation of Electrolyte Intake 

I. Electrolytes are usually obtained in sufficient quantities in response to hunger and thirst. 

II. Salt craving may occur in severe electrolyte deficiency (rare!). 

4. Electrolyte Output 

a) Most electrolyte output is due to kidney function and urine output (see below).  Others mechanisms 

include: sweating defecation 

b) Regulation of Electrolyte Output 

I. The kidney plays a major role in maintenance of electrolyte concentrations (recall renin-

angiotensin system from previous lecture and how it regulates sodium excretion and retention).   

b. Regulation of Na
+
: 

o Aldosterone (secreted by what gland?) increases sodium reabsorption in kidney 

tubules (Aldosterone receptors are found on cells of the distal convoluted tubule) 

c. Regulation of K
+
: 

o Aldosterone also causes secretion (excretion) of excess K
+
 into the urine.   

d. Regulation of Ca
2+

: 

o When calcium levels  decrease in the blood, parathyroid glands  produce PTH, 

whereas PTH increase blood calcium level by: 

 Releasing stored calcium from the bones 

 Stimulating production of calcitriol at the kidney, where calcitriol 

increases absorption of calcium by the digestive system 

 Enhance reabsorption of calcium by the kidneys 

o When calcium levels increase in the blood, thyroid glands produce calcitonin, 

where calcitonin decreases blood calcium level by: 

 Increasing excretion of calcium by the kidneys 

 Increase calcium deposition in the bones 

 Stop osteoclast 

o Summary: calcium concentration is regulated by hormones 

 Calcitonin decreases calcium levels by targeting distal kidney tubules to 

secrete excess Ca
2+

 into urine and inhibiting osteoclast activity 

 Parathyroid hormone increases calcium levels: by increasing 

reabsorption at the kidney , activating osteoclasts to reabsorb bone matrix 

and release calcium into blood; and intestinal mucosa to increase 

absorption of dietary Ca
2+

 

 

ACID-BASE BALANCE 

 

1. The pH of our body fluids reflects interactions among all the acids, bases, and salts in solution  

2. The pH of the ECF normally remains within relatively narrow limits, usually from 7.35–7.45.  

3. Any deviation outside the normal range is extremely dangerous, because changes in H+ concentrations 

disrupt the stability of cell membranes, alter protein structure, and change the activities of important 

enzymes.  
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4. One cannot survive for long with an ECF pH below 6.8 or above 7.7.  

5. When the pH of plasma falls below 7.35, acidemia exists. The physiological state that results is called 

acidosis.  

6. When the pH of plasma rises above 7.45, alkalemia exists The physiological state that results is called 

alkalosis  

7. Acidosis and alkalosis affect virtually all body systems, but the nervous system and cardiovascular 

system are particularly sensitive to pH fluctuations.  

a) For example, severe acidosis (pH below 7.0) can be deadly, because: 

I. Central nervous system function deteriorates, and the individual may become comatose; 

II. Cardiac contractions grow weak and irregular, and symptoms of heart failure may develop; 

and 

III. Peripheral vasodilation produces a dramatic drop in blood pressure, and circulatory collapse 

can occur.  

8. Sources of Hydrogen Ions (H
+
):   

a) Hydrogen ions are gained at the digestive tract and through metabolic activities within the cells.  

I. Aerobic respiration of glucose: 

b. Carbon dioxide (CO2) produced during metabolism of glucose (during Krebs cycle and 

intermediate step) reacts with water to form carbonic acid (H2CO3).  

c. H2CO3 dissociates releasing H
+
 and bicarbonate (HCO3

-
) ions. 

II. Anaerobic respiration of glucose: 

b. lactic acid production 

b) Extra hydrogen ions should be eliminated at the kidneys, by secreting H
+
 into urine, and at the lungs, by 

forming water and carbon dioxide from H
+
 and HCO3

– 
(hydrogen ions combine with bicarbonate to 

form carbonic acid, and then carbonic acid dissociate into carbon dioxide and water.  Carbon dioxide is 

eliminated by exhalation). 

9. Regulation of Hydrogen Ion Concentration: 

a) The body has three major buffer systems, each with slightly different characteristics and distribution: 

I. Protein buffer systems. Protein buffer systems contribute to the regulation of pH in the ECF and 

ICF. These buffer systems interact extensively with the other buffer systems.  

II. The carbonic acid–bicarbonate buffer system. The carbonic acid–bicarbonate buffer system is 

most important in the ECF.  

III. The phosphate buffer system. The phosphate buffer system has an important role in buffering the 

pH of the ICF and of urine.  

b) Regulation of hydrogen ion concentration typically involves the elimination of H
+
 by either acid-buffer 

systems, respiratory excretion of CO2, or the renal excretion of hydrogen ions. 

c) Bicarbonate buffer system:  H2CO3 →  H
+ 

  +   HCO3
-
 

I. When pH is rising:  H2CO3 →  H
+ 

+ HCO3
- 
 (this reaction will release H

+
 and decrease pH) 

II. When pH is falling:  H
+
 + HCO3 → H2CO3 

–
 (this reaction will accept H

+
 and increase pH) 

d) Protein buffer systems 

I. Involve plasma proteins (i.e. albumin) and certain proteins inside the cells (e.g. hemoglobin in 

red blood cells). 

b. If pH increases (becomes base)it involve carboxyl end of protein: -COOH ↔  COO
-
 + H

+
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c. If pH decreases (becomes acidic) it involve amino end of proteins: -NH2 + H

+
 ↔  NH3

+
. 

 


