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Abstract 

Electrolyte depletion is a common and clinically significant consequence of metabolic 

disorders in cattle, adversely affecting cellular function, neuromuscular activity, acid–base 

balance, fluid homeostasis, and overall productivity. High-producing dairy cows and neonatal 

calves are particularly susceptible due to increased metabolic demands, nutritional 

imbalances, physiological stress, and disease-related losses. This review examines the 

physiological basis of electrolyte depletion, focusing on the regulation, distribution, and 

functional roles of major electrolytes, including sodium, potassium, chloride, calcium, 

magnesium, and bicarbonate. The underlying mechanisms of electrolyte imbalance are 

discussed at both systemic and molecular levels, encompassing ion transport pathways, 

membrane potential regulation, intracellular signaling processes, renal and gastrointestinal 

electrolyte handling, and oxidative stress–mediated cellular dysfunction. Specific focus is 

given to disorder-specific electrolyte alterations associated with hypocalcemia, 

hypomagnesemia, hypokalemia, ketosis, displaced abomasum, and neonatal diarrhea. 

Diagnostic approaches, therapeutic interventions, and preventive management strategies are 

also reviewed. A comprehensive understanding of the physiological and molecular 

mechanisms governing electrolyte depletion in metabolic disorders is essential for improving 

disease diagnosis, treatment outcomes, animal welfare, and productivity in modern cattle 

production systems. 

  

Keywords: Electrolytes, cattle, hypocalcemia, metabolic disorders, acid–base balance, 

potassium, calcium, magnesium. 

1. Introduction 

 Electrolytes are indispensable components of biological systems, playing a central role 

in maintaining cellular integrity, physiological stability, and metabolic efficiency (Guyton & 

Hall, 2021). In cattle, electrolyte balance is particularly critical because of the high metabolic 

demands associated with growth, reproduction, and lactation. Modern dairy production 
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systems, characterized by intensive management and genetic selection for high milk yield, 

have significantly increased the susceptibility of cattle to metabolic disorders, many of which 

are closely linked to electrolyte imbalances (Radostits et al., 2007). 

 Electrolytes such as sodium (Na⁺), potassium (K⁺), chloride (Cl⁻), calcium (Ca²⁺), 

magnesium (Mg²⁺), and bicarbonate (HCO₃⁻) are essential for maintaining osmotic balance, 

acid–base equilibrium, membrane potential, enzyme activity, and neuromuscular function. 

These ions are distributed between intracellular and extracellular fluid compartments in 

carefully regulated concentrations, allowing normal physiological processes to occur 

efficiently (Kaneko et al., 2008). The maintenance of electrolyte homeostasis depends on 

coordinated interactions among the gastrointestinal tract, kidneys, endocrine system, and 

cellular transport mechanisms. 

 Electrolyte depletion is not merely a secondary consequence of disease but often acts 

as a primary factor contributing to pathophysiological disturbances. Disturbances in calcium 

homeostasis result in hypocalcemia (milk fever), while imbalances in magnesium and 

potassium contribute to disorders such as grass tetany and hypokalemia, respectively (Divers 

& Peek, 2008). Similarly, neonatal calf diarrhea causes substantial losses of sodium, chloride, 

potassium, and bicarbonate, leading to dehydration, metabolic acidosis, and impaired tissue 

perfusion (Constable et al., 2017). Environmental stressors, particularly heat stress, further 

aggravate electrolyte depletion through increased sweating, respiratory losses, and reduced 

feed intake. 

 At the molecular level, electrolyte balance is maintained through highly specialized 

ion transport systems, membrane channels, and hormonal control mechanisms. Transport 

proteins such as the sodium–potassium ATPase (Na⁺/K⁺-ATPase) pump are essential for 

maintaining membrane potential and cellular excitability. Hormonal systems including the 

renin–angiotensin–aldosterone system (RAAS), parathyroid hormone (PTH), and antidiuretic 

hormone (ADH) regulate electrolyte distribution, water balance, and acid–base status 

(Cunningham & Klein, 2020). Disruption of these regulatory pathways can impair organ 

function and systemic homeostasis, ultimately affecting productivity and animal welfare. A 

schematic representation of the molecular and cellular mechanisms underlying electrolyte 

depletion and its physiological consequences in cattle is presented in Figure 1 

 Electrolyte imbalance also contributes to oxidative stress and metabolic dysfunction 

by altering mitochondrial activity, reactive oxygen species (ROS) production, and 

intracellular signaling pathways. Such disturbances may impair immune function, reduce feed 

efficiency, and predispose animals to secondary diseases. Therefore, understanding the 
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physiological and molecular basis of electrolyte depletion is essential for accurate diagnosis, 

effective treatment, and prevention of metabolic disorders in cattle. 

 

Figure 1. Molecular and physiological basis of electrolyte depletion in metabolic 

disorders of cattle. 

 This review aims to provide a comprehensive overview of electrolyte depletion in 

metabolic disorders of cattle, emphasizing the physiological and molecular mechanisms 

involved, the systemic consequences of imbalance, diagnostic approaches, and current 

therapeutic and preventive strategies 

2. Classification and Physiological Roles of Electrolytes 

 Electrolytes are inorganic ions that dissociate in body fluids and carry electrical 

charges essential for maintaining physiological functions in cattle. They are involved in 

regulating osmotic pressure, maintaining acid–base balance, transmitting nerve impulses, 

supporting muscle contraction, and facilitating metabolic reactions (Kaneko et al., 2008). 

Electrolytes are distributed between intracellular and extracellular fluid compartments in 

highly regulated concentrations, ensuring normal cellular and systemic homeostasis. 

2.1 Major Electrolytes and Their Functions 

Sodium (Na⁺) 

 Sodium is the principal extracellular cation and is primarily responsible for 

maintaining extracellular fluid volume and osmotic pressure. It regulates water distribution 

between body compartments and contributes significantly to blood pressure maintenance 
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(Guyton & Hall, 2021). Sodium is also essential for nerve impulse transmission and muscle 

contraction because it participates in the generation of action potentials across excitable 

membranes. Furthermore, sodium-dependent transport systems facilitate the absorption of 

glucose and amino acids in the intestine. Renal handling of sodium is largely controlled by 

aldosterone, which promotes sodium reabsorption to preserve fluid balance. 

Potassium (K⁺) 

 Potassium is the major intracellular cation and is crucial for maintaining the resting 

membrane potential of cells. It plays an essential role in neuromuscular excitability, cardiac 

rhythm, enzyme activation, and protein synthesis (Cunningham & Klein, 2020). Proper 

potassium concentration is necessary for normal muscle contraction and nerve conduction. 

Even slight alterations in extracellular potassium levels can significantly affect cardiac and 

skeletal muscle function, potentially leading to arrhythmias, muscle weakness, or reduced 

gastrointestinal motility. 

Chloride (Cl⁻) 

 Chloride is the principal extracellular anion and works closely with sodium to maintain 

osmotic pressure and electrical neutrality in body fluids. It is an essential component of 

hydrochloric acid in the abomasum, contributing to digestion and maintenance of gastric 

acidity (Radostits et al., 2007). Chloride also plays a major role in acid–base balance through 

the chloride shift mechanism involved in carbon dioxide transport in blood. 

Calcium (Ca²⁺) 

 Calcium performs both structural and regulatory functions in the body. Approximately 

99% of body calcium is stored in bones and teeth, while the remaining fraction in extracellular 

fluid is physiologically active. Calcium is required for muscle contraction, nerve transmission, 

blood coagulation, enzyme activation, and hormone secretion (Goff, 2008). In dairy cattle, 

calcium demand increases dramatically during the onset of lactation, predisposing animals to 

hypocalcemia if homeostatic mechanisms fail to compensate adequately. 

Magnesium (Mg²⁺) 

 Magnesium is predominantly an intracellular ion and functions as a cofactor for more 

than 300 enzymatic reactions, particularly those involving ATP metabolism and energy 

transfer (Underwood & Suttle, 1999). It is also essential for neuromuscular stability and 

regulation of muscle contraction. Magnesium deficiency results in increased neuromuscular 

excitability, leading to conditions such as grass tetany in cattle. 
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Bicarbonate (HCO₃⁻) 

 Bicarbonate is the major extracellular buffer responsible for maintaining acid–base 

balance. It neutralizes excess hydrogen ions and helps stabilize blood pH within a narrow 

physiological range (Constable et al., 2017). In ruminants, bicarbonate is also secreted in 

saliva and acts as an important ruminal buffer, maintaining optimal pH for microbial 

fermentation and digestion. 

2.2 Distribution of Electrolytes 

 Electrolytes are distributed between two major body fluid compartments: the 

intracellular fluid (ICF) and the extracellular fluid (ECF). The distinct ionic composition of 

these compartments establishes electrochemical gradients that are essential for physiological 

processes such as nerve impulse transmission, muscle contraction, nutrient transport, cellular 

metabolism, and maintenance of fluid balance. The principal cations and anions and their 

approximate concentrations in the intracellular and extracellular fluid compartments of cattle 

are presented in Table 1. 

Intracellular Fluid (ICF) 

 The intracellular fluid compartment contains high concentrations of potassium (K⁺), 

magnesium (Mg²⁺), phosphate ions, and negatively charged proteins. Potassium is the 

principal intracellular cation and plays a vital role in maintaining cellular membrane potential, 

excitability, and normal neuromuscular function. Magnesium serves as an important cofactor 

for numerous enzymatic reactions and is essential for ATP synthesis and utilization. In cattle, 

intracellular potassium concentrations typically range from 150 to 160 mEq/L, whereas 

sodium concentrations remain comparatively low due to the activity of the Na⁺/K⁺-ATPase 

pump. Phosphate ions and proteins constitute the major intracellular anions and contribute to 

cellular buffering and structural integrity (NASEM, 2021; Schneider et al., 2016). 

Extracellular Fluid (ECF) 

 The extracellular fluid compartment comprises plasma, interstitial fluid, and 

transcellular fluids. Sodium (Na⁺) is the predominant extracellular cation, while chloride (Cl⁻) 

and bicarbonate (HCO₃⁻) are the principal extracellular anions. These electrolytes are 

responsible for regulating osmotic pressure, blood volume, tissue perfusion, and acid–base 

balance. In cattle, extracellular sodium concentrations range from 140 to 150 mEq/L, chloride 

from 105 to 120 mEq/L, and bicarbonate from 17 to 29 mEq/L. The maintenance of these 

electrolyte gradients between the intracellular and extracellular compartments is essential for 

normal cellular function and overall physiological homeostasis (Guyton & Hall, 2021; 

NASEM, 2021). 
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Table 1. Concentration of major cations and anions in the intracellular and extracellular 

fluid compartments of cattle 

Intracellular Fluid (ICF) in Cattle 

Component Approximate Concentration (mEq/L) 

Cations 

Potassium (K⁺) 140–150 

Magnesium (Mg²⁺) 20–40 

Sodium (Na⁺) 10–15 

Calcium (Ca²⁺) Very low (<0.001) 

Anions 

Phosphate 75–100 

Proteins 40–60 

Sulfate & organic anions 10–20 

Chloride (Cl⁻) 4–10 

Bicarbonate (HCO₃⁻) 8–12 

Extracellular Fluid (ECF) in Adult Cattle 

Component Approximate Concentration (mEq/L) 

Cations 
 

Sodium (Na⁺) 135–150 

Potassium (K⁺) 3.5–5.5 

Calcium (Ca²⁺) 4–6 

Magnesium (Mg²⁺) 1.5–3.0 

Anions 
 

Chloride (Cl⁻) 95–110 

Bicarbonate (HCO₃⁻) 20–30 

Phosphate 1–3 

Plasma proteins 14–18 

2.2.1 Electrochemical Gradients and Their Importance 

 The unequal distribution of ions between the ICF and ECF generates electrochemical 

gradients across cell membranes. These gradients are fundamental for generating action 

potentials in nerve and muscle cells and for facilitating transport of nutrients and metabolites 

across membranes. Alterations in these gradients can severely impair neuromuscular and 

cardiovascular function. 
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2.2.2 Mechanisms Maintaining Electrolyte Distribution 

 Electrolyte distribution is maintained by selective membrane permeability and active 

transport systems. The sodium–potassium ATPase (Na⁺/K⁺-ATPase) pump actively transports 

sodium out of cells and potassium into cells against their concentration gradients using ATP 

as an energy source. This mechanism maintains membrane potential, cellular osmolarity, and 

electrical stability (Cunningham & Klein, 2020). Ion channels and carrier proteins further 

regulate the controlled movement of electrolytes across cellular membranes, ensuring 

physiological homeostasis 

3. Mechanisms of Electrolyte Homeostasis 

 Electrolyte homeostasis in cattle is maintained through coordinated interactions 

among cellular transport systems, hormonal regulation, renal function, and acid–base control 

mechanisms. These processes ensure that the concentrations of electrolytes such as sodium, 

potassium, calcium, magnesium, chloride, and bicarbonate remain within narrow 

physiological limits despite variations in dietary intake, metabolic demand, and environmental 

conditions (Guyton & Hall, 2021). Disruption of these mechanisms can result in severe 

metabolic and physiological disturbances. 

3.1 Membrane Transport Systems 

 Cell membranes are selectively permeable structures that regulate the movement of 

ions, nutrients, and water between intracellular and extracellular compartments. Transport 

mechanisms are broadly classified into passive transport and active transport systems. Passive 

transport occurs without energy expenditure and includes diffusion and facilitated diffusion, 

whereas active transport requires energy in the form of ATP to move substances against their 

concentration gradients (Cunningham & Klein, 2020). 

Among the active transport systems, the sodium–potassium ATPase (Na⁺/K⁺-ATPase) pump 

is one of the most important mechanisms for maintaining electrolyte distribution and cellular 

homeostasis. 

3.1.1 Na⁺/K⁺-ATPase Pump 

 The Na⁺/K⁺-ATPase pump is a membrane-bound enzyme present in the plasma 

membrane of all animal cells. It actively transports three sodium ions (Na⁺) out of the cell and 

two potassium ions (K⁺) into the cell during each transport cycle, utilizing energy derived 

from ATP hydrolysis (Guyton & Hall, 2021). 

3𝑁𝑎𝑖𝑛
+ + 2𝐾𝑜𝑢𝑡

+ + 𝐴𝑇𝑃 → 3𝑁𝑎𝑜𝑢𝑡
+ + 2𝐾𝑖𝑛

+ + 𝐴𝐷𝑃 + 𝑃𝑖 

This transport system is essential for maintaining the resting membrane potential and cellular 

excitability required for nerve impulse transmission and muscle contraction. By continuously 
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removing sodium from the cell and bringing potassium into the cell, the pump preserves the 

electrochemical gradients necessary for physiological function. 

 The Na⁺/K⁺-ATPase pump also regulates osmotic balance and cell volume. Excess 

intracellular sodium attracts water into the cell; therefore, active sodium extrusion prevents 

cellular swelling and maintains structural integrity. Additionally, sodium gradients established 

by this pump facilitate secondary active transport systems responsible for nutrient absorption, 

including glucose and amino acid transport in the intestine.Failure or inhibition of the Na⁺/K⁺-

ATPase pump leads to disruption of ionic gradients, intracellular sodium accumulation, 

potassium depletion, and cellular edema. Severe dysfunction can impair neuromuscular 

transmission and may result in muscle weakness, paralysis, or cellular death. 

3.2 Hormonal Regulation 

 Hormones play a vital role in regulating electrolyte balance, fluid homeostasis, and 

acid–base equilibrium in cattle. The major hormonal systems involved include the renin–

angiotensin–aldosterone system (RAAS), parathyroid hormone (PTH), and antidiuretic 

hormone (ADH). 

3.2.1 Renin–Angiotensin–Aldosterone System (RAAS) 

 The RAAS is activated in response to decreased blood volume, reduced blood 

pressure, or low sodium concentration. Renin released from the kidneys converts 

angiotensinogen into angiotensin I, which is subsequently converted into angiotensin II by 

angiotensin-converting enzyme (ACE) (Guyton & Hall, 2021). 

 Angiotensin II acts as a potent vasoconstrictor and stimulates aldosterone secretion 

from the adrenal cortex. Aldosterone increases sodium reabsorption and potassium excretion 

in the distal renal tubules and collecting ducts. 

𝑁𝑎𝑢𝑟𝑖𝑛𝑒
+ ↓; 𝐾𝑢𝑟𝑖𝑛𝑒

+ ↑ 

As sodium is reabsorbed, water follows osmotically, increasing blood volume and maintaining 

circulatory stability. This system is particularly important during dehydration and stress 

conditions. 

3.2.2 Parathyroid Hormone (PTH) 

 Parathyroid hormone regulates calcium and phosphorus metabolism. It is secreted in 

response to low blood calcium levels and acts on bones, kidneys, and intestines to restore 

calcium homeostasis (Goff, 2008).PTH stimulates bone resorption, releasing calcium into the 

bloodstream. It also enhances renal calcium reabsorption while increasing phosphate 

excretion. In addition, PTH activates vitamin D in the kidneys, promoting intestinal calcium 

absorption. 
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This regulation is especially critical in lactating dairy cows, where calcium demand is 

extremely high during milk production. 

3.2.3 Antidiuretic Hormone (ADH) 

 Antidiuretic hormone (ADH), also called vasopressin, regulates water balance and 

indirectly affects electrolyte concentration. ADH is released from the posterior pituitary gland 

in response to increased plasma osmolarity or decreased blood volume.ADH acts on the 

collecting ducts of the kidneys, increasing water permeability and promoting water 

reabsorption into the bloodstream. This results in concentrated urine and conservation of body 

water. 

 Although ADH primarily controls water balance rather than electrolyte movement 

directly, changes in water retention significantly influence electrolyte concentrations and 

osmotic equilibrium. 

3.3 Renal Regulation 

 The kidneys are central organs in maintaining electrolyte balance, fluid homeostasis, 

and acid–base equilibrium. Through filtration, reabsorption, secretion, and excretion, the 

kidneys precisely regulate electrolyte concentrations according to physiological needs 

(Constable et al., 2017). 

3.3.1 Filtration at the Glomerulus 

 Blood filtration begins at the glomerulus, where water and small solutes such as 

sodium, potassium, chloride, bicarbonate, glucose, and waste products pass into Bowman’s 

capsule to form glomerular filtrate. Larger molecules such as plasma proteins and blood cells 

remain in circulation.The glomerular filtration rate (GFR) determines the quantity of 

electrolytes filtered and is influenced by blood pressure and renal perfusion. 

3.3.2 Selective Reabsorption in Renal Tubules 

 Following filtration, essential electrolytes and water are selectively reabsorbed along 

different segments of the nephron. The proximal tubule reabsorbs most sodium, chloride, 

bicarbonate, and water. The loop of Henle establishes concentration gradients necessary for 

water conservation, while the distal tubules and collecting ducts provide fine regulation of 

sodium, potassium, calcium, and magnesium balance.Selective reabsorption ensures 

conservation of essential ions while permitting elimination of excess substances through urine. 

3.3.3 Hormonal Control Mechanisms 

 Hormones regulate renal electrolyte handling according to physiological demands. 

Aldosterone increases sodium retention and potassium excretion, ADH promotes water 

conservation, and PTH enhances calcium reabsorption while reducing phosphate retention. 
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Through these integrated mechanisms, the kidneys maintain stable electrolyte concentrations, 

osmotic pressure, and acid–base balance necessary for normal physiological function in cattle. 

4. Molecular Basis of Electrolyte Imbalance 

 Electrolyte imbalance affects cellular physiology at the molecular level by altering 

membrane potential, intracellular signaling pathways, enzyme activity, and oxidative balance. 

Electrolytes such as sodium (Na⁺), potassium (K⁺), calcium (Ca²⁺), magnesium (Mg²⁺), 

chloride (Cl⁻), and bicarbonate (HCO₃⁻) are fundamental for maintaining normal cellular 

communication, metabolic reactions, and organ function (Cunningham & Klein, 2020). 

Disturbances in electrolyte concentration therefore result in widespread physiological 

dysfunction affecting the nervous, muscular, cardiovascular, and immune systems. 

4.1 Membrane Potential and Ion Channels 

 The membrane potential is the electrical potential difference across the cell membrane 

created by the unequal distribution of ions between intracellular and extracellular 

compartments. At rest, the inside of the cell is negatively charged relative to the outside 

because the membrane is more permeable to potassium than sodium (Guyton & Hall, 2021). 

The sodium–potassium ATPase pump and selective ion channels maintain this 

electrochemical gradient, which is essential for nerve impulse transmission, muscle 

contraction, and cellular communication. 

4.1.1 Depolarization (Sodium Influx) 

 Depolarization occurs when voltage-gated sodium channels open, allowing rapid 

influx of sodium ions into the cell. This reduces the negative charge inside the cell and initiates 

an action potential. 

𝑁𝑎𝑖𝑛𝑓𝑙𝑢𝑥
+ ↑→ 𝐷𝑒𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

Depolarization is the fundamental process underlying nerve conduction and muscle excitation. 

4.1.2 Repolarization (Potassium Efflux) 

 Following depolarization, voltage-gated potassium channels open, allowing potassium 

ions to leave the cell. This restores the negative membrane potential and returns the cell to its 

resting state. 

𝐾𝑒𝑓𝑓𝑙𝑢𝑥
+ ↑→ 𝑅𝑒𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

Efficient repolarization is essential for repeated nerve and muscle activity. 

4.1.3 Effect of Hypokalemia : Hypokalemia decreases extracellular potassium concentration, 

increasing the gradient for potassium efflux from cells. This causes hyperpolarization of the 

membrane, making cells less excitable. 
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𝐾𝑏𝑙𝑜𝑜𝑑
+ ↓→ 𝐻𝑦𝑝𝑒𝑟𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 → 𝑀𝑢𝑠𝑐𝑙𝑒 𝑤𝑒𝑎𝑘𝑛𝑒𝑠𝑠 

As a result, affected cattle may develop muscle weakness, decreased gastrointestinal motility, 

reduced reflexes, and cardiac arrhythmias. 

4.2 Acid–Base Interactions 

Electrolytes play a crucial role in maintaining acid–base balance. Disturbances in bicarbonate 

and chloride concentrations can significantly alter blood pH and impair metabolic processes. 

4.2.1 Loss of Bicarbonate: Metabolic Acidosis 

 Bicarbonate functions as the major extracellular buffer that neutralizes hydrogen ions. 

Loss of bicarbonate, particularly during diarrhea, decreases buffering capacity and causes 

metabolic acidosis (Constable et al., 2017). 

𝐻𝐶𝑂3
− ↓→ 𝐻+ ↑→ 𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑐𝑖𝑑𝑜𝑠𝑖𝑠 

Metabolic acidosis impairs enzyme activity, cellular metabolism, and cardiovascular function. 

Clinically, animals exhibit depression, weakness, dehydration, and reduced feed intake. 

4.2.2 Loss of Chloride: Metabolic Alkalosis 

 Loss or sequestration of chloride ions, particularly in displaced abomasum, leads to 

metabolic alkalosis. Since chloride is lost along with hydrogen ions in hydrochloric acid 

(HCl), bicarbonate concentration increases relative to hydrogen ions. 

𝐶𝑙− ↓→ 𝐻𝐶𝑂3
− ↑→ 𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑙𝑘𝑎𝑙𝑜𝑠𝑖𝑠 

Metabolic alkalosis is often associated with hypokalemia and reduced neuromuscular 

function. 

4.3 Calcium Signaling 

 Calcium acts as an important intracellular second messenger involved in regulating 

numerous physiological processes. Small increases in intracellular calcium concentration can 

activate complex cellular responses including muscle contraction, enzyme activation, and 

neurotransmitter release (Guyton & Hall, 2021). 

4.3.1 Muscle Contraction 

 During muscle stimulation, calcium ions are released from intracellular stores such as 

the sarcoplasmic reticulum. Calcium binds to regulatory proteins, allowing interaction 

between actin and myosin filaments and initiating contraction. 

𝐶𝑎2+ ↑→ 𝐴𝑐𝑡𝑖𝑛 − 𝑀𝑦𝑜𝑠𝑖𝑛 𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛 → 𝑀𝑢𝑠𝑐𝑙𝑒 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 

Deficiency of calcium impairs muscle contraction and contributes to conditions such as 

hypocalcemia. 
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4.3.2 Enzyme Activation 

 Calcium activates numerous enzymes through binding proteins such as calmodulin. 

These enzymes regulate energy metabolism, secretion, cell division, and intracellular 

signaling pathways. 

𝐶𝑎2+ + 𝐶𝑎𝑙𝑚𝑜𝑑𝑢𝑙𝑖𝑛 → 𝐸𝑛𝑧𝑦𝑚𝑒 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 

4.3.3 Neurotransmitter Release 

 At synaptic terminals, calcium influx through voltage-gated calcium channels triggers 

release of neurotransmitters into the synaptic cleft. 

𝐶𝑎𝑖𝑛𝑓𝑙𝑢𝑥
2+ ↑→ 𝑁𝑒𝑢𝑟𝑜𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑟 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 

Reduced calcium availability impairs nerve transmission and neuromuscular coordination. 

4.4 Magnesium and Enzyme Function 

 Magnesium is an essential intracellular cation that serves as a cofactor for numerous 

enzymatic reactions, especially those involving ATP metabolism (Underwood & Suttle, 

1999). 

4.4.1 ATP Metabolism 

 ATP exists biologically as a magnesium–ATP complex. Magnesium stabilizes ATP 

structure and supports phosphate transfer reactions required for energy metabolism. 

𝑀𝑔2+ + 𝐴𝑇𝑃 → 𝑀𝑔 − 𝐴𝑇𝑃 𝑐𝑜𝑚𝑝𝑙𝑒𝑥 

Deficiency of magnesium reduces efficiency of ATP-dependent cellular processes. 

4.4.2 Enzyme Activity 

  Magnesium activates enzymes involved in carbohydrate metabolism, protein 

synthesis, nucleic acid metabolism, and lipid metabolism. 

𝑀𝑔2+ → 𝐸𝑛𝑧𝑦𝑚𝑒 𝑐𝑜𝑓𝑎𝑐𝑡𝑜𝑟 

4.4.3 Neuromuscular Coordination 

 Magnesium regulates calcium entry into nerve and muscle cells and acts as a natural 

calcium antagonist. Deficiency increases neuromuscular excitability and may lead to grass 

tetany. 

𝑀𝑔2+ ↓→ 𝑁𝑒𝑢𝑟𝑜𝑚𝑢𝑠𝑐𝑢𝑙𝑎𝑟 𝑒𝑥𝑐𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ↑ 

4.5 Oxidative Stress 

 Electrolyte imbalance contributes to oxidative stress by disrupting mitochondrial 

function and increasing production of reactive oxygen species (ROS). Oxidative stress 

develops when ROS production exceeds antioxidant defense capacity. 
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4.5.1 Mitochondrial Dysfunction 

 Electrolyte disturbances impair mitochondrial membrane potential and electron 

transport chain activity, reducing ATP production. 

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑖𝑚𝑏𝑎𝑙𝑎𝑛𝑐𝑒 → 𝐴𝑇𝑃 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 ↓ 

4.5.2 Reactive Oxygen Species (ROS) Production 

 Disruption of mitochondrial function increases electron leakage and ROS generation. 

𝑅𝑂𝑆 ↑→ 𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑣𝑒 𝑠𝑡𝑟𝑒𝑠𝑠 

4.5.3 Cellular Damage 

 Excess ROS damages lipids, proteins, and DNA, leading to cellular dysfunction, 

inflammation, and tissue injury. 

𝑅𝑂𝑆 ↑→ 𝐿𝑖𝑝𝑖𝑑 𝑝𝑒𝑟𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 + 𝐷𝑁𝐴 𝑑𝑎𝑚𝑎𝑔𝑒 

In cattle, oxidative stress contributes to reduced milk production, weakened immunity, 

impaired growth, and increased susceptibility to disease. 

5. Electrolyte Imbalances in Specific Disorders 

 Electrolyte imbalances are central to the development and progression of several 

metabolic disorders in cattle. High-producing dairy cows, rapidly growing calves, and animals 

exposed to nutritional or environmental stress are particularly susceptible to disturbances in 

calcium, magnesium, potassium, sodium, chloride, and bicarbonate metabolism. These 

imbalances interfere with neuromuscular activity, acid–base regulation, cellular metabolism, 

and organ function, resulting in reduced productivity and increased disease susceptibility 

(Radostits et al., 2007). 

5.1 Hypocalcemia (Milk Fever) 

 Hypocalcemia, commonly known as milk fever, occurs mainly in high-producing 

dairy cows during the periparturient period. At the onset of lactation, there is a sudden increase 

in calcium demand for colostrum and milk synthesis. If calcium mobilization from bone and 

intestinal absorption fail to meet this demand, blood calcium concentration decreases rapidly 

(Goff, 2008). 

𝐶𝑎𝑏𝑙𝑜𝑜𝑑
2+ ↓→ 𝑁𝑒𝑢𝑟𝑜𝑚𝑢𝑠𝑐𝑢𝑙𝑎𝑟 𝑑𝑦𝑠𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

 Calcium is essential for muscle contraction and nerve impulse transmission; therefore, 

hypocalcemia results in reduced neuromuscular excitability. Clinical signs include muscle 

weakness, ataxia, reduced ruminal motility, recumbency, and paralysis. Severe cases may 

progress to coma and death if untreated. 
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Hypocalcemia also predisposes cattle to secondary complications such as retained placenta, 

mastitis, ketosis, and displaced abomasum because smooth muscle contraction and immune 

function are impaired. 

5.2 Hypomagnesemia (Grass Tetany) 

 Hypomagnesemia, or grass tetany, develops due to inadequate magnesium intake or 

impaired magnesium absorption from the gastrointestinal tract. It commonly occurs in cattle 

grazing rapidly growing lush pastures low in magnesium and high in potassium or nitrogen 

(Underwood & Suttle, 1999). 

𝑀𝑔𝑏𝑙𝑜𝑜𝑑
2+ ↓→ 𝑁𝑒𝑢𝑟𝑜𝑚𝑢𝑠𝑐𝑢𝑙𝑎𝑟 𝑒𝑥𝑐𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ↑ 

 Magnesium regulates neuromuscular activity by controlling calcium influx into nerve 

cells. Deficiency increases neuronal excitability, leading to muscle tremors, hyperesthesia, 

incoordination, convulsions, and tetany.Stress conditions such as transportation, cold weather, 

and lactation may exacerbate the condition. Because body reserves of magnesium are limited, 

continuous dietary intake is necessary to maintain normal physiological function. 

5.3 Hypokalemia 

 Hypokalemia is characterized by decreased potassium concentration in extracellular 

fluid and is commonly associated with anorexia, prolonged illness, diarrhea, lactation stress, 

and metabolic alkalosis (Constable et al., 1998). 

𝐾𝑏𝑙𝑜𝑜𝑑
+ ↓→ 𝑀𝑒𝑚𝑏𝑟𝑎𝑛𝑒 ℎ𝑦𝑝𝑒𝑟𝑝𝑜𝑙𝑎𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

 Potassium is essential for maintaining membrane potential and cellular excitability. 

Reduced potassium concentration causes membrane hyperpolarization, making muscle and 

nerve cells less responsive to stimulation. 

 Clinically, hypokalemic cattle exhibit muscle weakness, decreased ruminal and 

intestinal motility, anorexia, recumbency, and reduced milk production. Severe potassium 

depletion may also impair cardiac function and predispose animals to arrhythmias. 

5.4 Neonatal Calf Diarrhea 

 Neonatal calf diarrhea is one of the most significant causes of electrolyte depletion and 

mortality in young calves. Infectious agents such as enterotoxigenic Escherichia coli, 

rotavirus, coronavirus, and Cryptosporidium cause intestinal damage and excessive secretion 

of fluids and electrolytes (Divers & Peek, 2008). 

 Large amounts of sodium, potassium, chloride, bicarbonate, and water are lost through 

feces, resulting in dehydration, hypovolemia, and metabolic acidosis. 

𝐻𝐶𝑂3
− ↓→ 𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑐𝑖𝑑𝑜𝑠𝑖𝑠 
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 Metabolic acidosis impairs cardiovascular function and cellular metabolism. 

Clinically affected calves exhibit depression, weakness, sunken eyes, decreased suckling 

reflex, cold extremities, and collapse.Without prompt correction through fluid and electrolyte 

therapy, severe dehydration and circulatory failure may result in death. 

5.5 Displaced Abomasum 

 Displaced abomasum is a common metabolic disorder in high-producing dairy cows 

during early lactation and is strongly associated with negative energy balance and reduced 

feed intake (Radostits et al., 2007). In this condition, hydrochloric acid becomes trapped 

within the abomasum, leading to sequestration of chloride and hydrogen ions. 

𝐶𝑙𝑏𝑙𝑜𝑜𝑑
− ↓→ 𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑙𝑘𝑎𝑙𝑜𝑠𝑖𝑠 

 Loss of chloride from extracellular fluid causes hypochloremia and metabolic 

alkalosis. Potassium depletion frequently accompanies alkalosis because potassium shifts 

intracellularly and renal excretion increases.Clinical signs include reduced appetite, decreased 

milk yield, ruminal stasis, ketosis, dehydration, and decreased fecal output. 

5.6 Ketosis 

 Ketosis is an important metabolic disease occurring in high-producing dairy cows 

during early lactation when energy demand exceeds dietary intake. Negative energy balance 

stimulates mobilization of body fat reserves, resulting in excessive production of ketone 

bodies such as acetoacetate and beta-hydroxybutyrate (BHB). 

𝐹𝑎𝑡 𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 ↑→ 𝐾𝑒𝑡𝑜𝑛𝑒 𝑏𝑜𝑑𝑖𝑒𝑠 ↑ 

 Although ketosis is primarily an energy metabolism disorder, electrolyte imbalances 

frequently accompany the condition. Reduced feed intake decreases sodium and potassium 

intake, while dehydration alters electrolyte distribution. 

Accumulation of ketone bodies may contribute to mild metabolic acidosis. 

𝐾𝑒𝑡𝑜𝑛𝑒 𝑏𝑜𝑑𝑖𝑒𝑠 ↑→ 𝑀𝑖𝑙𝑑 𝑚𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑐𝑖𝑑𝑜𝑠𝑖𝑠 

 Affected cattle show anorexia, decreased milk production, weight loss, lethargy, and 

occasionally nervous signs such as abnormal licking or aggression. 

5.7 Ruminal Acidosis 

 Ruminal acidosis occurs when cattle consume excessive amounts of rapidly 

fermentable carbohydrates, resulting in overproduction of lactic acid within the rumen. This 

lowers ruminal pH and disrupts microbial activity. 

𝐿𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 ↑→ 𝑅𝑢𝑚𝑒𝑛 𝑝𝐻 ↓ 

 In severe cases, lactic acid and hydrogen ions are absorbed into circulation, leading to 

systemic metabolic acidosis. Sodium and bicarbonate buffering systems become depleted 
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while dehydration develops due to fluid movement into the rumen.Clinical signs include 

anorexia, abdominal pain, diarrhea, dehydration, weakness, and reduced milk production. 

Chronic ruminal acidosis may also predispose cattle to laminitis and liver abscesses. 

6. Systemic Effects of Electrolyte Depletion  

 Electrolytes are essential for maintaining normal physiological functions in all organ 

systems. Depletion of electrolytes disrupts cellular homeostasis, membrane potential, acid–

base balance, and metabolic pathways, resulting in widespread systemic effects. In cattle, 

electrolyte imbalances significantly affect neuromuscular activity, cardiovascular 

performance, gastrointestinal motility, immune competence, and overall productivity (Guyton 

& Hall, 2021). The severity of clinical manifestations depends on the type, magnitude, and 

duration of electrolyte disturbance. The major systemic effects associated with deficiencies of 

important electrolytes in cattle are summarized in Table 2. 

Table 2. Systemic effects associated with major electrolyte deficiencies in cattle 

Systemic Effect Major 

Electrolytes 

Involved 

Mechanism of Effect Physiological 

Consequences / 

Clinical Signs in 

Cattle 

Neuromuscular 

Effects 

Potassium (K⁺), 

Calcium (Ca²⁺), 

Magnesium 

(Mg²⁺), Sodium 

(Na⁺) 

Electrolytes maintain 

resting membrane 

potential and action 

potential generation in 

nerves and muscles. 

Disturbance causes 

weakness, tremors, 

tetany, reduced 

muscle contraction, 

and paralysis. 

Potassium 

depletion 

K⁺ ↓ Blood K⁺ → 

Hyperpolarization → 

Reduced cell 

responsiveness and 

muscle contractility. 

Muscle weakness and 

impaired 

neuromuscular 

function. 

Calcium 

depletion 

Ca²⁺ ↓ Blood Ca²⁺ → Reduced 

neurotransmitter release 

and impaired excitation–

contraction coupling. 

Decreased muscle 

contraction, 

weakness, and poor 

nerve transmission. 

Magnesium 

depletion 

Mg²⁺ ↓ Blood Mg²⁺ → 

Increased neuronal 

Tremors, tetany, 

convulsions, and 
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excitability due to altered 

calcium influx regulation. 

increased nervous 

activity. 

Cardiovascular 

Effects 

Potassium, 

Sodium, Calcium 

Electrolytes regulate 

cardiac electrical activity 

and myocardial 

contraction. 

Arrhythmias, reduced 

cardiac output, 

hypotension, and poor 

tissue perfusion. 

Potassium 

imbalance 

K⁺ Altered resting membrane 

potential and cardiac 

repolarization. 

Cardiac arrhythmias. 

Calcium 

depletion 

Ca²⁺ Reduced calcium 

availability for cardiac 

excitation–contraction 

coupling. 

Decreased myocardial 

contractility and 

reduced cardiac 

output. 

Sodium depletion Na⁺ ↓ Na⁺ → Reduced 

extracellular fluid volume 

→ Decreased venous 

return. 

Hypotension, 

dehydration, and 

circulatory failure. 

Gastrointestinal 

Effects 

Potassium, 

Sodium, Chloride 

Electrolytes regulate 

smooth muscle activity, 

secretion, and nutrient 

absorption. 

Reduced gut motility, 

digestive 

disturbances, and poor 

feed utilization. 

Potassium 

depletion 

K⁺ ↓ Blood K⁺ → Reduced 

smooth muscle 

excitability → Decreased 

peristalsis. 

Ruminal stasis, 

constipation, 

abdominal distension, 

and paralytic ileus. 

Digestive 

dysfunction 

Multiple 

electrolytes 

Electrolyte loss affects 

enzyme secretion and 

nutrient absorption. 

Poor digestion, 

decreased nutrient 

utilization, reduced 

milk production, 

delayed recovery. 

Immune Effects Magnesium, 

Calcium, Sodium 

Electrolytes support 

immune cell metabolism, 

Reduced immunity 

and increased disease 

susceptibility. 
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signaling, and cellular 

integrity. 

Magnesium 

deficiency 

Mg²⁺ Impaired ATP-dependent 

reactions in immune cells. 

Decreased immune 

response. 

Calcium 

deficiency 

Ca²⁺ Reduced calcium 

signaling → Decreased 

lymphocyte and 

phagocyte activation. 

Weak immune 

defense and increased 

infections (mastitis, 

pneumonia, enteritis). 

Metabolic & 

Endocrine 

Effects 

Sodium, 

Potassium, 

Calcium, 

Magnesium 

Electrolytes regulate 

enzymes, hormones, 

transport systems, and 

metabolism. 

Reduced metabolic 

efficiency, poor 

growth, reduced 

fertility, and 

decreased 

productivity. 

Na⁺/K⁺ 

imbalance 

Na⁺, K⁺ Disruption of cellular 

transport mechanisms. 

Impaired cellular 

metabolism. 

Calcium and 

magnesium 

depletion 

Ca²⁺, Mg²⁺ Alters hormone secretion, 

intracellular signaling, 

and ATP metabolism. 

Metabolic instability 

and reduced 

performance. 

Acid–Base & 

Fluid Balance 

Effects 

Sodium, 

Chloride, 

Bicarbonate 

Electrolytes maintain 

osmotic pressure, 

hydration, and acid–base 

balance. 

Dehydration and 

metabolic disorders. 

Sodium & 

chloride loss 

Na⁺, Cl⁻ ↓ Na⁺ + Cl⁻ → Reduced 

extracellular fluid 

volume. 

Dehydration and 

reduced circulation. 

Bicarbonate 

depletion 

HCO₃⁻ ↓ HCO₃⁻ → Loss of 

buffering capacity. 

Metabolic acidosis. 

Chloride 

depletion 

Cl⁻ ↓ Cl⁻ → Disturbed acid–

base regulation. 

Metabolic alkalosis. 
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7. Diagnostic Approaches 

 Diagnosis of electrolyte depletion in cattle involves evaluation of clinical signs 

together with laboratory assessment of electrolyte and acid–base status. Electrolyte 

disturbances commonly occur in metabolic disorders such as hypocalcemia, calf diarrhea, 

ketosis, and displaced abomasum, where alterations in fluid distribution and ion transport 

impair normal physiological function (Constable et al., 2017). 

 Clinical examination often reveals dehydration, sunken eyes, weakness, muscle 

tremors, reduced ruminal motility, recumbency, and cardiac irregularities. These signs reflect 

impaired neuromuscular conduction and altered membrane excitability resulting from 

disturbances in sodium (Na⁺), potassium (K⁺), calcium (Ca²⁺), and magnesium (Mg²⁺) 

concentrations.Serum biochemical analysis is essential for determining electrolyte deficits and 

evaluating the severity of imbalance. Blood gas analysis helps identify acid–base disorders 

associated with electrolyte depletion. Metabolic acidosis commonly develops in neonatal calf 

diarrhea because of excessive bicarbonate (HCO₃⁻) loss through feces, while metabolic 

alkalosis occurs in displaced abomasum due to sequestration of chloride-rich hydrochloric 

acid in the abomasum (Smith, 2020). 

𝐻𝐶𝑂3
− ↓→ 𝑀𝑒𝑡𝑎𝑏𝑜𝑙𝑖𝑐 𝑎𝑐𝑖𝑑𝑜𝑠𝑖𝑠 

 Assessment of electrolyte status is therefore critical for understanding the 

physiological basis of metabolic dysfunction and for guiding appropriate therapy. 

8. Therapeutic Management 

 Therapeutic management of electrolyte depletion aims to restore fluid balance, 

normalize electrolyte concentrations, and correct acid–base disturbances. Rapid correction is 

necessary because electrolyte imbalance interferes with cellular metabolism, membrane 

potential, enzyme activity, and organ function (Cunningham & Klein, 2020).Fluid therapy is 

the primary treatment approach. Oral electrolyte solutions are effective in mild to moderate 

dehydration, whereas intravenous fluid therapy is required in severe cases to restore 

circulatory volume and tissue perfusion. Electrolyte replacement must be tailored according 

to the specific deficiency identified during diagnosis.Hypocalcemia is treated using 

intravenous calcium borogluconate, which restores neuromuscular transmission and muscle 

contractility. 

𝐶𝑎𝑏𝑙𝑜𝑜𝑑
2+ ↓→ 𝑀𝑢𝑠𝑐𝑙𝑒 𝑤𝑒𝑎𝑘𝑛𝑒𝑠𝑠 

 Hypomagnesemia requires magnesium supplementation to reduce neuromuscular 

hyperexcitability and prevent tetany. Potassium supplementation is important in hypokalemic 

cattle because potassium depletion impairs membrane polarization and smooth muscle 
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activity, leading to weakness and gastrointestinal stasis.Correction of acid–base imbalance is 

equally important. Sodium bicarbonate administration helps restore blood pH during 

metabolic acidosis, particularly in diarrheic calves. 

𝑁𝑎𝐻𝐶𝑂3 → 𝐻𝐶𝑂3
− ↑→ 𝑝𝐻 𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 

 Effective therapeutic management therefore restores physiological homeostasis and 

improves survival and productivity. 

9. Prevention Strategies 

 Prevention of electrolyte depletion depends on maintaining electrolyte homeostasis 

through proper nutrition, environmental management, and early disease control. High-

producing dairy cattle are particularly vulnerable during the transition period because of 

increased metabolic demand and rapid shifts in mineral metabolism (Goff, 2008).Balanced 

diets containing adequate calcium, magnesium, sodium, potassium, and chloride are essential 

for maintaining osmotic balance, neuromuscular function, and acid–base equilibrium. Feeding 

a negative dietary cation–anion difference (DCAD) diet before calving improves calcium 

mobilization and reduces the incidence of hypocalcemia. 

𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝐷𝐶𝐴𝐷 → 𝐶𝑎2+ 𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 ↑ 

 Heat stress management is also important because excessive sweating and panting 

increase electrolyte loss and alter acid–base balance. Adequate water intake, mineral 

supplementation, shade, and ventilation help maintain physiological stability during periods 

of environmental stress (West, 2003).Prevention of neonatal calf diarrhea through proper 

colostrum feeding, hygiene, and vaccination is essential because diarrhea is a major cause of 

sodium, chloride, potassium, and bicarbonate depletion.Routine monitoring of high-risk 

animals allows early detection of subclinical electrolyte disturbances before severe 

physiological dysfunction develops. 

10. Conclusion 

 Electrolyte depletion is a critical factor in the pathogenesis and progression of several 

metabolic disorders in cattle. Electrolytes such as sodium, potassium, chloride, calcium, 

magnesium, and bicarbonate play essential roles in maintaining fluid balance, membrane 

potential, neuromuscular activity, enzyme function, and acid–base homeostasis. Disturbances 

in the concentration and distribution of these ions disrupt normal physiological processes and 

contribute to systemic dysfunction affecting the nervous, muscular, cardiovascular, and 

gastrointestinal systems. 

 Metabolic disorders such as hypocalcemia, hypomagnesemia, hypokalemia, neonatal 

calf diarrhea, displaced abomasum, and ketosis are commonly associated with electrolyte 
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imbalances. These conditions involve alterations in fluid distribution, ion transport, hormonal 

regulation, and cellular metabolism, ultimately compromising animal health and productivity. 

Therefore, understanding the physiological mechanisms underlying electrolyte depletion is 

essential for accurate diagnosis, timely therapeutic intervention, and effective preventive 

management. Appropriate nutritional strategies, electrolyte supplementation, and fluid 

therapy are crucial for restoring homeostasis and minimizing the economic and health impacts 

of metabolic disorders in cattle. Continued research in bovine physiology and metabolic health 

will further improve the prevention and management of electrolyte-related disorders in cattle. 
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  C   a  i n f l u x  2 + ↑ → N e u r o t r a n s m i t t e r   r e l e a s e


  M   g  2 + + A T P → M g − A T P   c o m p l e x


  M   g  2 + → E n z y m e   c o f a c t o r


  M   g  2 + ↓ → N e u r o m u s c u l a r   e x c i t a b i l i t y ↑


  E l e c t r o l y t e   i m b a l a n c e → A T P   p r o d u c t i o n ↓


  R O S ↑ → O x i d a t i v e   s t r e s s


  R O S ↑ → L i p i d   p e r o x i d a t i o n + D N A   d a m a g e


  C   a  b l o o d  2 + ↓ → N e u r o m u s c u l a r   d y s f u n c t i o n


  M   g  b l o o d  2 + ↓ → N e u r o m u s c u l a r   e x c i t a b i l i t y ↑


    K  b l o o d + ↓ → M e m b r a n e   h y p e r p o l a r i z a t i o n


  H C   O 3 − ↓ → M e t a b o l i c   a c i d o s i s


  C   l  b l o o d − ↓ → M e t a b o l i c   a l k a l o s i s


  F a t   m o b i l i z a t i o n ↑ → K e t o n e   b o d i e s ↑


  K e t o n e   b o d i e s ↑ → M i l d   m e t a b o l i c   a c i d o s i s


  L a c t i c   a c i d ↑ → R u m e n   p H ↓


  H C   O 3 − ↓ → M e t a b o l i c   a c i d o s i s


  C   a  b l o o d  2 + ↓ → M u s c l e   w e a k n e s s


  N a H C   O 3 → H C   O 3 − ↑ → p H   n o r m a l i z a t i o n


  N e g a t i v e   D C A D → C   a  2 +   m o b i l i z a t i o n ↑

