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ABSTRACT: Equine atypical myopathy (AM) is a severe (" Controls | ‘ Cograzers ‘ Diseased
environmental intoxication linked to the ingestion of protoxins L n="1 J n=23 _ | n=26
contained in seeds and seedlings of the sycamore maple (Acer Healtny }é’ R - I\//\A;gg;ﬂy
pseudoplatanus) in Europe. The toxic metabolites cause a b= ‘. ) (AM)
frequently fatal rhabdomyolysis syndrome in grazing horses. C y 7 J
————— cer pseudoplatanus —

Since these toxic metabolites can also be present in cograzing Proteomic analysis
horses, it is still unclear as to why, in a similar environmental e
context, some horses show signs of AM, whereas others remain
clinically healthy. Label-free proteomic analyses on the serum of 26

AM
signature
|

I

diseased AM, 23 cograzers, and 11 control horses were performed A Q &
to provide insights into biological processes and pathways. A total | ¢ mation  Glvcolysis/ Oxidative ~ Coagulation/  Biosynthesis
of 43 and 44 differentially abundant proteins between “AM vs Gl s Complement 7 iof amino acids

cograzing horses” and “AM vs control horses” were found. Disease-

linked changes in the proteome of different groups were found to correlate with detected amounts of toxins, and principal
component analyses were performed to identify the 29 proteins representing a robust AM signature. Among the pathway-specific
changes, the glycolysis/gluconeogenesis pathway, the coagulation/complement cascade, and the biosynthesis of amino acids were
affected. Sycamore maple poisoning results in a combination of inflammation, oxidative stress, and impaired lipid metabolism, which
is trying to be counteracted by enhanced glycolysis.

1. INTRODUCTION kinase (CK) activity, linked to the severe rhabdomyolysis, the
presence of toxic metabolites conjugated with glycine or
carnitine, and elevated levels of acylcarnitines."> The presence
of protoxins in blood is not considered a reliable diagnostic
factor as it has previously been published that HGA can be
detected in the serum of unaffected cograzing horses.'® Since
toxic metabolites can also be present in cograzing horses,"”"'% i

Equine atypical myopathy (AM) is a severe environmental
poisoning linked to the ingestion of certain maple tree (Acer)
seeds and seedlings. In Europe, the sycamore maple (Acer
pseudoplatanus) has been the main species connected to the
disease.' The intoxication has been associated with two
protoxins: hypoglycin A (HGA) and methylenecyclopropylgly-
cine.”” These molecules are not poisonous in themselves but are
converted into toxic metabolites, methylenecyclopropylacetyl-
CoA (MCPA-CoA) and methylenecyclopropylformyl-CoA
(MCPE-CoA), respectively.~” The first step of this conversion
in the muscle is the reversible transamination performed by the
branched-chain amino acid aminotransferase isoenzymes
(BCATm and BCATc).**’ The second mitochondrial step is
irreversible and is performed by the branched-chain a-ketoacid
dehydrogenase complex (BCKDHc).”*’ Both active metabo-
lites are fatty-acid f-oxidation inhibitors, resulting in severe Received: September 4, 2023
energetic impairment in oxidative muscles such as postural, Revised:  December 15, 2023
respiratory muscles, and the myocardium.'*~"* Additionally, Accepted:  December 29, 2023
both interfere with branched-chain amino acid catabolism.”"* Published: January 29, 2024
The diagnosis of AM results from a combination of
compatible clinical signs and strongly increased serum creatine

it
is still unclear as to why, in a similar environmental context,
some horses show signs of AM, while others remain clinically
healthy. The lethality rate in diseased horses is of 74% that varies
between countries and years (ranging from 43'? to 97%°) and,
despite extensive research over the past two decades, there is still
no cure for intoxicated horses.”"**

Since proteomics investigations can help understand the
mechanism of toxin-induced damage, it can possibly provide
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Figure 1. Workflow of sample preparation and proteomic analysis.

new therapeutic approaches.””** Furthermore, proteomics-
based technologies provide new insights into potential
diagnostic biomarkers, pathogenicity, and the interpretation of
functional pathways in diseases.”

Using the advantages of the technique, we hypothesized that
(1) we would observe disease-linked changes in the proteome of
AM-affected horses, (2) that the observed proteomic changes
would provide new insights into the disease on the molecular
level, and (3) that the amount of detected protoxins and/or toxic
metabolites (ie, HGA/MCPA-carnitine) quantified in the
serum is correlated with observed proteomic changes. To
identify proteomic signatures responding to toxin exposure, the
corresponding genes were aligned to the expressed proteins.
Subsequently, the metabolic network was mapped, and enriched
pathways were graphically represented. Additionally, biological
processes were analyzed through their directionality (over- or
under-abundance) to investigate the consequences of the
intoxication on horse metabolism.

2. MATERIALS AND METHODS

2.1. Animal Inclusion Criteria and Sampling. Blood
samples were collected in the peak months of AM incidences
(i.e,, in autumn, from October to December and during the
following spring from March to May).”® Sampling took place
between 2018 and 2020. The horses were classified into three
categories: AM horses, cograzing horses, and control horses,
which will be further elaborated upon in this section.

The blood specimens were obtained either as a part of
therapeutic procedures initiated by the Equine Veterinary
Hospital of the University of Liege (AM horses) or were taken
on the field after horse owners provided informed consent for
their horses’ inclusion in the study (cograzers and control
horses). Blood samples collected by jugular venipuncture were
extempore kept at 4 °C for a maximum of 2 h before
centrifugation and were then stored at —80 °C until further
analysis. All procedures adhered to national and international
guidelines for animal welfare as the study design is a part of
routine veterinary practice to establish a diagnosis or preventing
AM. The study also obtained approval from the Animal Ethics
Comnmittee of the University of Liege to ensure compliance with
ethical standards.
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Briefly, every horse with a tentative diagnosis of AM was
sampled upon arrival at the equine hospital, preceding any fluid
therapy. All included AM horses were considered highly likely to
have AM based on the diagnostic algorithm published by van
Galen in 2012." These horses exhibited frequent clinical signs
of AM, had access to pasture, and showed serum CK activity
exceeding 10,000 UI/L and/or pigmenturia.19 Within 24 h of
admission of the suspected AM case, blood samples were taken
at pasture from their equine cograzers. Cograzers shared the
same pasture as the diseased horses, presented no clinical sign of
AM, and underwent a general examination revealing no
abnormalities. To be included in the study, cograzers had to
have measurable quantities of HGA in their serum, confirming
the ingestion of toxins.

Additionally, a group of healthy control horses was also
sampled at pasture during the corresponding periods. Control
horses had the same duration of pasture exposure as the other
two groups, exhibited no clinical abnormalities, and did not
show detectable levels of toxins in their blood.

A total of 41 AM horses, 28 cograzing horses, and 19 control
horses met the inclusion criteria. A random selection process
was employed to designate 26 AM horses, 23 cograzing horses,
and 11 control horses from each, respective, category.

To summarize, horses included in this study had to meet
different criteria to be included in one of the following three
groups: (1) “AM horses”, consisting of 26 diseased horses with a
highly probable AM diagnosis based on clinical signs, (2)
“cograzers”, comprising 23 clinically healthy horses cograzing
with the diseased horses, and (3) “control horses”, consisting of
11 healthy grazing horses in which neither HGA nor MCPA-
carnitine was detected.

2.2. HGA Assay. Serum HGA assays were performed
according to a previously published technique.””** Quantifica-
tion of HGA was performed using the aTRAQ kit for amino acid
analysis of physiological fluids. HGA contained in samples was
derivatized using an isotopic tag (mass m/z = 121), while a
second labeling reagent (mass m/z = 113) allowed absolute
quantification. Derivatized samples were analyzed through a
TQS5500 tandem mass spectrometer (Sciex) using a Prominence
AR HPLC system (Shimadzu). The lower limit of quantification
associated with this method is 0.090 gmol/L.*”

https://doi.org/10.1021/acsomega.3c06647
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2.3. MCPA-Carnitine Determination Method. The
MCPA-carnitine separation and determination were carried
out by ultraperformance liquid chromatography combined with
subsequent mass spectrometry (UPLC—MS/MS). This method
has a limit of detection of approximately 0.001 nmol/L.*

2.4. Proteomic Workflow. The different steps are
illustrated in Figure 1.

2.4.1. Serum Collection and Quantification. Serum samples
from a total of 60 horses were collected and subjected to
proteomic analysis. The serum samples, which had been stored
at —80 °C, were thawed at room temperature and briefly
vortexed. The protein concentration of each sample was
determined using a Pierce 660 nm protein assay kit (Thermo-
Fisher Scientific, USA) following manufacturer’s instructions.
Subsequently, the samples were divided into aliquots with a
concentration of 10 pug/uL.

2.4.2. Protein Digestion. Serum samples were digested using
filter-aided sample preparation.”® First, the Millipore Microcon
30 MRCFORO030 Ultracel PL-30 columns (Merck, Germany)
were conditioned using 100 uL of 1% formic acid and
centrifuged at 14,500 rpm for 15 min. A centrifugation time of
15 min at 14,500 rpm was used unless otherwise specified. Each
sample, containing 20 pg of protein in 100 yL of 8 M urea buffer,
was loaded into a column and centrifuged as before. The filtrate
was discarded, and the filters were washed three times with urea
buffer before centrifugation.

Reduction was performed by adding 100 L of dithiothreitol
(DTT) to the columns, followed by mixing at 400 rpm for 1 min
using a thermomixer, and then incubating for 15 min at 24 °C.
Subsequent alkylation was achieved by adding 100 pL of
iodoacetamide (IAA) to the columns, mixing at 400 rpm for 1
min, and incubating for 20 and 10 min centrifugation at 14,500
rpm. The entire alkylation steps were conducted in the dark
before removing the excess of IAA through centrifugation after
the addition of urea buffer. To quench the remaining IAA, 100
L of DTT was added to the columns, mixed at 400 rpm for 1
min, incubated for 15 min at 24 °C, and then centrifuged at
14,500 rpm for 10 min. Excess DTT was removed by adding 100
UL of urea buffer to the column, followed by centrifugation. The
column was then washed three times with 100 L of 50 mM
sodium bicarbonate buffer (ABC buffer) and centrifuged for 10
min. The remaining 100 yL was retained in the column to avoid
evaporation.

The digestion step was performed by adding 80 pL of mass
spectrometry-grade trypsin (Promega, USA) diluted 1/50 in
ABC buffer to the column and mixing at 300 rpm for 1 min. The
mixture was then incubated overnight at 24 °C. The next day,
the Microcon columns were transferred to a LoBind tube of 1.5
mL and centrifuged for 10 min. Subsequently, 40 uL of ABC
buffer was added to the column and centrifuged for 10 min. To
obtain a 0.2% trifluoroacetic acid (TFA) solution, TFA (10% in
ultrapure water) was added to the content of the LoBind tube.
The samples were dried using a SpeedVac (Thermo Scientific,
USA), resuspended in a solution of 2% acetonitrile and 0.1%
formic acid, and transferred to an injection vial.

2.4.3. LC—MS Analysis. Data-dependent LC—MS analyses
were performed using a nano-LC—electrospray ionization
(ESI)-MS/MS timsTOF Pro (Bruker, Billerica, MA, USA)
coupled with a UHPLC nanoElute (Bruker).

Peptides were separated by nanoUHPLC (nanoElute,
Bruker) on a 75 pm ID, 25 cm C18 column with an integrated
CaptiveSpray insert (Aurora, Ionopticks, Melbourne) at a flow
rate of 200 nL/min, at 50 °C. LC mobile phases A was water
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with 0.1% formic acid (v/v) and B was ACN with 0.1% formic
acid 0.1% (v/v). Samples were loaded directly onto the
analytical column at a constant pressure of 600 bar. The digest
(1 uL) was injected, and the organic content of the mobile phase
was increased linearly from 2% B to 15% in 18 min, from 15% B
to 25% in 9 min, from 25% B to 37% in 3 min, and from 37% B to
95% in S min. Data acquisition on the timsTOF Pro was
performed using Hystar 6.0 and timsControl 2.0. timsTOF Pro
data were acquired using 160 ms TIMS accumulation time, with
mobility (1/K,) ranging from 0.7 to 1.4 Vs/cm’.

MA analyses were conducted using the parallel accumulation
serial fragmentation (PASEF) acquisition method.’" Each cycle
consisted of one MS spectrum, followed by six PASEF MS/MS
spectra, with a total cycle time of 1.16 s. Two injections were
performed for each sample.

2.4.4. Protein Identification. Tandem mass spectra were
extracted and charge state was deconvoluted and deisotoped by
Data analysis (Bruker) version 5.3. All MS/MS samples were
analyzed using a Mascot (Matrix Science, London, UK; version
2.7). Mascot was set up to search the Equus caballus NCBI
database (2,177,884 entries) assuming the digestion enzyme
trypsin. Mascot was searched with a fragment ion mass tolerance
of 0.05 Da and a parent ion tolerance of 15 PPM.
Carbamidomethyl of cysteine was specified in Mascot as fixed
modifications. Oxidation of methionine and acetylation of the
N-terminus were specified in Mascot as variable modifications.

Scaffold (version 5.1.0) was used to validate MS/MS-based
peptide and protein identifications. Protein identifications were
conducted using PEAKS search engine with 15 PPM as parent
mass error tolerance and 0.05 Da as fragment mass error
tolerance, and protein quantification was based on peptide
features detected from LC—MS/MS data by integrating the area
under the curve. Peptide identifications were accepted if they
could be established at greater than 95.0% probability to achieve
an FDR less than 1.0% by the Scaffold Local FDR algorithm.
Protein identifications were accepted if they could be established
at greater than 5.0% probability to achieve an FDR less than
1.0% and contained at least two identified peptides.

Quantitative analysis was performed using PEAKS Studio X
Pro with an ion mobility module and Q module for label-free
quantification (Bioinformatics Solutions Inc., Waterloo, ON).

Extensive quality controls were installed. Indeed, in LC—MS-
based proteomic studies, performing robust quality control can
enhance overall protein quantification and subsequently
improve accurate statistical estimates of differential abundance
by detecting outlier data points.””* All samples were therefore
digested during the same week, and all analyses were conducted
with the same LC column to limit variations in peak intensities
and identified peptides.”””” A control sample (HeLa digest) was
injected once in every 10 analyses.

The label-free quantitation method employed in this study
utilized an expectation-maximization algorithm applied to the
extracted ion chromatograms of the three most abundant unique
peptides of a protein, allowing calculation of the area under the
curve.”* Mass error tolerance was set at 15 ppm, and ion mobility
tolerance was set at 0.05 1/K; for quantitation purposes. For
label-free quantitation results, the peptide quality score was set
to be >4, confident number samples per group was >3, and the
protein significance score threshold was set to 1S. The
significance score is calculated as the —10 log), of the
significance testing p-value (0.05). Significance testing was
performed using ANOVA, excluding modified peptides and

https://doi.org/10.1021/acsomega.3c06647
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Table 1. Demographic and HGA/MCPA-Carnitine Blood Level Data of Sampled Horses. Age is given in Years, HGA is given in

pmol/L, and MCPA-Carnitine in nmol/L*

AGE HGA MCPA-carnitine
(umol/L) (nmol/L)
MEAN % SD 115+ 7.6 N/A N/A

COGRAZING HORSES

MEAN * SD
DISEASED HORSES

145+ 7.5

MEAN % SD

63+5.2

52%5.2 366.5 +861.6

“Data are presented as means + standard deviation. N/A: not applicable.

requiring at least two peptides for protein quantitation.
Normalization factors were calculated by using total ion current.

Two types of statistical analyses were conducted on the
identified proteins. First, total spectral counting analysis in
Scaffold was performed after identification through Mascot
using normalized ¢ tests and a Benjamini—Hochberg correction.
Second, ion-intensity-based label-free quantitative analysis was
performed in PEAKS Studio X Pro after peptide identification
by PEAKS.

The biological significance of the confidently identified
proteins was determined using the Panther protein classification
tool, which evaluated distinct differentially abundant proteins
(DAPs) between groups.” To visualize the overlaps among
enriched pathways and perform direct comparisons across
different databases, ShinyGO (version 0.76.1) was utilized,
employing clustering techniques. The Kyoto encyclopedia of
genes and genomes (KEGG) was employed for mapping of the
identified proteins and visualizing metabolic pathways.’®*’
Additional details on the software and analyses performed can
be found in the Appendix.

2.4.5. Protein Validation. To validate the findings obtained
by LC—MS, we utilized technical replicates of serum samples
from 50 horses. Western blotting analysis was performed using
the primary antibodies listed in Appendix, secondary antibodies
were coupled to infrared dyes [1:10,000 (antimouse or
antirabbit IgG), Li-Cor Biosciences, Lincoln, NE, USA], and
detection was done by infrared fluorescence (Amersham
Typhoon, Cytiva, US). The protein quantification involved
establishing a ratio between the protein of interest and the total
protein count, which was measured using the No-Stain Protein
Labeling Reagent (Thermo Scientific), and normalization across
membranes was performed through the pool ratio. To assess
significance, t tests were employed for data that followed a
normal distribution, while Mann—Whitney tests were utilized
for non-normally distributed data.

2.5. Statistical Analyses. Raw files were processed with
MaxQuant (version 2.1.0.0), searching the Equus protein
database (E. caballus NCBI) supplemented with contaminants.
Carbamidomethylation of cysteines, oxidation of methionine,
and protein N-term acetylation were set as variable modifica-
tions. Minimal peptide length was set to seven amino acids, and a
maximum of two tryptic missed cleavages were allowed. Results
were filtered at 1% false-discovery rate (peptide and protein
level), and only proteins with at least two identified peptides
were considered for further analysis. To enhance data
comparability across different runs, the “match between runs”
option was enabled with a match window of 0.7, a match ion
mobility window of 0.0S, and an alignment window of 20 min.
The resulting “.txt” file was then imported into Perseus software
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(v2.0.7.0) where data filtering was applied to exclude reverse
proteins and proteins identified solely by site. The data was then
log 2 transformed to convert zero value to “NaN”. The resulting
matrix was exported and further analyzed using SAS software
(version 9.4M7).

Principal component analysis (PCA) was employed to
visualize the proteome of individual horses in this study. PCA
is a suitable statistical model for this purpose due to the large
number of identified proteins. The outcome of PCA is a two-
dimensional projection, where each horse is represented as a
single point. The x-axis (principal component 1) and y-axis
(principal component 2) are constructed variables derived from
linear combinations of the original variables. PCA is an
unsupervised method, meaning that it does not consider
predefined groups but rather explores the multivariate data set
to identify potential group trends. PCAs provide both group
discrimination and an overview of the relevant variables. The
most influential proteins, which have the strongest impact on the
principal components of PCA, were identified and further
analyzed.

3. RESULTS

3.1. HGA and MCPA-Carnitine Blood Content. Demo-
graphic data for the included horses are provided in Appendix
and summarized in Table 1. In control horses, the average age
was 11.5 (£7.6) years with a similar distribution of gender (i.e.,
four geldings, four mares, and three stallions). In cograzing
horses, the average age was 14.5 (£7.5) years with 12 geldings, 9
mares, and 2 stallions. Last, we sampled a total of 11 geldings, 8
mares, and 7 stallions in the group of AM horses with an average
age of 6.3 (5.2) years. These age distributions align with
previous demographic data, which have reported lower ages in
horses with AM compared to clinically healthy horses. So far,
there is no gender predisposition reported in relation to AM.*®

In the group of horses diagnosed with AM, a total of 15 horses
either died or were euthanized. Among them, one horse (horse
no. 4) was euthanized against medical advice, while 11 horses
successfully survived the condition.

Cograzing horses had quantifiable amounts of HGA and in
most cases MCPA-carnitine in their blood samples, which
proved ingestion of sycamore maple seeds or seedlings. In
healthy control horses, neither HGA nor MCPA-carnitine were
detected above detection limit.

In diseased animals, the concentrations of HGA ranged from
0.14 to 20 umol/L, whereas in healthy cograzers, the range was
0.06—4.14 ymol/L. In terms of MCPA-carnitine concentrations,
a considerable variation was observed among individuals. In
healthy cograzers, the concentrations ranged from 0 to 34.4
nmol/L, while in diseased horses, the concentrations spanned a
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Figure 2. continued
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Figure 2. Volcano plots of DAPs (identified through area under the curve analysis) between diseased and healthy cograzing horses (a) and between
diseased and control horses (b). On the x-axis, the over- and under-abundance thresholds are depicted as vertical gray lines, and their value is set at 1.5.
These thresholds help identify proteins that exhibit significant fold changes in abundance between the compared groups. The y-axis on these plots
represents the chosen significance threshold of 15, which corresponds to a p-value of less than 0.0S. The significance values are calculated using —10
log(p-value) calculations. In summary, the volcano plots provide a visual representation of the DAPs, highlighting those that are statistically significant
and have notable fold changes in abundance between the respective, groups of diseased and healthy cograzing horses and between diseased and control
horses. The three lines separate the plot into six different regions. Data points that are found in both the top-right and top-left sections of this plot are
related to proteins that are statistically significant, beyond the set fold change and significance thresholds. The green squares represent down-regulated
proteins, and red squares represent up-regulated proteins in clinically affected AM horses. Proteins labeled on the volcano plot underwent further
validation via Western blot analysis. Blue squares denote proteins that did not meet the criteria outlined in the Materials section in PEAKS, either due
to identification in fewer than five samples per group or possessing a quality score below 4. (c—e) Heat maps of DAPs (identified through ion mobility
analysis) between diseased and healthy cograzing horses (c) and between diseased and control horses (d) and between all three categories
simultaneously (e). AM horses are marked by a “D” preceding their identification number, cograzers by a “Co”, and control horses by “Ct”.
Representative proteins (significance >15 and fold change >1.5) were clustered through expression similarities. A hierarchical clustering was
generated by PEAKS using neighbor joining algorithm with a Euclidean distance similarity measurement of the log 2 ratios of the abundance of each
sample relative to the average abundance.

wider range of 16.5—4480 nmol/L. It is noteworthy that among curve integration. Notably, 43 proteins exhibited differential
the diseased horses, only one horse had a concentration protein abundance between “AM vs cograzing horses,” while 44
exceeding 1000 nmol/L (specifically, 4480 nmol/L), whereas proteins displayed differential protein abundance between “AM
the mean concentration among the other 25 horses was 202 vs control horses.” The volcano plot, illustrated in Figure 2,
nmol/L. Additionally, this particular horse also exhibited the effectively portrays the proteins that exhibited distinct
highest HGA concentration (20 gmol/L). expression patterns, wherein green and red squares symbolize
3.2. Proteomic Pattern Analysis in “AM Horses” vs proteins that were under- and over-abundant in AM horses,
“Control Horses” and “AM Horses” vs “Cograzing respectively. The x-axis representing a ratio is determined by
Horses”. 3.2.1. Differentially Abundant Proteins between dividing the measurement of abundance in clinically healthy
Groups. For qualitative analysis, a comprehensive number of horses by the corresponding measurement in diseased horses. It
17,462 peptides and 2736 proteins were successfully identified quantifies the magnitude of change between the conditions for
using the Mascot search engine, employing target/decoy each feature. On the other hand, the y-axis indicates the level of
strategies. The individual proteins were clustered into 1210 significance, The dashed line is equivalent to a p-value of 0.0S.

protein families and are presented in Appendix. Notably, the Significance is derived from —10 log(p-value) calculations.
group of horses diagnosed with AM exhibited the highest Among the proteins identified both by spectral count and area
number of identified proteins among the three groups studied. under the curve integration, a total of eight proteins were
To investigate differential abundance patterns, spectral counts selected for validation through Western blot (Figure 3) and the
were normalized and subjected to ¢t tests, followed by a corresponding squares were framed on the volcano plots (Figure
Benjamini—Hochberg correction for multiple testing. Com- 2). Blue squares denote proteins that did not meet the criteria
parative analysis between the AM group and the cograzing group outlined in the Materials section in PEAKS due to identification
revealed 230 proteins that displayed statistically significant in fewer than five samples per group or possessing a quality score
differential abundance. Similarly, a comparison between the AM below 4. The PVDF blots depicting the results obtained through
group and the control group identified 156 proteins with spectral counting and Western blot quantification (after
differential protein abundance levels. normalization through total protein count) are illustrated in
Subsequently, the proteome was subjected to quantitative Figure 3a. This correlation for MDH between both
analysis utilizing PEAKS Studio, employing an area under the quantification methods equals a Pearson’s coeflicient of 0.89,
6510 https://doi.org/10.1021/acsomega.3c06647
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Figure 3. (a) Protein abundance of malate dehydrogenase 1 (MDHI, 36 kDa) was assessed across S0 serum samples using PVDF membranes in
Western blot analysis. Prior to visualization as a scatter plot, Western blot analysis was normalized across membranes using the pool ratio (MDH1/
total protein normalization). For each PVDF blot, the MDH1/TPN (total protein normalization) ratio is presented, along with the corresponding
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Figure 3. continued

spectral count quantified by LC—MS after identification using Mascot; (b) scatter plot illustrating the ratio between proteins of interest and the total
protein count as determined by Western blot analysis. Each data point on the plot represents an individual horse, with diseased horses marked as “D,”
cograzing horses as “Co,” and control horses as “Ct.” Horizontal lines indicate the means for each respective group.
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Figure 4. (a) Logarithmic HGA concentrations as a function of principal component 1 of PCA considering 245 proteins and (b) logarithmic MCPA-
carnitine concentrations as a function of principal component 1 of PCA considering 24S proteins.

which indicates a strong correlation between variables.” The
obtained ratios for each individual horse are listed in Figure 3b.
Among the eight proteins tested, five demonstrated significant
differences between diseased and clinically healthy horses
(MDH1, APOA-IV, PRXD-6, LDH, and vitronectin). However,
the quality of the von Willebrand factor seemed to be insufficient
for further exploitation in this study.

To further elucidate the relevance of these proteins, a heatmap
was generated in Figure 2c—e, based on their expression
patterns. Proteins exhibiting similar expression trends across
samples were clustered together by using hierarchical clustering.
This clustering was performed using a neighbor-joining
algorithm, employing a log 2 Euclidean distance similarity
measure of the protein ratio for each group of horses compared
to the average ratio. Furthermore, conditions from different
samples were also clustered if they showed similar expressions
across protein groups.*’

In Figure 2c, the clustering of horses is predominantly based
on their status, either AM or cograzers. However, there are
minor instances of overlap, particularly at the point of passage,
where horse S, belonging to the diseased group, is clustered with
the healthy cograzers. The same trend can be observed in Figure
2e, which includes all three analyzed groups. Except for horse S,
the horses belonging to the same categories are grouped
together in Figure 2c. When all three categories are analyzed
simultaneously (Figure 2e), AM horses are clustered together,
while control and cograzing horses are combined. This
representation highlights the separation of individual horses
into clinically healthy (control and cograzing horses) and
clinically diseased horses (AM horses).

3.2.2. Relationship between Proteomic Profile Analysis
and Serum HGA/MCPA-Carnitine Levels. To analyze if the
proteomes differ between groups, an unsupervised statistical
method, i.e., a PCA, was used. This method allows a reduction of
the dimensionality of large data sets to two principal
components, allowing easier visualization of a multivariate
data set with potentially intercorrelated variables.

6512

The first PCA included only proteins that were identified in
each individual horse (Figure 4a). On the x-axis, PC1 of the
regression explains 55.05% of the differences between the
individuals. It can be observed that PC1 is lower than O in all
diseased animals, whereas it is above 0 in clinically healthy
horses.

The second analysis considered all identified proteins
regardless of whether they were identified in each group or in
only one horse (Figure 4b). Even if the distinction between
groups was not as clear as in the first PCA analysis, probably due
to a lot of background proteins, it could be observed that
diseased horses also distinguish from clinically healthy horses.
Some diseased horses are at the threshold to clinically healthy
ones, confirming the clustering of the heatmap and indicating
that there seems to be a continuity of the proteome rather than
clear-cut groups. Among the horses that are in-between of
diseased and healthy horses are mainly surviving horses (horses
S, 14,and 17) and horse 4, which was euthanized against medical
advice. Cograzers and control horses are mixed up, regardless of
the type of PCA analysis, in line with the heatmap plotting of all
1965 identified proteins.

Since PC1 explains most of the variation in the data set
(55.05%), a linear regression was performed plotting PC1 vs
logarithmic values of HGA and MCPA-carnitine levels (Figure
4). Pearson’s correlation coefficient (r, assuming normal
distribution) was calculated for both analyses describing the
strength and association between the variables. The coefficient
between PC1 and log;, HGA was —0.43, indicating a moderate
correlation between variables. Between PC1 and log,, MCPA-
carnitine, the calculated correlation coefficient was —0.85, which
is interpreted as a strong correlation.”” Coefficients of
determination (R*) are 0.18 and 0.72, suggesting that about
72% of the variability of MCPA-carnitine concentrations in
serum can be explained by PCI, rendering the exploration of
proteins impacting PC1 indispensable (Table 2).

Among the proteins impacting most PC1 are eight proteins
that belong to the glycolysis/gluconeogenesis pathway. Addi-
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Table 2. List of Proteins Identified through PCA of the 245
Proteins Present in Each Horse having a Pearson’s
Correlation Coefficient between —0.8 and —1(Figure Sa) ,
Indicating a Strong Negative Correlation

Pearson Pearson
protein ID coefficient to PC1  coefficient to PC2

cluster of glycogen phosphorylase” —0.978096715 0.019569882

l-lactate dehydrogenase B —0.972422423 —0.047994740

cluster of myosin-7 isoform X1 —0.969581298 —0.098449579

cluster of beta-enolase isoform X1 —0.969323771 —0.033665667

fructose-bisphosphate aldolase A*” —0.966884020 —0.159152885

cluster of heat shock 70 kDa protein ~ —0.958970179 0.001276235
1A

phosphoglycerate mutase 24P —0.953724799 0.079600972

malate dehydrogenase, —0.945990068 —0.027794134
cytoplasmic-like protein

cluster of aspartate —0.944715956 —0.017612607
aminotransferase, cytoplasmicb

cluster of tropomyosin beta chain —0.942698218 —0.119621223
isoform X4

cluster of CK M-type —0.940136821 —0.084904065

cluster of myomesin-2 isoform X3 —0.940099429 —0.030437926

cluster of M1-type pyruvate kinase” ~ —0.937784199 0.14817173S

cluster of glgcose—é—phosphate —0.937031877 0.080341027
isomerase

cluster of filamin-C isoform X3 —0.936441983 0.096328175

carbonic anhydrase 3 —0.935027301 0.125662913

14—3-3 protein epsilon isoform X2 =~ —0.933444232 0.030888090

cluster of lactate dehydrogenase A —0.931680766 0.221358313

cluster of phosPhoglucomutase-l —0.922951966 0.171411080
isoform X2%"

cluster of titin isoform X50 —0.919073569 —0.104551540

heat shock 70 kDa protein 8 —0.918625505 0.039128239

cluster of heat shock protein HSP —0.916285130 0.012113819
90-alpha

WD repeat-containing protein 1 —0.914785991 0.113181711

cluster of selenium-binding —0.891307077 0.154948736
protein 1

puromycin-sensitive —0.848545367 —0.286241064
aminopeptidase isoform X1

lipopolysaccharide-binding protein —0.843994487 0.278775973

cluster of vinculin isoform X1 —0.839254527 0.112733266

cluster of plectin isoform X5 —0.811562489 —0.097632124

apolipoprotein A-IV —0.809921946 —0.131493887

“Proteins that were identified as being significantly different between
roups and belonging to the glycolysis/gluconeogenesis pathway.
Proteins involved in the biosynthesis of amino acids.

tionally, apolipoprotein A-IV is correlated with PC1 and
overexpressed in AM horses, causing a possible increase in the
secretion of triglycerides, cholesteryl ester, and phospholipids in
the chylomicron particles.*’ This indicates an increase in
triglycerides, which has been previously reported as a
consequence of other toxicant-induced fatty acid f-oxidation
inhibitions.**

3.2.3. Gene Ontology Analysis of Differentially Abundant
Proteins. The biological relevance of the identified proteins was
examined by using functional annotation through gene
ontology. Gene ontology annotations allow for classification of
proteins into three domains: biological processes, molecular
function, and cellular components.

To visually depict the differential abundance of proteins
between groups identified through spectral counting ¢t tests, a
hierarchical approach is employed. First, the presentation
focuses on the repartition of biological processes. Second, the

6513

emphasis shifts to the primary modified biological pathways.
Last, the distribution of pathway-relevant proteins in individual
horses is illustrated.

For the comparison between AM and cograzers, the 230
DAPs were classified by the Panther protein class tool into 17
different protein classes of which 52 proteins were metabolite
conversion enzymes, 30 were cytoskeletal proteins, and 26 were
protein-modifying enzymes. Gene ontology biological pathway
analysis identified that the main biological pathways involved
either cellular or metabolic processes and biological regulation
(102, 57, and 44 proteins, respectively) (Figure Sa). Cellular
metabolic processes included cellular component organization
(30 proteins), nitrogen compound metabolic processes (23
proteins), and heterocycle metabolic processes (19 proteins).
Metabolic processes included organonitrogen compound
metabolic processes (37 proteins), nucleobase-containing
compound metabolic processes (17 proteins), and proteins
involved in proteolysis (13 proteins). Regarding the proteins
involved in biological regulation (34 proteins), most were
involved in the regulation of cellular processes, such as
proteolysis and cell surface-signaling pathways. Similar protein
class repartition and gene ontology analysis were found when
comparing AM horses to control horses (Figure Sb).

ShinyGO (0.76.1) was used for the graphical depiction of
enrichment, matching gene characteristics, and protein inter-
actions.” This tool facilitated the ability to analyze and
comprehend biological pathways by locating differentially
expressed proteins on KEGG pathways and mapping them
based on the most enriched pathways.** The ShinyGO program
examined “all available data sets” to assess the key differential
paths across groups (i.e, KEGG, GO biological process, GO
cellular component, and GO molecular function). The false
discovery rate cutoff was set at 0.05, and the top 20 pathways are
displayed. Multiple pathways are present in both group
comparisons (AM vs cograzers and AM vs control horses)
(Figure 6).

To confirm the biological significance of the proteomics data
set, we extensively examined if previously reported findings in
blood analyses of diseased horses™*~*” were also present in the
proteomic analysis. Starting with CK (muscle type), we found a
22-fold elevation in AM horses compared to cograzers. Lactate
dehydrogenase, a marker that is known to reach a peak 12 h after
tissue injury, was also strongly elevated in diseased horses.
Aspartate aminotransferase, the third enzyme analyzed in
muscle pathologies, was less-frequently detected, presumably
because of its later occurring peak, but was also significantly
increased in AM horses (p < 0.001). As in common biochemistry
blood tests, enzymes related to inflammation were increased in
AM horses.

Serum amyloid A protein and fibrinogen, biomarkers of early
signs of inflammation or sepsis, were significantly increased in
diseased horses (normalized t-test, Benjamini—Hochberg
correction p < 0.01).

3.2.3.1. Glycolysis/Gluconeogenesis. All DAPs were then
used for the KEGG pathway analysis, and the relevant pathways
were examined for biological interpretation.

In-depth investigation indicated a significant differential
abundance of proteins involved in the glycolysis/gluconeo-
genesis (Figure 7), the coagulation and complement cascade
(Figure 8), and biosynthesis of amino acids (Figure 9), which
correspond to the three most modified pathways shown in
Figure 6a. Spectral counting of concerned proteins is
represented for each individual horse in Figures 7c, 8¢, and 9c.
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Figure 5. (a) Biological processes associated with the 230 DAPs between diseased animals (AM) and healthy cograzers and (b) biological processes
associated with the 156 DAPs between diseased animals and control horses. AM: AM.

3.2.3.2. Complement Cascade/Coagulation. In the context factor becomes markedly elevated,”” as observed in the group of
of the coagulation and complement cascade, it was observed that AM horses.
all liver-synthesized proteins were diminished in the AM group. Additionally, the AM horses demonstrated significantly

higher levels of commonly used liver markers, such as aspartate
aminotransferase and alanine aminotransferase. However, it is
important to note that alanine aminotransferase was not
detected in all diseased animals, which aligns with previous
findings that increased liver enzyme activity is a frequent but not
constant observation.*’

However, the von Willebrand factor, which is also produced by
nonhepatic sinusoidal endothelial cells, showed an increase.*®
Coagulation abnormalities have been previously reported in
cases of toxic or drug-induced hepatitis.”” It is suggested that
mild forms of hepatitis may exhibit a slight reduction in vitamin-

K-related factors. However, as liver cell function further 3.2.3.3. Biosynthesis of Amino Acids. As HGA and MCPrG
deteriorates, fibrinogen levels may rise, and von Willebrand are converted through two enzymes also involved in the
6514 https://doi.org/10.1021/acsomega.3c06647
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Figure 6. 20 most enriched pathways between (a) diseased horses and healthy cograzers and (b) diseased and control horses generated via ShinyGO

(0.76.1).

metabolism of branched-chain amino acids,”*’ this pathway
warranted special attention. As previously stated, mitochondrial
enzymes, specifically BCATm and BCKDHc, not only mediate
the conversion of the protoxins into their toxic metabolites but
also play a crucial role in the catabolism of essential
proteinogenic amino acids, namely, leucine, isoleucine, and
valine. These three BCAAs are vital components in protein
synthesis pathways.’*>°

In the context of the biosynthesis pathway of amino acids, a
general increase in the expression of enzymes was observed,
which supéports previous findings in rats following MCPA
poisoning.” However, interpreting this overall upregulation is
challenging due to the identification of only cytosolic (iso-
)Jenzymes. The limited detection of mitochondrial isoforms
using this technique, which did not involve the depletion of
highly abundant serum proteins, adds to the complexity.
Considering that branched-chain amino acids are primarily
catabolized by mitochondrial enzymes, their absence in serum
detection does not necessarily imply their absence in the system.
Instead, it suggests that these enzymes were not sequenced,
potentially due to limitations in the dynamic range that hindered
their adequate detection.

Regarding the proteins identified in the glycolysis pathway,
there is considerable variation in the spectral counts of proteins
associated with the biosynthesis of amino acid pathway among
individuals. The individuals that exhibited only minor increases
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in glycolytic enzymes also displayed negligible levels of enzymes
involved in amino acid biosynthesis.

3.2.3.4. Other Differentially Abundant Protein Groups. In
agreement with the clinical manifestations of rhabdomyolysis in
AM, several proteins related to the release of toxic intracellular
material into the blood circulation were identified. The
pathogenic base of rhabdomyolysis after toxic consumption is
caused either by an impeded energy production or a direct lysis
of the plasma membrane in skeletal muscle.’’ As the toxic
metabolites incriminated in AM affect fatty acid f-oxidation, a
reduced energy production can cause energy-dependent ion
pump dysfunction, leading to an increase of intracellular Na*
concentration, which in turn leads to a secondary cytosolic Ca**
increase. When a critical limit of cytosolic Ca** is reached, a
cascade of cellular death is activated”>*” and as mitochondria are
progressively damaged, the release of cytochrome c is induced,
which acts as a pro-apoptotic factor.”**** Cytochrome ¢ was
found to be significantly increased in AM horses (p < 0.001).
Another characteristic of mitochondrial calcium increase is the
elevated production of reactive oxygen species (ROS),”” which
will be discussed further. Other proteins related to rhabdo-
myolysis were also identified, such as carbonic anhydrase III,
which is found exclusively in skeletal muscle,*® heavy-chain
myosin fragments,”” as well as lactate dehydrogenase and
aspartate aminotransferase, as previously mentioned.
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Figure 7. (a) DAPs between AM diseased and cograzing horses in the glycolysis/gluconeogenesis pathway. DAPs between AM and control horses are
marked with an asterisk (*). (b) KEGG glycolysis/gluconeogenesis pathway. Overexpressed proteins are presented in red. Reprinted with permission
from Kanehisa, M.; Furumichi, M.; Sato, Y.; Kawashima, M.; Ishiguro-Watanabe, M.; KEGG for taxonomy-based analysis of pathways and genomes.
Copyright 2023 Kanehisa Laboratories. (c) Radar diagram representing individual spectral counts for each protein of the above-mentioned pathway.
AM-diseased horses are represented by numbers D1 through D26, healthy cograzers by numbers Col through Co23, and control horses by numbers
Ctl through Ctl11.
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Figure 8. (a) DAPs between AM diseased and cograzing horses in the complement cascade/coagulation pathway. DAPs between AM and control
horses are marked with an asterisk (*). (b) KEGG complement cascade/coagulation pathway. DAPs are presented in red. Reprinted with permission
from Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M. and Ishiguro-Watanabe, M.; KEGG for taxonomy-based analysis of pathways and genomes.
Copyright 2023 Kanehisa Laboratories. (c) Radar diagram representing individual spectral counts for each protein of the above-mentioned pathway.
AM-diseased horses are represented by numbers D1 through D26, healthy cograzers by numbers Col through Co23, and control horses by numbers
Ctl through Ct11.

As presented in other types of equine myopathies, several tissue is characterized by a decrease in the abundance of

. . . . . 8, . . . .
inflammation proteins were increased in affected horses.>®>? peroxiredoxin 6, a cytoprotective peroxidase, able to reduce

Interestingly, while in equine myofibrillar myopathy, muscle hydrogen peroxides as well as phospholipid hydroperoxides,™ in
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Figure 9. (a) DAPs between AM diseased and cograzing horses in the amino acid biosynthesis pathway. Upregulated pathways in diseased horses are
marked in red. (b) KEGG amino acid biosynthesis pathway is illustrated in green. DAPs are presented in red. Reprinted with permission from
Kanehisa, M., Furumichi, M., Sato, Y., Kawashima, M. and Ishiguro-Watanabe, M.; KEGG for taxonomy-based analysis of pathways and genomes.
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Figure 9. continued

Copyright 2023 Kanehisa Laboratories. (c) Radar diagram representing individual spectral counts for each protein of the above-mentioned pathway.
AM-diseased horses are represented by numbers D1 through D26, healthy cograzers by numbers Col through Co23, and control horses by numbers

Ctl through Ctl1.
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Figure 10. (a) PCA of the 245 proteins identified in each individual horse (no missing value) via Perseus and (b) PCA plot of all 1965 identified
proteins via Perseus. Blue diamonds represent cograzing horses, gray triangles represent control horses, and purple circles represent diseased horses
with survivors highlighted in green. Individuals with name annotation have been identified for comparison purposes between figures. Principal
components 1 and 2 illustrate the proportion of variance explained by the eigenvector in the x and y axes.

this study, we show that horses affected with AM show an study, a significant increase of both copper/zinc superoxide
increase in serum peroxiredoxin 6. dismutase, a cytosolic enzyme that catalyzes the superoxide free
Previous studies showed that the supplementation of vitamin radical (0,*7) into H,0, and 0,°" is observed in diseased
complexes and antioxidant mixtures seemed to ameliorate the horses. Also, an increase of glutathione transferases (GSTs),
possible outcome of the disease.”"" This concurs with our enzymes that catalyze glutathione conjugation, the first step of
findings as several key components of antioxidant defense the mercapturic pathway, an essential detoxification process, is
mechanisms are activated in AM diseased horses. Similarly, lipid observable.”” Among others, lipid peroxidation can be
peroxidation is increased in plasma of horses affected by motor countered by GST activity.”* In our study, three classes of
neuron disease, a neuromuscular disease, making oxidative stress GSTs were increased in diseased animals, namely, Mu, Pi, and
a plausible contributor to disease development.’" In the present Omega. In certain cancers, GST-Pi expression was upregulated
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in cancers exhibiting higher oxidative stress.”> Regarding the cell
signaling implications, in the case of an increase in ROS or
specific drugs, the protein/protein interaction between GST-Pi
and Jun-terminal kinases (JNK), involved in the MAPK
pathway, dissociates. The resulting GST-Pi oligomers accumu-
late and JNK is activated, which can result in cell apoptosis.*®
Additionally, as in equine recurrent exertional rhabdomyolysis,
thioredoxin, another marker of oxidative stress, was upregu-
lated.®”

Serum cystatin ¢ can be used as a sensitive marker for renal
damage and was significantly higher in diseased horses
compared to healthy cograzers (t-test with Benjamini—
Hochberg correction, p < 0.01). However, this marker is also
correlated with an increase of C reactive protein (which was also
observed in this data set) and must be therefore interpreted with
caution. Novel biomarkers of kidney failure as symmetric
dimethylarginine were not identified in any of the three groups.
Neutrophil gelatinase-associated lipocalin, a protein produced
by injured nephron epithelia, was significantly increased in AM
horses (p < 0.005) compared to healthy cograzers. According to
clinical studies, this protein is responsive to tissue stress and
nephron injury and less to hemodynamic responses as
creatine.”® However, this potential biomarker is an acute
phase reactant, which is also released by immune cells and
liver in cases of sepsis.””®” Interestingly, this neutrophil
gelatinase-associated lipocalin was also found to be increased
in cograzing horse 9 (Co09), the horse that also had an overall
proteomic profile which was closest to diseased AM horses
(Figures 3 and 10).

3.2.4. Proteomic Pattern Analysis in “Cograzing Horses” vs
“Control Horses”. Spectral counts of all identified proteins were
normalized for ¢t testing and 42 proteins were identified as
significantly different between groups (p < 0.05) (data set
available via ProteomeXchange).

An increase in immunoglobulins and complement factors was
observed, which may be due to complement activation after
toxin ingestion.

Cystathionine beta-synthase, a pivotal enzyme of the
transsulfuration pathway, was found to be decreased in AM
horses compared to controls. This enzyme, which catalyzes the
conversion of homocysteine to cystathionine, is also a precursor
of glutathione, taurine, and H,S. Even if increased taurine levels
in AM horses’’ may originate from type-1 fiber rhabdomyol-
ysis,71 as glutathione was also increased in diseased horses, this
overexpression may be an indicator of an early response to the
ingested toxins.

4. DISCUSSION

The present study is the first comparing the serum proteome of
horses suffering from AM, healthy cograzers, and control horses.
Diseased horses had considerably higher protein expressions
than the other groups with regard to cellular metabolic processes
such as cell death, cytoskeletal structure, and energy-related
metabolism.

Previous research by Westermann (2011) suggested that
muscle glycogen concentrations would drop because glyco-
genolysis and glycolysis are triggered in response to reduced
ATP concentrations.'' Hyperglycemia is a common finding in
AM." Elevated blood glucose levels have also been found in
several other studies of horses suffering from rhabdomyolysis
with the tentative explanation that the gluconeogenic effect of
plasma cortisol may be responsible for this increase.””
Conversely, enzymes involved in glucose metabolism may leak
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out of muscle due to rhabdomyolysis, which could be at the
origin of the observed increase in enzymes involved in glycolysis.
This would also explain why glycogen depletion was observed in
skeletal muscle fibers of diseased AM horses,'® even though
pathway-involved proteins were detected in the serum (Figure
6). Additionally, glucose entry into cells may be limited through
the translocation of the glucose transporter 4, the main glucose
carrier isoform in skeletal muscle, and therefore contributes to
hyperglycemia.”*~"

The higher abundance of proteins in diseased horses could
therefore originate from rhabdomyolysis but also from different
sources, such as an inflammatory reaction or the release of
specific molecules due to muscle injury. The increased level of
protein release linked to rhabdomyolysis involves the release of
intracellular proteins into the bloodstream. These intracellular
proteins, encompassing structural proteins, enzymes, and
myoglobin, are typically absent or present at very low, often
undetectable levels in healthy individuals. The release of a large
number of intracellular proteins increases the pool of proteins
available for identification in serum proteomic analysis.

As rhabdomyolysis triggers an inflammatory response,
inflammation can lead to the activation and recruitment of
immune cells, leading to the release of cytokines, chemokines,
and other signaling molecules into the bloodstream. Con-
sequently, immune- and inflammation-related proteins such as
neutrophil gelatinase-associated lipocalin, metalloproteinases,
and diverse interleukines were detected and identified in the
serum proteomic analysis, contributing to an increased number
of identified proteins. This finding was further supported by
gene ontology analysis, revealing upregulated pathways related
to inflammation processes.

A notable advantage of proteomics lies in its ability to discern
distinct isoforms. When multiple isoforms are detected for
specific proteins, their origins can be traced. In our study, we
detected an increased abundance in CK-M (skeletal muscle and
myocardium) but also, in some AM horses, of the CK-B (brain
and smooth muscle) type. Therefore, it seems that diseased
horses show an increase in CK not only due to rhabdomyolysis
but also due to smooth muscle injury or cellular leakage caused
by the disruption of cell membranes. Additionally, the cellular
location can dictate a protein’s role. As such, cytosolic MDH1
plays a significant role in the malate/aspartate shuffle. Yet, this
protein may either leak from injured tissues, reflecting cellular
damage and subsequent release of cellular contents, including
MDH]1, into the bloodstream, or originate from organ
dysfunction. While an overall increase in MDH1 was observed
in diseased horses, individual spectral count analysis also
revealed substantial elevation in Co9 and Co10, which exhibited
proteomes closely resembling those of the diseased horses.
Furthermore, the study identified certain enzymes such as
vitronectin with decreased levels in affected horses, pointing
toward a potential decline in production. This indicates that
these phenotypically healthy horses had already experienced
tissue-related changes, indicating that there does not seem to be
a specific “onset” of the disease. While we recognize that we
possess only partial information on the overall progression of the
disease, our results do imply metabolic consequences in
cograzers following toxin ingestion. However, it is essential to
clarify that our data do not enable us to definitively assert a
gradual progression of the disease as this would require a more
extensive temporal analysis and the outcome following toxin
ingestion of individual horses being multifaceted.
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When information about isoforms and cellular origin is not
available, the exact source cannot be conclusively ascertained.
So, while the overall surge of enzymes belonging to the
glycolysis/gluconeogenesis pathway could indicate an energy
switch that would most likely be brought on by the well-known
inhibition of fatty-acid f-oxidation, multifunctional proteins
may possibly harbor additional functions. For instance, the
activities of alpha-enolase (ENO1) greatly fluctuate depending
on its localization. Even though the primary function is catalysis
of glycolysis, ENOI can also act as a plasminogen receptor,
promote extracellular matrix degradation, maintain mitochon-
drial membrane stability, regulate signaling pathways as PI3K-
AKT/AMPK-mTOR, or simply organize microtubules.”® These
potential additional effects must therefore be considered in the
interpretation of the molecular consequences of the toxins
involved in AM.

Regardless, some enzymes known to be synthesized in the
liver as several coagulation factors were markedly decreased in
diseased horses. Interestingly, among the first reported Belgian
AM cases 20 years ago, some diseased horses showed petechia at
autopsy, ie., signs of disseminated intravascular coagulation
(DIC)." This DIC is also a complication in human myopathies
and is thought to originate from an activation of the coagulation
cascade by components released from the damaged muscles.””
Even if DIC can resolve spontaneously in human cases of
rhabdomyolysis, platelet therapy, fresh frozen plasma, and
vitamin K administration have been described in cases where
hemorrhagic complications occurred, particularly when the
underlying cause could not be corrected.”” It remains unclear
whether these findings are coincidental or related to a more
acute and therefore rapid course of the disease 20 years ago as
this finding in autopsy has become uncommon (unpublished
data). Another hypothesis is that both coagulation factors and
enzymes involved in the complement system are less present in
AM horses’ serum because the factors are depleted. Because we
analyzed sera collected at a specific time point, no deduction of
the specific kinetics of enzymes can be made. A decrease in
hepatic coagulation factors, associated with significantly elevated
liver enzymes in the present study, would however indicate that
the toxins are not only metabolized within the liver but also
cause signs of an induced acute hepatic dysfunction. In humans,
hepatic dysfunction has been described as a complication in
approximatively 25% of rhabdomyolyses with the hypothesis
that proteases released from injured muscles might cause this
transient dysfunction.”®

Impaired fatty acid f-oxidation can lead to the accumulation
of free fatty acids in the cytoplasm, and their subsequent
esterification as triglycerides to prevent FFA-associated
cytotoxicity contributes to drug-induced steatosis.”” Previous
studies have reported histological findings on the hepatic level
(i.e., acute portal congestion and lipidosis), but these findings
were not observed in every individual.'*®° As hepatotoxic
damage in the form of steatosis is usually observed after repeated
or long-term exposition (i.e., several weeks, even months) to a
drug’”® and that AM horses are grazed all year round, the
duration of exposition is probably not the adequate explanation.
The proteome as well as histopathological features vary between
individuals, and the clinical profile of AM horses seems to be
inconsistent and has evolved over the past 20 years.

In light of the hypothesis that incriminated toxins are
metabolized by mitochondrial enzymes (i.e, BCATm and
BCKDHc, respectively), the question of the impact on the
mitochondria was raised. However, this aspect cannot be
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analyzed in the present study because only a limited number of
mitochondrial enzymes were identified. This is probably due to
the dynamic range hindering adequate detection in serum.

However, the reaction module of 2-oxocarboxylic acid chain
extension by the tricarboxylic acid pathway was upregulated in
AM-affected animals. When chemistry-oriented modules in
metabolic pathways are analyzed, some tandem reactions share
the same order of organic chemistry reaction types. Therefore,
pathways of 2-oxocarboxylic acid chain extension by tricarbox-
ylic acid appear in the Krebs cycle, lysine biosynthesis, and
branched-chain amino acid biosynthesis among others. By
consumption of one acetyl-CoA, these routes extend various 2-
oxocarboxylic acids. Even though they target distinct substrates
and that their corresponding genes are not always allocated to
the same ortholog groups, the organic chemistry processes of
each reaction are the same,®' making it possible to think that the
mitochondrial enzymatic complex involved in the trans-
formation of the toxins is also upregulated.

The surge of antioxidant enzymes within the proteomic
profiles of the affected horses suggests an adaptive response to
mitigate oxidative stress. This response aligns with analogous
disturbances in pathways implicated in cellular and oxidative
stress, as recently reported in cases of recurrent exertional
rhabdomyolysis in horses.”” However, the sufficiency of
endogenous antioxidant upregulation for complete quenching
of ROS remains unanswered. As supplementation of vitamin
complexes and antioxidants has been reported to help increase
antioxidant defenses in horses,®> our findings lend further
credence to previous research highlighting the positive impact of
this type of supplements to AM-affected horses.”"*’

Through PLS analysis, we were able to differentiate healthy
from diseased horses (Figure 10). This unsupervised statistical
method allowed to visualize the differences between the
proteome of diseased horses but also showed a merge in the
representation of cograzers and control horses. Furthermore,
most of the diseased horses that survived were grouped closely
to healthy horses. When analyzing individual variations between
diseased horses, two horses stuck out. Horse S (DS5)
distinguishes itself from the other horses in the AM group.
This horse was clustered with the group of healthy cograzing
horses (Figure 2) and does not follow the same protein
overexpression as other AM horses. In fact, horse 5 was a
pregnant mare, showing compatible signs of sycamore-related
poisoning. Indeed, all inclusion criteria were respected, which
renders AM a highly probable diagnosis. However, through its
distinction with other horses, another hypothesis is that this
horse was suffering from nutritional myopathy. This particular
type of rhabdomyolysis originates from a severe selenium
deficiency, and although rare in adult horses, had been reported
in a pregnant mare, also in association with a multiple acyl-CoA
deficiency.**

Diseased horse 4 (D4), which was euthanized against medical
advice, was grouped with surviving horses (Figure 10) and
showed below group average increase of glycolytic enzymes
(Figures 6 and 8), raising the question as to if this horse would
not have survived the course of the disease.

Regarding healthy cograzing horses, horse 9 (Co9) was
grouped closest to diseased AM horses (Figures 3 and 10). As
this was also the only healthy horse with increased levels of
neutrophil gelatinase-associated lipocalin, it is a potential early
marker of kidney injury.
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5. CONCLUSIONS

The information regarding the exact localization of the proteins
cannot be obtained through label-free proteomics, and there-
fore, the interpretation of possible roles is hypothetical.
Additionally, it must be enhanced that the proteomic analysis
performed on circulating serum proteins only represents a
snapshot of in vivo flux. Indeed, analyses of blood constituents
reflect what happens at an intersection, i.e., where organs release
or take up biomolecules. The effects of the toxins on muscle or
liver cells may therefore be very different.®” Thus, the
significance of blood constituents must be interpreted with
caution.

However, it is of note that there is an increase in either protein
production or at least protein release into the blood in AM
horses (Appendix). Whether this increase is related to an
activation of cell signaling pathways such as mTOR or simply to
a generalized inflammation cannot be determined at this point.

Despite identifying proteins that differ significantly between
cograzers and control horses, an unsupervised statistical
approach such as PCA was unable to distinguish the two
healthy groups based on the entire proteome. This leads to the
conclusion that while certain proteins differ across groups, these
differences are largely diluted when studying the entire
proteome. Our data suggest repercussions on the metabolism

in cograzers following toxin ingestion while not allowing us to
confidently assert a gradual progression of the disease. To
establish such a progression, a more comprehensive temporal
analysis, specifically through a kinetic approach, would be
required.

Additionally, certain glycolytic proteins can play the role of
potential biomarkers regarding the course of the disease. A rapid
detection of these enzymes not only indicates an energy switch
but could also be indicators of a horse’s prognosis criteria as
these enzymes were more increased in horses that died.
Furthermore, we were able to discriminate the difference in
protein abundance between horse S (DS) and other diseased
horses, emphasizing the usefulness of the analysis of the different
metabolic pathways including, among others, glycolysis/
gluconeogenesis.

In conclusion, inflammation and cell death are very probably a
consequence of the acute intoxication and resulting rhabdo-
myolysis as similar findings were described in horses with
exertional rhabdomyolysis.”” Cell contact with cytotoxic agents
result in a combination of inflammation, oxidative stress, and a
high energy demand, which is probably trying to be met by
enhanced glycolysis.

Through our results, the use of antioxidants can be justified
and explains their previously reported favorable prognostic

Appendix
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Figure 11. Summary of software and methods of analysis used in the present study.

Target Manufacturer Reference Dilution factor
Malate dehydrogenase 1 Proteintech (Manchester, UK) 15904-1-AP 1:1000
Cystathionine £-synthase Proteintech (Manchester, UK) 14787-1-AP 1:1000
Apolipoprotein A-IV Proteintech (Manchester, UK) 17996-1-AP 1:1000
Lactate dehydrogenase Abcam (Cambridge, UK) ab52488 1:500
Peroxiredoxin-6 Proteintech (Manchester, UK) 13585-1-AP 1:1000
Isocitrate dehydrogenase Cell Signaling Technology (Danvers, MA, USA) 564395 1:1000
Von Willebrand factor Abcam (Cambridge, UK) ab6994 1:500
Vitronectin Proteintech (Manchester, UK) 15833-1-AP 1:1000

Figure 12. Antibodies used for validation through Western blotting.
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Figure 13. Venn diagram representing 2736 individual proteins (a) and
1210 protein family cluster (b) distribution between groups.

factor. Electrolyte imbalances should be closely monitored and,
combined with adequate fluid therapy and vitamin complexes,
might redirect the approach to slow down the organs’ reaction to
the deleterious effects of the incriminated toxins.

B APPENDIX
Figures 11—13 and Table 3 are provided with additional data.

B ASSOCIATED CONTENT

Data Availability Statement

All data supporting reported results can be found, including links
to publicly archived data sets analyzed or generated during the
study: data are available via ProteomeXchange with identifier
PXD040429. Reviewer account details: .Username: revie-
wer_pxd040429@ebi.ac.uk. Password: VQ75rtY6.

Table 3. Demographic and HGA/MCPA-Carnitine Blood Level Data of Sampled Horses®

SEX AGE HGA MCPA-carnitine
(umol/L) (nmol/L)

Ct1l Mare 17
Ct2 Gelding 23
Ct3 Gelding 21
Ct4 Mare 12
Ct5 Mare 4
Cté Stallion 3 N/A N/A
Ct7 Gelding 4
Ct8 Stallion 12
Ct9 Stallion 3
Ct10 Mare 8

L | Ct11 Gelding 19

L MEAN#SD 11576
Col Gelding 14 0.66 0.50
Co2 Gelding 13 0.65 0.40
Co3 Gelding 16 0.97 142
Cod Mare 20 149 1.90
Co5 Stallion 15 0.10 0.59
Co6 Mare 18 1.22 3.15
Co7 Mare 29 0.40 0.16
Co8 Mare 2 0.49 0.26
Co9 Stallion 1 4.14 34.40
Co10 Gelding U 0.35 9.08
Coll Mare 5 191 7.91
Co12 Gelding 17 0.06 0.00
Co13 Gelding 19 223 3.34
Co 14 Mare 17 0.80 0.52
Co15 Mare 17 0.48 249
Col6 Gelding 20 3.01 9.59
Co17 Gelding 20 0.11 0.00
Co18 Gelding 18 0.32 0.04
Co19 Gelding 21 0.35 0.00
Co 20 Gelding 16 0.16 0.00
Co21 Gelding 20 2.53 5.02
Co23 Mare 15 0.58 0.39
MEAN +SD 14.5+75 11+1.1 3.7+7.5

DISEASED HORSES

D1 Gelding 85 5.11 112.00
D2 Mare 4 211 244.00
D3 Gelding 6 229 107.00
D4* Gelding 135 0.50 43.70
D5 Mare 21 5.03 32.70
Dé6" Gelding 55 7.62 363.00
D7 Mare 2 4.83 966.00
D 8" Mare 13 0.96 92.50
D9* Stallion 7 11.90 457.00
D 10" Stallion 15 10.90 171.00
D11* Stallion 15 1.90 106.00
D12 Gelding 145 1.52 64.40
D13* Gelding 2 2.06 278.00
D14 Stallion 2 7.97 165.00
D15 Mare 85 1.40 31.50
D 16* Gelding 7 12.60 339.00
D17 Mare 12.5 9.26 224.00
D18 Gelding 5 14.40 191.00
D19* Stallion 10 20.00 4480.00
D 20" Mare 1 0.78 138.00
D21* Gelding 15 1.55 301.00
D 22" Stallion 15 0.72 56.10
D23 Mare 7 0.14 45.80
D24 Gelding 1 0.26 16.50
D 25* Stallion 3 5.94 153.00
D 26* Gelding 4.5 4.22 352.00
MEAN £SD 6.3%£5.2 52£5.2 366.5 £ 861.6

“Age is given in years, HGA is given in gmol/L, and MCPA-carnitine in nmol/L. The last row of each group corresponds to column means +
standard deviation. Diseased horses marked with an asterisk died of AM or were euthanized during their hospitalization. Horse n°4 was euthanized

against medical advice. N/A: not applicable; U: unknown.
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