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Abstract

Atypical myopathy (AM) in horses is caused by ingestion of seeds of the Acer species

(Sapindaceae family). Methylenecyclopropylacetyl-CoA (MCPA-CoA), derived from hypo-

glycin A (HGA), is currently the only active toxin in Acer pseudoplatanus or Acer negundo

seeds related to AM outbreaks. However, seeds or arils of various Sapindaceae (e.g.,

ackee, lychee, mamoncillo, longan fruit) also contain methylenecyclopropylglycine (MCPG),

which is a structural analogue of HGA that can cause hypoglycaemic encephalopathy in

humans. The active poison formed from MCPG is methylenecyclopropylformyl-CoA

(MCPF-CoA). MCPF-CoA and MCPA-CoA strongly inhibit enzymes that participate in β-oxi-

dation and energy production from fat. The aim of our study was to investigate if MCPG is

involved in Acer seed poisoning in horses. MCPG, as well as glycine and carnitine conju-

gates (MCPF-glycine, MCPF-carnitine), were quantified using high-performance liquid chro-

matography-tandem mass spectrometry of serum and urine from horses that had ingested

Acer pseudoplatanus seeds and developed typical AM symptoms. The results were com-

pared to those of healthy control horses. For comparison, HGA and its glycine and carnitine

derivatives were also measured. Additionally, to assess the degree of enzyme inhibition of

β-oxidation, several acyl glycines and acyl carnitines were included in the analysis. In addi-

tion to HGA and the specific toxic metabolites (MCPA-carnitine and MCPA-glycine), MCPG,

MCPF-glycine and MCPF-carnitine were detected in the serum and urine of affected horses.

Strong inhibition of β-oxidation was demonstrated by elevated concentrations of all acyl gly-

cines and carnitines, but the highest correlations were observed between MCPF-carnitine

and isobutyryl-carnitine (r = 0.93) as well as between MCPA- (and MCPF-) glycine and

valeryl-glycine with r = 0.96 (and r = 0.87). As shown here, for biochemical analysis of atypi-

cal myopathy of horses, it is necessary to take MCPG and the corresponding metabolites

into consideration.
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Introduction

Atypical myopathy (AM) of horses is a frequently fatal disease characterized by acute rhabdo-

myolysis in pastured horses that consume seeds of Acer spp. (e.g., Acer pseudoplatanus, Acer
negundo) [1–5] that belong to the Sapindaceae family of plants. Very young horses are particu-

larly affected [3, 4]. In human medicine, it is well known that fruits of Sapindaceae can be very

poisonous [6–9]. Early and on-going studies of the chemical components of these plants have

shown that seeds and arils of Sapindaceae (ackee, lychee, longan, mamoncillo fruits) may con-

tain the toxins hypoglycin A (HGA) and the lower homologue of HGA, methylenecyclopro-

pylglycine (MCPG) [7, 10–16]. For example, in 1976, cases of Jamaican vomiting sickness

(JVS) were investigated and conclusively linked to HGA in ackee fruits [17]. In other Sapinda-
ceae, HGA alone (longan fruit), and in combination with MCPG (lychee fruit), was isolated

from the fruits [11, 18, 19]. However, not all members of the Sapindaceae family produce both

toxins, which seems to be associated with the ripeness of the various fruits [20, 21]. The inges-

tion of ackee and lychee fruits led to the detection of the metabolic products of exposure to

HGA and MCPG [16]. These specific urinary metabolites of HGA and MCPG are methylene-

cyclopropylacetyl-glycine (MCPA-glycine) and methylenecyclopropylformyl-glycine (MCPF-

glycine), respectively.

A histological hallmark of acute Acer seed poisoning in horses is lipid storage myopathy in

skeletal muscle and sometimes in the myocardium. Biochemically elevated activities of muscle

enzymes such as creatine kinase (CK) are observed. Furthermore, typically high concentra-

tions of a broad spectrum of acyl carnitines (e.g., butyryl-carnitine) and acyl glycines (e.g.,

valeryl-glycine) are a result of the interruption of fatty acid β-oxidation by the inhibition of

acyl-CoA dehydrogenases and enoyl-CoA hydratases [1]. Considering the accumulation of a

broad spectrum of acyl conjugates, AM has been compared to a human inborn error of metab-

olism called multiple acyl-CoA deficiency (MADD) [1]. However, while HGA is responsible

for the inhibition of acyl-CoA-dehydrogenases catalysing the first of the 4 steps of the β-oxida-

tion cascade, the active metabolite of MCPG, MCPF-CoA, is known to cause the inhibition of

the second step, which is performed by the enoyl-CoA hydratases [22–24]. If it can be shown

that the inhibition of enoyl-CoA hydratases caused by MCPG ingestion contributes to the

development of the disease, AM can no longer be interpreted as just an induced form of

MADD.

Recent research on Sapindaceae poisoning that resulted in atypical myopathy in horses

only focused on HGA toxicity, while MCPG or conjugates of its metabolite methylenecyclo-

propylformate (MCPF), MCPF-glycine or MCPF-carnitine, have not yet been described in

AM. However, several species of Acer have been reported to contain MCPG and/or HGA

[12], which have both been documented as inducers of encephalopathy and hypoglycaemia

in experiments conducted in rats [13, 19, 25–29]. Previous studies suggest that MCPG

undergoes a similar metabolic pathway as HGA [13, 19, 22, 23, 30]. Although MCPG also

inhibits the β-oxidation of fatty acids, it acts on a different step of the spiral degradation

process (Fig 1). Therefore, the simultaneous action of the two homologues may increase the

toxic effects.

To better understand the pathomechanism of Acer seed poisoning in horses, it is

important to know to what extent each of the toxins, HGA and MCPG, is involved. There-

fore, the objective of this study was to analyse serum and urine samples of horses affected

by AM for the presence of MCPG, MCPF-glycine and MCPF-carnitine and to compare

these results to those for HGA and its metabolites. In addition, we assessed the degree of

enzyme inhibition by measuring the concentrations of several acyl glycines and acyl

carnitines.

MCPG metabolites in horses with atypical myopathy
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Materials and methods

Case selection

In autumn 2016 (November) and autumn 2017 (October–December), 14 horses from Ger-

many (5 warmbloods, 1 cold-blooded horse, 3 heavy-warm-blooded horses, 3 Arabian horses,

and 2 ponies; including 1 gelding, 5 stallions, and 7 mares; 1.0–2.0 y old, 24 h pasture turnout)

were used as study subjects. All horses exhibited acute clinical signs of muscle pain and weak-

ness. The farm veterinarians conducted the initial treatment and diagnosed AM based on the

clinical signs and clinicopathological assessment. Eight horses were admitted to the equine

clinic and Research Centre of Medical Technology and Biotechnology (Bad Langensalza, Ger-

many), and three horses were admitted to the equine clinic at the Department of Large Animal

Medicine (Faculty of Veterinary Medicine in Leipzig, Germany) for intensive care where they

Fig 1. Metabolic pathway for MCPG and HGA after ingestion and possible mechanisms of excretion.

https://doi.org/10.1371/journal.pone.0211698.g001
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died or were euthanized (anaesthesia: 0.12 mg/kg body weight (bwt) romifidine; 0.2 mg/kg

bwt diazepam; 2.0 mg/kg bwt ketamine; euthanasia: 5 ml/50 kg bwt T61). The last three horses

were treated on the farm but died or were euthanized within a maximum of 2 d after the onset

of disease (anaesthesia: 1.1 mg/kg bwt xylazine; 2.0 mg/kg bwt ketamine; euthanasia: 5 ml/50

kg bwt T61). The horses were kept on pasture, and clinical signs included the sudden onset of

indicators such as the rapid progression of acute rhabdomyolysis with myoglobinuria, stiff-

ness, trembling and sweating, weakness, recumbency, depression, and unexpected death. Lab-

oratory tests showed very high activity of creatine kinase, lactate dehydrogenase and aspartate

amino transferase. None of the 14 horses included in our investigation survived. Data of the

diseased horses in this study are summarized in Table 1.

Blood and urine samples

Serum samples and ante-mortem urine samples were collected from all affected horses during

the disease by qualified veterinarians through their routine practice using a framework of offi-

cial programmes (blood sampling from the jugular vein, urine sampling with a catheter). For

an individual horse both body fluids were obtained on the same day.

Samples were collected in order to perform diagnostic analyses during the course of the

AM (e.g., measuring activities of creatine kinase and lactate dehydrogenase as well as several

liver enzymes). The horse owners agreed verbally that residual material might be used for sci-

entific research.

Additionally, serum of 12 horses that were clinically healthy and did not have access to Acer
pseudoplatanus seeds were included in the study and served as controls. Urine samples of

those control horses (n = 6) were voluntarily collected as free catch urine by the owners. All

samples were kept frozen at—18˚C until analysis.

Seed samples

The affected horses originated from six different pastures. However, all affected horses had

access to Acer pseudoplatanus seeds, and the HGA content in the seeds was determined. Five

Table 1. Specific characteristics (breed, sex, age and creatinine kinase activity) of AM affected horses.

AM Horse Breed Sex Age CK1 [U/L]

1 Arabian horse Stallion 1 655,022

2 Arabian horse Mare 1 925,365

3 heavy WB Mare 1.5 > 2,036�

4 heavy WB Mare 1.5 > 2,036�

5 Arabian horse Stallion 1 266,616

6 Cold-blooded horse Stallion 2 98,795

7 WB Stallion 2 > 2,036�

8 WB Stallion 2 96,135

9 Pony Gelding 1.5 73,500

10 Welsh Pony Mare 1.5 1,682,500

11 heavy WB Mare 1.5 681,000

12 WB Mare 1 > 100,000�

13 WB Stallion 1 > 20,000�

14 WB Mare 1 382,477

AM, atypical myopathy
1 creatine kinase in serum samples

�not finally determined with serial dilution

https://doi.org/10.1371/journal.pone.0211698.t001
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affected pastures were visited by the farm veterinarian directly after the occurrence of AM to

collect seed samples. The collection was executed on private land, and the owners gave permis-

sion to conduct the study on their land. The focus was directed towards Acer spp., especially

sycamore maple trees (Acer pseudoplatanus), to determine the presence of the seeds and avail-

ability to the horses. Analysis of the HGA content in the seeds was performed according to

Bochnia et al. (2015) [31].

Ethics statement

Animal Care and Use Committee approval was not requested for this study because no ani-

mals were handled specifically for this experiment. Blood collection was done by an experi-

enced veterinarian from the jugular vein either at pasture on the farm or on admission at the

clinics. The detection of the content of HGA and MCPA- and MCPF-conjugates was con-

ducted with the owner’s consent. Therefore, legal restrictions do not apply, as they are waived

in the case of non-experimental procedures and routine veterinary practices in patients and

companion animals (i.e., no laboratory animals were used).

Reagents

MCPG was provided as a mixture of diastereomers under the chemical name (2S)-amino

[(1S)-2-methylenecyclopropyl]acetic acid or 2-amino-3-(2-methylidenecyclopropyl)propanoic

acid, unlabelled and [13C2
15N]-labelled and was a generous gift of M. Carter, Centers for Dis-

ease Control, Atlanta, USA (contracted from IsoScience, King of Prussia, PA, USA). The purity

of the unlabelled material was�97% and that of the isotopically labelled form was�99.3%.

Both isomers made up approximately 50% of the total amount of the mixture.

The MCPF-glycine used was 97% pure, and the internal standard (97% pure) was 13C2
14N

MCPF-glycine (IsoScience, King of Prussia, PA, USA). MCPF-carnitine was quantified using

d7-butyryl carnitine (ten Brink, Amsterdam, The Netherlands) as an internal standard, which

was also used for quantifying butyryl carnitine.

For measurement of MCPA-glycine, this substance and 13C2
14N MCPA-glycine were avail-

able at 97% purity (IsoScience), and the internal standard for the respective carnitine was

d3-octanoyl carnitine (ten Brink). We used d3-leucine (Cambridge Isotope Laboratories, Ted-

dington, UK) for HGA and d3-valeryl glycine for valeryl glycine (ten Brink). The HGA was

purchased as an 85% pure substance (Toronto Research Chemicals, Toronto, Canada). Gen-

eral laboratory reagents were analytical grade of the best quality available.

Analysis MCPG

The analysis was conducted according to Sander et al. (2017) [16]. In brief, analysis of MCPG

content was performed after butylation on a Xevo UPLC-MS/MS system (Waters, Eschborn,

Germany). For chromatographic separation, we used an Acquity UPLC BEH C18 1.7 μm,

2.1x50 mm column (Waters) with an injection volume of 5 μL. The gradient was composed of

acetonitrile/water modified by 0.1% formic acid and 0.01% trifluoroacetic acid. MCPG was

chromatographically separated into two diastereomers (Fig 2); however, due to the lack of

authentic material, it was not possible to assign the peaks to known isomers. Therefore, these

products are hereafter referred to as isomers A and B. The analysed transitions [m/z] were

184.0>110.7 for the butyl ester of MCPG and 187.0>113.7 for butylated [13C2
15N]-MCPG.

The butyl esters were detected in ESI positive mode by multiple reaction monitoring (MRM)

mode. A ratio was calculated from the signals that were obtained for both MCPG isomers and

the internal [13C2
15N]-MCPG standard. The analysed transitions [m/z] for the other butyl

esters were MCPF-glycine: 212>80.93, 13C2
14N MCPF-glycine: 215.07>80.93, MCPF-

MCPG metabolites in horses with atypical myopathy
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carnitine: 298.15>84.98, MCPA-glycine: 226>73.95, 13C2
14N MCPA-glycine: 229.1>75.92,

and MCPA-carnitine: 312.2>84.98.

Details of the analysis of MCPG and the relevant quality parameters will be published

separately.

As shown in Fig 2, MCPG, HGA and the corresponding derivatives in the serum of an

affected horse were well separated by chromatography. Chromatographic separation of these

compounds was achieved within a run time of 4 min. To also measure a spectrum of acyl car-

nitines and acyl glycines, the total run time was extended to 14 min.

Statistical analyses

Statistical analysis was performed with the SAS 9.4 software package (SAS Institute Inc., Cary,

NC, USA). All evaluated parameters in serum and urine samples were compared between

affected animals and controls using a one sample one sided upper t-test calculating means and

standard deviation. Furthermore, to calculate any correlation between the parameters in

serum or urine and between the same parameter in serum and urine, a test of normal distribu-

tion was performed. Because of the wide ranges in min- and max-values, raw data were loga-

rithmically transformed and tested again for a normal distribution. If log data showed a

Fig 2. Chromatographic separation of MCPG, HGA, MCPA-carnitine and MCPA-glycine as well as MCPF-carnitine and MCPF-glycine in the serum of an AM

horse.

https://doi.org/10.1371/journal.pone.0211698.g002
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normal distribution, Pearson correlation coefficients (r) were used to calculate the P-value for

the t-test to identify significant differences between the samples at P< 0.05. Trends are indi-

cated by P< 0.1.

Results

Quality parameters

Precision data for MCPF-glycine and MCPA-glycine quantification are shown in Table 2.

Excellent linearity was found for MCPF-glycine in the range of concentrations measured both

in spiked urine and serum, with r2 values of 0.9925 and 0.9885 and 0.9784 and 0.9925 for

MCPG-glycine (Table 2). The line almost went through the origin, indicating a very low non-

specific signal. The limit of quantification was 50 nmol/L (CV< 20%), and the limit of detec-

tion, indicated by a signal three times higher than the background, was 5 nmol/L. Recovery of

92–114% of MCPF-glycine and MCPA-glycine from urine and serum spiked with 50 and 500

nmol/L indicated good accuracy of the method. Due to the lack of original compound values

obtained for MCPF-carnitine and MCPA-carnitine, the values do not represent an absolute

quantification but rather a relative quantification of their concentration in the samples.

HGA in the Acer seeds

HGA concentrations were extremely variable in the Acer seeds, ranging from 69–1340 μg/g

per seed.

Serum samples

Serum concentrations of MCPG and HGA and the corresponding metabolites plus the con-

centrations of a spectrum of acyl conjugates of AM affected horses are shown in Table 3. The

concentrations of MCPG in serum samples of all affected horses were extremely variable. In

several samples, isomer A was found in trace amounts only. MCPG was always found at a

much lower concentration than HGA. The quantitative ratio of the isomers was variable as

well. The metabolite MCPF-glycine was found in all serum samples of the affected horses and

was detected in concentrations that were different from sample to sample. Because the concen-

trations for all parameters differed from one another by one or two orders of magnitude, the

calculated means were lower than their corresponding standard deviations (e.g., MCPF-gly-

cine and MCPF-carnitine, MCPA-glycine). This was also true for MCPG isomer A and B.

Table 2. Precision of MCPF-glycine and MCPA-glycine quantification: Coefficients of variation for MCPF-gly-

cine and MCPA-glycine measurements found for 6 concentration levels.

Methylenecyclopropylformylglycine

(MCPF-glycine)

Methylenecyclopropylacetylglycine

(MCPA-glycine)

Concentration

nmol/L

CV1 %

serum

CV1 %

urine

Concentration

nmol/L

CV1 %

serum

CV1 %

urine

50 18.5 18.7 50 19.8 19.9

100 16.6 16.1 100 17.5 19.6

250 12.7 14.9 250 13.5 14.6

500 6.0 8.6 750 6.9 7.5

1000 4.5 6.8 1250 6.0 8.8

1500 4.0 5.3 2500 3.6 6.8

1 coefficients of variation

https://doi.org/10.1371/journal.pone.0211698.t002
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Neither MCPF- or MCPA-conjugates nor MCPG or HGA were found in the serum samples

of healthy control horses. Values for the acyl conjugates for the controls are given in Table 3

and differed significantly from affected horses (P< 0.001).

The calculated Pearson coefficients of correlation for the serum samples are shown in

Table 4. There was no correlation between MCPG, the precursor to the effective toxin, and

MCPF-glycine and MCPF-carnitine. MCPF-glycine was not the major MCPG-metabolite

found; rather, MCPF-carnitine was measured in concentrations that exceeded those of MCPF-

glycine by one to two powers of ten.

Unlike MCPG and its metabolites, the parent substance HGA was present in the serum at a

much higher concentration than the respective glycine and carnitine conjugates in the group

of affected horses. There was a strong relationship between the abundance of HGA and MCPG

(r = 0.84–0.92; MCPG A isomer and MCPG isomer B), and accordingly, levels of MCPF-carni-

tine exceeded those of MCPA-carnitine by up to more than two orders of magnitude, and both

were strongly correlated (r = 0.84). The detected concentrations of the medium chain acyl con-

jugates were extremely high in comparison to the control horses (P< 0.001), and in some

Table 3. Concentrations and means ± sd of MCPG and HGA and the corresponding metabolites in nmol/L plus the concentrations of a spectrum of acyl conjugates

in μmol/L in the serum samples of AM affected horses in comparison to the controls.

item AM

horse

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Mean3±sd

Units controls

MCPG isomer A [nmol/l] < dl1 trace 1,623 6.6 trace 36.1 trace trace trace 200 8.1 3.8 Trace 742 trace 188±458

MCPG isomer B [nmol/l] < dl1 14.7 228 6.5 5.2 47.3 6.7 3.4 7.6 106 22.4 7.2 7.5 71.5 3.5 38.4±62.6

MCPF-glycine [nmol/l] < dl1 1,111 652 100 1,180 387 97.4 63.8 52.3 116 127 153 588 165 123 351±387

MCPF-carnitine [nmol/l] < dl1 17,832 990 3,215 18,903 4,938 3,277 1,364 1,649 2,304 10,803 2,371 12,108 2,979 1,060 5,985

±6,258

Hypoglycin A [nmol/l] < dl1 3,709 16,294 1,427 1,436 10,456 2,439 1,832 2,842 10,753 5,884 1,184 1,662 13,050 2,834 5,414

±5,056

MCPA-glycine [nmol/l] < dl1 4,649 2,764 241 2,332 1,196 252 170 244 681 615 244 876 641 409 1,094

±1,296

MCPA-carnitine [nmol/l] < dl1 1,025 171 113 533 379 142 72.5 70.3 188 437 93.9 548 510 90.8 312±276

isobutyryl-

carnitine

[μmol/l] 0.1–5.3 36.2 1.7 9.5 29.2 14.2 11.9 7.3 6.9 9.0 25.3 7.5 23.5 10.6 5.8 14.2±10.2

butyryl-carnitine [μmol/l] 0.2–3.3 37.2 14.3 16.0 32.2 23.6 18.5 16.1 27.3 14.4 28.2 13.8 260 257 120 62.7±87.1

isovaleryl-

carnitine

[μmol/l] 0.2–1.2 11.1 4.8 5.3 6.0 6.8 4.6 4.7 4.9 5.0 7.7 5.0 75.7 166 18.9 23.3±45.1

valeryl-carnitine [μmol/l] trace-dl2 7.3 0.5 0.7 3.6 3.4 1.0 0.7 0.5 0.7 4.6 0.7 2.1 4.9 0.9 2.3±2.1

valeryl-glycine [μmol/l] trace-

0.1

25.7 18.2 2.0 14.3 11.4 1.2 1.0 3.0 5.0 3.7 2.5 5.4 4.0 3.5 7.2±7.4

hexanoyl-

carnitine

[μmol/l] trace-

3.1

13.6 5.8 5.5 14.4 9.1 8.2 7.0 3.5 6.8 10.5 6.1 17.7 8.1 8.4 8.9±3.9

hexanoyl-glycine [μmol/l] <dl2-0.4 35.3 23.5 2.5 17.8 9.9 2.4 2.7 1.0 5.1 4.4 5.6 8.4 7.1 13.6 10.0±9.7

octanoyl-

carnitine

[μmol/l] <dl2-1.1 3.7 1.8 1.0 4.1 2.2 2.1 1.5 0.4 1.9 2.8 1.2 4.8 2.0 2.0 2.2±1.2

decenoyl-

carnitine

[μmol/l] <dl2-0.3 3.7 1.7 0.8 3.8 1.5 1.6 1.0 0.4 0.9 2.4 0.9 4.3 1.3 1.6 1.9±1.2

AM-horse: horse affected by atypical myopathy
1dl, detection limit = 1 nmol/L
2dl = 0.01 μmol/L
3calculated as the mean from the horses 1–14; for each parameter the min- and max-values are shown in bold

https://doi.org/10.1371/journal.pone.0211698.t003
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cases, there was a strong correlation to the toxic metabolites. For example, there was a strong

correlation between the abundance of MCPF-glycine and valeryl-glycine (r = 0.87) and hexa-

noyl-glycine (r = 0.87), or between MCPA-glycine and valeryl-glycine (r = 0.96) and hexanoyl-

glycine (r = 0.87), and between MCPA-carnitine and valeryl-carnitine (r = 0.92). This correla-

tion was also found for the abundance of MCPF-carnitine and isobutyryl-carnitine (r = 0.93).

Urine samples

MCPG was excreted in the urine of the AM affected horses only in very small amounts, and

sometimes only traces of the compounds were detected (Table 5). Concentrations were about

two orders of magnitude lower for MCPG than for HGA; however, MCPF-glycine and MCPF-

carnitine were found in all urine samples of affected horses in high concentrations in addition

to the respective MCPA conjugates. As described for serum samples, it can be noted that the

calculated mean for HGA and MCPA-glycine was lower than the corresponding standard

deviation, which can be explained by the high variation among the detected concentrations in

the AM horses. This observation was also true for MCPG isomer A and B; the detected con-

centrations, however, were clearly lower.

In urine, the levels of MCPF-carnitine were significantly higher than those of MCPF-gly-

cine. The urine results from all affected horses indicated that acyl glycines and acyl carnitines

were present in extremely elevated concentrations. Neither HGA, MCPG, MCPF- nor MCPA-

conjugates were detected in the urine of healthy control horses. Control horses excreted acyl

glycines and acyl carnitines at concentrations (Table 5), which were significantly different

from those measured in affected horses (P< 0.001).

Table 6 shows a strong correlation in urine samples between MCPA-glycine and valeryl-

glycine (r = 0.89) and hexanoyl-glycine (r = 0.85), as well as between MCPA-carnitine and iso-

valeryl-carnitine (r = 0.81), valeryl-carnitine (r = 0.97), hexanoyl-carnitine (r = 0.91) and octa-

noyl-carnitine (r = 0.85). Regarding the specific MCPF-conjugates, there are only low

correlations in the urine samples. There are some correlations between the acyl glycines and

acyl carnitines, which can be found in Table 6.

A comparison of detected acyl conjugates concentrations between serum and urine samples

(Table 7) showed a high correlation for valeryl-carnitine (r = 0.71), valeryl-glycine (r = 0.73),

hexanoyl-carnitine (r = 0.70), hexanoyl-glycine (r = 0.87) and octanoyl-carnitine (r = 0.78),

which were all in the range of the correlation calculated for MCPA-carnitine (r = 0.73) and

MCPA-glycine (r = 0.78). In addition to the fact that there are some correlations between sev-

eral acyl carnitines in serum (e.g., valeryl-carnitine, hexanoyl-carnitine, octanoyl-carnitine)

and the abundance of MCPA-carnitine in urine, as well as for some acyl glycines in serum

(valeryl-glycine, hexanoyl-glycine) and MCPA-glycine in urine, there was also a relationship

between MCPF-carnitine in urine and isobutyryl-carnitine and butyryl- and valeryl-carnitine

in serum samples. The latter observation was similar to the description in the serum samples.

Discussion

So far, only HGA has been reported to cause AM in horses, although it has been known for a

long time that fruits from Sapindaceae not only contain HGA but also the structural analogue

MCPG [12]. Previous studies detailed the relationship between HGA content in seeds of Acer
pseudoplatanus ingested by mainly younger horses (< 3 years) on pastures and the detectable

concentrations of HGA and the toxic metabolites (MCPA-glycine and MCPA-carnitine) in

serum and urine after developing AM [3, 4, 31–33]. The repeated observation of the prevalence

in young horses has not yet been fully explained, but may be due to the fact that horses until
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Table 5. Concentrations and means ± sd of MCPG and HGA and the corresponding metabolites in nmol/mmol creatine plus concentrations of a spectrum of acyl

conjugates in μmol/mmol creatinine in urine samples of AM affected horses in comparison to the controls.

item AM

horse

1 2 3 4 5 6 7 8 9 10 11 12 13 14

mean3±sd

Units controls

MCPG

isomer A

nmol/

mmol

crea

< dl1 1.8 10.1 1.2 1.3 2.5 5.1 13.0 trace 1.2 1.6 trace 3.1 25.5 0 4.8±7.1

MCPG

isomer B

nmol/

mmol

crea

< dl1 trace trace trace 3.3 2.7 trace 7.1 trace 2.5 11.8 trace 7.7 51.3 trace 6.5±13.4

MCPF-

glycine

nmol/

mmol

crea

< dl1 4,673 16,058 6,394 7,509 7,624 3,518 1,771 9,399 6,640 1,832 5,790 8,724 2,757 3,846 6,181

±3,758

MCPF-

carnitine

nmol/

mmol

crea

< dl1 17,478 5,380 10,297 14,632 7,271 14,397 6,668 8,395 8,672 29,378 11,906 17,824 17,456 23,887 13,831

±6,930

Hypoglycin

A

nmol/

mmol

crea

< dl1 3,405 1,344 244 553 63.8 218 177 722 630 1,142 241 838 518 527 759±847

MCPA-

glycine

nmol/

mmol

crea

< dl1 81,300 192,704 28,122 25,402 60,505 16,849 12,922 17,889 68,766 25,174 21,005 34,548 27,595 22,209 45,356

±47,283

MCPA-

carnitine

nmol/

mmol

crea

< dl1 2,701 1,097 405 687 1,538 1,219 537 133 743 2,754 473 798 2,392 836 1,165±864

isobutyryl-

carnitine

μmol/

mmol

crea

0.8–1.3 53.0 14.0 52.5 50.3 26.2 97.7 54.0 27.9 73.2 125 54.0 69.6 38.3 59.4 56.8±28.9

butyryl-

carnitine

μmol/

mmol

crea

trace-0.3 672 207 145 223 542 606 462 131 181 499 171 272 313 408 345±184

isovaleryl-

carnitine

μmol/

mmol

crea

trace-0.6 240 84.9 72.1 74.5 214.0 167 109 56.1 81.4 200 80.9 101 110 124 123±58.9

valeryl-

carnitine

μmol/

mmol

crea

trace<dl2 19.4 8.7 3.7 4.9 8.6 8.0 3.8 1.3 5.7 22.1 4.5 4.9 24.8 8.9 9.2±7.4

valeryl-

glycine

μmol/

mmol

crea

0.8–5.3 365 1079 263 201 574 64.1 86.7 106 410 145 192 307 74.0 135 286±272

hexanoyl-

carnitine

μmol/

mmol

crea

trace-0.8 168 80.8 47.9 76.6 118 116 52.9 14.0 69.6 173 72.5 81.3 82.2 90.1 88.7±43.3

hexanoyl-

glycine

μmol/

mmol

crea

0.4–0.8 964 1158 294 343 578 190 282 184 389 245 376 502 456 438 457±282

octanoyl-

carnitine

μmol/

mmol

crea

trace-0.3 21.0 22.3 10.2 16.5 26.3 17.6 9.8 3.0 14.9 23.3 15.6 15.7 16.3 16.4 16.4±6.01

decenoyl-

carnitine

μmol/

mmol

crea

trace<dl2 10.5 20.7 8.1 10.4 19.2 7.3 4.6 1.9 7.8 12.7 12.5 13.5 11.4 14.4 11.1±5.12

AM-horse: Horse affected by atypical myopathy
1dl, detection limit = 1 nmol/mmol creatinine
2dl = 0.01 μmol/mmol creatinine
3calculated as the mean from the horses 1–14; for each parameter the min- and max-values are shown in bold

https://doi.org/10.1371/journal.pone.0211698.t005
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the age of three years spend more time on pasture over the whole year and have a higher sus-

ceptibility because of the higher energy need during the growth period [31].

In the present study, it has been observed that besides HGA, MCPG can also play a role in

the development of AM in horses. The MCPG concentrations in serum and urine were quite

low in comparison to HGA, but in contrast, the concentrations of the corresponding metabo-

lites were extremely high. A possible explanation for the low MCPG content in body fluids

could be fast and complete metabolism to its metabolites after absorption in the digestive tract.

The serum and urine samples from affected horses of the present study were from the latest

available time point during the disease before the horses were euthanized or deceased. It is

most likely that at this time point the majority of available MCPG was metabolized.

The relative importance of MCPG or HGA has not yet been clarified. The toxic effects

could be species-specific and organ-specific. Additionally, nothing is known about the distri-

bution of toxins in the various organs in different species. After ingestion, MCPG and HGA

are metabolized through several steps to produce the acidic compounds MCPF and MCPA,

which are then enzymatically transformed to the CoA-thioesters MCPF-CoA and MCPA-CoA

[25, 34–35]. The mechanism of enzyme inhibition by the CoA-thioesters is probably best

explained by irreversible or at least firm binding of the compounds to the active sites of

enzymes responsible for the of β-oxidation of fatty acids [36]. While MCPA-CoA is a potent

inhibitor of acyl-CoA dehydrogenases and interrupts the first step of the β-oxidation cycle,

MCPF-CoA is able to inhibit the first step of β-oxidation only to a certain extent. Enzymes

affected by MCPA-CoA are isovaleryl-CoA dehydrogenase and 2-methyl-branched chain acyl-

CoA dehydrogenase. The predominant effect of MCPF-CoA is to block enoyl-CoA hydratases

(ECH) that are responsible for the reversible hydration of 2-trans-enoyl-CoA thioesters to the

corresponding hydroxyacyl-compounds. This second step is performed by ECH 1, which is

localized in the mitochondria, and ECH 2, which is bound to peroxisomes. ECH 1 is active as a

mono-functional mitochondrial enzyme, but it is also part of the so-called mitochondrial tri-

functional protein that catalyse β-oxidation of long chain acyl compounds in three consecutive

steps. Both the mono-functional and tri-functional proteins are inhibited by MCPF-CoA.

ECH 2 does not exist as a mono-functional enzyme but is integrated into a multi-functional

peroxisomal enzyme complex that is an essential factor of peroxisomal β-oxidation, as it acts

on a wide variety of acyl compounds. MCPF-CoA occurs in nature in two isomeric forms;

while (R)-MCPF-CoA is more effective in inhibiting ECH 2 than (S)-MCPF-CoA, the effects

of both stereoisomers on ECH 1 are similar [13, 24]. In the small group of affected animals

tested, we observed a statistically strong correlation between MCPF-glycine and the acyl conju-

gates valeryl-glycine and hexanoyl-glycine in serum samples; however, this correlation was

also observed for MCPA-glycine. An isolated effect of the abundance of MCPF-carnitine in

serum was observed by a strong correlation to isobutyryl-carnitine. Therefore, we hypothesize

that this acyl carnitine mainly accumulates due to the presence of MCPF-CoA. In the urine

samples, we observed a strong correlation for MCPA-conjugates and several acyl conjugates.

We speculate that the simultaneous effect of the toxins derived from the two amino acids HGA

and MCPG reinforces the inhibition of β-oxidation. However, the exact biochemical process

of the inhibition of energy production in AM remains to be elucidated. An increasing number

of affected animals may strengthen this observation.

There are still more unresolved questions about the genesis of AM. The most disturbing

phenomenon is that on a pasture contaminated with Acer seeds, only some animals become

seriously ill, while others remain clinically unremarkable. In accordance with the present study

it has been observed that especially young individuals are affected [3, 4]. This phenomenon

appears to be a fundamental principle of poisoning by plants containing HGA and MCPG. In

human studies, it was also observed that often only single individuals, mostly younger ones,
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are diseased while others are not affected. This was reported as early as 1917 by Scott [6] for

ackee meals and later for lychee consumption [37–39]. Fruit or fruit products in such events

were equally available to all and often were consumed together. Since interrupting energy pro-

duction is a key mechanism of toxicity, biochemical stress, triggered by physical exertion and

hunger or fever, could determine if a horse that has eaten maple seeds becomes clinically ill.

Additionally, accompanying substances, which are ingested together with HGA and MCPG,

might play a role.

With regard to AM, not only the factors mentioned must be discussed here. It is also impor-

tant to remember that the content of HGA, as shown here, and MCPG may be extremely vari-

able in the individual maple seeds. In comparison to other Sapindaceae (lychee fruits, MCPG

45–220 μg/g; HGA 12–152 μg/g) the observed levels reported here are clearly higher. The

degree of maturity and the amount of seeds ingested by the affected horses are most likely

essential for poisoning and the development of AM symptoms. Possibly only a few seeds con-

taining the highest HGA concentrations are sufficient to severely poison a horse. Thus, the dif-

ferent incidence of AM may be due to individual sensitivity as well as to random differences in

the uptake of HGA, MCPG and accompanying substances.

As shown here, measurement of MCPG can effectively be included into a method devel-

oped for the diagnosis of Acer seed poisoning. MCPG, HGA and their specific metabolites

were detected in serum as well as in urine samples. For practical application, it has to be con-

sidered that concentrations of MCPG were low in comparison to HGA, but the method is

sensitive enough to even detect traces of the toxin. For example, as it has been previously dem-

onstrated, HGA, but not the toxic metabolites, can be found in serum samples of obviously

healthy co-grazers staying on the same pasture as affected ones [32]. An explanation for this

observation is still missing, but it can be speculated that the risk for developing an AM is much

higher for those horses. Therefore this group of horses cannot act as controls in future studies,

but need much more attention. A full biochemical diagnosis of AM requires not only measure-

ment of HGA and MCPG and their metabolites but also analysis of a spectrum of acyl conju-

gates. The method presented here allows for a full analysis with an instrumental run time of

only 14 min.

Conclusions

In this study, it has been demonstrated that in addition to HGA, MCPG is involved in Acer
seed poisoning of horses. This finding has to be taken into account for the description of the

exact pathomechanism of AM. A deeper insight into the pathogenesis is important from the

point of view of applied veterinary medicine because only a precise understanding of pathoge-

netic mechanisms will lead to the development of a specific therapy, which is still missing.

Serum and urine sampling were suitable for quantitation of MCPG and the corresponding

MCPF-metabolites. The high sensitivity of the method makes it easy to quantify low concen-

trations of the relevant compounds and typical metabolites that may be observed in subclinical

or symptom-free cases.

In our opinion, the demonstration of the involvement of MCPG in AM in horses is one

step only towards a complete elucidation of the pathogenesis of the disease. Further investiga-

tions are required. Those studies should address MCPG plus HGA in the body fluids of

affected horses, as well as of symptom-free, co-grazing horses, to estimate the risk that may be

associated with the consumption of maple constituents.
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