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Abstract

western blot.

Background: Equine laminitis is a devastating disease that causes severe pain in afflicted horses and places a major
economic burden on the horse industry. In acute laminitis, the disintegration of the dermal-epidermal junction can
cause the third phalanx to detach from the hoof wall, leaving the horse unable to bear weight on the affected
limbs. Horses that survive the acute phase transition into a chronic form of laminitis, which is often termed
“founder”. Some evidence suggests that chronic laminar inflammation might be associated with alterations in the
endocrine and immune systems. We investigated this broad hypothesis by using DIGE to assess global differences
in the plasma proteome between horses with chronic laminitis and controls.

Results: We identified 16 differentially expressed proteins; the majority of these were involved in the interrelated
coagulation, clotting, and kininogen cascades. Clinical testing of functional coagulation parameters in foundered
horses revealed a slight delay in prothrombin (PT) clotting time, although most other indices were within normal
ranges. Upregulation of the intestinal apolipoprotein APOA-IV in horses with chronic laminitis was confirmed by

Conclusions: Our results support the hypothesis that localized laminar inflammation may be linked to systemic
alterations in immune regulation, particularly in the gastrointestinal system. Gastrointestinal inflammation has been
implicated in the development of acute laminitis but has not previously been associated with chronic laminitis.

Background

Laminitis is a painful and debilitating disease of the
equine foot. The specific molecular factors initiating
laminitis are unknown, but it is often associated with in-
sulin resistance and obesity and can be precipitated by
diseases such as colic and diarrhea [1,2]. The acute
phase of the disease is characterized by the onset of se-
vere lameness and disintegration of the laminae, which
connect the hoof wall to the underlying dermis and third
phalanx [3]. In many cases, the pathology progresses
until the weight of the horse causes dorsopalmar rota-
tion of the third phalanx, detaching it from the hoof
wall. This condition is usually not reversible and euthan-
asia is often the only humane option. In many instances,
horses that survive an episode of acute laminitis are
crippled for life. This stage of the disease is termed
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chronic laminitis or “founder”. Acute laminitis transi-
tions to the chronic form of the disease in an estimated
75% of cases [4], leaving the majority of afflicted horses
permanently lame.

Despite intense efforts to understand the root cause of
acute laminitis, much less attention has been focused on
the pathophysiology of chronic laminitis. A handful of
studies have investigated changes in laminar morph-
ology, metabolism, and gene expression in foundered
horses [5-8], although several recent studies have fo-
cused on the efficacy of different management strategies
to ameliorate pain and improve quality of life [9,10]. Lit-
tle is known, therefore, about how chronic foot pain and
inflammation affect the horse on a global level. A recent
study quantified behavioral changes indicative of pain in
horses with chronic laminitis; these changes were asso-
ciated with alterations in morphology and gene expres-
sion of the lateral digital nerve and dorsal root ganglia
that are consistent with neuropathic pain, suggesting
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that some of the pain associated with chronic laminitis
results from peripheral nerve damage outside of the foot
[11]. In addition, Wagner et al. found that horses with
chronic laminitis show excessive dermal inflammatory
responses to a panel of allergens [12], suggesting an in-
appropriate activation of the systemic immune response.
To our knowledge, however, these studies are the only
published reports describing basic scientific investiga-
tions of chronic laminitis.

The dearth of information regarding how chronic lam-
inar inflammation affects the horse as a whole is a major
obstacle to understanding why certain horses experience
recurrent bouts of laminitis and how these bouts can be
prevented. As a first step towards characterizing global
alterations in the physiology of horses with chronic
laminitis, we used DIGE followed by LC-MS/MS to de-
tect differentially expressed plasma proteins in foun-
dered horses. Plasma was chosen as the sample matrix
because the blood is a primary means of transport for
numerous effector hormones and cytokines of the im-
mune and endocrine systems, which have been sug-
gested to be altered in chronic laminitis [12,13].

Results

Population characteristics

The control (CON) and laminitis (LMN) groups were
balanced for age and gender. None of the horses in the
CON group exhibited signs of lameness at the time of
sample collection. Three of the four horses in the LMN
group were persistently lame; the fourth experienced
intermittent lameness but was sound on the day of sam-
ple collection. Two of the permanently lame horses were
being treated with a low level of phenylbutazone (1 g
per day), a non-steroidal anti-inflammatory drug com-
monly used in veterinary practice. Horses in both groups
were in good body condition and did not exhibit any evi-
dence of injury or illness other than laminitis. White
blood cell counts obtained on the same day that plasma
was collected for DIGE were within normal parameters
and did not differ between groups (P = 0.46).

Detection of differentially expressed spots

In order to view global changes in the plasma of horses
with chronic laminitis, we performed DIGE on plasma
depleted of albumin and IgG. The Decyder software
detected ~2500 individual spots, 42 of which were differ-
entially expressed in the LMN group as compared to
controls (P <0.05). Manual inspection of the spot histo-
grams in the DIA module revealed that 32 of the 42
spots were most likely artefacts based on the size and
shape of the 3D intensity profile. Ten spots (maximum
slope < 2.5, area>300 pixels, and maximum volume >
100,000 pixels) were chosen for identification using LC-
MS/MS (Figure 1 and Table 1). Table 1 describes the
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Figure 1 Image of the master DIGE gel stained with Deep
Purple showing equine plasma depleted of albumin and IgG.
The location of each of the ten spots chosen for identification with
LC-MS/MS s labelled with the corresponding spot number.

. J

relative fold change in intensity and associated P value
for each of the 10 spots. We found no evidence to sug-
gest that the horse in the LMN group that was not lame
at the time of sampling differed from the other horses in
the group or was a possible outlier. In addition, no dif-
ferences were noted between the two horses treated with
phenylbutazone and those that were unmedicated.

Protein identification

Twenty one proteins were identified from the LC-MS/
MS data generated from the 10 digested spots (Table 2).
Human keratin and trypsin derivatives were assumed to
be contaminants (trypsin was used as a digestion enzyme
prior to LC-MS/MS) and not included in the final list of
differentially expressed proteins. Likewise, although the
majority of plasma albumin was depleted during sample
preparation, it was identified in one of the differentially
expressed spots but was not included in Table 2. Pro-
teins identified from spots upregulated in LMN horses

Table 1 Fold changes and P values of spots selected for
protein identification

Spot # Fold Change P value
457 -1.26 0.027
462 =12 0.005
819 -13 0.031
836 -1.75 0.043
980 149 0.036
1056 -137 0.028
1057 -134 0.021
1083 -1.67 0.036
1272 =211 0.002
1299 2.26 0.006
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Table 2 Names and NCBI accession numbers of proteins identified in differentially expressed spots

DIGE Protein name Accession Mw Sequence No.
Spot # number (NCBI) (kDa) coverage (%) peptides
Upregulated
980 PREDICTED: similar to angiotensinogen [Equus caballus] gi|194206059 70 3.12% 2
980 PREDICTED: alpha-2-macroglobulin isoform 3 [Macaca mulatta] gi|109095556 161 1.31% 2
980 PREDICTED: similar to antithrombin protein [Equus caballus] qi|149708147 52 5.40% 3
1299 PREDICTED: apolipoprotein A-IV [Equus caballus] gi|149716543 43 6.82% 3
1299 PREDICTED: similar to Complement C3 precursor [Equus caballus] gi|194212541 186 2.05% 4
Dowregulated
457 PREDICTED: similar to alpha-1-antitrypsin; serine protease inhibitor [Equus gi|194225326 47 13.30% 5
caballus]
457 PREDICTED: similar to Alpha-2-HS-glycoprotein precursor (Fetuin-A) [Equus gi|194222675 39 10.20% 3
caballus]
457 alpha-1-antitrypsin [Equus caballus] qi|197631767 47 11.90% 6
462 PREDICTED: similar to Plasma protease C1 inhibitor precursor (C1 Inh) (C1- gi|149758084 53 9.24% 5
inhibiting factor) [Equus caballus]
819 PREDICTED: similar to Vitronectin precursor (S-protein) (V75) [Equus caballus] qgi|194217342 55 351% 2
819 PREDICTED: similar to Plasma protease C1 inhibitor precursor (C1 Inh) (C1- gi|149758084 53 5.88% 3
inhibiting factor) [Equus caballus]
819 PREDICTED: kininogen 1 [Equus caballus] qi|149731462 58 583% 3
836 PREDICTED: similar to Fibrinogen gamma chain [Equus caballus] gi|194208381 52 4.20% 2
836 immunoglobulin alpha constant heavy chain [Equus caballus] gi|32331167 37 5.83% 2
836 PREDICTED: similar to antithrombin protein [Equus caballus] qi|149708147 52 19.40% 8
1056 Immunoglobulin mu heavy chain constant chain secreted form gi[51831151 50 4.43% 2
1056 PREDICTED: similar to Fetuin-B precursor (Gugu) [Equus caballus] qi|149731458 42 7.59% 3
1056 PREDICTED: similar to Fibrinogen gamma chain [Equus caballus] i|194208381 52 11.70% 7
1057 PREDICTED: similar to Fetuin-B precursor (Gugu) [Equus caballus] gi|149731458 42 8.12% 3
1057 PREDICTED: similar to Fibrinogen gamma chain [Equus caballus] gi|194208381 52 11.30% 5
1083 PREDICTED: similar to Alpha-2-antiplasmin precursor (Alpha-2-plasmin gi|149724158 55 8.96% 4
inhibitor) [Equus caballus]
1083 PREDICTED: similar to Fibrinogen gamma chain [Equus caballus] gi|194208381 52 7.08% 3
1083 PREDICTED: similar to Fetuin-B precursor (Gugu) [Equus caballus] gi|149731458 42 17.00% 6
1272 PREDICTED: similar to coagulation factor X protein [Equus caballus] gi|194222063 54 577% 3
1272 PREDICTED: similar to Complement C3 precursor [Equus caballus] gi|194212541 186 1.99% 3

Predicted molecular weight of each protein, the number of peptides identified from each protein, and the percentage of the total sequence covered by the

identified peptides are also shown.

included angiotensinogen, alpha-2-macroglobulin, and
apolipoprotein A-IV; these are presented at the top of
Table 2. Antithrombin and complement factor C3 pre-
cursor were identified in both up- and down-regulated
spots. The remainder of the differentially expressed pro-
teins were from spots downregulated in the LMN group.

Annotation and ontology

The horse genome, though sequenced, is only partially
annotated. Therefore, the human orthologs were used to
identify gene function and overrepresented gene ontolo-
gies among differentially expressed proteins (Table 3).
Five of the proteins identified by MS were found in

multiple spots and one protein showed differential ex-
pression of two of its subunits (fibrinogen beta and
gamma chains). Therefore, of the 21 proteins, only 16
were unique. All 16 proteins belonged to the extracellu-
lar compartment or were secretory molecules stored
within platelet alpha granules. Molecular functions of
the proteins were predominated by serine endopeptidase
inhibitory activity. Overrepresented biological process
ontologies included response to wounding, defense re-
sponse, coagulation, and inflammatory response. Eleven
of the 16 proteins were identified as being involved in
the inter-related coagulation, kininogen, and comple-
ment cascades. The remaining proteins included alpha-
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Table 3 Gene ontologies of the human orthologs of differentially expressed equine plasma proteins
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Spot Gene Name Expression Molecular Function KEGG Pathway
980 alpha-2- Up-regulated Serine-type endopeptidase inhibitor activity, growth factor binding, ~ Complement and
macroglobulin cytokine binding, chemokine binding coagulation
cascades
980 angiotensinogen Up-regulated Serine-type endopeptidase inhibitor activity, growth factor activity, Renin-angiotensin
acetyltransferase activator activity, angiotensin receptor binding system
1299 apolipoprotein A-  Up-regulated Phospholipid binding, antioxidant activity, cholesterol transporter
[\ activity
1272 coagulation factor  Down-regulated Serine-type endopeptidase activity Complement and
X coagulation
cascades
836 fibrinogen beta Down-regulated Protein binding, bridging Complement and
chain coagulation
cascades
1056, fibrinogen gamma  Down-regulated Protein binding, bridging Complement and
1057, chain coagulation
1083 cascades
836 IgM Down-regulated Antigen binding
1056 IgA Down-regulated Antigen binding
819 kininogen 1 Down-regulated Pattern binding, cysteine-type endopeptidase inhibitor activity, Complement and
heparin binding coagulation
cascades
819 protein S, alpha Down-regulated Endopeptidase inhibitor activity, calcium ion binding Complement and
(vitronectin) coagulation
cascades
457 alpha-1 antitrypsin - Down-regulated Serine-type endopeptidase inhibitor activity Complement and
coagulation
cascades
836,980 antithrombin Down-regulated (836), Pattern binding, serine-type endopeptidase inhibitor activity, heparin ~ Complement and
Up-regulated (980) binding coagulation
cascades
1083 alpha-2 Down-regulated Serine-type endopeptidase inhibitor activity Complement and
antiplasmin coagulation
cascades
462,819 (1 inhibitor Down-regulated Complement binding, serine-type endopeptidase inhibitor activity Complement and
coagulation
cascades
457 alpha-2-HS- Down-regulated Cysteine-type endopeptidase inhibitor activity, protein tyrosine
glycoprotein kinase inhibitor activity
1056, fetuin B Down-regulated Cysteine-type endopeptidase inhibitor activity
1057,
1083
1272, similar to Down-regulated Endopeptidase inhibitor activity Complement and
1299 Complement C3 (1272), Up-regulated coagulation
precursor (1299) cascades

2-HS glycoprotein (fetuin A) and fetuin B, both molecu-
lar chaperones and participants in the acute phase re-
sponse [14,15], the immunoglobulin heavy chains alpha
and mu (IgA and IgM), and apolipoprotein A-IV (APO
AIV), which is an anti-inflammatory molecule [16].

Immunoglobulin concentrations

The differences in IgA and IgM concentrations sug-
gested by DIGE were not confirmed by ELISA. IgA con-
centrations were similar between CON and LMN groups

(266 £44 mg/dL LMN vs. 254+44 mg/dL CON,
P=045), as were IgM concentrations (107 +11 mg/dL
LMN vs. 115+ 7 mg/ml CON, P =0.27).

Coagulation panel

Because the majority of differentially expressed proteins
were involved in the coagulation cascade, we assessed
the physiological relevance of our DIGE results by test-
ing coagulation parameters in seven LMN horses: an-
other three horses with chronic laminitis were used in
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addition to the four horses used for the DIGE experi-
ment. Five of the seven horses, including three of the
four used for the DIGE study, had prolonged prothrom-
bin times (PT, Table 4), indicating that the LMN group
was statistically different from the reference population
(P <0.01). It should be noted that none of the animals in
the LMN group had a history of coagulopathy. Fibrino-
gen concentration derived from prothrombin time was
elevated in six of seven animals, including all four horses
used for the DIGE experiment, although this finding was
not corroborated by the more accurate Clauss method
of fibrinogen quantification. Fibrin D-dimer was elevated
in only one animal.

APOA-IV concentration

Immunoblotting for equine APOA-IV using an anti-
human antibody was successful, with a single band
detected at ~30 kDa. No other bands were detected on
the blot [17]. Densitometry showed a significant
(P <0.05) elevation of APOA-IV in horses with chronic
laminitis (Figure 2).

Discussion

The data presented herein describe, for the first time,
plasma proteome changes in chronic equine laminitis.
Our results suggest that a number of proteins involved
in immune regulation are differentially expressed in
horses with chronic equine laminitis. In particular, the
anti-inflammatory protein APOA-IV was elevated ap-
proximately two-fold in foundered horses. Although no
major deficits in the coagulation cascade were seen in
the present study, possible alterations in the comple-
ment and kininogen cascades have yet to be explored.
Our results suggest that chronic inflammation of the
laminae of the hoof might be associated with system-
wide changes in immune function and that this hypoth-
esis warrants further investigation. These conclusions
are discussed in detail below.

Table 4 Coagulation indices in horses with chronic
laminitis

Horse ID PT PTT AT  FibPT Fib Clauss D dimer
L1 108 44.2 258 538* 232 618*
L2 11.3% 489 222 580* 209 21

L3 11.5% 46.3 216 543% 199 212
L4 110 340% 238 378 168 261

L5 11.6% 496 228 452*% 195 497
L7 11.5% 453 206 783* 311* 238
L8 11.3% 429 226 396 184 413

Normal clinical reference ranges are as follows: PT: prothrombin time, 9.7 -
11.2 s. PTT: partial thromboplastin time, 39.3 - 56.1 sec. AT: antithrombin
activity, >130 % NHP. Fib PT: fibrinogen (PT method), 207-386 mg/dL. Fib
Clauss: fibrinogen (Clauss method), 96-271 mg/dL. D dimer: D dimer of fibrin,
111 - 612 ng/ml. Asterisks indicate deviation from normal reference range.
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Figure 2 Western blot and densitometry quantification of
bands shows a significant (P < 0.05) elevation of apolipoprotein
A-lV in horses with chronic laminitis (LMN) as compared to
normal controls (CON).

Technological considerations

DIGE has been used successfully to identify contributing
factors and biomarkers of a number of human diseases,
including multiple sclerosis [18], acute and chronic liver
disease [19,20], and various cancers [21-25]. To our
knowledge, however, DIGE has only been applied to
horses in two previous studies; these authors used DIGE
with and without depletion of abundant serum proteins
to investigate equine recurrent uveitis (ERU) [26,27], a
chronic inflammatory disorder of the eye with many
similarities to human autoimmune uveitis. As in our
study, antibodies directed against human proteins
removed a large portion of abundant equine serum pro-
teins, including albumin and IgG [27]. Zipplies et al.
identified kininogen, apolipoprotein A-IV, IgM, and
alpha-2-HS glycoprotein as differentially expressed in
ERU [27]; the overlap between their results and ours
may be because ERU and chronic laminitis are both
chronic inflammatory diseases and similar pathways are
likely involved in disease pathogenesis. It must be noted,
however, that the direction of change seen in APOA-IV
and kininogen in the present study was not consistent
with that seen by Zipplies et al., although the reason for
this remains unknown.

Of the 16 differentially expressed proteins identified in
this study, 14 have already been associated with other
chronic diseases in rats [28], humans [18-22,24,29,30],
and horses [26] using DIGE. To our knowledge, coagula-
tion factor X and IgA have not been associated with ei-
ther acute or chronic diseases using DIGE based
proteomics. The high level of redundancy in differen-
tially expressed proteins among various disease states
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could result from the known bias of DIGE towards
detecting relatively high abundance proteins. Alterna-
tively, there could be a core group of proteins that are
differentially expressed during chronic inflammation.
Analogous to the “acute phase reactants” seen during
acute trauma, infection, or stress, these “chronic phase
reactants” might serve a similar purpose in modulation
of the immune response. Further standardization of ex-
perimental proteomics methods and meta-analysis of a
larger number of studies is necessary to confirm or re-
fute this hypothesis.

Coagulation and complement

In our study, the majority (11 of 16) of differentially
expressed proteins belonged to the inter-related coagula-
tion, complement, and kininogen cascades. The coagula-
tion cascade in LMN horses was characterized by the
decreased expression of clotting factors such as factor X
and fibrinogen and the increased expression of the in-
hibitor antithrombin, all of which would inhibit clotting.
This was balanced, however, by an increase in alpha-2-
macroglobulin and a decrease in protein S; the effect of
these two changes would be to promote clotting through
the inhibition of the anti-coagulant protein C. Changes
in abundance of liver-associated clotting proteins are
dependent upon the rates of both production and con-
sumption, so the DIGE results provided limited informa-
tion about the ability of the blood to clot. We therefore
assessed the functional significance of our results using a
coagulation panel, which showed a slightly prolonged
prothrombin (PT) time. It should be noted that, even
though PT time was elevated above normal levels in 5
horses, the clinical relevance of this finding is yet to cor-
roborated by other approaches. Findings from the co-
agulation panel were sufficient to rule out the presence
of major coagulopathies such as disseminated intravas-
cular coagulation and antithrombin deficiency, but un-
fortunately do not provide insight as to the mechanism
underlying the changes in clotting proteins seen with
DIGE. One possible explanation for the alteration in
liver-associated proteins is the over-expression of
interleukin-1 (IL-1) by white blood cells of horses with
chronic laminitis (S. Steelman, unpublished observation).
IL-1 has the potential to both positively and negatively
regulate hepatocyte expression of a number of acute
phase proteins [31]; specifically, it has been shown to in-
duce expression of angiotensinogen and alpha-2-
macroglobulin [32,33], both of which were upregulated
in our study. Further investigation of this possibility is
currently underway in our laboratory.

As two of the horses in the LMN group were being
treated with the NSAID phenylbutazone at the time of
sample collection, this had the potential to influence our
results. Although, to the best of our knowledge,
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phenylbutazone use has not been proven to directly alter
the expression of any of the diffferentially expressed pro-
teins in the current study, we cannot rule out this possi-
bility. In addition, NSAIDs are known to affect the
coagulation cascade through their regulation of prosta-
glandins; however, we saw no obvious differences in any
of the clotting parameters tested in the two horses re-
ceiving treatment (L1 and L2) as compared with the rest
of the group. Indeed, previous reports suggest that
phenylbutazone at the dose used in the current study
had no effect on thrombus formation, fibrinogen con-
centration, or factor Xa activity in rats [34].

APOA-IV

Our results showed a significant upregulation of apoli-
poprotein A-IV in horses with chronic laminitis as com-
pared to controls. APOA-IV is an essential component
of chylomicrons and is produced by the small intestine,
particularly in response to the ingestion of triglycerides
[35]. In this way, it functions as a satiety factor [36], but
it is also known to have anti-oxidant [37] and anti-
inflammatory [38] properties. Vowinkel and colleagues
[38] showed that APOA-IV ameliorates experimentally-
induced colitis in mice by attenuating the upregulation
of P-selectin and decreasing microvascular adhesion of
platelets and leukocytes. Studies in horses and dogs have
shown extensive polymorphism of APOA-IV [17]; in
humans, certain alleles have been associated with ele-
vated blood glucose and triglyceride levels as well as
body mass index [16]. The tissue sources and physio-
logical functions of APOA-IV have yet to be explored in
horses. Evidence exists, however, that serum APOA-IV
levels are influenced by the gastrointestinal microflora in
mice [39], which, like horses, are hindgut fermenters.
Preliminary data from our laboratory suggest that the
composition of fecal microflora is altered in horses with
chronic laminitis as compared with controls, thus pro-
viding a possible explanation for the elevation of APOA-
IV seen in the present study. The underlying mechanism
is currently unknown, although the composition of the
hindgut microflora play an important role in the devel-
opment of acute laminitis [40] and could possibly con-
tribute to exacerbation of symptoms in chronic laminitis
as well. Future studies will focus on these questions and
their relevance to the problem of equine laminitis.

Conclusions

Our results suggest that chronic equine laminitis is asso-
ciated with specific changes in the plasma proteome,
which might be reflective of alterations in the immune
system that are not confined to the foot. Specifically, the
altered abundance of complement proteins and acute
phase reactants suggests a chronic activation of the in-
nate immune response. Our results provide a base upon
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which to build future studies with the ultimate goal of
attenuating inflammation and reducing the pain asso-
ciated with this devastating disease.

Methods

Animals and sample collection

Blood samples were collected from horses residing at
the Hoof Diagnostic and Rehabilitation Clinic (Bryan,
TX) in accordance with the Texas A&M University Col-
lege of Veterinary Medicine guidelines regarding re-
search performed on non university-owned animals. All
animal protocols were approved by the Texas A&M Uni-
versity College of Veterinary Medicine Clinical Research
Review Committee (CRRC# 10-52) and were performed
with the consent of the owner or the owner’s agent.
Horses were diagnosed as having chronic laminitis
(LMN, n=4) by a licensed veterinarian based on clinical
presentation, case history, and radiographic evidence of
dorsopalmar rotation of the distal phalanx. Horses in the
control group (CON, n=4) were housed either at the
clinic or at a nearby farm and had no history of lamin-
itis. Both groups of horses, CON and LMN, were 15 to
20 years of age. Please see Additional file 1 for detailed
descriptions of each animal used in the study.

Blood samples were collected from the jugular vein
into evacuated blood tubes containing either heparin or
sodium citrate. Tubes were inverted a minimum of eight
times to ensure adequate mixing of the anticoagulant.
Heparinized samples were centrifuged at 1200 x g and
plasma was harvested and stored at —80°C. No protease
inhibitors were added to the samples. Citrated samples
were immediately transported to the Texas A&M Col-
lege of Veterinary Medicine Clinical Pathology Labora-
tory for evaluation of coagulation parameters. All
samples were collected between 9:00 and 11:00 am.

Sample preparation for DIGE

All sample preparation and DIGE experiments were
conducted at the Texas A&M University Protein Chem-
istry Laboratory. Details of the DIGE methods used have
been described previously [41]. Frozen plasma (CON,
n=4; LMN, n=4) was depleted of albumin and IgG
using human-specific affinity chromatography columns
(Seppro, Sigma-Aldrich, St. Louis, MO) to enrich sam-
ples for low-abundance proteins. Human affinity chro-
matography reagents have been used successfully in
horses for depletion of serum proteins [27]. A reference
sample (containing equal amounts of protein from each
of the 4 CON and 4 LMN samples) was used as a inter-
gel standard. Forty-five micrograms of each CON and
LMN sample was labeled with 200 pM Cy3 or Cy5 dye
in a balanced design to reduce potential effects of dye
bias; the reference sample was labeled with 200 pM Cy2.
Equal amounts of paired LMN and CON samples, plus
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the reference sample, were mixed and loaded onto an
isoelectric focusing strip (DryStrip, 24 cm, pH 4-7, GE
Healthcare). Proteins were focused at 50 pA per strip for
a total of 50,200 Vh and then separated on 12% SDS-
PAGE gels. A total of four gels were used, with each gel
containing equal amounts of protein from one CON
sample, one LMN sample, and the reference sample.

Gel imaging and DeCyder analysis

Gels were scanned on a Typhoon Trio fluorescent
imager (GE Healthcare) with an image resolution of
100 pm. The Biological Variation Analysis (BVA) and
the Batch Processor modules of the DeCyder v6.5 soft-
ware package were used to identify protein spots in each
gel, to quantify fluorescent intensity of the spots, and to
perform statistics. Criteria for signficantly differentially
expressed spots included identification on at least three
of the four gels and a P value <0.05 by Student’s inde-
pendent ¢ test. Spots selected for identification by LC-
MS/MS were robotically picked (Ettan Spot Picker, GE
Healthcare) out of one gel, digested with trypsin, and
shipped to the University of Texas — San Antonio Pro-
teomics Core service lab for LC-MS/MS analysis.

Protein identification

MS/MS samples were analyzed using Mascot (Matrix
Science, London, UK; version Mascot) and X! Tandem
(The GPM, thegpm.org; version 2007.01.01.1). X! Tandem
and Mascot were set up to search the NCBI database
of nonredundant proteins (NCBInr_20091018.fasta,
9910686 entries) assuming the digestion enzyme trypsin.
Scaffold (version Scaffold_3_00_04, Proteome Software
Inc., Portland, OR) was used to validate MS/MS based
peptide and protein identifications. Peptide identifica-
tions were accepted if they could be established at
greater than 95.0% probability as specified by the Pep-
tide Prophet algorithm [42]. Protein identifications were
accepted if they could be established at greater than
99.0% probability and contained at least 2 identified
peptides. Protein probabilities were assigned by the Pro-
tein Prophet algorithm [43]. Mass spectra have been
deposited in the PRIDE database [44] under accession
number 22842.

Gene ontology

The horse genome, although sequenced, is partially
annotated; human orthologs of the equine proteins were
therefore used to search for significant gene ontologies.
Biological processes, molecular functions, cellular com-
ponents, and relevant pathways were identified using the
DAVID algorithm (v6.7, [45-47]). Significance was
judged by an adjusted P value less than 0.01 and a false
discovery rate of less than 5%.
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ELISAs

Capture ELISAs were performed to validate DIGE results
for selected proteins. Plasma concentrations of IgA and
IgM were determined using validated antibody pairs (Bethyl
Labs, Montgomery, TX) and standard protocols. Briefly,
high protein-binding 96 well plates (Nunc MaxiSorp,
Thermo Scientific, Rockford, IL) were coated with 100 pg
of unlabelled capture antibody overnight at 4°C. Plates
were blocked with SuperBlock buffer (Thermo Scien-
tific, Waltham, MA) for 30 min at room temperature.
Whole plasma samples were diluted 1:4,000 in assay buffer
(10% SuperBlock in PBS) and 100 pl of each diluted sam-
ple was pipetted in duplicate onto the plates, which were
then incubated at 37°C for 90 min. HRP-conjugated detec-
tion antibodies were diluted 1:50,000 (IgM) or 1:150,000
(IgA) in assay buffer and incubated on the plates for 2 h at
room temperature. SigmaFast OPD (Sigma, St. Louis MO)
was used as a substrate for HRP. Sample concentrations
were calculated using dilutions of a reference serum of
known concentration. Comparisons between groups were
made by Student’s ¢ test using a variation of the S program-
ming language called R, which is commonly used for stat-
istical analysis (http://www.r-project.org). A P value < 0.05
was considered sufficient to reject the null hypothesis.

Coagulation panel

In order to explore potential physiological consequences
of differentially expressed proteins identified using DIGE,
a standard panel of coagulation tests was performed by
the Texas A&M College of Veterinary Medicine Clinical
Pathology Laboratory on the 4 LMN horses used for the
DIGE experiment plus an additional 3 LMN cases that
were available at the time of sample collection. None of
the CON horses were available for additional sample col-
lection at this time. Reported equine-specific reference
ranges are those used for clinical cases at the Texas A&M
Veterinary Medical Teaching Hospital. Comparisons be-
tween groups were performed by x* analysis using the R
programming language. A P value <0.05 was considered
sufficient to reject the null hypothesis.

Western blot

Immunoblotting for APOA-IV was performed according
to standard protocols. NuPage equipment, gels, and buf-
fers (Invitrogen, Carlsbad, CA) were used for protein elec-
trophoresis and transfer according to the manufacturer’s
instructions. Briefly, 1 pl of plasma from each horse was
mixed with 10x NuPage Sample Buffer, NuPage Redu-
cing Agent, and 5.5 pl of water, heated to 70°C for
10 min, and separated by electrophoresis on 4-12% Bis-
Tris gradient gels. Gels were transferred to PVDF mem-
branes, which were then rinsed with distilled water and
blocked using 5% non-fat dried milk (NFDM) in a Tris-
buffered saline solution containing 0.05% Tween-20
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(TBST). Primary antibody (mouse anti-human APOA-
IV, Abcam, Cambridge, UK) was diluted 1:1,000 in
NFDM-TBST. Secondary antibody (goat anti-mouse
IgG — HRP conjugated, Abcam) was diluted 1:5,000 in
NFDM-TBST. Bound antibody was visualized by
addition of a chemiluminescent substrate (SuperSignal
West Dura ECL, Thermo Scientific) and blots were
imaged using a CCD camera system (Chemi-Doc, Bio-
Rad, Hercules, CA). Densitometry was performed using
Image ] software [48]. Equal loading of all samples was
confirmed by staining of the membrane for total protein
using GelCode SafeBlue stain (Thermo Scientific). Com-
parisons between groups were made by Student’st test.
Please see Additional file 2 for a detailed description of
the verification of antibody specificity and loading
controls.

Additional files

Additional file 1: Table S1. Details of individual animals used in the
study. CON: control, LMN: laminitis, DIGE: animal was included in the
DIGE proteomics experiment, COAG: animal was included in the
coagulation panel experiment, WB: animal was included in the APOA-IV
western blot experiment, G: gelding, M: mare, S: stallion, QH: Quarter
horse or Quarter horse-type, TB: Thoroughbred or Thoroughbred-type,
ARAB: Arabian, BCS: body condition score, ukn: unknown.

Additional file 2: Table S2. Equine proteins with similarity to human
APOA-IV as determined by the NCBI BLAST algorithm. Only proteins with
greater than 50% coverage are included. [49]

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

SMS designed the experiment, collected samples, performed the
immunoassays and data analysis, and drafted the manuscript. BPC assisted in
experimental design and data interpretation and critically reviewed the
manuscript. Al authors read and approved the final manuscript.

Acknowledgements

The authors wish to thank Dr. David Hood of the Hoof Diagnostic and
Rehabilitation Clinic for providing access to samples. We also acknowledge
Dr. Larry Dangott of the Texas A&M University Protein Chemistry Laboratory
for his excellent technical advice and services and Dr. Jianrong Li for use of
her Bio-Rad imaging system. The study described herein was supported by
funds from the United States Department of Agriculture (award # 2011-
67012-30685 to SMS and 2010-65205-20446 to BPC). The funding agency
had no role in the design of the study, the collection, analysis, or
interpretation of data, preparation of the manuscript, or the decision to
publish.

Received: 22 November 2011 Accepted: 10 July 2012
Published: 27 September 2012

References

1. Slater MR, Hood DM, Carter GK: Descriptive epidemiological study of
equine laminitis. Equine Vet J 1995, 27(5):364-367.

2. USDA: In Lameness & laminitis in U.S. horses. Edited by Service APHI. Fort
Collins: 2000.

3. Pollitt CC: Basement membrane pathology: a feature of acute equine
laminitis. Fquine Vet J 1996, 28(1):38-46.

4. Moore RM: Vision 20/20 - conquer laminitis by 2020. J £q Vet Sci 2010,
30(2):74-76.


http://www.r-project.org
http://www.biomedcentral.com/content/supplementary/1746-6148-8-179-S1.pdf
http://www.biomedcentral.com/content/supplementary/1746-6148-8-179-S2.pdf

Steelman and Chowdhary BMC Veterinary Research 2012, 8:179
http://www.biomedcentral.com/1746-6148/8/179

20.

21.

22.

23.

24.

25.

Faleiros RR, Stokes AM, Eades SC, Kim DY, Paulsen DB, Moore RM:
Assessment of apoptosis in epidermal lamellar cells in clinically
normal horses and those with laminitis. Am J Vet Res 2004,
65(5):578-585.

Johnson PJ, Ganjam VK; Slight SH, Kreeger JM, Messer NT: Tissue-specific
dysregulation of cortisol metabolism in equine laminitis. Equine Vet J
2004, 36(1):41-45.

Kuwano A, Ueno T, Katayama Y, Nishiyama T, Arai K: Unilateral basement
membrane zone alteration of the regenerated laminar region in equine
chronic laminitis. J Vet Med Sci 2005, 67(7):685-691.

Carter RA, Engiles JB, Megee SO, Senoo M, Galantino-Homer HL:
Decreased expression of p63, a regulator of epidermal stem cells, in
the chronic laminitic equine hoof. Equine veterinary journal 2011,
43(5):543-551.

Guedes AG, Matthews NS, Hood DM: Effect of ketamine hydrochloride on
the analgesic effects of tramadol hydrochloride in horses with signs of
chronic laminitis-associated pain. American journal of veterinary research
2012, 73(5):610-619.

Ramsey GD, Hunter PJ, Nash MP: The effect of hoof angle variations on
dorsal lamellar load in the equine hoof. Equine veterinary journal 2011,
43(5):536-542.

Jones E, Vinuela-Fernandez |, Eager RA, Delaney A, Anderson H, Patel A,
Robertson DC, Allchorne A, Sirinathsinghji EC, Milne EM, et al: Neuropathic
changes in equine laminitis pain. Pain 2007,

132(3):321-331.

Wagner IP, Rees CA, Dunstan RW, Credille KM, Hood DM: Evaluation of
systemic immunologic hyperreactivity after intradermal testing in horses
with chronic laminitis. Am J Vet Res 2003, 64(3).279-283.

Hood DM: Laminitis as a systemic disease. Vet Clin North Am Equine Pract
1999, 15(2):481-494. viii.

Lee C, Bongcam-Rudloff E, Sollner C, Jahnen-Dechent W, Claesson-Welsh L:
Type 3 cystatins; fetuins, kininogen and histidine-rich glycoprotein. Front
Biosci 2009, 14:2911-2922.

Olivier E, Soury E, Ruminy P, Husson A, Parmentier F, Daveau M, Salier JP:
Fetuin-B, a second member of the fetuin family in mammals. Biochem J
2000, 350(Pt 2):589-597.

Stan S, Delvin E, Lambert M, Seidman E, Levy E: Apo A-IV: an update on
regulation and physiologic functions. Biochim Biophys Acta 2003,
1631(2):177-187.

Juneja RK, Gahne B, Lukka M, Ehnholm C: A previously reported
polymorphic plasma protein of dogs and horses, identified as
apolipoprotein A-IV. Anim Genet 1989, 20(1):59-63.

Gandhi KS, McKay FC, Diefenbach E, Crossett B, Schibeci SD, Heard RN,
Stewart GJ, Booth DR, Arthur JW: Novel approaches to detect serum
biomarkers for clinical response to interferon-beta treatment in multiple
sclerosis. PLoS One 2010, 5(5):210484.

Ho AS, Cheng CC, Lee SC, Liu ML, Lee JY, Wang WM, Wang CC: Novel
biomarkers predict liver fibrosis in hepatitis C patients: alpha 2
macroglobulin, vitamin D binding protein and apolipoprotein Al.

J Biomed Sci 2010, 17:58.

Lu 'Y, Liu J, Lin C, Wang H, Jiang Y, Wang J, Yang P, He F: Peroxiredoxin 2: a
potential biomarker for early diagnosis of hepatitis B virus related liver
fibrosis identified by proteomic analysis of the plasma. BMC Gastroenterol
2010, 10:115.

Dowling P, O'Driscoll L, Meleady P, Henry M, Roy S, Ballot J, Moriarty M,
Crown J, Clynes M: 2-D difference gel electrophoresis of the lung
squamous cell carcinoma versus normal sera demonstrates consistent
alterations in the levels of ten specific proteins. Electrophoresis 2007,
28(23):4302-4310.

Gourin CG, Zhi W, Adam BL: Proteomic identification of serum
biomarkers for head and neck cancer surveillance. Laryngoscope 2009,
119(7):1291-1302.

Ma 'Y, Peng J, Huang L, Liu W, Zhang P, Qin H: Searching for serum tumor
markers for colorectal cancer using a 2-D DIGE approach. Electrophoresis
2009, 30(15):2591-2599.

Rodriguez-Pineiro AM, Blanco-Prieto S, Sanchez-Otero N, Rodriguez-Berrocal FJ,
de la Cadena MP: On the identification of biomarkers for non-small cell lung
cancer in serum and pleural effusion. J Proteomics 2010, 73(8):1511-1522.
Rong Y, Jin D, Hou C, Hu J, Wu W, Ni X, Wang D, Lou W: Proteomics
analysis of serum protein profiling in pancreatic cancer patients by DIGE:

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

Page 9 of 10

up-regulation of mannose-binding lectin 2 and myosin light chain
kinase 2. BMC Gastroenterol 2010, 10:68.

Zipplies JK, Hauck SM, Schoeffmann S, Amann B, Stangassinger M, Ueffing M,
Deeg CA: Serum PEDF levels are decreased in a spontaneous animal model
for human autoimmune uveitis. J Proteome Res 2009, 8(2):992-998.

Zipplies JK, Hauck SM, Schoeffmann S, Amann B, van der Meijden CH,
Stangassinger M, Ueffing M, Deeg CA: Kininogen in autoimmune uveitis:
decrease in peripheral blood stream versus increase in target tissue.
Invest Ophthalmol Vis Sci 2010, 51(1):375-382.

Choi JW, Wang X, Joo JI, Kim DH, Oh TS, Choi DK, Yun JW: Plasma
proteome analysis in diet-induced obesity-prone and obesity-resistant
rats. Proteomics 2010, 10(24):4386-4400.

Darde VM, de la Cuesta F, Dones FG, Alvarez-Llamas G, Barderas MG,
Vivanco F: Analysis of the plasma proteome associated with acute
coronary syndrome: does a permanent protein signature exist in the
plasma of ACS patients? J Proteome Res 2010, 9(9):4420-4432.

Soares AJ, Santos MF, Trugilho MR, Neves-Ferreira AG, Perales J, Domont GB:
Differential proteomics of the plasma of individuals with sepsis caused
by Acinetobacter baumannii. J Proteomics 2009, 73(2):267-278.

Ramadori G, Sipe JD, Dinarello CA, Mizel SB, Colten HR: Pretranslational
modulation of acute phase hepatic protein synthesis by murine
recombinant interleukin 1 (IL-1) and purified human IL-1. J Exp Med 1985,
162(3):930-942.

Bauer J, Weber W, Tran-Thi TA, Northoff GH, Decker K, Gerok W, Heinrich PC:
Murine interleukin 1 stimulates alpha 2-macroglobulin synthesis in rat
hepatocyte primary cultures. FEBS Lett 1985, 190(2):271-274.

Ron D, Brasier AR, Wright KA, Habener JF: The permissive role of
glucocorticoids on interleukin-1 stimulation of angiotensinogen gene
transcription is mediated by an interaction between inducible
enhancers. Mol Cell Biol 1990, 10(8):4389-4395.

Doutremepuich C, Lalanne MC, Doutremepuich F, Francois C, Dosque JP,
Sassoust G: Could non steroidal anti-inflammatory drugs be used to
potentiate L.M.W.H activity in thrombosis? (Part I). Thromb Res 1991,
63(1):13-19.

Apfelbaum TF, Davidson NO, Glickman RM: Apolipoprotein A-IV synthesis
in rat intestine: regulation by dietary triglyceride. Am J Physiol 1987,
252(5 Pt 1):G662-G666.

Fujimoto K, Fukagawa K, Sakata T, Tso P: Suppression of food intake by
apolipoprotein A-IV is mediated through the central nervous system in
rats. J Clin Invest 1993, 91(4):1830-1833.

Qin X, Swertfeger DK, Zheng S, Hui DY, Tso P: Apolipoprotein AlV: a
potent endogenous inhibitor of lipid oxidation. Am J Physiol 1998,

274(5 Pt 2)H1836-H1840.

Vowinkel T, Mori M, Krieglstein CF, Russell J, Saijo F, Bharwani S, Turnage RH,
Davidson WS, Tso P, Granger DN, et al: Apolipoprotein A-IV inhibits
experimental colitis. J Clin Invest 2004, 114(2):260-269.

Nerstedt A, Nilsson EC, Ohlson K, Hakansson J: Thomas Svensson L,
Lowenadler B, Svensson UK, Mahlapuu M: Administration of
Lactobacillus evokes coordinated changes in the intestinal expression
profile of genes regulating energy homeostasis and immune phenotype
in mice. Br J Nutr 2007, 97(6):1117-1127.

Milinovich GJ, Klieve AV, Pollitt CC, Trott DJ: Microbial events in the
hindgut during carbohydrate-induced equine laminitis. Vet Clin North Am
Equine Pract 2010, 26(1):79-94.

Nabity MB, Lees GE, Dangott LJ, Cianciolo R, Suchodolski JS, Steiner JM:
Proteomic analysis of urine from male dogs during early stages of
tubulointerstitial injury in a canine model of progressive glomerular
disease. Vet Clin Pathol 2011, 40(2):222-236.

Keller A, Nesvizhskii Al, Kolker E, Aebersold R: Empirical statistical model to
estimate the accuracy of peptide identifications made by MS/MS and
database search. Anal Chem 2002, 74(20):5383-5392.

Nesvizhskii Al, Keller A, Kolker E, Aebersold R: A statistical model for
identifying proteins by tandem mass spectrometry. Anal Chem 2003,
75(17):4646-4658.

Vizcaino JA, Cote R, Reisinger F, Barsnes H, Foster JM, Rameseder J,
Hermjakob H, Martens L: The Proteomics Identifications database: 2010
update. Nucleic acids research 2010, 38(Database issue):D736-D742.
Dennis G Jr: Sherman BT, Hosack DA, Yang J, Gao W, Lane HC, Lempicki
RA: DAVID: Database for Annotation, Visualization, and Integrated
Discovery. Genome Biol 2003, 4(5):P3.



Steelman and Chowdhary BMC Veterinary Research 2012, 8:179 Page 10 of 10
http://www.biomedcentral.com/1746-6148/8/179

46. da Huang W, Sherman BT, Lempicki RA: Systematic and integrative
analysis of large gene lists using DAVID bioinformatics resources.
Nature protocols 2009, 4(1):44-57.

47. da Huang W, Sherman BT, Lempicki RA: Bioinformatics enrichment tools:
paths toward the comprehensive functional analysis of large gene lists.
Nucleic acids research 2009, 37(1):1-13.

48.  Rasband WS: ImageJ. Bethesda, MD: US National Institutes of Health; 1997-2011.

49. Beisiegel U, Utermann G: An apolipoprotein homolog of rat
apolipoprotein A-IV in human plasma. Isolation and partial
characterisation. £ur J Biochem 1979, 93(3):601-608.

doi:10.1186/1746-6148-8-179

Cite this article as: Steelman and Chowdhary: Plasma proteomics shows
an elevation of the anti-inflammatory protein APOA-IV in chronic
equine laminitis. BVIC Veterinary Research 2012 8:179.

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

e Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Population characteristics
	Detection of differentially expressed spots
	Protein identification
	Annotation and ontology
	Immunoglobulin concentrations
	Coagulation panel
	APOA-IV concentration

	Discussion
	Technological considerations
	Coagulation and complement
	APOA-IV

	Conclusions
	Methods
	Animals and sample collection
	Sample preparation for DIGE
	Gel imaging and DeCyder analysis
	Protein identification
	Gene ontology
	ELISAs
	Coagulation panel
	Western blot

	Additional files
	Competing interests
	Authors´ contributions
	Acknowledgements
	References

