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KEY POINTS

� Renal tubular acidosis, a cause of hyperchloremic metabolic acidosis in horses, is usually
responsive to alkali therapy although prolonged treatment and relapses are possible.

� Uremic encephalopathy is an uncommon sequela of renal failure in horses characterized
by signs of cerebral cortical dysfunction.

� Foals with hyponatremic encephalopathy from acute kidney injury require careful moni-
toring and correction of the sodium deficit; it generally carries a favorable prognosis.

� Regulation of calcium and phosphorus homeostasis in the horse is unique, with important
implications for renal disease.

� A syndrome of systemic calcinosis and calciphylaxis has been described in horses with
myopathy, malaise, fever, and elevated calcium-phosphorus product; the etiology is un-
known, and the prognosis is poor.
INTRODUCTION

The kidneys play a central role in acid–base regulation, filtration of uremic toxins, water
and electrolyte balance, and calcium and phosphorus homeostasis. In disease states,
these important roles are underscored. For example, renal tubular acidosis due to the
failure of bicarbonate reabsorption in the renal proximal tubules or acid secretion in
the collecting ducts results in hyperchloremic metabolic acidosis. Reduced excretion
of uremic toxins in renal disease is thought to be the etiology of the complex pathogen-
esis of uremic encephalopathy and resulting histopathological lesions of diffuse central
nervous systemAlzheimer type II astrogliosis in horses. Retentionof freewater or exces-
sive renal loss of sodium in foals with acute kidney injury can lead to the development of
hyponatremic encephalopathy. Finally, renal disease can result in disorders of calcium
and phosphorus homeostasis, for example, hypercalcemia of chronic renal disease.
Likewise, disorders of calcium and phosphorus homeostasis, such as systemic calci-
nosis, can cause renal disease due to tubular and glomerular mineralization.
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In this article, the consequences of compromise of these various renal functions will
be discussed with special emphasis on key factors for the recognition of clinical signs
and diagnostic test results associated with each. Treatment options are presented
along with prognosis to aid the practitioner in the management of these conditions.
DISCUSSION
Renal Tubular Acidosis Characterization and Pathophysiology

Renal tubular acidosis (RTA) occurs when the kidneys are unable to maintain normal
acid–base homeostasis because of tubular defects in acid secretion or bicarbonate
(HCO3

-) reabsorption. RTA causes a normal anion gap hyperchloremic metabolic
acidosis, whereby anion gap is defined as the difference between the number of cat-
ions (sodium and potassium) and anions (chloride and bicarbonate). The loss of serum
bicarbonate results in a retention of chloride, so the anion gap remains normal.
In human medicine, 4 forms of RTA are recognized. Type 1 (distal) RTA is character-

ized by impaired acid secretion and evidence of potassium wasting. Defects in H1

secretion by vacuolar H1-ATPase or H1/K1-ATPase or increased H1 permeability
of the luminal membrane of the a-intercalated cells results in a net reduction in H1

secretion (Fig. 1). Type 2 (proximal) RTA is caused by defects in the reabsorption of
filtered HCO3

- due to impaired HCO3
- transport across the basolateral membrane or

due to carbonic anhydrase inhibition.1 Type 3 RTA is a rare form of the disease with
features of both Type 1 and Type 2. Type 4 (hyperkalemic) RTA is caused by aldoste-
rone deficiency or resistance, leading to decreased sodium (NA1) absorption by prin-
cipal cells in the collecting duct. This leads to a reduced transepithelial voltage
resulting in decreased H1 secretion by a -intercalated cells and K1 secretion by prin-
cipal cell.1 (Palmer 2021). Type 4 RTA has not been described in horses.
RTA may be primary (inherited) or secondary (acquired). In humans, primary Type 1

RTA may be associated with autosomal mutations in the genes encoding for the vacu-
olar H1-ATPase or basolateral Cl�/HCO3- exchanger of the a-intercalated cells.1 Sec-
ondary Type 1 RTA may result from medications including amphotericin B, ibuprofen,
and lithium; it is also seen in association with systemic diseases.1 Primary Type 2 RTA
may be associated with mutations in the gene encoding the basolateral membrane
Na1/HCO3

-/CO3
2�cotransporter (see Fig. 1) or acquired from the use of carbonic

anhydrase inhibitors.1

Type 1 RTAmay be associated with recurrent nephrolithiasis, nephrocalcinosis, and
bone disease in humans, although this has not been observed in horses. H1 retention
also leads to decreases in renal calcium reabsorption and an increase in calcium
release from bone, resulting in hypercalciuria.1

Type 2 RTA may occur as a single defect in HCO3
- reabsorption, or more commonly

in association with Fanconi syndrome that is characterized by widespread proximal
tubule dysfunction that also includes the loss of glucose, phosphate, uric acid, amino
acids, and low-molecular-weight proteins.1 Human patients with Type 2 RTA and Fan-
coni Syndrome may develop osteomalacia due to chronic renal phosphate wasting.
Osteopenia may result from acidosis-induced bone demineralization. Impaired con-
version of 25(OH) vitamin D3 to 1,25 (OH)s vitamin D3 by 1a-hydroxylase in the prox-
imal tubule may result in active hypovitaminosis D.1 Note that horses do not rely on the
renal activation of vitamin D, and hypovitaminosis D is an unlikely sequela in horses
with Fanconi Syndrome.
Primary and secondary causes of Fanconi syndrome are observed in humans. Pri-

mary Fanconi syndrome is usually caused by amissensemutation in the sodium phos-
phate cotransporter in the proximal tubular apical membrane, although other



Fig. 1. A schematic diagram illustrating the underlying kidney tubule defects causing the
different types of renal tubular acidosis (RTA). Distal (type 1) RTA is caused by either
impaired hydrogen (H1) secretion by vacuolar (v) H1-ATPase or H1/K1-ATPase or increased
H1 permeability of luminal membrane by a-intercalated cells of the collecting duct, which
leads to a reduction in net H1 secretion. Proximal (type 2) RTA is caused by defects in bicar-
bonate (HCO3

–) reabsorption in the proximal tubule, due to either impaired HCO3
– transport

across the basolateral membrane or inhibition of carbonic anhydrase (CA) activity. Hyperka-
lemic (type 4) RTA is caused by aldosterone deficiency or resistance, which leads to reduced
Na1 (sodium) reabsorption by principal cells of the collecting duct and decreased transepi-
thelial voltage, leading to diminished H1 secretion by a-intercalated cells and K1 secretion
by principal cells. Type 4 RTA has not been reported in horses. AE1 kidney anion exchanger,
ENaC epithelial Na1 channel, MR mineralocorticoid receptor, NHE3 Na1/H1 exchanger 3,
ROMK apical membrane K1 channel. (From Palmer BF, Kelepouris E, Clegg DJ. Renal Tubular
Acidosis and Management Strategies: A Narrative Review. Adv Ther. 2021;38(2):949-968.
https://doi.org/10.1007/s12325-020-01587-5; with permission.)
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mutations have also recently been described.2 Fanconi syndrome can also be asso-
ciated with inherited systemic diseases. Among the secondary causes are acquired
systemic diseases (amyloidosis, multiple myeloma, tubulo-interstitial nephritis), drugs
(including some nucleotide reverse-transcriptase inhibitors, anticancer medications,
anti-convulsants, antibiotics in particular aminoglycosides and outdated tetracycline,
and DNA polymerase inhibitors), and heavy metals (lead, cadmium, and mercury).
Most commonly Fanconi syndrome is a result of drug-induced nephrotoxicity.2

Classification of RTA in humans is based on symptoms, urine pH, serum HCO3
- and

potassium (K1), and ancillary diagnostic tests including ammonium loading test, frac-
tional excretion of HCO3

-, HCO3
- loading test, urinary K1 concentration, fractional

excretion of K1, and serum aldosterone concentration. For example, patients with
Type 1 RTA, tend to have a lower serum HCO3

- (10–20 mEq/L) and higher urine
pH > 5.3. Patients with Type 2 RTA may have higher serum HCO3

- (16–20 mEq/L),
lower urine pH < 5.5, and increased fractional excretion of HCO3

- greater than 15%.
In addition, patients with Type 2 RTA and Fanconi Syndrome may have other signs

https://doi.org/10.1007/s12325-020-01587-5
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of proximal tubule dysfunction. Accurate diagnosis allows for optimal patient manage-
ment and treatment.1 Classification of RTA in horses can prove more difficult.
The mainstay of treatment in human medicine is alkali therapy combined with sup-

plemental potassium in patients that are hypokalemic. Thiazide diuretics are used to
enhance bicarbonate reabsorption in Type 2 RTA and supplemental vitamin D and
phosphate are provided as needed in patients with Fanconi Syndrome.2 In Type 4
RTA, corticosteroids, loop diuretics, and potassium binders are used to reduce hyper-
kalemia. On the horizon, are selective H1 binding agents that act in the gastrointestinal
tract and may provide an alternative to alkali therapy.1

Renal Tubular Acidosis in Horses

RTA is well described in horses.3–15 Presenting complaints include anorexia, depres-
sion, weight loss, and poor performance. No sex, breed, or dietary predilection has
been determined. Age at onset ranges from 6 months to 27 years. In a retrospective
study of 16 cases, 10 had evidence of renal damage or disease.3

Type 1, 2, and mixed (Type 3) RTA13 have been described although classification re-
mains challenging, therefore, many cases are undifferentiated.3 Ammonium chloride
challenge can be used to distinguish between Type 1 and 2 RTA in horses. Normally,
following administration per nasogastric intubation of ammonium chloride 0.1 g/kg of
bodyweight, diluted in 6Lwater, urine acidification should occur. Inability to lower urine
pH (<6.5) 2 to 4-hourspostchallengewouldbeconsistentwith Type1RTA.4,14 Addition-
ally, when urine partial pressure of carbon dioxide, total carbon dioxide, and HCO3

-

concentrations are higher than blood concentrations, Type 2 RTA is suspected.4

Acquired Fanconi syndrome was diagnosed in two-Quarter horses with weight loss,
mild metabolic acidosis, glucosuria, and euglycemia based on a semi-quantitative
Fanconi screening test performed at the Metabolic Genetics Laboratory of the Univer-
sity of Pennsylvania.7 Although not validated in horses, the results were compared
with contemporary and historic equine controls and revealed aminoaciduria, lactic
acidosis, and glucosuria in both cases.
Treatment of RTA in horses is primarily aimed at correcting metabolic acidosis

regardless of the type of RTA. As horses with RTA commonly present dehydrated
and azotemic, fluid therapy aimed at correcting hydration status is imperative. Horses
with RTA are often anorectic and therefore may be hypokalemic at presentation, or
they may develop hypokalemia during the correction of the metabolic acidosis as
K1 shifts into the intracellular space and H1move out. Providing oral potassium citrate
rather than potassium chloride following initial intravenous fluid therapy is recommen-
ded.4 Feeding forage once the patient is willing to eat will also help correct the hypo-
kalemia. While individualized treatment plans are required for each case, a starting
point is provided here (Box 1).
Response to treatment with intravenous sodium bicarbonate and potassium chlo-

ride is generally good, although protracted treatment with oral sodium bicarbonate
may be required and relapses are possible, particularly in patients with underlying
renal disease.3 Long-term monitoring is indicated in patients requiring prolonged
oral bicarbonate administration and in patients that have the recurrence of clinical
signs associated with initial presentation. In the author’s experience, relapses often
follow management changes or inadvertent missed doses of bicarbonate in horses
requiring long-term treatment.

Uremic Encephalopathy

Uremic encephalopathy (UE) is reported in humans and a variety of animal species
including horses, cattle, goats, dogs, woodchucks, a coyote, and a rhesus



Box 1

Estimation of bicarbonate deficit and initial plan for the treatment of RTA in Horses

Estimation of HCO�
3 deficit ½mEq� 5 body weight ½kg�x volume of distribution x HCO�

3

deficit

�
mEq=L

�

Volume of distribution 5 0:3

HCO�
3 deficit ½mEq=L�5 low end of HCO�

3 reference range

�
mEq=L

�
��patientsHCO�

3

�
mEq=L

�

� Commercial injectable sodium bicarbonate is commonly available as a 5% or 8.5% solution.

� The 5% solution has 0.6 mEq/mL and the 8.4% solution has 1 mEq/mL HCO�
3 .

� To make an approximately isotonic solution, 1 L of 5% IV sodium bicarbonate can be diluted
in 3L of sterile water. Alternatively, 150 mL of the 8.4% solution can be added to 1L of sterile
water.

� One gram of oral sodium bicarbonate (baking soda) contains 12 mEq HCO3
-.

� In life-threatening acidosis, 1/4 to 1/3 of the deficit can be corrected in the first hour with
careful monitoring.

� Aim to correct one-third to one-half of the deficit in approximately 6 to 12 hours and
reevaluate clinical signs and acid–base and electrolyte status.

� The bicarbonate deficit can be corrected with oral and intravenous administration of sodium
bicarbonate. Note: administration of large volumes of sodium bicarbonate orally or via
feeding tube can cause diarrhea.

� Potassium can be added to the initial intravenous fluid therapy (KCl 20–40 mEq/L) not to
exceed a rate of 0.5 mEq/kg/h.

� Serial clinical examinations and monitoring for hypernatremia, hyperosmolality, acid–base
status, hypokalemia and ionized hypocalcemia are indicated.

Data from Stewart AJ. Secondary renal tubular acidosis in a quarter horse gelding. Vet Clin
North Am Equine Pract. 2006;22(1):e47-e61. https://doi.org/10.1016/j.cveq.2005.12.024.
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macaque.16–18 In humans, the condition is associated with both acute and chronic
renal failure and is characterized by complex mental changes and motor distur-
bances.19 Accumulation of uremic toxins due to renal failure is thought to play a
role in the development of the condition, although the exact pathogenesis is
complex.19

The first report of UE in a horse was a 13-year-old grade male presented for a 4-day
history of progressive anorexia, listlessness and periodic recumbency, head pressing,
and seizure-like activity.16 The mare was found to be markedly azotemic with a blood
urea nitrogen of 166 mg/dL (normal 10–27) and creatinine of 8.2 mg/dL (normal 1.0–
2.0). Cerebrospinal fluid analysis was unremarkable. Euthanasia was elected and nec-
ropsy revealed severe, subacute, bilateral, chronic, diffuse tubule-interstitial nephritis
with superimposed acute tubular necrosis resulting in clinical renal failure. Throughout
all regions of the brain was reactive astrogliosis or Alzheimer type II astrogliosis
without white matter spongiform change similar to the central nervous system lesions
seen in equine hepatic encephalopathy.16

A 20-year retrospective study of horses examined for renal disease and neurologic
signs not attributed to primary neurologic, hepatic, or other diseases revealed that of

https://doi.org/10.1016/j.cveq.2005.12.024
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the 332 horses with renal disease, 5 met the selection criteria for concurrent neuro-
logic signs.17 Astrocyte swelling was common to the 4 horses examined at necropsy.
Antemortem diagnosis of UE in horses has not been reported but should be consid-
ered in horses with neurologic signs and renal failure.17

Detection of hyperammonemia in horses with renal disease and neurologic signs
that do not have concurrent gastrointestinal disease or liver failure may aid in the iden-
tification of horses with suspected UE. Hyperammonemia in the absence of other sys-
temic diseases has been attributed to decreased renal excretion, urinary stasis, and
urinary tract infection with urease-producing bacteria in other species.17,20,21 Treat-
ments aimed at addressing hyperammonemia in horses with renal azotemia could
mimic those proposed for cats with this condition and could include reduction in die-
tary protein, lactulose, probiotics, and antibiotics in addition to the treatment of the un-
derlying renal disease.20 Awareness of this condition in horses with renal failure may
assist in early detection and potential treatment.
Hyponatremic Encephalopathy in Foals with Urinary Tract Disorders

Hyponatremia results from the retention of free water or excess loss of sodium.
Causes of severe hyponatremia in foals (serum sodium <122 mEq/L) include diarrhea,
uroperitoneum, renal disease, rhabdomyolysis, suspected transient pseudo-
hypoaldosteronism, adrenal insufficiency, excessive water intake, and iatrogenic
from excessive administration of water enemas and hypotonic fluids.22 Severe hypo-
natremia can result in hyponatremic encephalopathy due to the development of cere-
bral edema. Occurrence of neurologic deficits appears to be dependent on both the
severity and rapidity with which the hyponatremia occurs.23

In a retrospective study of hyponatremic (serum sodium� 125mEq/L) foals less than
6 months of age (n 5 109) admitted to a hospital the most common diagnoses were
enterocolitis/colitis (49/109, 45%), pneumonia (11/109, 10%), clinical sepsis (10/109,
9%), uroperitoneum (9/109, 8%), and renal disease (5/109, 5%).24 34% (37/109) had
neurologic signs at presentation or developed neurologic signs during hospitalization
consisting of obtundation, ataxia, seizures, decreased suckle reflex, hyperreactivity,
central blindness, head tilt, opisthotonos, continuous chewing/tongue movement, gri-
macing, head pressing, circling, and comatose mentation. In the final multivariable
model, only serum Na1 and BUN concentrations were significantly associated with
neurologic signs. The clinical significance of the contribution of BUN is unclear. The
presence of neurologic signs in hyponatremic foals was significantly associated with
nonsurvival in this study (20 survivors out of 37 foals with neurologic signs (54%) versus
53 survivors of 72 foals without neurologic signs (74%)).24

In a retrospective study of Thoroughbred foals less than 3 months of age presenting
to an intensive care unit with severe hyponatremia (serum sodium < 122 mEq/L),
15.9% (11/69) presented with neurologic signs attributed to hyponatremic encepha-
lopathy.22 The most common primary diagnoses in foals with severe hyponatremia
were renal disease (18/69, 26%), enterocolitis (16/69, 23%) and uroperitoneum (15/
69, 22%). Of the 18 foals with severe hyponatremia due to renal disease, 9 had previ-
ously received nephrotoxic drugs including gentamicin, phenylbutazone, and oxytet-
racycline. Interestingly, all the foals with hyponatremic encephalopathy (n 5 11) had
renal disease as the primary diagnosis. Fifty of 69 foals (72.5%) survived to discharge.
There was no correlation between admit serum sodium concentration and survival to
discharge. In contrast to the study by Dunkel and colleagues22 there was no significant
difference in long-term (approximately 1-year) survival between hyponatremic foals
with (7/10, 70%) and without (31/40, 78%) hyponatremic encephalopathy.24
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Severe hyponatremia in foals is a relatively rare condition, for example, foals pre-
senting with severe hyponatremia represented just 4% of the cases (69/1718) present-
ing to the ICU during the study period in Collins and colleagues22 However, several
points bear emphasizing. First, renal disease may be associated with the development
hyponatremic encephalopathy in foals.22 This is further underscored in a case series of
4 neonatal foals presenting to an ICU for neurologic signs with severe hyponatremia
and azotemia suggestive of acute kidney injury25 and previous cases reported in the
literature with renal disease as a primary or secondary diagnosis.23,25–27

Potential mechanisms for the development of hyponatremia in renal disease include
decreased glomerular filtration rate and water retention, increased sodium loss with
renal tubular damage, and (pseudo)hypoaldosteronism.22 Foals normally consume
low sodiummare’s milk in excess of 20% of their body weight daily and produce large
volumes of hyposthenuric urine. Kidney injury could result in the retention of large vol-
umes of water and/or increased sodium loss. While the retrospective studies and case
series22–25 do not report results of fractional excretion (FE) of sodium, the frequency
with which previous treatment with nephrotoxic medications preceded the develop-
ment of hyponatremic encephalopathy in one study22 suggests that renal tubular dam-
age may play a role in the pathophysiology of the condition. Measurement of FE of
sodium may be helpful in further elucidation of the mechanism.
It is worth pointing out in one case report, Arroyo and colleagues27 describe a 10-

day-old Quarter horse foal with neurologic signs and severe hyponatremia and hypo-
chloremia. The foal was diagnosed with hydronephrosis/hydroureters, pyelonephritis,
and suspected transient pseudohypoaldosteronism. Pseudohypoaldosteronism is
thought to occur secondary to pyelonephritis and urinary tract obstruction that causes
transient unresponsiveness of the distal tubule to the action of aldosterone. Measure-
ment of serum aldosterone and renin if performed would be expected to be markedly
elevated in this condition.27

Regardless of how hyponatremic encephalopathy develops in renal disease in foals,
prompt recognition and treatment are warranted. Children seem to be more sensitive
than adults to the development of hyponatremic encephalopathy owing to their rela-
tively high brain volume-to-cranial vault size ratio resulting in less space to accommo-
date increases in brain volume that occur with cerebral edema secondary to
hyponatremia.28 Perhaps the same phenomenon exists in horses and explains why
foals are more susceptible to hyponatremic encephalopathy than adults, but imaging
studies would be required for confirmation.
It is reported that in humans, severe complications of hyponatremia develop when

serum sodium decreases at a rate greater than 0.5 mEq/L/h29 Hypotonic hyponatre-
mia causes the entry of water into the brain resulting in cerebral edema (Fig. 2). The
surrounding cranium limits expansion of the brain, resulting in intracranial hyperten-
sion, and risk of brain injury. Solutes leave the brain tissues within hours inducing wa-
ter loss and reducing brain swelling.30 This rapid adaptation explains why neurologic
clinical signs are not observed even in cases of severe hyponatremia if it occurs rela-
tively slowly. It is also important to recognize that rapid correction of a sodium deficit in
chronic hyponatremia can lead to cellular dehydration and potential to develop os-
motic demyelination syndrome.23

Osmotic demyelination syndrome is a rare but serious complication of correction of
hyponatremia by any method that occurs days to weeks following treatment.
Shrinkage of the brain triggers the demyelination of the pontine and extrapontine neu-
rons resulting in mild to severe neurologic dysfunction and in rare cases death.30 To
the author’s knowledge, osmotic demyelination syndrome has not been described
in horses, but slow correction of chronic hyponatremia in horses is justified.



Fig. 2. Effects of hyponatremia on the brain, water balance, and adaptive responses. (I) In
healthy states, the body maintains a normal osmolality and tightly regulates cell volume.
(II) Shortly after an acute decrease in serum osmolality (ie, hyponatremia), intracellular wa-
ter accumulates leading to cerebral edema and decreased osmolality in the brain. (IIIa)
Rapid adaptation occurs within hours by loss of cellular electrolytes resulting in the reduc-
tion of cerebral edema with no neurologic deficits. Alternatively, (IIIb) if the decrease in
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While there is no consensus about the optimal treatment of symptomatic hyponatre-
mia in humans, “correction should be of a sufficient pace andmagnitude to reverse the
manifestations of hypotonicity but not be so rapid and large as to pose a risk of the
development of osmotic demyelination.”30

One treatment protocol in patients with hyponatremic encephalopathy with neuro-
logic signs suggestive of early cerebral edema (nausea, vomiting, and headache) is the
administration of an intravenous bolus of 3% saline at 2 mL/kg body weight given over
10 minutes. Bolus administration can be repeated 1 to 2 times if signs persist, but the
total change in the serum sodium should not exceed 5 mEq/L in the initial 1 to 2 hours
and 15 to 20 mEq/L in the first 48 hours of treatment.28

A slightly more conservative approach that has been used successfully in foals with
hyponatremic encephalopathy22 is based on the Adrogué formula.30 This formula es-
timates the effects of 1 L IV fluids on the patient’s serum sodium concentration (Box 2).
Foals received 3% hypertonic saline administered via infusion pump and the
remainder of their fluid requirements was met with 10% dextrose in water. Ingestion
of water and milk was restricted. Once the serum sodium exceeded 120 mEq/L, foals
were treated with balanced polyionic crystalloid therapy.22

Foals with hyponatremia without encephalopathy were treated similarly to above
(n 5 6) with 3% hypertonic saline and 10% dextrose in water, but the hyponatremia
was corrected more slowly (<0.5 mEq/L/h), or they received isotonic crystalloid fluids
(n 5 52). All received frequent electrolyte monitoring every 4 to 6 hours.22

An alternative approach that has been used successfully in foals with acute hypo-
natremic encephalopathy is to calculate the amount of sodium required to initially
reach a serum concentration of 120 to 125 mEq/L and provide this amount rapidly
to prevent further cerebral edema.25 Then slowly provide the remainder of the deficit
required to reach a serum sodium concentration of 132 mEq/L at a rate not to exceed
0.5 mEq/h (see Box 2). Careful monitoring of serum sodium levels during treatment is
warranted due to difficulty in accounting for ongoing losses and redistribution through
the extracellular and intracellular spaces.
Hyponatremic encephalopathy is an uncommon condition that can occur second-

ary to acute renal failure and other causes in foals. The practitioner should suspect
this condition in foals presenting with central neurologic signs. Prompt treatment
and careful monitoring are warranted. Prognosis is generally favorable.

Calcium, Phosphorus, and Vitamin D Disorders and Renal Disease

Unique features of calcium, phosphorus, and vitamin D homeostasis in horses are
relevant to the discussion of metabolic disorders associated with renal disease.
=

cellular osmolality exceeds the body’s adaptive response to rapid loss of electrolytes, cere-
bral edema persists resulting in acute neurologic deficits. Proper therapy with rapid admin-
istration of sodium increases serum osmolality to a subnormal level resulting in decreased
cerebral edema and elimination or reduction of neurologic deficits. (IV) Slow (>48 hours)
loss of organic osmoles further compensates for a hyposmotic state. Low cellular osmolality
persists despite normalization of brain volume. Proper therapy with slow correction of so-
dium results in a gradual return to normal osmolality. (V) Improper therapy associated
with rapid sodium supplementation in chronic hyponatremia results in rapid cell dehydra-
tion and the potential to develop osmotic demyelination syndrome. (FromWong DM, Spon-
seller BY, Brokus C et al. Neurologic deficits associated with severe hyponatremia in 2 foals. J
Vet Emerg Crit Care 2007;17:275–285; with permission.)



Box 2

Estimation of sodium deficit and initial treatment plan for hyponatremic encephalopathy

Approach for correction of hyponatremia in foals with signs of encephalopathy

Change in serum Na1½mEq = L�with 1L of IV fluids

5

�
Na1 in IV fluids

�
mEq=L

�
�� measured serum Na1½mEq=L�

�

ð0:6 x body weight ½kg�1 1Þ

� Aim to raise the serum sodium concentration by approximately 1.0 to 1.5 mEq/L/h for the first
3h, not to exceed 10 to 12 mEq/L in the first 24h.

� Reassess patient status and serum sodium every 4–6h.

� The remainder of the calculated fluid requirement provided can be by 10% dextrose in
water.

Fluid Choice

Sodium
Concentration
[mEq/L]

7.2% Sodium chloride 1232
5% Sodium chloride 855
0.9% Sodium chloride 154
Plasmalyte A 140
Normasol R 140
Lactated Ringer’s solution 130
0.45% Sodium chloride 77
5% Dextrose in water 0
An alternative approach involves the calculation of the amount of sodium required to correct
the deficit,

Na1 required ½mEq� 5
�
Na1desired

�
mEq=L

�
�� measured serum Na1

�
mEq=L

�

�
�
x 0:6 x body weight ½kg�:

� Calculate the sodium required to initially reach a serum concentration of 120 to 125 mEq/L.

� In acute hyponatremia, this initial correction should occur rapidly to prevent further cerebral
edema.

� Then the sodium required to reach a serum sodium concentration of 132 mmol/L may be
provided slowly not to exceed 0.5 mEq/h.

� Reassess patient status and serum sodium every 4-6h.

Data from Collins NM, Axon JE, Carrick JB, Russell CM, Palmer JE. Severe hyponatraemia in
foals: clinical findings, primary diagnosis and outcome. Aust Vet J. 2016;94(6):186-191.
https://doi.org/10.1111/avj.12446; Hardefeldt LY. Hyponatraemic encephalopathy in azotaemic
neonatal foals: four cases. Aust Vet J. 2014;92(12):488-491. https://doi.org/10.1111/avj.12265;
Wong DM, Sponseller BY, Brokus C et al. Neurologic deficits associated with severe hyponatre-
mia in 2 foals. J Vet Emerg Crit Care 2007;17:275–285.
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Horses lack 1a-hydroxylase in the kidney that converts vitamin D to its most active
form, calcitriol.31 Hence, diseases that affect renal proximal tubular function (ie, Fan-
coni syndrome) in horses are unlikely to induce hypovitaminosis D. Intestinal absorp-
tion of calcium in horses is largely independent of vitamin D. Horses absorb much
larger amounts of calcium in their diet compared with other species (up to 75% of di-
etary calcium).32 Intestinal absorption of calcium is promoted by acidifying substances

https://doi.org/10.1111/avj.12446
https://doi.org/10.1111/avj.12265
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and inhibited by compounds that chelate calcium (oxalates, phosphates, and phy-
tates) Renal excretion is the major mechanism for excreting excess dietary calcium
in horses.32

Hypercalcemia is a common finding in horses with chronic renal failure due to
decreased excretion. Hypercalcemia can also occur with neoplasia, hyperparathy-
roidism, and vitamin D intoxication.33 Hypercalcemia occurs less commonly in acute
renal failure. Causes of hypocalcemia related to renal disease include acute kidney
injury, and blister beetle (cantharidin) toxicosis likely due to the loss of calcium via
the gastrointestinal tract and kidneys.
Hypervitaminosis D occurs in horses can occur due to the ingestion of calcinogenic

plants as well as the administration/ingestion of vitamin D2 and D3.32,34–36 While hy-
percalcemia is variable in hypervitaminosis D, hyperphosphatemia is the most consis-
tent laboratory finding.32 Mineral deposits in the kidneys lead to renal failure. Weight
loss, poor appetite, and lameness due to soft tissue mineralization are other find-
ings.32 Treatment is aimed at reducing calcium and phosphorus intake.34 Glucocorti-
coids decrease intestinal absorption, decrease bone resorption and increase urine
excretion of calcium, but have limited efficacy in the treatment of hypervitaminosis
D.32

Findings of nephrocalcinosis along with generalized osteochondrosis and osteopo-
rosis have been associated with chronic zinc and cadmium toxicosis in 2 foals and the
dam of one of the foals that resided near a zinc smelter.37 The foals were examined for
lameness, joint swelling, and thriftiness. The foals were euthanized and zinc and cad-
mium concentrations were markedly elevated in the pancreas, liver, and kidneys.
Nephrocalcinosis and osteoporosis consistent with chronic cadmium toxicosis and
severe generalized osteochondrosis consistent with chronic zinc toxicosis were
observed.37

A case series of 5 horses presenting with myopathy, malaise, mild fever, stiffness,
hyperfibrinogenemia, hyperphosphatemia, and increased calcium–phosphorus prod-
uct (Ca*P) had signs consistent with systemic calcinosis and calciphylaxis, conditions
not previously described in horses.38 Although serum vitamin D levels were not deter-
mined, there was no known exposure to calcinogenic plants or toxic levels of vitamin D
in the horses included in the study and herdmates were not affected. All horses in this
case series were euthanized due to the severity of the disease. While mild to moderate
azotemia was present in 2/5 horses, the condition described in this case series most
closely resembled nonuremic systemic calcinosis.38

Calcinosis in humans is characterized by mineralization in the connective tissue of
all organs and an elevated serum calcium–phosphorus product (Ca*P). In humans,
systemic calcinosis is commonly associated with chronic renal failure but can be
due to nonuremic causes.38 Systemic calcinosis is not commonly observed in horses
with chronic renal failure likely because hypophosphatemia (not hyperphosphatemia)
is more frequently encountered in horses with chronic renal failure, resulting in a
normal serum Ca*P. Calciphylaxis is characterized by small vessel and extravascular
calcification and thrombosis.38

Idiopathic arterial medial calcification of the thoracic arteries was found in an adult
horse with chronic muscle atrophy and stiffness.39 Differential diagnoses in humans
with this condition include hypervitaminosis D, chronic renal disease, diabetes melli-
tus, hyperparathyroidism, and idiopathic arterial calcification.39 A cause for this con-
dition could not be identified in this horse.
The pathogenesis of calcinosis, calciphylaxis, and arterial medial calcification in

horses remains unclear, and an underlying etiology has not been determined. Treat-
ment would depend on the identification of a particular cause and symptomatic
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treatment in horses has not been successful.38,39 It is worth mentioning that glucocor-
ticoid administration may enhance vascular calcification.40 Glucocorticoids were
administered to 3 of 6 horses with reported calcinosis and calciphylaxis. Their role,
if any, in disease progression is unknown.38,39 Practitioners should suspect this con-
dition in horses presenting with malaise, fever, muscle wasting, high serummuscle en-
zymes, hyperphosphatemia, and elevated Ca*P.

SUMMARY

This article provided an overview of various metabolic disorders associated with renal
disease. Examples of diseases associated with acid–base disorders, reduced renal
clearance of uremic toxins, reduced excretion of free water or excess sodium loss,
and calcium and phosphorus balance highlight the key role the kidneys play in a va-
riety of homeostatic functions.
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