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Summary

Reason for performing the study Investigation of toxicosis caused Balva parviflora
was required after four horses from the same figaelopedsevere muscle fasciculations,
tachycardia, sweating and periods of recumbésagling to death or euthanasiter

ingesting the plant.

ObjectivesabDeseribe historicaklinical, clinicopathological and pathological findings of four
horses with.suspectédalva parvifloratoxicosis. The role of cyclopropene fatty acids (found

in Malva parviflorg andmechanis for toxicosis are proposed.
Study design Case series

Methods: Historical physical examination, clinicopathological and pathological findings are
reported. Due tgimilarities with atypical myopathy (AM)r seasonal pasture myopathy
(SPM)acylecarnitineprofiles were performed on sefram two cases and equine controls.

Presene of cyclopropene fattgicids was also examined in sefawo cases.

Results Malva'parviflorahad been heavily grazed by the honséh little other feed

available Horse 1deteriorated rapidly and wasbjected to euthanastdorse 2 was referred

to hospitaWwhere severe myocardial disease and generalised myopashyeterminedhis

horse was subjected to euthan&aours after admission. Horse 3 died rapidly, and horse 4
was subjected to euthanaaizonset of clinical signs. Post mortem examinations performed
onthree herses:;fevealed acute, multifazaddiac and skeletahyonecrosisMyocyte

glycogen accumulation wabsenwhen examined in horse &cyl carnitine profiles

revealed increased CA218 acyl carnitine concentratioimscases relative to controls.

Cycloprop@e fatty acids were detectadsera of casesut not controls.

Conclusion Thesefindings suggestetiologydifferent tothat of AM/SPM. We hypothesise
thatcyclopropene fatty acida Malva parviflorainterfere with fatty acid betaxidation in

horses in negative energy balance, causing the clinical signs and abnormal acyl carnitine
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profiles. These equine casggygest a pathophysiologicourse that closg mimics the
human genetic condition Very Long Chain Acyl CoA Dehydrogenase Deficiency.

Introduction

Marsh mallow(Malva parviflora), also known asmsall-flowered mallow cheeseweed

mallow andlittle_ mallow is a common weed found in pastures of grazing animals with
extensivedistributionincluding regions of Europe, Asia, North and South America, and
Australia and/New Zealar{d] (Fig 1). It has been linked to a staggers-like syndrome in
horseq2], and sheep [34], howevereports in the literature are raMalva parviflorais a
member of the order Malvalespmprisng several families and over 2,000 speciesluding
cotton Gossypiunspp), hibiscus Hibiscusspp.)and baobabAdansoniaspp.) [5]. Dstinct
cyclopropene fatty acidglong chain fatty acids containing a three carbon, double-bonded
(cyclopropene).ring within their structgrare found in many species within the order
Malvales. Thetwo cyclopropene fatty acidsalvalic(C13H32.0,) and sterculi¢C,9H3405)
acids[549(Fig'2), are thought to be the main toxic components of plants from this order [2].
Cyclopropene.fatty acids are found in all parts ofitadva parvifloraplant, but are

particularly concentrated seed oil§7].

Myopathyhas been described in sheepMadiva parviflora[4]. In horses, ingestion aeeds
from sometrees of theé\cergenus containing hypoglycin A results in atypical myopathy
(AM) or seasonal pasture myopathy (SPM);[10]. It is therefore possible that other plant
toxins withisimilar structures, shb as cyclopropene fatty acids, might also cause myopathy

through a similar mechanism.

The purpose: of this case series is to desdhe historical, clinicaklinicopathologicand
post mortem dtails of four horses from the same fairat developed clinical signs of
myopathy and cardiomyopathy in association with grazing large quantities st mallow
weed.A mechanism for the toxicosis is also proposed.
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Clinical case details

All four cases originated from of&m, located in théVestern District of Victoria in south
eastern Ausalia: They shared no knowgenetic relationOther than one hangared calf,

these horsewere the only livestock kept on the fariie horses werkeptin paddocks that
lackedpasture butontainedextersive growth oMalva parviflora which had obviously
beengrazed by the horses. Approximately one week before the onset of clinical signs, hay
supplementation was suddemgducedo approximately 0.5% of bodyweight/ddyo

cardiac glycoside-containirgants were presein the pasture and no trees of fkeergenus
were present/onithe farm. The hordiesnot have access to grain or any ionophore-
containing feedsAll horses wee in moderate body condition (BCS 4/8he calf remained

clinically normal) but was too young to graze extensively.

Case1l

A 4-yearold Thoroughbrednarewas evaluated ofarm. Clinical signs begn with patchy
sweatingandprogressed to includauscle fasciculations in the hindquartdfeequent
vocalisation wasioted by the ownefhe marewas initially assessetbr colic, however, no
gastrointestinal abnormalities were foufidxinin meglumine (Flunixohl.1 mg/kgi.v.) was
administeredHaematology and biochemistry were petformed and ectal temperatureas
not recorded=Qver approximately the nfx¢ hours, clinical signs progressed to diffuse
sweatinganddiffuse muscle fasciculationsloderate tachycardigg4 beats/minite) with
regular rhythmwas preserat this stageFlunixin meglumine (Flunixdhl.1 mg/kgi.v.), was
administered-again, and butorphanol (Torbudesi@2 mg/kg i.v.) and detomidine
(Dormosedah0.01 mg/kg i.v) wereadministeredo allow abdominal palpation per rectum,
which was normal. Following this, severe tachycardia (120 beats/mimtieregular rhythm
developed. The.mare developed clinical findings consistent with hypovolaemia (cool
extremities and prolonged jugular refilossibly due to fluid loss through sweat with no
water intakelntravenas fluid therapy was instigated; howewe maregorogressed to
become recumbent, amdhs subjected to euthanaajgproximately 6 hourafterinitial
presentatiomlue tofurtherworsening of her condition.
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Case?2

A 19-yearold Quarter Horse gelding wagamined on farm for acute onset of muscle
fasciculations and diffuse sweatitige following day This horse was referrefdr hospital

care.On presentatioat the referral hospitalhe horse had diffuse muscle fasciculations, was
sweating and.gquickly became recumbent. He was initially tachyo@@isceats/minute)

however this decreasetb 48-52 beats/minute following a 20 mi/kdravenous fluid bolus
(Hartmann’sselutiorf). Rectal temperatur@as notobtained on presentatidait was normal
approximatelysthree hours after presentatid@art rhythm was occasionally irregular on
auscultationand ECG examination showed supraventricofematuredepolarisations.

Other physical examination findings included normal mucous membrane colour, good pulse
quality and reduced borborygmi. Haematology and pertinent biochemistry results obtained on
presentation-are: summarisedliable1l. The increase ingipheral blood lactate
concentratienswaattributed mainly t@naerobic metabolism in skeletal myocytes.
Neurologi@l examination revealed no cranial nerve deficits, and despite distress and
recumbenty mentation was deemed normal. €&aild notbe assesse@ue to the uncertain
cause of the clinical presentation armhsistency of some signs with severe colic, work up
included abdominal ultrasound, passage of a nasogastric tube, abdominocentesis and
abdominal palpation per rectum; no abnormalivesedetected. A snake venom detection

test wasmnegativédnowever this test hasow sensitivity

Supportive caregomprised intravenous fluid therafiyartmann’s solution) 60 ml/kg/day
following theinitial bolus), flunixin meglumine (Flunixoh1.1 mg/kgi.v. g 12 hours) and
lidocaine gonstant raiatravenous infusionLgnomay’ 0.05 mg/kg/min following a 1.3
mg/kg boelus)."The horse remained recumbent otherdbeasionakhort (25 minute
periods of'standing, during whigjeneralised muscle fasciculatiomsuld reappear and

resolveagainonce recumbent

Approximately 24 hours after admission, the lidocaine infusion was discontinedd d
guestionabldenefit and possible contribution to prolonged recumbefpproximately 15
minuteslater the horse developed severe tachycalfdi@ feats/minute Electracardiography

revealednultiform ventricular tachycardidnatpersisted despite fiestatement of lidocaine
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144  treatmentMagnesiunsulphate $0 mg/kg 25 g total dose, diluted in 1 L 0.9% sodium
145  chloride and administered i)wvas thergiven, resulting in conversion to sinus rhythm.
146  Cardiac troponin toncentratiorwas measuredt thistime (Advia Centaur Immunoassay
147  validated for equine serum) ames markedly increasddablel). Unfortunately,

148  echocardiography could not be performed at any phiatto the horskeing ableo stand for
149  only a few/minuteslit was also noted théihe horsehadalso developed pigméuria, and CK
150  activity at this time wasnarkedly increasefirablel). Due toreported cases of severe

151  rhabdomyaelysis caused IStreptococcus equubsp. equi infectiorlp ], &tregococcalM
152 titre was performedThisreturned a moderate positikesultat 1:1600, considered

153  inconclusive folS. equias a cause of myopathiriglycerideconcentrationsvere measured

154  retrospectivelyn frozen serum and were increasédiel).
155

156  The horseemainedecumbentor most of the timdut was able to eat and drink. Higical
157  condition did not change for the next 12 hours but he then developed a second episode of
158  markedtachycardia (100 beats/minute, no ECG performed), as wail assophageal feed

159  impaction The owner elected euthanasia
160
161 Case3

162  The day following onset of clinical signs in case 2, aryddrold Thoroughbred geldingas
163  presented emsfarm with acute onsetrafscle fasciculations and sweatinghis horselied
164  shortly after.being loaded for transportation for hospital.care

165
166 Case4

167  Another 1lyearold Thoroughbred geldingas transported to the primary care veterinarian’s
168  clinic for observation on the same day as case 3. This horgaitxaly asymptomatidut

169  developednuscle fasciculations and patchy sweatiithin 12 hours of hospitalisation.

170  Haematology revealeaild neutrophilia and lymphopenia, attributed to str8ssum

171 biochemistry from a sample taken approximately 8 hptics to the onset of clinical signs

172 revealed mildly increasaduscle enzymactivities and hypocalcaemiablel). Peripheral

173  bloodlactateand glucose concentratiomgrenot measuredCardiac troponin &nd
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triglycerideconcentrations weneormal whermeasured retrospectively in frozen serum
(Tablel). Theownerelected euthanasa the onset of clinical signs duefiioancial

constraints andxpectedgrogression of disease

Post mortem findings

Post mortem=examinations were performed on cases 2, 3 @ndsé. examination was
unremarkable.except fan extensive oesophagdakd impaction in case @ccupyng the
entireoesophageal lumeAll cases had hisfmathdogical evidence of myocardial necrosis
with myocardial fibre degeneratiooytoplasmic fragmentatiopatchyinterstitial oedema,
macrophage infiltration and multifocal acute interstitial haemorrkieige3a) Lesions were
present in:bethsatrial and veictlar wall sectionsof horses 2 and 3, butere aly present in
the atrial wallof.case 4. Frozen sections from tbf ventricle of case 2 were examined with
periodic acidSchiff (PAS)and oil red Gstairs but did noteveallipid accumulatn within

cardiac myocytes

Examinationsof skeletal muscéections in cases 2 andelealedsimilar but generally less
severe changds those seen in the myocardial sectids skeletal muscle abnormalities
weredetectedn case3. Cytoplasmic fragmentation, hypereosinophilia, pallor, shrinking or
swelling and irterstitial oedema were seen in the diaphraguoh skeletal muscle portion of

the oesophagusf cases 2 and, and inthe longissmus and vastus lateralis muscles of case

2. The diaphragm was worst affected of all skeletal muscle sections examined ofE@se 2
3b). Frozen sections with PA&hd oil red Gstairs showed ngkeletal musclépid
accumulationimmunohistochemistry for yosin heavy chain (Fast Type Il) was performed

on 5 mm paraffin sections from case 2. Nonspecific antibody binding was blocked with 10%
(v/v) horse serum in wash buffer (PBS:0.5% Bovine Serum Albudnids glycine). The

primary anibody.(Clone MY33) was diluted in wash buffer, added to the sections, and
incubated at AC overnight. Excess antibody was washed off in three changes of wash buffer
before being incubated with HRP conjugated ardiise 1gG. Sections were washed three
times in wash buffer. Colour development was achieved through incubation of the sections
with the peroxidassubstrate DAB washed irdistilled waer and mounted using
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Aquamount. All affected fibres were nestaining, Typd (slow twitch) fibres
(Supplementarytem 1). No lesions were seen in any smooth muscle sections

Histopathologiel evidence of splenic congestiavas also seen in casewhile case2 had
haemosiderifladen macrophages present in the splenic red pulp and kidneys. Haemaosiderin
wasalso present'withithe Kuppfer cellsof the liverin case2. Incase 2hepatocytes

displayed moderatpid vacuolation predominantly affecting the periacinar region and the
hepatic sinusoidaere mildly congestedhere was occasional renibular distension with
proteinaceous fluid icag 2 and rare aggregates of plasma cells and lymphocytes within the

renalinterstitiym:

Case 3 hadnextensive accumulation of small brown seefitin the ventral colon, which
were consistat with seedsrom Malva parviflora An attempt was made tgerminate thge

for full identification, butwas unsuccessful

Acyl carnitine.and fatty acid analysismethodsand results

Acyl carnitine profilesusing tandem mass spectrometigre performed oserum samples

from cases.2 and 4, asdrum from 10 healthy control horses (8 mares and 2 geldings; 6
Standardbreds;.one Quarter Horse, one Quarter Horse cross, one Thoroughbred and one
Thoroughbred eross; median age 11 years (range 3-25 yasammgviously describdd3].

There wergargeincrease$20 to 70 times the median of control samples) in C14-C18 acyl
carnitineconcentrations in case samples and smaller increases (up to 8 times) in other acyl
carnitines such as @25 (Table2; Supplementarjtem 2). Thepresence ofalvalic,

sterculi¢ and dihydrosterculic acids in serurag@analysed using gas chromatographgss
spectrometrySerum(100 pL) was hydrolysed with 500 pL of ethanol:10 mol/L sodium
hydroxide (8:2 v:v) iraglass tube and heated at 80°C for 1 hour. 200 |8.mbl/L

hydrochloric acid was added and fatty acids extracted into 1 mL of n-hexane whidtewas t
dried under a air streamat 80C. Tert-butyldimethylsilyl derivatives were formed layglding

50 uL of pyridine and 50 pL of kert-butyldimethylsilykN-methyltrifluoroacetamide
(MTBSTFA) and heahg at 80°C for 30 minutes. 150 pL of isatane was added and the
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234  fatty acidderivatives were separated on a 30m HP-5 column interfaced with an Agilent 5973
235 gas chromatograpimass spectromefeSome rearrangement of cyclopropene fatty acids

236 occurred during the analytical process, resulting in two chromatographic peaks

237  (Supplementarytem 3). Due to lack of readily availableurestandard, raw coldpressed

238 Baobab sa#oil(containing 6.20 malvalic acid6.5% sterculic acid and.3%

239  dihydrosterculic acid)]4 fas used as a source of these fatty abdiddvalic andsterculic

240 acids were preseirt seumfrom case®? and 4 but were undetectablecomtrols

241  (Supplementarytem 3).
242
243  Discussion

244  This case series reports suspedtiadva parvifloratoxicosis causing acute myopathy and
245  cardiomyopathy in horsesssociated witbnormal fatty acid oxidation, and proposes a
246 mechanism for this toxicosiBrevious reports ofuspectedalva parvifloratoxicosisin

247  horses arerare‘and mosélgecdotal. Previously describdahical signs associated with
248  ingestionaresweating, tachycardia, tachypnoeayscle tremors and a stiff g§#t]. Signs of
249  toxicosis are better described in sheep, in wlocted exercise resslin a staggerike

250 syndrome ineluding collapse, tachycardia, tachypnoea, muscle fasciculatismnaatines
251  death [34]"In one of these studiesimilar clinical signs were also reported in one of the
252  horses used to drive the sh¢8p Post mortentesions described in sheep include cardiac
253  and skeletal muscle necrosis and liver lipid accumuld8p4], consistent withthe equine
254  cases reportedsher€oxicosisin thecases described here occurvdten mature fruit

255  containingseeds were present on talva parvifloraplant. Immature seeds bfalva

256  parviflora contain the highest concentrations of cyclopropene fatty acids (especibliona

257  acid), with*other‘parts of the plant containing lower concentrafigns
258

259  While allhorses.repoed heredied or weresubjected to euthanasiaere are anecdotal
260 reports of horsewith suspected clinicabxicosissurviving following ingestion oMalva
261  parviflora, andsurvival ofsome affectedheep haalso been reportd@; 3]. As the owner
262  elected euthanasia of case 4 at the onset of clinical gighsnknown whether th horse
263  might have survived had treatment been attem@ased on the cases described here,

264  prognosis appears guarded or poor; howaweafment might be warranted in mild=rses.
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The marked increases in serum concentrations of cyclopropene fattgagigsthatthese
compounds could beesponsible for toxicosiin these casedalvalic acid haveen
suggesteasthe activetoxin of Malva parviflora[2], buta mechanism of action has not
previouslybeen, elucidatedVe propose thatyclopropene fatty acideund inMalva

parviflora impairbeta-oxidation by disrupting function of the enzyme Very Long Chain Acyl
CoA Dehydrogenase (VLCAPEC 1.3.8.9. VLCAD is anearlyenzyme in the beta-

oxidation spirathatcleaves C1ZC18 fatty acidslthough affinity ishighest for C14-C18

fatty acidg[15]. Inhibition of this enzymes expected t@ause accumulatioof long chain
(predominantly C14-@8) acyl carnitinesvithin cells that then enter the circulatidris is
consistent with the results from cageand 4, in which increases in serum concentrations of
C14-C18 aeylkearnitinepredominatedThere were smaller increases in-C2 acyl carnitines
that may he.due to minor inhibition of other acyl-CoA dehydrogenase enzymes by malvalic
or sterculicacids or their metabolifes these enzymes are known to have relatively broad

substrate specificity.

The cycloprepene ring, especially the double bamthought to impart toxicityas the
cyclopropane analogues dihydromalvalic and dihydrosterculic acids, that |ashduibie

bond in the three carbon ring are not toxic/p The cyclopropene ring is destroyed during
hydrogenation in the refining process of seed oils from plants of the order Malvaleshi$6]. T
change is thought to negate the tdyicaused byinrefined oils such as cottonseed[b#,
16-22]. Furthery cyclopropane fatty acdis not appear toause any of thmetabolic changes
reported for cyclopropene fatty acidisrats[23]. Hypoglycin A contains a cyclopropane ring
with an ‘adjacent double bond and inhibits several enzymes involved in fatty acid beta-
oxidation. Because of the presence of the structurally similar cyclopropene ring, malvalic and
sterculic acids might also interfere with fatty acid betalation during times of negative
energy balance.. This might also ultimately lead to abnormal myocyte energy handling.
Furtherwork is required to confirone or both cyclopropene fatty acasthe toxins
responsible for clinicagigns in horses and other animals, and if so, th@ictmechanism of

action.
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296  Our equine cases share manyilarities wth the human genetic condition Very Long Chain
297  Acyl CoA Dehydrogenase @iciency (VLCADD). This is an inherited disorder of fatty acid
298  metabolismwheremutations inACADVL, the gene encodingLCAD, result in abnormal

299 increases in CE€18 acyl carnitinegswith clinical signs and post mortem findingisnilar to

300 thoseseen intheequine caseeported here [24-29] herefore it issuspectethatMalva

301  parviflora mightcause an acquired form of VLCADID horses and other animallis.

302 affected humans there are several different genetic mutatiomsACADVLgene, resulting
303 in differentiages of onset and severity of clinical signs [dDCADD can present as a severe
304 life-threatening.disease in newbothat includesardiomyopathy, hypoglycaemia, acidosis,
305 and hepatie dysfunctidi26; 30]. Childhood and adult-onset forrokthe disease also exist
306  which rhabdomyolysis and myoglobinuage more prominent featurfl]. Often fatal

307 cardic arrhythmiagan occuin human disorders of fatty acid metabolism [32n¥icular

308 tachycardia is the most commonly reported arrhytim_CADD [32], dthough he exact

309 pathophysiology of the cardiac manifestations is incompletely understodgi3[32
310

311  Atypical myopathyis a disorder of fattycid oxidation and alsassociated witleardiac

312 diseasd33]"Premature ventricular depolarisations and paroxysmal ventricular tadiaycar
313  arereportedn.AM [33]. Post mortem evidence cdrdiomyonecrosis has also bedserved
314 in some horses with SPM, although dysrhythmias were not reporte®j&thythmias were
315 documented in case 2, and are suspected todaas® the markedtachycardia in case 1 and
316 sudden death'in caseThese are presumed to be due tontlyecardial lesions seen

317  histopathalogically in the three horses examired. interesting to note thatise 4 had a

318 normal CTnl in serum taken just prior to the ordetlinical signs. It is possible that the

319 cardiac lesions progress rapidlgading to cardiomyonecrosis being evident in this horse
320 postmortem afteiclinical signs developed, but had not progressed sufficiendgiusean

321 increase imeCTnl in the houpsior to ths.
322

323  Regardless'of,the mutation causing VLCADD in pe@pldVLCAD knock-out nice,

324  episodes of clinical disease are usually precipitated by factors that result in negative energy
325 balance such as illnedasting or physical exertion [226; 31; 32, 35] [29]. Negative energy

326  balance is also important in the pathophysiologg®Mand AM in horses [1(85]. The

327 presence of negative energy balancklaiva parvifloratoxicosis seems key to the
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development otlinical toxicosis as fat is mobilised for energynd metabolised through
beta-oxidation. Intseepfed Malva parviflorg those that showed signs of toxicosis were in
negative energy balan¢®], while well-fed sheepvere unaffectef36]. Similarly,

administration otyclopropene fatty acide rats, chickens and dairy cowsa neutral or

positive energy-balanakd not induce toxicosjdbut rathercause changes irtomposition of
body, egg/and milk fats [147-21]. Duringnegative energy balandéux throughbeta

oxidation pathwayss greatly increasedmpairment of the enzymes of those pathways is
expected to cause the accumulation of fatty acid intermediates, including acyl carnitines, and
may induce.acute clinical signalthough negative energy balanagpears importanit

should be'noted that tltaseslescribed here had body condition scores of approximately 4/9.
Horses affected by AM or SPhte also typicayl in reasonable body condition [187],
suggesting that disorders ofatty acid oxidationacutenegative energy balancan

precipitate clinical disease (toxicosisi®es not need to be present long enougjeteerate

very low body condition scoredn these casepresence of a negative energy balance in all
horses is assumed due to the history of sudden withdrawal of supplementary feeding
approximately-one week prior to the onset of clinical signs. Seigtyceride concentrations
reported here were measdia samples takesome time after presumed toxin ingestion, and
therefore do not reflect energy balance at the time of toxin ingestion.

Themajor differences betwedhecases reported heamdcases o5PM or AMare the
different acyl carnitine profikeand more pronounced cardiac lesions present in the current
caseg433]..Both SPM and AM are caused by acquiredltidle Acyl CoA Dehydrogenase
Deficiency[38; 39], and lypoglycin Ahas been identified as tlhausativaoxin [10]. Despite
differing acyl carnitine profilesthe clinical presentation and clinicopathological findings
reflecting.generalised myopathythe cases reported havere similar tahose described for
SPMor AMreasesNecrosis of only Type 1 myofibres as demonstrated in case 2 is also a
feature of AM/SPM and is consistent with the clinical signs of constant movement and
muscle faseiculations that resoléh recumbencyThe exclusive involvement of Type 1
myofibres is'censistent with disorders of fatty acid oxidation [39] due to the higher nambe
mitochondria and greater use of oxidative metabotisthese fibre typesrhe extensive
oesophageal feed impaction in case 2 thasght to be caused by myopathy of the skeletal

muscle portion of the oesophagsshas beereported in SPM38].
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360

361 In contrast to SPM andlM, where lipid accumulation in myocytes is common; @), there
362  was no evidence of lipid accumulation in any muscle sections in theasadhat had these
363  sections examined with appropriatains.In humans with VLCADDmyocyte lipid

364 accumulatiomecurs in approximately one third of cases avitgn presents only moderate
365 [35; 41]. The reason thdipid accumulation does not occur in Alimanpatients isunclear,
366 however, based-on our findings ahé human literaturanyocyte lipid accumulation should
367 not necessarilysbe expected to occur in anivklk/a parvifloratoxicosis.

368

369 Hepatocyte lipidracuolationwasfound in case 2andis a consistent feature ¥L.CADD in

370  humans [4243]-Hepatic lipid accumlationand increased alanine transaminase actisity

371  also described.in sheep that have ingebstalya parviflora[3; 4]. This mightreflect lipid

372  mobilisation due to negative energy balance, rather than a specific feature of toxicosis.

373  Hypoglycaemia’is a feature ¥LCADD, butcase 2f this seriesvas normoglycaemic on

374  presentationThis difference might be explained by the substantial endogenous

375 catecholamin@nd glucocorticoid production by prey species such as horses when severely
376  distressedhat.might obscurblood glucose measuremenlternatively hypoglycaemia

377  might be.due to other species differenceglycogen reserves and glucose metabolism and
378 further investigatioms required to determine whethiéis a feature oMalva parviflora

379  toxicosis.
380

381  Specific treatment recommendations for AM/SPM do not exist and there is insufficient

382 information to'makeecommend@ons for horses with suspectbthlva parvifloratoxicosis.

383 Replacement of dietary long chain fatty acids with medium chain fatty acidsnsathstay

384 for management of VLCADD in people but this recommendation is not unanimously

385 accepted44-47].Dantrolene sdium has been reported to benefcial in a single case of

386 VLCADD [48]. Removing animals from the source of toxin and eliminatieggtive energy

387 balancewould appear important. However, the best source of energy to achieve this is purely
388  speculative.

389
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390 This case series has limitations, most importantly the small number of affecsss and

391 incomplete data for all cases. Due to the nature of clinical practice, including owner financial
392  constraints, decisions to elect euthanasia and omlycase being evaluated at a referral

393  hospital, these were unavoidableurther studies are needed to better characterise this

394 toxicosis'should larger outbreaks occur in the future.
395

396 In conclusion, ingestion dflalva parviflorais likely related to development atute

397 myopathy and cardiomyopathy in horses in a negative energy balance, due to efftys on
398 acid oxidation. This plant should be controlled in areas where horses and other species a
399 grazing, especially if adequate supplementary feadasailable Acyl carnitine profiling

400 could be an‘effective technique to delinddtdva parviflorafrom hypoglycin A toxicosis.

401  Follow-up fatty acid analysis, using the technique described above, can be used to confirm
402  the presence of cyclopropene fatty acklsither workinvolving investigation of

403  cyclopropene fatty acids in a rat modeplannedo definitively determine the toxin within

404  the plant that,causes clinicgigns.
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Table legends

Table 1: Haematological andertinent plasma (case 2) or serum (case 4) biochemical results
from thestwoscases for which they were measured. All values reported are from hospital
admission (case 2) or just prior to the onset of clinical signs (case 4) except where indicated
otherwise Triglyceride values are from samples taken after the time of toxin ingestion and
therefore do not rédct energy balance at that time. Values outside the reference range are in
bold.

* Values from samples taken approximately 24 hours after admission

T Value from sample taken approximately 24 hours after admission, test performed

retrospectively on frozen serum.
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¥ Values from tests performed retrospectively on frozen serum.

Table 2: Acyl carnitine profiles from cases 2 and 4, control horses, and hoitbes w
AM/SPM. *The equine range is derived from previously published values [18; 38gdfan
acyl carnitines were calculated from the combined values previously reportaditadual
horses with.AM or SPNI18; 36]. Values above the control range are in bolcteases in
shorter (C2C5) chain acyl carnitines may be due to minor inhibition of other @o-
dehydrogenasesenzymes by malvalic or sterculic acids or their metabolites reliagively

broad substratesspecificity.

Figure legends

Fig 1. Malya'parviflorg showing mature plants and characteristic “cheesewheel” fruit. The
plant develops'white-purple flowers prior to fruit developing.

Fig 2. Chemieal structures of malvalig] (A) and sterculid9] (B) acids.

Fig 3: A: Haematoxylin and eosin stained section of myocardium from case 2. Irakrstiti
oedema andsinfiltration of macrophages (black arrow), and fragmentation dérfibses

(white arrow) are seen. B: Haematoxylin and eosin stained section of diaghoagoase 2.

This section‘igepresentative of the changes in all skeletal muscle sections examined but was
the mostseverer Swelling of muscle fibres (thick arrows) and as muscle fibre fragmentation

(thin arrows) are seen.

Supplementary Information

Supplementaryltem 1: Immunohistochemistry for myosin heavy chain (Fast Type Il) from

case 2
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Supplementaryltem 2: Acyl carnitine profiles of cases 2 and 4, and one control horse.

Supplementaryltem 3: A: Extracted ion chromatograms (38172 showing detection of
malvalicracidsnsserum from case 4 (top) compared to a control horse (bottom). Malvalic acid

is shown as two peaks due to separation into two compounds caused by the analysis. Absence
of peaks related'to"malvalic acid in the controise are indicated by arrovi. Extracted

ion chromatograms (351%/2 showing the detection of sterculic acid in serum from case 4

(top) compared. to a control horse (bottom). Again, sterculic acid is shown as twalpeaks

to separation into two compounduring analysis. Absence of peaks related to sterculic acid

in the control horse are indicated by arrows.

References

[1] Michael, P.J., Steadman, K.J. and Plummer, J.A. (2009) The biology of Australian
weeds 52. Malva parviflora IRlant Protection Quarterl4, 2-9.

[2] McKenzie, R.A. (2012RAustralia’'s Poisonous Plants, Fungi and CyanobacteAa -
Guide to Species of Medical and Veterinary Importa@®RO Publishing,
Collingwood, Victoria, Australia.

[3] Dodd, S."and Henry, M. (1922) Staggers or Shivers in Live Slo€omparative
Pathology and Therapeuti&5, 4161.

[4] MainyD.C. and Butler, A.R. (2006) Probable Malva parviflora (small flowered
mallow) intoxication in sheep in Western Austrahaist Vet J.84, 134-135.

This article is protected by copyright. All rights reserved



499
500

501
502
503
504

505
506
507
508

509
510
511

512
513

514
515
516
517
518

519
520
521
522

523
524
525
526

527

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Bohannon, M.B. and Kleiman, R. (1978) Cyclopropene fatty acids of selected seed
oils from Bombacaceae, Malvaceae, and Sterculiatgaids 13, 270-273.

Tesevic, V., Vajs, V., Lekic, S., Dordevic, I., Novakovic, M., Vujisic, L. and
Todosijevic, M. (2012) Lipid composition and antioxidant activities of the seed oll

from three Malvaceae specidsch. Biological Sci.64, 224-227.

Yano, |., Nicholls, B.W., Morris, L.J. and James, A.T. (1972) The distribution of
cyclepropane and cyclopropene yadicids in higher plants (Malvaceakipids 7, 30-
34.

Macfarlane, J.J., Shenstone, F.S. and Vickery, J.R. (1957) Malvalic acid and its
structureNature179, 830-831.

Nunn, J.R. (1952) The structure of sterculic agi€hem Soc.313.

Valberg, S.J., Sponseller, B.T., Hegeman, A.D., Earing, J., Bender, J.B., Martinson,
K.L., Patterson, S.E. and Sweetman, L. (2013) Seasonal pasture myopathy/atypical
myaopathy in North America associated with ingestion of hypoglycin A within seeds
of thesbex elder treeEquineVet J.45, 419-426.

Zuraw, A., Dietert, K., Kuhnel, S., Sander, J. and Klopfleisch, R. (2015) Equine
atypical myopathy caused by hypoglycin A intoxication associated with ingestion of
sycamore maple tree seelguineVet J.48, 418-421.

Sponseller, B.T., Valberg, S.J., Tennent-Brown, B.S., Foreman, J.H., Kumar, P. and
Timoney, J.F. (2005) Severe acute rhabdomyolysis assowdte8treptococcus
equi infection in four horses. Am Vet Med Assoc 227, 1800-1807.

This article is protected by copyright. All rights reserved



528
529
530

531
532
533
534
535

536
537
538
539

540
541
542
543

544
545
546
547

548
549
550
551

552
553
554
555

556

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Matern, D. (2008) Acylcarnitines, Including In Vitro Loading TestsLbboratory
Guide to the Methods in Biochemical Genetieds: N. Blau, M. Duran and K.M.
Gibson, Springer, Verlag, Germany. p 171.

Andrianaivo-Rafehivola, A.A., Siess, M.H. and Gaydou, E.M. (1995) Modifications
of hepatic drug metabolizing enzyme activities in rats fed baobab seed oil containing
cycleprepenoid fatty acidg.ood and chemical toxicology : an international journal
published for the British Industrial Biological Research Associad@r77-382.

Nelson, D.L. and Cox, M.M. (2013) Fatty Acid Catabolism.Uahninger Principles
of Biechemistry6th edn., Eds: D.L. Nelson and M.M. Cox, W.H. Freeman and
Company; New York. p 667.

Ward;T."Tango, J., Cousins, E. and Feuge, R. (1967) Selective hydrogenation of the
cyclopropene acid groups in cottonseedJolrnal of the American Oil Chemists'
Society (JAOCS)4, 420.

Andrianaivo-Rafehivola, A.A., Blond, J.P., Cao, J., Gaydou, E.E. and Bézard, J.
(1993) Influence of cyclopropene fatty acids (Baobab seed oil) feeding on the in vitro

A9 desaturation of stearic acid in rat liver microsomes. J. Nutr. Biochem4, 92-96.

Bain, J.M. and Hall, J.M. (1970) The effect of dietary cyclopropene fatty acids on the
structure of newlaid and stored hens' eggs: an optical and electron microscope study.
Aust J.Biol. Sci.23, 657-672.

CookyLJ., Scott, T.W., Mills, S.C., Fogerty, A.C. and Johnson, A.R. (1976) Effects
of pretected cyclopropene fatty acids on the composition of ruminant milliats
11, 705-711.

This article is protected by copyright. All rights reserved



557
558
559

560
561
562
563

564
565
566
567

568
569
570
571

572
573
574
575
576

577
578
579
580

581
582
583
584
585

586

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Johnson, A., Fogerty, A., Pearson, J., Shenstone, F. and Bersten, A. (1969) Fatty acid
desaturase systems of hen liver and their inhibition by cyclopropene fatty acids.
Lipids 4, 265.

Johnsen, A.R., Pearson, J.A., Shenstone, F.S. and Fogerty, A.C. (1967) Inhibition of
the'desaturation of stearic to oleic acid by cyclopropene fatty &tadiste214, 1244-
1245.

Sinnhuber, R.O., Lee, D.J., Wales, J.H., Landers, M.K. and Keyl, A.C. (1€p&iel
carginagenesis of aflatoxin m1 in rainbow trout (salmo gairdneri) and its

enchancement by cyclopropene fatty aciddlat Cancer Institutés3, 1285-1288.

Wood, R. and Reiser, R. (1965) Cyclopropane fatty acid metabolism: Physical and
chemicalidentification of propane ring metabolic products in the adipose.tissue
Journal of the American Oil Chemists' Society (JAOLZSB15.

Aoyama, T., Uchida, Y., Kelley, R.l., Marble, M., Hofman, K., A.H., T., Rhead, W.J.
and Hashimoto, T. (1993) A novel disease with deficiency of mitochondrial very-
long-chain acyl-CoA dehydrogena&ochemical and Biophysical Research
Communicationd491, 1369-1372.

Bastin, J(2014) Review: Regulation of mitochondrial fatty acid f-oxidation in
human:"Whatan we learn from inborn fatty acid f-oxidation deficienciesBiochimie
96,113-120.

Bertrand, C., Largilliere, C., Zabot, M.T., Mathieu, M. and Vianey-Saban, C.Y 1993
Veryilong chain acyl-CoA dehydrogenase deficiency: identification of a new inborn
error of mitochondrial fatty acid oxidation in fibroblagBsochimica et Biophysica
Actal118Q 327-329.

This article is protected by copyright. All rights reserved



587
588

589
590
5901
592
593

594
595
596

597
598
599
600

601
602
603

604
605
606
607

608
609
610

611
612
613
614

615

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Reuter, S.E. and Evan, A.M. (2012) Carnitine and Acylcaesti@linical
Pharmacokinetic$1, 553-572.

Spiekerkoetter, U., Tokunaga, C., Wendel, U., Mayatepek, E., Exil, V., Duran, M.,
Wijburg, F.A., Wanders, R.J.A. and Strauss, A.W. (2004) Changes in blood carnitine
and acylearnitine profiles of very lorghain acy}CoA dehydrogenaseeficient mice
subjected to stresgur. J.Clin. Invest 34, 191-196.

Spiekerkoetter, U. and Wood, P. (2010) Mitochondrial fatty acid oxidation disorders:
pathophysiological studies in mouse mod&l$nherited Metaboli®isease33, 539.

SchiffM¢, Mohsen, A.-W., Karunanidhi, A., McCracken, E., Yeasted, R. and
Vockley, J. (2013) Molecular and cellular pathology of very-lohgin acyH{CoA
dehydrogenase deficiendylolecular Genetics and Metabolishe9, 21-27.

Bruno,"C: and DiMauro, S. (2008) Lipid storage myopatl@estent Opinion in
Neurology21, 601-606.

Bonnet, D., Martin, D., Pascale De, L., Villain, E., Jouvet, P., Rabier, D., Brivet, M.
and Saudubray, J.M. (1999) Arrhythmias and conduction defects as presenting
symptoms of fatty acid oxidation disorders in childr€mculation 100, 2248-2253.

Verheyen; T., Decloedt, A., Clercq, D. and Loon, G. (2012) Cardiac Changes in
Horses:with Atypical Myopathyl. Vet Intern. Med 1019.

Finno, C.J., Valberg, S.J., Winschmann, A. and Murphy, M.J. (2006) Seasonal
pasture myopathy in horses in the midwestern United States: 14 case2Q09%3.
Am Vet Med Assoc229, 1134-1141.

This article is protected by copyright. All rights reserved



616 [35] Laforét, P. and Vianey-Saban, C. (2010) Review: Miss of muscle lipid

617 metabolism: Diagnostic and therapeutic challenijesiromuscular Disorder20,
618 693-700.
619

620 [36] MarshyC.D., Clawson, A.B. and Roe, G.C. (1928) Four range species not poisonous

621 to livestock, Ed: U.S.D.o. Agriculture, United States Department of Agrieyltur
622 Washington DC. pp 1-10.
623

624 [37] vanGalen, G., Saegerman, C., Pitel, C.M., Patarin, F., Amory, H., Baily, J.D.,

625 Cassart, D., Gerber, V., Hahn, C., Harris, P., Keen, J.A., Kirschvink, N., Lefere, L.,
626 McGorum, B., V, J.M., J, M.T., Piercy, R.J., Roscher, K., Serteyn, D., Unger, L., van,
627 J.H., Loon, G.v., Verwilghen, D., Westermann, C.M. and Votion, D.M. (2012)

628 European outbreaks of atypical myopathy in grazing horses (2006-2009):

629 Determination of indicators for risk and prognostic factarpuineVet J.44, 621-

630 625.

631

632 [38] Sponseller, B.T., Valberg, S.J., Schultz, N.E., Bedford, H., Wong, D.M., Kersh, K.
633 and“Shelton, G.D. (2012) Equine Multiple Acyl-CoA Dehydrogenase Deficiency
634 (MADD) Associated with Seasonal Pasture Myopathy in théwéistern United

635 StatesJ. Vet Intern. Med 26, 1012-1018.

636

637 [39] Westermann, C.M., Dorland, L., Votion, D.M., de Sain-van der Velden, M.G.M.,
638 Wijnberg, I1.D., Wanders, R.J.A., Spliet, W.G.M., Testerink, N., Berger, R., Ruiter,
639 J.PiN. and van der Kolk, J.H. (2008) Acquired multiple Acyl-CoA dehydrogenase
640 deficieney in 1Cthorses with atypical myopathMeuromuscular Disorder$8, 355-

641 364

642

643 [40] Cassart, D., Baise, E., Cherel, Y., Delguste, C., Antoine, N., Votion, D., Amory, H.,

644 Rollin, F., Linden, A. and Coignoul, F. (2007) Morphological alterations in oxidative
645 muscles ad mitochondrial structure associated with equine atypical myopathy.
646 Equine \ét J. 39, 26-32.

This article is protected by copyright. All rights reserved



647
648
649
650
651
652
653

654
655
656
657
658

659
660
661
662
663

664
665
666
667

668
669
670
671

672
673
674
675
676
677

[41]

[42]

[43]

[44]

[45]

[46]

Laforét, P., Acquaviva-Bourdain, C., Rigal, O., Brivet, M., Peni®esnier, I.,

Chabrol, B., Chaigne, D., Boespflug-Tanguy, O., Laroche, C., Bdillat; A.-L.,

Behin, A., Delevaux, I., Lombeés, A., Andresen, B.S., Eymard, B. and Vianey-Saban,
C#(2009) Diagnostic assessment and lterga follow-up of 13 patients with Very
Long-Chain AcytCoenzyme A dehydrogenase (VLCAD) deficiendguromuscular
Disorders19, 324-329.

Li, X., Ding, Y., Ma, Y., Liu, Y., Wang, Q., Song, J. and Yang, Y. (2015) Clinical
research: Very longhain acylcoenzyme A dehydrogenase deficiency in Chinese
patients: Eight case reports, including one case of prenatal diaghasid.Med
GenetiesH8, 134-139.

Baruteau, J., Sachs, P., Brouég, P., Brivet, M., Abdoul, H., Vianey-Saban, C. and Ogier
de Baulny, H. (2013) Clinical and biological features at diagnosis in mitochondrial
fatty,acid beteoxidation defects: a French pediatric study of 187 patiéntaherited
MetabolicDis. 36, 795.

Haruki, H., Kawai, M., Ogasawara, J.-l., Koga, M., Negoro, K. and Kanda, T. (2010)
Novel nutritional management regimen for very lagin acyiCoA dehydrogenase

deficieney.Rinsho Shinkeigaku = Clinical Neurology50, 172-174.

Pervaiz, M.A., Kendal, F., Hegde, M. and Singh, R.H. (2011) MCT oil-based diet
reverses hypertrophic cardiomyopathy in a patient with very long chaircagyl-
dehydregenase deficiendpdian J. HumGenet 17, 29-32.

Rrimassin, S., Tucci, S., Herebian, D., Seibt, A., Hoffmann, L., ter Veld, F. and
Spiekerkoetter, U. (2010) Pexercise mediurchain triglyceride application
prevents acylcarnitine accumulation in skeletal muscle from-le@iy-chain acyl-
CoA-dehydrogenasdeficient miceJournal Of Inherited Metabolic Disea88, 237-
246.

This article is protected by copyright. All rights reserved



678
679 [47] Tucci, S., Primassin, S., Ter Veld, F. and Spiekerkoetter, U. (2010) Medium-chain

680 triglycerides impair lipid metabolism and induce hepatic steatosisrinlongchain
681 acyCoA dehydrogenase (VLCADJeficient miceMolecular Genetics And

682 Metabolism101, 40-47.

683

684 [48] Voermans, N.C., Poels, P.J., Kluijtmans, L.A. and van Engelen, B.G. (2005) The
685 effect.ef.dantrolene sodium in Very Long Chain Acyl-CoA Delogdmase

686 Deficiency.Neuromuscular Disorders: NMD5, 844-846.

687

688

This article is protected by copyright. All rights reserved



Table 1

Value (reference range)

Value (reference range)

Case 2

Case 4

Packed cell volume (%) 51 (30-47) 37 (32-52)
Leukocytes'(x10) 12.89(4.9-11.1) 9.9 (5.5-12.5)
Neutrophilsi(xi@) 9.82(2.5-6.9) 8.6(2.7-6.7)
Monocytes (x10) 0.27 (0.2-0.6) 0.3 (0.0-0.6)
Eosinophils (x10) 0.17 (0.0-0.8) 0.0 (0.0-0.9)
Basophils'(x10) 0.03 (0.0-0.1) 0.0 (0.0-0.3)
Lymphocytes/(x10) 2.6 (1.5-5.1) 1.0(1.5-5.5)
Total protein (g/L) 71 (56-79) 74 (53-80)
CK (U/L) 3000(10-350) 4893(<150)
135477(50-400)*

AST (U/L) >1086 (0-600) 790(<300)
Calcium (mmel/L) 2.31(2.60-3.23) 2.4(2.8-3.4)

Lactate (mmol/L) 9.2(0.3-1.5) Not measured
Glucose (mmol/L) 7.1 (3.56-8.34) Not measured
Triglycerides«(mmol/L) 3.1(0.10.9)1 0.2 (0.1-0.9}
CTnl (ug/L) 167.5 (<0.15) 0.09 (<0.15}

Haematological and pertinent plasma (case 2) or serum (case 4) biochemical results from the
two cases fer-which they were measured. All values reported are from hospital admission
(case 2) orjust prior to the onset of clinical signs (case 4) except where indicated otherwise.
Triglyceride"values are from samples taken after the time of toxin ingestion and therefore do

not reflect:energy balance at that time. Values outside the reference range are in bold.
* Values from samples taken approximately 24 hours after admission

1 Value from sample taken approximately 24 hours after admission, test performed

retrospectively on frozen serum.
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1 Values from tests performed retrospectively on frozen serum.
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Table 2

Case 2 | Case 4 | Controls (n=10); Equine AM/SPM
median (range) range* (mean)**
carnitine 70.3 62.2 20.3 (13.1-37.9) 4.3-31.3 54.50
C2 carnitine .| 61.8 418 |7.8 (4.8-10.9) <18.96 21.3
C3 carnitine 19.0 11.3 3.1 (1.7-4.6) <1.41 1.94
C4 carnitine [ | 2.0 1.9 0.6 (0.5-0.7) <1.06 31.05
C5:1 carnitine™ |0.15 0.12 0.04 (0.0-0.2) <0.03 0.06
C5 carnitine 1.06 1.06 0.28 (0.2-0.6) <0.46 34.57
C6 carnitine 0.3 0.17 0.05 (0.03-0.3) <0.12 5.72
C8 carnitine 0.09 0.06 0.03 (0.02-0.2) <0.02 1.67
C10 carnitine g=p0:13 0.15 0.03 (0.01-0.1) <0.03 0.71
C5DC carnitine | 0.07 0.06 0.03 (0.02-0.1) <0.05 0.71
C12 carnitine_40.26 0.28 0.03 (0.00-0.1) <0.02 0.12
C14:2 carnitine | 0.38 0.43 0.02 (0.00-0.1) <0.02 0.16
C14:1 carnitine | 1.36 1.24 0.02 (0.00-0.1) <0.02 0.06
C14 carnitine 0795 1.05 0.06 (0.01-0.2) <0.02 0.15
C16 carnitine }.3.32 2.87 0.09 (0.03-0.2) <0.02 0.38
C18:1 carnitine | 1.84 1.88 0.04 (0.02-0.1) <0.02 0.07
C18 carnitine™1.69 1.81 0.04 (0.02-0.1) <0.02 0.38

Acyl carnitine profiles from cases 2 and 4, control horses, and horses with AM/SPM. *The
equine range is derived from previously published values [18; 35]. **Median acyl carnitines

were calculated from the combined values previously reported for individual horses with AM or
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SPM [18; 36]. Values above the control range are in bold. Increases in shorter (C2-C5) chain acyl
carnitines may be due to minor inhibition of other acyl-CoA dehydrogenase enzymes by malvalic

or sterculic acids or their metabolites, due to relatively broad substrate specificity.
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