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Abstract

Background: Hyperinsulinemia is associated with equine laminitis, and digital lamellar

inflammation in equine metabolic syndrome-associated laminitis (EMSAL) is modest

when compared with sepsis-associated laminitis.

Objectives: To characterize digital lamellar inflammation in horses in a euglycemic-

hyperinsulinemic clamp (EHC) model of laminitis.

Animals: Sixteen healthy adult Standardbred horses.

Methods: Prospective experimental study. Horses underwent EHC or saline infusion

(CON) for 48 hours or until the onset of Obel grade 1 laminitis. Horses were eutha-

nized, and digital lamellar tissue was collected and analyzed via polymerase chain

reaction (pro-inflammatory cytokine and chemokine genes—CXCL1, CXCL6, CXCL8,

IL-6, MCP-1, MCP-2, IL-1β, IL11, cyclooxygenases 1 and 2, tumor necrosis factor

alpha [TNF-α], E-selectin, and ICAM-1), immunoblotting (phosphorylated and total

signal transducer and activator of transcription 1 [STAT1], STAT3, and p38MAPK),

and immunohistochemistry (markers of leukocyte infiltration: CD163, MAC387).

Results: Lamellar mRNA concentrations of IL-1β, IL-6, IL-11, COX-2, and E-selectin

were increased; the concentration of COX-1 was decreased; and concentrations of

CXCL1, CXCL6, MCP-1, MCP-2, IL-8, TNF-α and ICAM-1 were not significantly differ-

ent in the EHC group compared to the CON group (P ≤ .003). Lamellar concentrations

of phosphorylated STAT proteins (P-STAT1 [S727], P-STAT1 [Y701], P-STAT3 [S727],

and P-STAT3 [Y705]) were increased in the EHC group compared to the CON group,

with phosphorylated STAT3 localizing to nuclei of lamellar basal epithelial cells.

There was no change in the lamellar concentration of P-p38 MAPK (T180/Y182),

but the concentration of total p38 MAPK was decreased in the EHC samples. There

was no evidence of notable lamellar leukocyte emigration.

Abbreviations: ABC, avidin-biotin complex; AMPK, 50-adenosine monophosphate-activated protein kinase; BWE, black walnut extract; cDNA, complementary deoxyribonucleic acid; CHO, enteral

carbohydrate overload; CON, control; COX1, cyclooxygenase-1; COX2, cyclooxygenase-2; CXCL1, C-X-C motif chemokine ligand-1; CXCL6, C-X-C motif chemokine ligand-6; CXCL8, C-X-C motif

chemokine ligand-8; EHC, euglycemic-hyperinsulinemic clamp; EMSAL, equine metabolic syndrome-associated laminitis; EtOH, ethanol; HRP, horseradish peroxidase; ICAM-1, intercellular adhesion

molecule-1; IF, immunofluorescence; IL-1β, interleukin-1β; IL-6, interleukin-6; IL-11, interleukin-11; MCP-1, monocyte chemoattractant protein-1; MCP-2, monocyte chemoattractant protein-2;

mRNA, messenger ribonucleic acid; mTORC1, mammalian target of rapamycin complex-1; PCR, polymerase chain reaction; PMSF, phenylmethylsulfonyl fluoride; STAT1, signal transducer and

activator of transcription-1; STAT3, signal transducer and activator of transcription-3; TBST, Tris-buffered saline plus Tween-20; TNF-α, tumor necrosis factor alpha.
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Conclusions and Clinical Importance: These results establish a role for lamellar

inflammatory signaling under conditions associated with EMSAL.
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1 | INTRODUCTION

Equine endocrinopathic laminitis, associated with conditions such as

equine metabolic syndrome, pituitary pars intermedia dysfunction,

and exogenous corticosteroid administration, is the most common

type of laminitis encountered in equine veterinary practice.1 Insulin

dysregulation is likely the common variable among these conditions

that most closely predicts the risk of laminitis2–5; further support for

the role of insulin dysregulation in the pathophysiology of laminitis is

provided by the ability of investigators to experimentally induce lam-

initis in clinically normal ponies and horses with sustained applica-

tion of the euglycemic hyperinsulinemic clamp (EHC) technique.6,7

Although parenteral infusion of supraphysiologic amounts of regular

insulin and glucose is reliably associated with induction of laminitis

under experimental conditions, the mechanisms linking these substrates

to lamellar structural changes are presently unclear.

Inflammation is a component of many disease processes, including

equine laminitis.8–10 Inflammation has been clearly established as a

component of the pathophysiology of sepsis-associated laminitis, and

detailed descriptions of lamellar inflammatory events are reported for

both the black walnut extract (BWE11–13) and enteral carbohydrate

overload (CHO10,13–15) models (both of which are robustly inflamma-

tory). However, even in these 2 inflammatory models, there is an incon-

sistent relationship between the presence and degree of inflammation

and severity and outcome of disease. For example, although lamellar

neutrophil infiltration is early and profound in the BWE model,15,16

laminitis associated with this treatment can be transient and self-

limiting if the exposure is not persistent or repeated. In contrast,

lamellar leukocyte infiltration in horses subjected to the CHO model

is primarily mononuclear and relatively late; laminitis in horses sub-

jected to this model often proceeds to lamellar failure, even with a sin-

gle enteral dose of wood/corn starch.15 Therefore, there is established

precedent for variability in the pathophysiological pathways that can

lead to a similar ultimate lesion—dysadhesion of the lamellar basal epi-

thelial cell from its underlying basement membrane, stretching of the

epidermal lamellae, and displacement of the distal phalanx within the

hoof capsule. Furthermore, establishing the relevance of inflammation

to a particular clinical syndrome is important, as physical and pharmaco-

logical interventions to mitigate inflammation are well-accepted, widely

used, and could be rationally incorporated into treatment protocols if a

condition is inflammatory in nature.

The role of lamellar inflammation has been evaluated in naturally

occurring and experimental models of insulin dysregulation and pasture-

associated laminitis, with somewhat inconsistent results. In 1 report,

mixed results regarding changes in lamellar concentrations of several

inflammatory molecules in the EHC model led investigators to con-

clude that an innate inflammatory response did not play an important

role in laminitis associated with hyperinsulinemia.17 Additionally, little

inflammatory signaling or leukocyte emigration into lamellar tissue has

been reported when evaluating individuals with naturally occurring

endocrinopathic laminitis4,5 or those subjected to a dietary model

intended to mimic risk factors for pasture-associated laminitis.18 The

purpose of this study was to characterize inflammatory signaling in

lamellar tissue of adult horses subjected to an EHC model of equine

metabolic syndrome-associated laminitis (EMSAL).

2 | MATERIALS AND METHODS

2.1 | Animal Protocol

Sixteen Standardbred horses were purchased from a private dealer for

the study. No specific history was available regarding the animals' his-

tory of laminitis. The number of animals to be included in the study

was selected based on the statistical analysis of data from previous

studies in our laboratory in which this number of horses provided ade-

quate statistical power when measuring similar outcomes.10,18,19 The

horses ranged from 4 to 18 years of age (mean 12.56 ± 4.4 years),

and their body condition scores ranged from 4 to 7 out of 9 (mean

5.0 ± 1.0).20 Horses showing any clinical signs of laminitis, including

hoof capsule deformity or forelimb lameness at a walk (Obel grade

221,22) were excluded from the study. All animals received humane treat-

ment in accordance with an animal care and use protocol approved by

The Ohio State University Institutional Animal Care and Use Committee.

All horses underwent a 14-day acclimation period in a barn stalled

individually with ad libitum access to grass hay before the experimental

protocol. The horses were then transported to a climate-controlled

equine hospital, acclimatized for an additional 48 hours, and assigned

randomly to either undergo an EHC (n = 8) or a sham infusion of saline

(CON, n = 8) for 48 hours. After clipping, aseptic preparation of the

overlying skin, and SC infusion of local anesthetic (2% lidocaine;

Sparhawk Laboratories, Lenexa, Kansas), two 14-gauge intravenous cath-

eters (Becton-Dickinson, Franklin Lakes, New Jersey) were aseptically

placed into the left and right external jugular veins (1 catheter in each

vein). The EHC protocol was then performed as previously described.7,19

Briefly, blood was collected 3 times (10 minutes apart) to establish the

mean baseline serum insulin and glucose concentrations. Insulin infusion

was then initiated in the EHC group with a priming bolus (45 mIU/kg

body weight [BW]) of regular insulin (Lily, LLC, Indianapolis, Indiana),
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followed by a constant-rate infusion (Heska, Loveland, Colorado) of

6 mIU insulin/kg BW/min for the duration of the experiment (48 hours).

Intravenous dextrose infusion was initiated immediately after adminis-

tration of the bolus of insulin at a rate of 10 μmol/kg BW/min using

50% dextrose (Novatech, Inc, Grand Island, Nebraska) administered

through the same catheter as the insulin infusion (separate infusion

pump); the rate of dextrose infusion was adjusted to maintain blood

glucose concentrations at 5.0 ± 1.0 mmol/L throughout the course

of the experiment. Blood glucose was assessed every 5 minutes (via

handheld glucometer; Roche Diagnostics, Indianapolis, Indiana) for

the first 3 hours then every 30 minutes for the remainder of the

experiment. After administration of the insulin bolus, blood was collected

for subsequent determination of serum insulin and plasma glucose con-

centrations hourly for 8 hours, then every 2 hours for 4 hours, then

every 5 hours for the remainder of the protocol. Horses in the CON

group received a 0.9% saline infusion (Hospira, Lake Forest, Illinois)

(0.57 mL/kg/h) for the duration of the experimental period; blood

samples for measurement of glucose and insulin concentrations were

collected every 6 hours from horses in the CON group.

All horses were monitored for lameness (at walk and trot) and foot

pain (hoof tester application; Jorgenson Laboratories, Inc, Loveland, Colo-

rado) every 2 hours starting after 24 hours of infusion. The animals were

euthanized either at the onset of lameness (Obel Grade 1 lameness) or

at 48 hours after the start of infusion, whichever occurred first. Lamellar

tissue samples from the front and hind feet were obtained within

15 minutes of euthanasia and snap-frozen in liquid N2, frozen in optimal

cutting temperature compound (Sakura Finetek, Torrance, California)

for cryo-sectioning for immunofluorescence (IF) analyses and fixed in 10%

neutral buffered formalin (Fisher Scientific, Waltham, Massachusetts)

for 48 hours (subsequently transferred to 70% ethanol [EtOH] for

storage) for immunohistochemistry. Tissue from the CON front feet

was used as a referent for comparisons with the EHC group.

2.2 | RNA isolation, complementary DNA synthesis,
and quantitative real-time polymerase chain reaction

Three sections of frozen lamellar tissue from each sample were pul-

verized, and total RNA was isolated using a guanidine thiocyanate spin

column method (Agilent Technologies, West Cedar, Texas) with a

DNase digestion step included to eliminate any potential genomic DNA

contamination. Messenger RNA (mRNA) was further purified with a

poly-A tail streptavidin magnetic bead kit (Roche Diagnostics), and com-

plementary DNA (cDNA) was synthesized from 400 ng mRNA. The

cDNA was diluted at 1 : 5, 1 : 50, and 1 : 500 ratio and stored at −20�C

until quantitative polymerase chain reaction (qPCR) was performed.

Quantitative real-time PCR was performed in the SYBR Green I

format on a thermocycler (Roche LC 2.0; Roche Life Science, Indianapolis,

Indiana). Each set of reactions containing samples from CON and EHC

lamellae was run in duplicate and included double distilled H2O as a

negative control, controls without added reverse transcriptase, and a

standard curve made from serial dilutions (101 to 106) of linearized vec-

tor containing the equine-specific gene sequence of interest. Primers

for the following genes were synthesized based on published equine

genomic sequences using a commercial software program (DNASTAR,

Madison, Wisconsin): C-X-C motif chemokine ligand 1 (CXCL1), CXCL6,

CXCL8, interleukin 8 (IL-8), IL-6, monocyte chemoattractant protein

1 (MCP-1), MCP-2, IL-1β, IL-11, tumor necrosis factor alpha (TNF-α),

cyclooxygenases 1 and 2 (COX-1 and COX-2), intercellular adhesion

molecule 1 (ICAM-1), E-selectin, and the reference genes β-actin,

β-2 microglobulin, glyceraldehyde-3 phosphate dehydrogenase, and

TATA-box binding protein.

A commercially available software program (qbase+; Biogazelle,

Zwijnaarde, Belgium) was used to identify the most stable reference

genes from several candidate housekeeping genes evaluated in-run

with the lamellar samples. The 2 genes identified as most stable and

appropriate for reference with this sample set were β-actin and β-2

microglobulin. The geNorm algorithm calculates a normalization factor

for samples from each animal based on the geometric mean of the

chosen reference genes. Expression data for genes of interest are nor-

malized by dividing the copy number data from each gene by this

normalization factor. The data are reported as either absolute copy

number or fold-change from control values (calculated by dividing the

normalized EHC expression values by the normalized CON values for

each gene).

2.3 | Protein extraction

Protein was extracted from snap-frozen lamellar samples as previously

described.13,19 Briefly, all samples underwent an initial pulverization

step before homogenization on ice in a commercially available lysis

buffer (Thermo Scientific, Waltham, Massachusetts) with the addition

of protease and phosphatase inhibitors and phenylmethylsulfonyl

fluoride (PMSF). Samples were then incubated on ice for 30 minutes.

The supernatant was separated by centrifugation and collected, and

protein concentration was quantified using the Bradford method. Pro-

tein samples were stored at −80�C until analysis.

2.4 | Immunoblotting

The lamellar concentrations of phospho-proteins of interest were

assessed as previously described13,19 via Western immunoblot analy-

sis of lamellar samples using commercially available antibodies raised

against signal transducer and activator of transcription 1 (STAT1)

P-(S727), STAT1 P-(Y701), STAT3 P-(S727), STAT3 P-(Y705), and p38

mitogen activated protein kinase P-(T180/Y182). Total protein con-

centrations were assessed using antibodies recognizing the protein of

interest without respect to its phosphorylation state. Finally, β-actin

protein concentrations were assessed as a loading control in all sam-

ples for normalization of results (Santa Cruz Biotechnology, Inc, Dallas,

Texas). All antibodies except β-actin were obtained from a single

source (Cell Signaling Technology, Inc, Danvers, Massachusetts). Briefly,

lamellar protein samples (20 μg) were denatured by boiling in SDS/

β-ME buffer (Bio-Rad; Hercules, California) for 5 minutes, separated

by electrophoresis on a polyacrylamide gel (Bio-Rad) and transferred to

a polyvinylidene fluoride membrane (Bio-Rad). The membrane was

blocked in 5% milk (Bio-Rad) in Tris-buffered saline plus Tween-20
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(0.1% vol/vol Tween 20; TBST; Thermo Scientific) for 1 hour at room

temperature, rocking. The membrane was then incubated with primary

antibody against the phospho-protein of interest at 4�C overnight.

The membrane was then washed 3 times in 0.1% TBST and incubated

with the appropriate IgG horseradish peroxide (HRP)-conjugated sec-

ondary antibody for 1 hour at room temperature, rocking. The mem-

brane was washed in 0.1% TBST, and signal was developed with a

chemiluminescent substrate (Thermo Scientific). The membrane was

then stripped with a commercially available buffer (Thermo Scientific)

and re-probed sequentially for the corresponding total protein and

β-actin. Luminescence was measured using a computer software pro-

gram (US National Institutes of Health, Bethesda, Maryland), and the

signal strength was determined by dividing the net intensity of the

phospho-protein (or total protein) band by that of the β-actin band.

2.5 | Immunofluorescence

Ten micrometer cryosections of lamellar tissue were fixed in 4%

formaldehyde (Polysciences, Inc, Warrington, Pennsylvania) for 15

minutes at room temperature, cell membranes were permeabilized

with ice-cold methanol (Fisher Scientific, Waltham, Massachusetts)

for 20 minutes at −20�C, and sections were blocked with 5% goat

serum (Cell Signaling Technology, Inc.) in a phosphate-buffered saline

solution containing 3% Tween-20 for 1 hour at room temperature.

The slides were incubated overnight with a rabbit monoclonal anti-

body against P-STAT3 (Y705) (used at a 1 : 100 dilution) and a mouse

monoclonal antibody against total STAT3 (used at a 1 : 1500 dilution)

(Cell Signaling Technology, Inc). After washing, the slides were incu-

bated at room temperature for 1.5 hours in an anti-rabbit monoclonal

antibody conjugated with Alexa Fluor 555 (Cell Signaling Technol-

ogy, Inc) (1 : 200 dilution) and an anti-mouse monoclonal conjugated

with Alexa Fluor 647 (1 : 500 dilution), then with the DNA-intercalating

dye 40,6-diamidino-2-phenylindole (Cell Signaling Technology, Inc);

coverslips were applied, and the sections were digitally imaged

using a laser assisted confocal microscope (Olympus, Center Valley,

Pennsylvania).

2.6 | Immunohistochemistry

Leukocyte emigration into digital lamellar tissue was assessed with

MAC387/calprotectin and CD163 immunohistochemical staining using

the avidin-biotin complex (ABC) method as previously described.12,15,16,23

Briefly, 5-μm tissue sections were prepared from formalin-fixed, paraffin-

embedded lamellar tissue and affixed to slides. The sections were

deparaffinized sequentially in EtOH (70%-100%), antigen was unmasked

with 20 μg/mL proteinase-K (Thermo Scientific) applied for 6 minutes

at room temperature, and endogenous peroxidase activity was quenched

in 3% hydrogen peroxide for 10 minutes. Nonspecific binding was

blocked with a solution containing normal goat serum (2%) and bovine

serum albumin (2.5%) (Jackson ImmunoResearch Laboratories, Inc, West

Grove, Pennsylvania). The tissue sections were incubated at 4�C over-

night with a MAC387 mouse monoclonal antibody (1 : 250 dilution)

(Abcam, Cambridge, Massachusetts); after washing, the samples were

incubated for 1 hour in a 1 : 100 dilution of a biotinylated secondary anti-

body (Vector Laboratories, Burlingame, California), then subsequently

incubated in ABC reagent (Vector Laboratories) for 30 minutes in the

dark at room temperature. The sections were incubated for 6 minutes in

DAB chromogen (Vector Laboratories) to develop signal, counterstained

with hematoxylin, and sealed with a coverslip. Sections were stained sim-

ilarly for CD163 (TransGenic, Inc, Fukuoka, Japan), with the exception

that the antigen retrieval procedure was performed with sodium citrate

(Thermo Scientific), and the samples were processed with an automated

slide system (Dako/Agilent Technologies, West Cedar, Texas). Two

blinded investigators (MRW, JKB) assessed the number of lamellar

MAC387- and CD163-positive cells, with each observer counting

n = 10 40× fields per slide.

2.7 | Data analysis

The RT-qPCR data from 2 housekeeping genes (β-actin and β2-micro-

globulin) were entered into a commercially available computer pro-

gram to test each gene's suitability as a housekeeping gene for the

equine lamellar tissue samples. Because both genes were determined

to be satisfactory, a geometric mean was obtained from the 2 genes'

data to generate a normalization factor for gene expression from each

TABLE 1 Real-time quantitative PCR copy number data

Gene CON EHC
Fold
change P value

COX-1 1.00 ± 0.28 0.38 ± 0.14 #0.38 <.001

COX-2 1.00 ± 0.27 42.93 ± 28.92 "42.93 .001

CXCL1a 0.89 1.04 "1.64 .44
(0.68-1.17) (0.75-2.79)

CXCL6 1.00 ± 0.45 2.10 ± 1.40 " 2.09 .05

CXCL8 (IL-8) 1.00 ± 0.40 22.01 ± 25.71 "22.01 .04

E-selectin 1.00 ± 0.66 2.76 ± 1.06 "2.76 .001

ICAM-1 1.00 ± 0.32 1.16 ± 0.54 "1.76 .47

IL-1β 1.00 ± 0.19 1.84 ± 0.77 "1.84 .009

IL-6 1.00 ± 0.38 178.7 ± 140.6 "178.69 .003

IL-11a 1.04 8.90 "16.29 <.001
(0.78-1.26) (3.42-28.06)

MCP-1a 400 2005 "5.40 .01
(316.3-561.5) (1358-3183)

MCP-2a 1.03 1.13 "1.26 .38
(0.63-1.24) (1.01-1.46)

TNF-α 1.00 ± 0.10 0.75 ± 0.29 #0.75 .04

Normally distributed data evaluated with Student's t-test, presented as

mean ± SD. Fold change calculated as EHC/average CON for each gene

of interest.

A Bonferroni adjustment for multiple comparisons suggested that

statistical significance should be accepted at P ≤ 0.003.

Values in bold type are those that are significantly different between the

CON and EHC groups (P ≤ 0.003).
aNon-normally distributed data evaluated with Mann-Whitney U test,

presented as median (25%–75% interquartile range).
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sample. Gene expression data from the genes of interest were then

normalized using the factor unique to each sample.

Data analysis was performed using a statistical software program

(GraphPad Software, Inc, La Jolla, California). All data were assessed

for normality by the Shapiro-Wilk and D'Agostino and Pearson omnibus

normality tests. Laminar leukocyte quantification, mRNA concentration,

and protein concentration data were analyzed with a Student's t test

(or nonparametric equivalent as appropriate). For the mRNA concentra-

tion data, a Bonferroni correction for multiple comparisons suggested

that statistical significance should accepted at P < .003; elsewhere,

statistical significance was accepted at P ≤ .05. Data are expressed

as mean ± SD unless otherwise indicated.

3 | RESULTS

3.1 | EHC model

Details regarding the animal-level outcomes of this experimental EHC

model, including concentrations of serum insulin and plasma glucose

measured during the protocol, have been published.19

3.2 | Real-time qPCR

Real-time qPCR was performed to measure lamellar mRNA concen-

trations of selected inflammatory mediators. Lamellar mRNA concen-

trations of IL-1β, IL-6, IL-11, COX-2, and E-selectin were increased

in the EHC group compared to the CON group; the concentration of

COX-1 was decreased in the EHC group compared to the CON group

(P ≤ .003). Lamellar mRNA concentrations of CXCL1, CXCL6, MCP-1,

MCP-2, IL-8, TNF-α, and ICAM-1 were not significantly different

between samples from EHC and CON animals (P > .003; Table 1).

3.3 | Western immunoblotting

Lamellar concentrations of phosphorylated STAT proteins (P-STAT1

[S727], P-STAT1 [Y701], P-STAT3 [S727], and P-STAT3 [Y705]) were

increased in samples from the EHC group when compared with lamellar

samples from the CON group (P ≤ .0004; Figure 1). There was no differ-

ence in P-p38 MAPK concentration between the groups (T180/Y182;

Figure 1). The concentration of total p38 MAPK protein was decreased

in the EHC lamellar samples when compared to the CON lamellae

(A)
P-STAT1 (S727)

STAT1

β-Actin

CON EHC CON EHC

RI phospho-STAT1/β-Actin

1.5

1.0

0.5

0.0

1.5
2.0

1.0
0.5
0.0

(B)
P-STAT1 (Y701)

STAT1

β-Actin

RI phospho-STAT1 /β-Actin

(C)
P-STAT3 (S727)

STAT3

β-Actin

RI phospho-STAT3/β-Actin

(D)
P-STAT3 (Y705)

STAT3

β-Actin

(E)
P-p38 MAPK 
(T180/Y182)

p38 MAPK

β-Actin

RI phospho-STAT3/β-Actin

RI phospho-p38 MAPK/β-Actin

1.5

1.0

0.5

0.0

1.5
2.0

1.0
0.5
0.0

1.5
2.0

1.0
0.5
0.0

F IGURE 1 Western immunoblot data evaluating lamellar concentrations of phosphorylated and total STAT1 protein (A and B), STAT3 protein
(C and D), and p38 MAPK protein (E) in control horses (CON) and those subjected to an EHC model of laminitis. Horses in the EHC group had
greater lamellar concentrations of P-STAT1 (S727 [A] and Y701 [B]) and P-STAT3 (S727 [C] and Y705 [D]) than those in the CON group (P < .05).
There was no difference in lamellar concentration of P-p38 MAPK (T180/Y182; E) between the CON and EHC groups (P > .05); however, horses
in the EHC group had significantly lower lamellar concentrations of total p38 MAPK than those in the CON group (P < .05). CON, control; EHC,
euglycemic-hyperinsulinemic clamp; MAPK, mitogen activated protein kinase; P-p38 MAPK, phosphorylated p38 MAPK; P-STAT, phosphorylated
STAT; RI, relative band intensity; STAT1, signal transducer and activator of transcription
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(P = .002). There was no difference in the concentration of either of the

total STAT proteins between the EHC and CON groups (Table 2).

3.4 | Correlations

Significant positive correlations were observed between concentra-

tions of multiple pro-inflammatory transcripts and phosphorylated

STAT and p38 MAPK proteins within the digital lamellae of horses

experiencing prolonged hyperinsulinemia (Supporting information

Supplemental Data 1).

3.5 | Leukocyte emigration

The number of lamellar MAC387+ cells was increased in samples from

the EHC group when compared to the CON samples (P = .04), whereas

the number of CD163+ cells within the lamellae was not different

between the groups (P = .60; Figure 2).

3.6 | Immunofluorescence

Immunofluorescence was used to assess cellular localization of P-STAT3

(Y705). The phosphorylated form of STAT3 was localized near the nuclei

of lamellar basal epithelial cells and was markedly increased in samples

from the EHC group when compared to those from the CON group.

Total STAT3 was detected at similar levels in the lamellar tissue from

both groups (Figure 3).

4 | DISCUSSION

The results of this study provide evidence of inflammatory signaling

within the digital lamellae of light-breed horses experiencing pro-

longed supraphysiologic hyperinsulinemia. That said, it seems unlikely

that this signaling represents established, “classic” inflammation as a

primary pathophysiologic mechanism involved in endocrinopathic lam-

initis, since in agreement with previous reports, little to no evidence

of leukocyte emigration into lamellar tissue was observed in response

to this model (that emigration being a hallmark of inflammation).

Rather, the lamellar inflammatory signaling observed here may instead

be an evidence of cross-talk between metabolic regulatory signaling

pathways and inflammatory pathways occurring in response to altered

intracellular concentrations of energetic metabolites, which has been

documented to occur in multiple cell types in vitro and in vivo.24–27

Laminitis that occurs in equine patients with systemic insulin dys-

regulation and hyperinsulinemia is likely to be associated with disor-

dered nutrient sensing and metabolism within the digital lamellae.28–30

Molecular mechanisms for nutrient and energetic sensing are highly

conserved among eukaryotic organisms31; 2 centrally important signal-

ing pathways linking nutrient substrate flux to cellular processes (such

as differentiation, proliferation, intercellular adhesion, inflammation, etc.)

are mammalian target of rapamycin complex-1 (mTORC1) signaling24,32

and adenosine 50-monophosphate-activated protein kinase (AMPK)

signaling.33 These important energy sensors are typically regulated

in opposing directions, with mTORC1 signaling activated during times

of increased substrate availability (glucose, amino acids) and AMPK

signaling activated during energetic stress (high intracellular AMP to

ATP ratio); they therefore classically signal opposing cellular energetic

states.24 Both mTORC1 and AMPK signaling intersect at various

nodes with inflammatory pathways, integrating metabolic signals with

TABLE 2 Western immunoblot relative intensity data for
concentrations of phosphorylated and total signal proteins (STAT1,
STAT3, and p38MAPK)

CON EHC P-value

Lamellar phosphorylated signal protein concentrations

P-STAT1 (S727) 0.120 ± 0.122 0.673 ± 0.316 <.001

P-STAT1 (Y701)a 1.0 x 10−4 0.657 <.001
(1.0 x 10−4-

1.0 x 10−4)

(0.265-0.755)

P-STAT3 (S727) 1.37 x 10−4 ±

5.17 x 10−5
0.869 ± 0.261 <.001

P-STAT3 (Y705) 0.0031 ± 0.006 0.740 ± 0.360 <.001

P-p38 MAPK

(T180/Y182)a
1.277 1.115 .58

(0.923-1.606) (1.326-1.494)

Lamellar total signal protein concentrations

STAT1 (for S727)a 0.849 0.814 .80
(0.710-1.055) (0.676-0.994)

STAT1 (for Y701)a 0.625 0.569 .57
(0.503-0.770) (0.465-0.644)

STAT3 (for S727)a 1.009 1.201 .32
(0.742-1.33) (1.124-1.324)

STAT3 (for Y705)a 0.892 1.057 .38
(0.869-1.007) (0.872-1.203)

p38 MAPKa 1.468 0.629 <.001
(1.107-2.024) (0.564-0.761)

Western immunoblot relative intensity data assessed with an unpaired

t test. Normally distributed data presented as mean ± SD. Statistical

significance accepted at P ≤ .05.

Values in bold type are those that are significantly different between the

CON and EHC groups (P ≤ 0.003).
aNon-normally distributed data analyzed with a Mann-Whitney U test and

presented as median and (25%–75%) interquartile range.

F IGURE 2 Lamellar MAC387(+) and C163(+) cell counts in
control horses (CON) and those subjected to a euglycemic-
hyperinsulinemic clamp model of laminitis (EHC). The number of
MAC387(+) cells was greater in lamellae of horses in the EHC group
compared to the CON group (P < .05), whereas the number of CD163
(+) cells was not different between the groups (P > .05). The majority
of MAC387(+) cells identified were epithelial cells
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those governing inflammatory responses.24,34,35 Interestingly, although

evidence of activation of mTORC1 signaling in the digital lamellae has

been documented in this model,19 we found no evidence of altered

AMPK activation in the same tissue. This could be explained based on

the competing influences on AMPK activation that may be present

at the cellular level under these experimental conditions; increased

glucose availability is well known to decrease AMPK activation,36 but

leptin has been reported to increase AMPK activity through JAK2

signaling.37 Interestingly, even if AMPK activation is not regulated

primarily in this model, pharmacologic activation of AMPK may still be

useful therapeutically under these circumstances, as activation of AMPK

results in direct and indirect inhibition of mTORC1.24 As AMPK agonists

are already in regular clinical use in equine veterinary medicine,38–41

further investigation of these agents in the treatment of EMSAL

seems warranted.

Signal transducer and activation of transcription signaling has been

described in lamellar tissue from horses subjected to models of sepsis-

associated laminitis (both BWE and CHO models), with activating phos-

phorylation of STAT3 reported at both developmental and OG1

time points in sepsis-associated disease.13 Activating phosphoryla-

tion of lamellar STAT1 was not observed in these models, which was

suggested to be due to lack of local interferon expression during

F IGURE 3 Immunofluorescence for
lamellar STAT3 and P-STAT3 in tissue from
horse subjected to an EHC model of
laminitis (EHC [A, B, C, D]; ×60
magnification) and a control horse (CON
[E, F, G, H]; ×40 magnification). Panels A
and E (red), total STAT3; panels B and F
(green), P-STAT3 (Y705); panels C and G
(blue), DAPI; panels D and H, overlay.
Lamellar P-STAT3 concentration was
increased in lamellae from the EHC group
compared to CON, and total and P-STAT3
showed nuclear localization in tissue from
the EHC group. CON, control; DAPI, 40 ,
6-diamidino-2-phenylindole; EHC,
euglycemic-hyperinsulinemic clamp; P-
STAT3, phosphorylated STAT3; STAT3,
signal transducer and activator of
transcription-3
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disease development.13 Uniquely, here we report activation of both

STAT3 (similar to sepsis-associated laminitis) and STAT1 in lamellar tissue

from horses experiencing sustained supraphysiologic hyperinsulinemia.

Activation of STAT1 and STAT3 as a result of activation of a single intra-

cellular signaling pathway is uncommon but has been reported to occur

in limited instances in other tissues/cell types; an important example

that may have relevance for obesity-related laminitis is activation of

STAT1 and STAT3 after ligand binding and activation of long-form lep-

tin receptor.42 Keratinocytes express leptin receptor in other species,43

and serum leptin concentrations have been reported to increase signifi-

cantly in a matter of hours in young, healthy humans in response to

induced hyperinsulinemia.44,45 Although the results of the study

reported here cannot verify the importance of leptin signaling in

EHC-induced laminitis, given the evidence established in other spe-

cies (and the fact that overweight/obese equids at risk for EMSAL

are likely to be hyperleptinemic46–48), further investigation of this

mechanism seems warranted.

A curious finding of this study was the significant downregulation

of p38 MAPK total protein in lamellar tissue of horses subjected to

the EHC. Function of the diverse members of the MAPK family is

almost exclusively regulated through control of phosphorylation events

by kinases and phosphatases, and little information exists regarding

their regulation at the transcript or protein levels.49 However, in certain

specific circumstances, changes in expression, posttranslational modifi-

cations (such as acetylation), incorporation into intracellular scaffold

structures, and modification of proteolysis are known to affect the p38

MAPK pathway and might be relevant to the pathophysiology of

equine disease.49 Further study is needed in this area to determine

the importance of this finding, although it could represent a regula-

tory feedback response to activation of inflammatory signaling path-

ways in this setting.

The lack of significant lamellar inflammatory cell infiltrates accom-

panying this model suggests that the source of pro-inflammatory cyto-

kines and chemokines detected within lamellar tissue is likely to be the

major cell type in this tissue, the lamellar keratinocyte. Both human

and equine keratinocytes produce pro-inflammatory cytokines and

chemokines when stimulated with various pathogen-associated molec-

ular pattern molecules in vitro,50 and these cells likely have the capacity

to elaborate these substances in vivo in response to various stimuli as

well (including exposure to elevated leptin concentrations51). Although

evaluating mRNA concentrations alone is useful to identify the activa-

tion of inflammatory signaling pathways in general, determining the role

of the individual cytokines/chemokines involved would necessitate

quantification of the native peptides/proteins as well in some way

(immunoblotting, IF, flow cytometry, etc.), which is a limitation of the

current study. However, based on the results of this work, it seems

clear that inflammatory signaling within the lamellae, possibly elicited

through exposure to increased concentrations of glucose, insulin

(acting through insulin receptor and/or IGF-1 receptor), leptin, or

other metabolic intermediates, is observed under conditions that

induce lesions of EMSAL. Future work should aim to clarify the role

this signaling plays in EMSAL pathophysiology, particularly as it

relates to lamellar basal epithelial cell function and lamellar failure.
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