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1 | INTRODUCTION

A 45-kg, 12-hours-old Paint filly presented to Cornell University Equine
Hospital with a history of difficulty standing, progressive weakness,
and dull mentation. The foal was born at 345 days gestation, stood on
its own within 1 hour of birth, but developed forelimb muscle fascicula-
tions and become recumbent within minutes of standing. Before refer-
ral, a small amount of milk reflux from the nostrils was observed after
nursing.

At admission to the hospital, the foal was recumbent, obtunded,
hypothermic with a rectal temperature of 99.1°F and had a heart rate
of 120 beats per minute. The respiratory rate was normal (28 breaths
per minute) but increased bronchovesicular sounds were auscultated
bilaterally in the midthorax to cranioventral thorax. The foal's mucous

membranes were hyperemic, scleral injection was noted in both eyes,

Abbreviations: GBED, glycogen branching enzyme deficiency; BG, blood
glucose; BHBA, beta-hydroxy-butyric acid; ETF, electron transfer flavoprotein;
ETF-QO, ETF-ubiquinone  oxidoreductase; ETFDH, ETF-ubiquinone
oxidoreductase mitochondrial; ETFA, electron transferase flavoprotein alpha
polypeptide; ETFB, electron transferase flavoprotein subunit beta; MADD,
multiple acyl-CoA dehydrogenase deficiency.
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A 12-hours-old Paint filly was examined because of weakness and dull mentation after birth.
Despite IV administered dextrose, the foal remained persistently hypoglycemic with increase in
serum activity of muscle and liver enzymes. A postmortem diagnosis of lipid myopathy most similar
to multiple acyl-CoA dehydrogenase deficiency (MADD) was confirmed by findings of myofiber
lipid accumulation, elevated urine organic acids, and serum free acylcarnitines with respect to con-
trol foals. This report details a case of equine neonatal lipid storage myopathy with many
biochemical characteristics of MADD. Lipid storage myopathies should be included as a differential

diagnosis in foals with persistent weakness and hypoglycemia.

beta oxidation, horse, metabolic, weakness

and it appeared moderately dehydrated based on abnormally dry
mucous membranes of the mouth and a capillary refill time of 4 sec-
onds. Clinical examination of the mare was normal.

The foal had neutropenia (2400 cells/uL; reference interval [RI]’
4100-9500 cells/uL) with a left shift (1000 band neutrophils/uL; [RI]
0-0 cells/pL), mild toxic changes within the neutrophils, and lymphope-
nia (400 cells/uL; [RI] 1000-3100 cells/pL). Fibrinogen was 300 mg/
dL; ([RI] 0-200 mg/dL). The biochemistry panel identified severe hypo-
glycemia (blood glucose [BG] 12 mg/dL;[RI] 75-131 mg/dL), hypoglo-
bulinemia (1.7 g/dL; [RI] 2.4-4.4 g/dL), moderately increased activity of
muscle enzymes (aspartate transferase [AST] 638 U/L; [RI] 111-206
U/L; creatine kinase [CK] 4476 U/L; [RI] 165-761 U/L) and mildly
increased activity of liver enzymes (glutamate dehydrogenase 35 U/L;
[RI] 5.6-17.1 U/L; gamma-glutamyl transferase 65 U/L; [RI] 10-32 U/
L). A venous blood gas revealed a low pH (pH 7.32; [RI] 7.38- +/-0.05)
and increased lactate concentration (3.9 mmol/L; [RI] 1.2-2.4 mmol/L).
An endocrine panel revealed normal ACTH and cortisol but hypoinsuli-
nemia (3.4 pwlU/mL; [RI] 3.8-15.2 ulU/mL), consistent with the foal's
hypoglycemia. Whole blood cardiac troponin | concentration was
within normal limits (<0.04 ng/mL). Thoracic ultrasound was suggestive

of midthoracic and cranioventral pleural thickening with mild areas of
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consolidation. Neonatal sepsis score was calculated to be 12 and pre-
dictive of sepsis.! A blood culture taken before administration of antibi-
otics did not grow aerobic or anaerobic organisms.

Initial medical treatment consisted of IV administration of fluids: a
1 L bolus of 5% dextrose with 0.45% NaCl (5% dextrose and 0.45%
NaCL injection USP, Hospira, Lake Forest, IL) supplemented with 50
additional grams of dextrose, followed by 1L 5% dextrose/0.45% NaCl
and a plasma transfusion (HighGamm, Lake Immunogenics, Ontario,
NY, 20 mL/kg). Broad spectrum antibiotic treatments initiated and con-
tinued throughout hospitalization included penicillin (Penicillin G Potas-
sium, Sandoz, Princeton, NJ, 22,000 U/kg, IV, qéh); amikacin (Amiglyde,
Zoetis, Kalamazoo, MI, 20 mg/kg, IV g24h) and metronidazole (Metro-
nidazole, Teva Pharmaceuticals, Sellersville, PA, 10 mg/kg PO q8h).
Selenium (Selenium E-Se injection, Merck and Company, Madison, NJ)
was administered IM at the labeled dose of 2.5 mg selenium per 100
Ibs. A nasogastric feeding tube (NGT) was inserted and the foal was
supplemented with a combination of mare’s milk and milk replacer
(Mare’s Match, Land O’Lakes, Shoreview, MN) at a rate of 10% of its
body weight/day divided into g2h feedings. The foal improved with
these initial treatments but could only stand for brief periods (<5
minutes), after which muscle fasciculations were noted and the foal
would become recumbent. Despite the initial glucose resuscitation
treatment and a 12-hours IV constant rate infusion of 5% dextrose/
0.45 NaCl solution, hypoglycemic persisted (12-71 mg/dL) and was dif-
ficult to resolve.

Twenty-four hours after hospitalization the foal was able to nurse
the mare without aspirating milk into the trachea and nursing was
allowed throughout hospitalization, along with supplemental milk feed-
ing g2h via indwelling NGT. Blood glucose monitoring every 6 hours
on day 2 revealed persistent hypoglycemia (45-68 mg/dL) requiring IV
administered dextrose (5% dextrose, B Braum Medical, Inc, Irvine, CA)
treatments. With each dextrose treatment, the foal would appear
brighter and stronger. Hypertriglyceridemia (381 mg/dL; [RI] 14-
77 mg/dL) developed without lipemia and a urine dipstick analysis
revealed strong ketonuria with a urine pH of 6.5. Blood beta-hydroxy-
butyric acid (BHBA) was increased (0.7 mmol/L; [RI]. 0.2-0.5 mmol/L).
The foal was homozygous normal on testing for the GBE1 mutation.?

Because of the potential inability of the foal to use glycogen stores
for energy, an alternative lipid-rich diet using a combination of corn oil
(15 mL), added to milk and milk replacer administered via NGT g2h and
a 20% lipid solution (Lipid solution 1V, Nutrilipid, Braun, Bethlehem, PA;
40 mL IV slowly g2h) was initiated on the third day. Despite of the
increased caloric supplementation and continued treatment with a 5%
dextrose solution (0.5 L IV bolus g4h), the foal remained hypoglycemic.
Serum triglycerides were further increased (421 mg/dL); the serum
became lipemic and the foal had a decreased interest in nursing.
Because of the hyperlipemia, IV administered lipid supplementation
was discontinued. Serum CK, although decreased from day 1, remained
elevated on days 2 and 3 (1264 and 1093 U/L), suggesting continua-
tion of muscle disease. Based on its persistent weakness, inability to
stand and nurse for more than a minute and continued increase in
serum AST and CK activities, a semimembranosus muscle biopsy speci-
men was obtained.
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FIGURE 1 Cross-section of semimembranosus muscle from a
control foal (A) and the foal with a lipid storage myopathy (B).
Note the absence of staining for lipid in the control foal and the
numerous large and small lipid droplets (red) in muscle fibers of the
foal with lipid storage myopathy (oil red O stain)

An oral glucose absorption test (1 g/kg glucose as a 15% solution)
on day 4, resulted in a >50% increase in blood glucose at 60 minutes
after glucose challenge with a return to near baseline within 2 hours.
The foal had now developed diarrhea, so corn oil was removed from its
diet. Intravenously administered crystalloid fluids (Plasmalyte, Baxter
Health Care, Deerfield, IL) with 2.5% dextrose 1L IV qéh were adminis-
tered. The diarrhea improved and the foal's blood glucose, both before
and after the glucose absorption test, remained in low reference range
and its urine became negative for ketones. On the following day, the
foal appeared brighter with a strong interest in nursing. Another
attempt was made to remove dextrose supplementation, but the foal
again became hypoglycemic and lethargic. Because of its inability to
maintain normal blood glucose without IV administration of dextrose,
combined with its recurrent weakness and lethargy, the decision was
made to euthanize the foal.

Cryosections of the semimembranosus muscle biopsy collected on
day 3 were stained with hematoxylin and eosin, periodic acid Schiff
(PAS), amylase PAS and oil red O. Results from the semimembranosus
muscle biopsy were available the day after euthanasia and indicated a
lipid storage myopathy, based on numerous large densely packed lipid

droplets in oil red O stains of frozen sections (Figure 1). Muscle
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glycogen appeared normal on PAS stain and there was no evidence of
myofiber necrosis or regeneration. Muscle fiber sizes, shapes, and dis-
tribution were within normal limits and blood vessels and connective
tissue in the biopsy specimen appeared normal. To further assess a
potential lipid storage myopathy, stored frozen serum that had been
obtained on day 6 was submitted for assessment of carnitine and acyl-
carnitine concentrations, together with serum from 2 healthy, 15 and
24-days of age, foals. Urine was also submitted for assessment of urine
organic acids. Serum free carnitine and acyl CoA (C2) were elevated
with respect to control foals, and C3 through C18, encompassing short,
medium and long chain acylcarnitines were markedly elevated with
respect to foal and adult reference ranges (Table 1).3 Urine ethylma-
lonic, methylsuccinic, glutaric, butyrylglycine, isovalerylglycine, 2-
hydroxyglutaric, and hexanoylglycine were markedly elevated with
respect to a healthy age matched (7-day-old) foal and adult control val-
ues; octanoic and decanoic acid were normal. These serum and urine
findings were suggestive of multiple acyl-CoA dehydrogenase defi-
ciency (MADD).3~>

Postmortem findings included myodegeneration of the tongue,
semimembranosus, and diaphragm muscles, while the masseter muscles
were unaffected. There was also mild diffuse hepatic lipidosis, lymph-
oid depletion of the spleen, and mild pyogranulomatous bronchopneu-
monia, consistent with aspiration pneumonia.

2 | DISCUSSION

This case represents a case of an equine neonatal lipid storage myopa-
thy with many of the biochemical characteristics of MADD. The
primary clinical findings in the foal were weakness, persistent hypogly-
cemic and biochemical evidence of both liver and muscle disease. Mus-
cle biopsy revealed marked myofiber lipid accumulation, an unusual
feature of healthy equine muscle.®>¢ Multiple acyl-CoA dehydrogenase
deficiency in human neonates has a similar clinical presentation to the
foal in our study, with features of muscular weakness and severe hypo-
glycemia within the first 24 hours of life.>” Metabolic acidosis is also
observed in most neonatal children with MADD but was not present in
this foal. Multiple acyl-CoA dehydrogenase deficiency in human neo-
nates is also known as glutaric acidemia type II; it is often fatal and is
characterized by muscle lipidosis.® The initial primary rule out for the
foal in our study was GBED; however, genetic testing and the lack of
amylase-resistant polysaccharide in muscle biopsies made this an
unlikely cause of hypoglycemia and weakness.?®

A definitive diagnosis of MADD is made by identifying a specific
pattern of accumulation of acylcarnitines and urine organic acids
caused by aberrant fatty acid and amino acid metabolism.*>”? Multiple
acyl-CoA dehydrogenases catalyze B-oxidation of short, medium, and
long chain fatty acids and metabolism of branched chain amino
acids.*>? In the foal in our study, short, medium and long chain acylcar-
nitines were elevated in a pattern consistent with a diagnosis of
MADD.*>7? Furthermore, the foal had a pattern of increase of urinary
glycine conjugates and glutaric, ethylmalonic, and methylmalonic acidu-
ria typical of MADD.>”? Other lipid storage myopathies in humans

of
edicine

TABLE 1 Serum acylcarnitine profile on affected and control foals

Affected Control Control Reference
foal foal foal range [3]
Age 6 days 15 days 24 days Adult
Free carnitine 34.00 10.00 16.00 <311
C2 12.73 4.22 7.62 <22.50
C3 1.03 0.21 0.55 <1.47
C4 7.74 0.24 0.26 <1.09
C5 1.21 0.02 0.18 <0.47
Cé 0.76 0.05 0.14 <0.11
C5-OH 0.18 0.07 0.05 <0.14
c8 0.48 0.02 0.01 <0.02
C10 1.64 0.02 0.01 <0.03
Ci2:1 0.34 0.01 0.00 <0.04
C12 1.20 0.01 0.01 <0.02
Cl14:2 0.20 0.01 0.06 <0.02
Cl14:1 0.64 0.01 0.01 <0.02
C14 0.55 0.00 0.00 <0.02
C16:1 0.48 0.01 0.01 <0.03
C16 0.68 0.02 0.03 <0.02
C18:2 0.22 0.01 0.07 <0.02
C18:1 0.65 0.03 0.03 <0.02
C18 0.32 0.02 0.02 <0.02

include primary carnitine deficiency and neutral lipid storage disease,
however, these were less likely because they are not characterized by
abnormal acylcarnitine profiles.>” Carnitine palmitoyl transferase defi-
ciency, the most common cause of abnormal lipid metabolism in
humans, as well as very long chain acyl-CoA dehydrogenase deficiency,
were unlikely because they are only characterized by increases in C16-
C18 acylcarnitines without urine glycine conjugates or glutaric acidu-
ria.” Similarly, short and medium (C8-C10) chain acyl-CoA dehydrogen-
ase deficiencies only have accumulation of their corresponding chain
length of acylcarnitines and, in the case of short chain acyl-CoA dehy-
drogenase deficiency, ethylmalonic aciduria is present.” Thus, a primary
lipid myopathy similar to MADD was most consistent with the clinical,
clinical pathology, and muscle histopathology findings, as well as the
serum free acylcarnitines and urine organic acids analyses in this foal.

In human neonates, MADD is most often caused by a deficiency
of one of the two electron transfer flavoproteins which transfer elec-
trons from acyl-CoA dehydrogenases to the respiratory chain: ETF
(electron transfer flavoprotein, coded by ETFA and ETFB) and ETF-QO
(ETF-ubiquinone oxidoreductase coded by ETFDH).>”*° Such deficien-
cies are usually caused by inherited genetic mutations. Unfortunately,
sequencing of these genes was not performed on the foal in the pres-
ent study or its mare as the serum carnitine and acylcarnitine and uri-

nary organic acid values were reported 3 weeks after the foal died and
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samples appropriate for testing were not available. An acquired form of
MADD (atypical or pasture myopathy) occurs seasonally in adult horses
in North America and in Europe because of ingestion of the toxin hypo-
glycin A contained in the seeds of Acer negundo (Box elder) and Acer
pseudoplatanus (European sycamore).®>11"14 Seeds are usually ingested
in the fall, although a lesser number of horses can be affected in the
spring if they ingest shoots arising from the seeds. Metabolites of
hypoglycin A block multiple acyl-CoA dehydrogenases and produce a
similar pattern of increase of acylcarnitines and urine organic acids as
reported in the foal in our study.® Horses with the acquired form of
MADD typically have marked increases in blood glucose, CK, AST, and
lactate, with moderate decreases in bicarbonate and variable pH.3’15
The youngest horse documented to have acquired MADD was 4
months of age.'® Although we believe it is unlikely that the foal in the
present report had this acquired form of MADD because of the early
age of onset (<12 hours old) and birth from a clinically healthy mare
with no known exposure to Acer species trees, it cannot be ruled out.
An assay for hypoglycin A was not available at the time this foal was
treated.

Routine neonatal screening is used in humans to detect MADD
before the onset of clinical signs and dietary treatment including ribo-
flavin supplementation has led to prolonged survival.?”"*® Riboflavin is
an obligate coenzyme of ETF.X® There is a report of transient MADD in
a newborn child caused by a riboflavin deficiency in the mother and
not associated with a genetic mutation in ETF genes.? In one case
report, breast-feeding resulted in markedly increased serum acylcarni-
tines, nonesterified fatty acids, and free fatty acids.!” The best diet for
the patient in that report was one with low-fat, low-protein, and high
carbohydrates, a formula supplemented with corn starch as a source of
slow-release carbohydrates and exogenous amylase to allow for proper
carbohydrate breakdown.!” In adults with the late-onset form of
MADD, the mainstays of treatment are also dietary changes (fat and
protein restriction, no fasting) and riboflavin supplementation.2%?* Car-
nitine supplementation has also been found useful, as carnitine conju-
gates are lost in the urine and the patients become carnitine
deficient.)” It is of note that the attitude and willingness to nurse
declined in the foal in our study when placed on a fat supplemented
diet. In retrospect, early differentiation of a lipid myopathy versus
GBED would have allowed us to provide a diet higher in carbohydrate
rather than one higher in fat in an effort to provide metabolizable
energy to the foal. In any event, the inability to maintain blood glucose
without IV supplementation with either GBED or a lipid storage myop-
athy like MADD seems to be incompatible with long-term survival.

Limitations of this study include not performing biochemical test-
ing of the clinically healthy mare and not having identically age
matched control samples for serum metabolite testing. While many
hormones and metabolites may change with age in growing foals, the
marked differences in acylcarnitines between this foal with a lipid
myopathy and our control foals were likely significant. If additional
cases of neonatal lipid myopathy are diagnosed, HGA or its metabolite
(MCPA) should be measured to determine if hypoglycin A toxicity is
responsible. If not, genetic testing for MADD should be pursued.
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*Reference normal blood values were obtained from several sour-
ces that provided normal values in 12 hours to 3 day old foals: Armen-
gou L 2013, Hollis AR 2008, Kimura Y 2017, Pirrone A 2012, Barton M
2007 and Rossdale Laboratories 2016.

ACKNOWLEDGMENTS

The authors thank Dr. Lawrence Sweetman, PhD, Department of
Mass Spectrometry, Center of Metabolomics, Baylor Research Insti-
tute, Dallas, TX for performing serum and urine metabolomics stud-
ies. The clinical work was completed at Cornell University, College
of Veterinary Medicine, Equine Hospital.

CONFLICT OF INTEREST DECLARATION

Authors declare no conflict of interest.

OFF-LABEL ANTIMICROBIAL DECLARATION

Potassium penicillin, amikacin, and metronidazole were used in a com-

mon but off-label manner; not approved for use in foals.

INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE
(IACUC) OR OTHER APPROVAL DECLARATION

Authors declare no IACUC or other approval was needed.

ORCID

Thomas J. Divers (%) http://orcid.org/0000-0001-7125-636X

Nikhita P. De Bernardis () http://orcid.org/0000-0001-8035-8405

Stephanie Valberg (°) http://orcid.org/0000-0001-5978-7010

REFERENCES

[1] Brewer BD, Koterba AM. Development of a scoring system for the
early diagnosis of equine neonatal sepsis. Equine Vet J. 1988;20:18-
22.

[2] Ward TL, Valberg SJ, Lear TL, et al. Genetic mapping of GBE1 and
its association with glycogen storage disease IV in American Quarter
horses. Cytogenet Genome Res. 2003;102:201-206.

[3] Sponseller BT, Valberg SJ, Schultz NE, et al. Equine multiple acyl-
CoA dehydrogenase deficiency (MADD) associated with seasonal
pasture myopathy in the midwestern United States. J Vet Intern
Med. 2012;26:1012-1018.

[4] Duran M, Bruinvis L, Ketting D, et al. Diagnosis of mitochondrial
fatty acid oxidation defects. Padiatr Padol. 1993;28:19-25.

[5] Liang WC, Nishino |I. Lipid storage myopathy. Curr Neurol Neurosci
Rep. 2011;11:97-103.

[6] Finno CJ, Valberg SJ, Wunschmann A, Murphy MJ.. Seasonal pas-
ture myopathy in horses in the midwestern United States: 14 cases
(1998-2005). J Am Vet Med Assoc. 2006;229:1134-1141.

[7] Lafore P, Vianey-Saban C. Disorders of muscle lipid metabolism:
diagnostic and therapeutic challenges. Neuromuscul Disord. 2010;20:
693-700.

[8] Valberg SJ, Ward TL, Rush B, et al. Glycogen branching enzyme
deficiency in quarter horse foals. J Vet Intern Med. 2001;15:572-
580.


http://orcid.org/0000-0001-5978-7010
http://orcid.org/0000-0001-8035-8405
http://orcid.org/0000-0001-7125-636X

1446 | Journal of Veterinary Internal Medicine ACYIM PINN 7 AL
Ve i

[9] Das AM, Steuerwald U, lllsinger S. Inborn errors of energy metabo- [17] Abdenur JE, Chamoles NA, Schenone AB, et al. Multiple acyl-CoA-

lism associated with myopathies. J Biomed Biotechnol. 2010;2010:
340849.

Olsen RK, Andresen BS, Christensen E, Bross P, Skovby F, Gre-
gersen N. Clear relationship between ETF/ETFDH genotype and
phenotype in patients with multiple acyl-CoA dehydrogenation defi-
ciency. Hum Mutat. 2003;22:12-23.

dehydrogenase deficiency (MADD): use of acylcarnitines and fatty
acids to monitor the response to dietary treatment. Pediatr Res.
2001;50:61-66.

Cornelius N, Frerman FE, Corydon TJ, et al. Molecular mechanisms
of riboflavin responsiveness in patients with ETF-QO variations and
multiple acyl-CoA dehydrogenation deficiency. Hum Mol Genet.

[11] Westermann CM, Dorland L, Votion DM, et al. Acquired multiple 2012;21:3435-3448.
acyl-CoA dehydrogenase deficiency in 10 horses with atypical [19] Chiong MA, Sim KG, Carpenter K, et al. Transient multiple acyl-CoA
myopathy. Neuromuscul Disord. 2008;18:355-364. dehydrogenation deficiency in a newborn female caused by mater-
[12] Unger L, Nicholson A, Jewitt EM, et al. Hypoglycin A concentrations nal riboflavin deficiency. Mol Genet Metab. 2007;92:109-114.
in seeds of Acer pseudoplatanus trees growing on atypical myopathy- [20] al-Essa MA, Rashed MS, Bakheet SM, Patay ZJ, Ozand PT. Glutaric
affected and control pastures. J Vet Intern Med. 2014;28:1289-1293. aciduria type Il: observations in seven patients with neonatal- and

[13 late-onset disease. J Perinatol. 2000;20:120-128.

Votion DM, van Galen G, Sweetman L, et al. Identification of meth-
ylenecyclopropyl acetic acid in serum of European horses with atyp- [21] Griinert SC. Clinical and genetical heterogeneity of late-onset multi-
ical myopathy. Equine Vet J. 2014;46:146-149. ple acyl-coenzyme A dehydrogenase deficiency. Orphanet J Rare

[14] Valberg SJ, Sponseller BT, Hegeman AD, et al. Seasonal pasture Dis. 2014;4:117-125.

myopathy/atypical myopathy in North America associated with
ingestion of hypoglycin A within seeds of the box elder tree. Equine
Vet J. 2013;45:419-426.
How to cite this article: Pinn TL, Divers TJ, Southard T, De

[15] van Galen G, Cerri S, Porter S, et al. Traditional and quantitative . X X
Bernardis NP, Wakshlag JJ, Valberg S. Persistent hypoglycemia

assessment of acid-base and shock variables in horses with atypical
myopathy. J Vet Intern Med. 2013;27:186-193.

[16] Votion DM, Linden A, Delguste C, et al. Atypical myopathy in graz-
ing horses: a first exploratory data analysis. Vet J. 2009;180:77-87.

associated with lipid storage myopathy in a paint foal. J Vet Intern
Med. 2018;32:1442-1446. https://doi.org/10.1111/jvim.15218



https://doi.org/10.1111/jvim.15218



