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Abstract

Equine laminitis has both fascinated and frustrated veterinary researchers and clinicians

for many years. The recognition that many ponies suffering from pasture-associated

laminitis have an insulin-dysregulated phenotype (endocrinopathic laminitis, EL) and that

prolonged insulin and glucose infusions can experimentally induce laminar pathology

and functional failure are seminal discoveries in this field. Researchers have studied the

molecular basis for disease pathogenesis in models of EL, sepsis-related laminitis and
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supporting limb laminitis and generated much data over the last 15 years. This review

attempts to synthesise those data, drawing comparisons between models and naturally

occurring laminitis. A hypothesis is proposed that the basal epithelial cell stress is a cen-

tral event in each category of laminitis. Furthermore, in naturally occurring pasture-

associated laminitis, pathways that predominate in each type of laminitis contribute to

laminar lamellar pathology to varying extents. Based on the molecular mechanisms

determined in experimental models, interactions between these pathways are identified.

K E YWORD S

basal epithelial cell stress, horse, insulin dysregulation, laminitis pathogenesis, signalling
pathways

1 | INTRODUCTION

Equine laminitis has fascinated and frustrated clinical veterinarians

and researchers for many years. Progress has been made through the

study of models where laminitis is experimentally induced and the

timeline of pathology development studied to give clues to the patho-

genesis. New models have been developed over the last 15–20 years

with the application of new technologies to study these models in

detail. The numbers of publications on the three main categories of

laminitis (endocrinopathic (EL), sepsis-related (SRL) and supporting

limb (SLL) laminitis) is impressive and provides much to contemplate.

Publications studying the pathogenesis of naturally occurring diseases

and animals, which are predisposed to repeated bouts of laminitis are,

understandably, less common.

Laminitis is a difficult clinical disease to study the pathogenesis of

because much has occurred prior to its clinical presentation. It occurs

sporadically in at risk animals but not in a predictable fashion to facili-

tate intense study of these animals at times of high incidence. Yet

relating data from experimental models to naturally occurring laminitis

is key to establish their relevance and ensure the models can be used

to provide insights into the pathogenesis.

The recognition that animals with insulin dysregulation (ID) are pre-

disposed to pasture-associated (now called, by some, ‘endocrinopathic’)
laminitis stimulated researchers to develop a new model, the euglycae-

mic hyperinsulinaemic clamp (EHC) model which opened up a whole

new field of research into laminitis.1 The epidemic of obesity-related

insulin resistance in human medicine progressing to type 2 diabetes, with

its attendant cardiovascular health risks has inevitably led to obesity-

related ID in the horse being coined ‘equine metabolic syndrome’.2

Because of the human health impact of ID and type 2 diabetes there is

now a wealth of experimental animal research into the detrimental

effects of hyperinsulinaemia (direct or indirect) and the mechanisms by

which these predispose to poor health outcomes. Understanding which

of these mechanisms is of relevance to structure and function of the

lamellae is key to future progress in laminitis research.3

The focus on ID as the underlying predisposing factor for

equine laminitis recognises the fact that EL occurs most often clini-

cally and reflects the paradigm shift in laminitis research this

discovery has caused. Furthermore, laminitis can be induced by

infusion of insulin and glucose or glucose alone (sub-clinical lamini-

tis in this case), the latter probably resulting from the hyperinsuli-

naemia generated. Whether the pathogenesis involves a direct or

indirect effect of insulin on lamellar tissue is an important question

that remains to be resolved. Here we explore the hypothesis that

the effects of ID on basal epithelial cell biology, predisposing to EL,

are also ultimately activated in SRL and SLL, such that all three

pathophysiological mechanisms are at least additive contributing

(to varying degrees) to naturally occurring pasture-associated lami-

nitis. Hence, understanding why ID perturbs the physiology of the

lamellae such that they fail could help us to devise measures to pro-

tect against all forms of laminitis, as shared final common molecular

pathways are likely involved.

This review attempts to (i) relate pathological and pathogenesis

findings in experimentally-induced laminitis models to those reported

in naturally occurring clinical cases and (ii) to use the pathological and

molecular findings to identify signalling pathways that intersect

between the different forms of laminitis (EL, SRL and SLL).

2 | HISTOPATHOLOGY

2.1 | Naturally occurring laminitis

Whilst much has been published about the pathology affecting the

lamellae in the different models of laminitis, relatively few publications

document lamellar pathology when the disease has occurred naturally.

Table 1 summarises the findings from four papers in the literature where

naturally occurring laminitis was studied and reported in enough detail

to identify the major features.4–7 Figure 1 aims to help the reader under-

stand the anatomical terminology used in Table 1 and throughout this

review.8 The selection of cases for these studies is biased towards cases

with documented endocrinopathic risk factors, which may be appropri-

ate because EL has been shown to be the most common category of

laminitis encountered in the field.9 Nevertheless, the exclusion of other

diseases leading to inflammation and sepsis, that could contribute to the

pathophysiology in field cases means these data present a spectrum of

2 ELLIOTT and BAILEY
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TABLE 1 Pathological descriptions of naturally occurring laminitis cases.

Reference Clinical details Structural pathology Epidermal cell response

Basement membrane

changes

Inflammatory cell

infiltrate

Karikoski

et al.,

20154

Cases (n = 14) with

classical signs of

laminitis but no

history of

inflammatory disease

and documented

basal plasma insulin

of >20 miU/ml. Cases

with classical signs of

PPID were excluded.

Divergent growth rings

noted in all but one

laminitis case

Comparisons made to

age and breed

matched nonlaminitic

animals

Lengthening of PELs

which were either

standard or curving

Increased numbers of

tapering PELs

Increased keratinisation

of PELs (abaxiallya)

Increased proportion of

tapering SELs

(axiallya)

High proportion of

fused, separated and

keratinised SELs

abaxially

Interlamellar epidermal

bridging occurred

(variably)

Entrapped rounded

islands of dermal

tissue

Acute lamellar

separation seen in

1/3 of cases;

sometimes PEL torn

from SEL (little

inflammation present)

Apoptotic cells in SELs

where no separation

had occurred

Mitotic figures in SEL

(variable but most

numerous where

separation of SEL

from PEL had

occurred)

No evidence presented

of basement

membrane disruption

Little inflammatory

infiltrate documented

Cassimeris

et al.,

20195

Selected 12 cases of EL

from a repository. All

animals had chronic

active laminitis of the

F/L (veterinary

diagnosis) and were

confirmed as EL by

appropriate

phenotypic tests. Six

of the 12 were PPID

cases and 6 were

obese with regional

adiposity. All lacked

other predisposing

factors for laminitis.

Gross pathology

score of all F/L

hooves included was

3 or 4 out of 4.

A comparator group of

tissues from 8 age,

breed and sex-

matched controls

were obtained from

the same repository

subjected to

euthanasia due to

lameness

(nonlaminitic cause

n = 7) or infertility

(n = 1). Gross

pathology score of all

the controls was 1 of

4 (normal). In

Dimensions of the PEL

and SEL were

rigorously analysed

(Supporting

Information).

Structural changes

include:

PEL length of laminitic

fore feet were 73.5%

longer than controls

KA-SDL distance was

increased (by 3.75- to

6-fold) at axial, mid

and abaxial points

and the KA was

displaced by 1.5 mm

compared with

controls. None of

these parameters

differed significantly

from controls in the

hind feet

SEL generally were

longer in laminitic F/L

than controls

although highly

variable. Axial SELs

were 117% longer

(laminitics vs.

controls)

SELs were commonly

merged within or

between PELs and

had an abnormal

Qualitative scoring of

epidermal cells from

fore feet of laminitis

showed epithelial

hyperplasia and

metaplasia were

usually regional or

global whereas in

controls these

features were absent,

focal or multifocal in

distribution.

Cellular necrosis was

much more often

present in the

laminitic fore feet

compared with

controls.

Islands of epidermal

cells were much more

common (laminitic

fore feet vs. control).

Qualitative histo-

pathology scores

indicated that the

laminitic front feet

had thickened and

fragmented BM with

SDL retraction. These

lesions were found

regionally or globally

whereas they were

absent, focal or

multifocal in controls

Qualitative scores for

mononuclear and

plasma cell, PMN and

haemosiderocyte

infiltration were

higher in the laminitic

fore feet (vs. control)

Perivascular

inflammation was

regional or global in

the laminitic fore feet

and absent, or focal

in the controls.

Endothelial cell

activation was seen

more commonly

(laminitic fore feet vs.

controls).

(Continues)
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disease that may not be completely representative of the field cases of

laminitis as a whole. Earlier descriptions of the pathology of laminitis in

naturally occurring cases do exist in the literature, but either the clinical

characterisation of the cases is not detailed enough or the definition of

pathological lesions not precise enough for these to be helpful10 or they

describe a single case.11

As would be expected, most of the cases presented in Table 1 have

chronic active disease. Usually, this is for >7 days and in many instances,

TABLE 1 (Continued)

Reference Clinical details Structural pathology Epidermal cell response

Basement membrane

changes

Inflammatory cell

infiltrate

addition, the hind

feet of the cases

were included as a

separate group (none

of the cases had H/L

laminitis clinically;

gross pathology score

1 out of 4)

shape in laminitic

fore feet (vs.

controls)

Karikoski

et al.,

20166

Cases (n = 16)

diagnosed with PPID,

6 of which had

veterinary-diagnosed

laminitis (basal

insulins >40 miU/ml;

immulite assay) and

10 of which did not

have laminitis (basal

insulin <20 miU/ml).

Rigorous criteria for

diagnosis of PPID

(including pituitary

histopathology). Ten

animals without

either laminitis or

PPID were used as

controls.

PPID animals without

clinical evidence of

laminitis had normal

lamellae morphology

(measurements of

PEL length and width

did not differ from

age and breed-

matched controls).

PPID cases with

laminitis compared

with the controls and

PPID cases without

laminitis had:

• longer and

wider PELs

• more tapered PELs

axially

• more tapering,

fusion, dermo-

epidermal

separation—mid-

region

• more fusion, dermo-

epidermal

separation,

keratinisation

abaxially

Increased apoptotic

cells in SEL (4 of 6

laminitics and 3 of 10

PPID cases without

laminitis)

Mitotic figures in SEL (4

of 6 laminitics)

Acute separation

through the BM in

the abaxial and mid

regions (2 of 6

laminitics) with

necrosis of both

compartments

Very little leucocyte

infiltration

Wattle

20007
Includes tissues from 3

horses subjected to

euthanasia within

30 hours of first

showing clinical signs

of acute laminitis.

Horse 1 was a mare

with retained

placenta. Horses 2

and 3 developed

signs shortly after

being turned out to

grass (horse 2

following a minor

injury to its H/L).

Measurements not

systematically made

and examples are

given in the

publication. All

hooves showed

varying degrees of

pathology (horse 1

mild; horse 2 the

most severe case)

which included

elongation of PEL

and SEL.

Cell proliferation in the

suprabasal layers

axially and abaxially.

Numerous mitoses

were seen.

Rate of proliferation is

highest in the mid-

region

Rounding of nuclei and

cellular oedema is

described

Horse 2 had complete

dissociation of the

epidermal and dermal

lamellae in left F/L.

(Destruction of the

BM is not described,

however).

No mention is made of

an inflammatory

infiltrate in any of the

cases.

Abbreviations: BM, basement membrane; EL, endocrinopathic laminitis; F/L, forelimb; H/L, hindlimb; KA, keratinised axis; PEL, primary epidermal lamella;

PMN, polymorphonuclear leucocyte; PPID, pituitary pars intermedia dysfunction; SDL, secondary dermal lamella; SEL, secondary epidermal lamella.
aFor definitions of axially and abaxial, please see Figure 1.
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recurrent laminitis has been recognised in these horses and ponies for

years prior to euthanasia and tissue harvest. Active disease at the time of

euthanasia was an inclusion criterion in these studies. The absence of

clear descriptions of the pathology associated with either SRL or SLL is

surprising as examples of such cases would be expected to present to

university referral hospitals for treatment. Much work has been done

characterising the pathology of SRL models of laminitis (see below), yet

the comparison with field cases seems to be lacking within the literature.

The molecular pathology of naturally occurring cases of SLL has

been studied8 but the histopathological lesions were not reported in

detail. However, they have been summarised in a review publication.12

Ischaemia is thought to be the pathogenic factor involved in SLL leading

to pathology in the epidermal cells furthest away from the hoof vascula-

ture. Unlike other types of laminitis (naturally occurring or models),

necrotic cell death (indicated by cell shrinkage and hypereosinophilia

with nuclear pyknosis and karyorrhexis), the end result of ischaemic cell

death,13 is a feature of naturally occurring SLL accompanied by paraba-

sal acanthosis. The cells most affected are those adjacent to the primary

epidermal lamellae's keratinisation axes (KA). Importantly, lesions are not

confined to the supporting limb and can be identified in multiple

limbs.8,12 Some pathological lesions similar to those found in other

forms of laminitis are noted, namely SEL elongation and thinning. In the

mid-PEL region, there is displacement of the KA with clefts opening and

becoming filled with fibrin. It is likely that the histopathology of naturally

occurring SLL will be replicated in the model that has recently been

developed to represent this form of laminitis although, in the naturally

occurring disease, concomitant sepsis and pain-induced insulin resis-

tance14 might also contribute to the pathogenesis and therefore influ-

ence the pathology seen. A full description of the lamellar pathology

seen in naturally occurring SLL cases would therefore be of value.

2.2 | Models of laminitis

Much work has been published over the last 25 years characterising

experimentally induced models of laminitis in the hope that this would

give rise to novel ways of managing this disease. Tissues from models

have been shared which has reduced the number of animals involved.

A pathological timeline for some models has been characterised as tis-

sues have been sampled at different time points related to the onset

of clinical signs of lameness, which is usually where, for humane rea-

sons, the models are stopped and the horses are subjected to eutha-

nasia to prevent the suffering that would otherwise ensue. In many of

the publications, particular molecular pathways have been studied to

determine the onset of expression of mRNA and proteins associated

with that pathway in relation to development of pathological lesions,

which lead to the onset of clinical signs (see below). This

section focuses on the timeline of histopathological changes that are

seen in each model in studies where these have been clearly

described. Table 2 provides a summary of the histopathological

descriptions of EL and SRL (mostly the Oligofructose model)15–21 and

Figure 2 illustrates lamellar tissue histology in normal horses and in

horses subjected to the EL and SRL (oligofructose) models of laminitis.

Table 3 presents more detailed studies of the associated basement

membrane (BM) changes in these models.22–28 The histopathology of

the black walnut extract (BWE) model of SRL is not well described.

The paper first characterises this model29 presents some description

of acute changes in three horses seen after 12 h (onset of lameness)

but the descriptions are brief. They describe mitotic figures in the epi-

dermal cells which were absent from the normal control horse tissue.

They also describe vacuolation of the SDL and loss of cellular defini-

tion of the tips of the PELs. As the BWE model appears to differ

1 cm

DP

500 µm

Abaxial

PEL

Middle
Axial

PDL
suprabasal

cells

basal
cells

SEL

SDL

50 µm

SEL

KA

F IGURE 1 Schematic overview of equine hoof lamellar tissue anatomy. Left panel: cutaway view of the midsagittal section of an equine foot
outlining the position of lamellar tissue (red) relative to hoof wall (grey) and distal phalanx (DP), middle phalanx and distal sesamoid bones (blue).
The transverse section plane used for tissue collection is shown in yellow. Centre panel: a portion of the transverse section plane diagrammed
schematically. The interdigitating primary epidermal lamellae (PEL) and primary dermal lamellae (PDL) are highlighted. Positions relative to the
skeletal axis are denoted as axial (closest to DP), middle and abaxial (farthest from DP and closest to the hoof wall). Right panel: higher
magnification illustration of lamellar tissue organisation. Colours are overlaid on a tissue section stained to highlight cell membranes and
extracellular matrix (rhodamine-tagged wheat germ agglutinin, see Methods). Darker blue overlays mark basal epidermal cells, yellow overlays
mark suprabasal epidermal cells, light blue overlay highlights the keratinised axis (KA) of each PEL. The PEL consists of combined secondary
epidermal lamellae (SEL) and KA. Dermal tissues are shown in red overlays, with light red highlighting PDL and darker red marking the secondary
dermal lamellae (SDL). DP, distal phalanx; KA, keratinised axis; PDL, primary dermal lamella; PEL, primary epidermal lamella; SDL, secondary
epidermal lamella; SEL, secondary epidermal lamella. Reproduced from Cassimeris et al.8
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considerably from the others in terms of pathogenesis, with infiltra-

tion of inflammatory cells occurring very early in the developmental

phase,30 this review focuses on the other three models and naturally

occurring laminitis for the reasons discussed in the following

paragraphs.

2.3 | Role of leucocytes in laminitis

Additional studies have focused on the presence of leucocytes within

the lamellar tissue and related this to the onset of clinical and histo-

pathological signs of laminitis. From the descriptions of the models

presented in Table 2, it is clear that leucocyte infiltration is present at

certain time points in both SRL and EL models. By comparison to

Table 1, three of the four descriptions of naturally occurring laminitis

do not describe a leucocytic infiltrate which is probably because most

of the cases examined were aggravated chronic cases rather than per-

acute occurrences (which the models best mimic).

Based on the time-course studies that have been undertaken,

for the EHC model of EL, epithelial cell stress (apoptosis evident

from 6 h onwards) precedes any leucocyte infiltration or activation

(mainly evident at 48 h), suggesting any inflammatory infiltrate

occurs secondary to the events initiating lamellar pathology rather

than inflammation initiating that pathology.19 Detailed immunohis-

tochemistry of markers of different leucocytes has not been under-

taken in the EHC model to date, although the work of Watts et al.31

also supports this sequence of events. However, in both carbohy-

drate models of SRL (oligofructose model and starch overload

model—see Table 2), the question of what cell types infiltrate when

has been extensively studied (Table 4). The conclusions drawn by

the authors of these three studies are equivocal and do not defini-

tively answer the question as to whether inflammatory cell infiltra-

tion drives the lamellar pathology or is a response to it. Whilst the

use of serial biopsies of lamellar tissue certainly reduces animal use

in these sorts of experiments, the regional variability in pathology is

striking and may affect the power of such studies and the effect of

palmar digital nerve blocks on pathological events in these models

remains to be determined.

Based on the findings in the EHC model (where the time course

of events clearly indicates leucocyte infiltration is in response to

lamellar pathology; see Table 2,19 most likely driven by stress to the

epidermal cells) and the time course for signalling events in the lamel-

lar epithelial cells (see below), the changes seen in SRL (which the oli-

gofructose model and corn starch overload models most closely

mimic), may be consistent with leucocyte infiltration being a response

to, rather than the cause of, lamellar damage.

Unlike the EHC and two carbohydrate models of SRL, the BWE

model of SRL clearly has an early inflammatory component. Black

et al.35 used an anti-equine monoclonal antibody to CD13 as a

marker for neutrophils and monocytes/macrophages in this model.

Tissues from two time points, a development time point (DTP; onset

of leucopenia) and the acute onset of clinical signs of laminitis

(lameness) were examined. No marginal pool of CD13-positiveT
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F IGURE 2 Photomicrographs of lamellar
histology from experimentally-induced laminitis.
(A) Photomicrographs of hoof lamellar histology
from control (a,b,c) and insulin-treated (d,e,f)
Standardbred horses in transverse section.
Lamellar measurements (a, b) included the total
(A) and keratinised (B) length of the PELs and the
length (C) and width (D) of the SELs. In control
horses, the PEL were straight and uniform in

length, with the keratinised axis finishing before
the PEL axis (a). The SEL was uniform in length
and clearly separated by each SDL, which
extended almost to the PEL axis (b, c). EBC nuclei
(white arrowheads in b) were ovoid and located
apically in the cell and the PAS-stained BM was
tightly adherent to the rounded tips of each SEL
and continued intact to within one or two EBCs
of the PEL axis (black arrows in c). The
microvasculature surrounding the SEL appeared
normal (white arrows in b and c). In insulin-
treated horses, the SEL appeared lengthened
with sharp, pointed tips (d, e) and the EBC nuclei
were variable in size and rounded with
prominent, and often multiple, nucleoli (white
arrowheads in d and e). Clear demarcation of
individual SEL at the PEL axis was lost (asterisk in
d). Pyknotic (black arrowhead in d inset) and
mitotic (black arrow in d inset) figures were
present. Loss of PAS-positive BM staining was
apparent (black arrows in e and f) with empty
profiles of BM (white arrows in f) and a lack of
visible BM at SEL bases (e). The microvasculature
appeared more prominent (white arrow in d and
white arrowhead in f) when compared with
control sections (white arrows in b and c). H&E
(a, b, d) and PAS (c, e, f). (B) Photomicrographs of
hoof lamellar histology at the axial end of PELs
from (a) control, (b) oligofructose and (c) insulin-
treated standardbred horses in transverse
section. The average length from the end of the
keratinised axis of the PEL to the axial tip of the
PEL was shorter (p < .05) in control horses (328
+/� 46 mm) when compared with horses with

oligofructose (485 +/� 54 mm) and insulin-
induced (469 +/� 29 mm) laminitis. H&E. BM,
basement membrane; EBC, epidermal basal cells;
H&E, haematoxylin and eosin (histological stain);
PAS, periodic acid-Schiff (histological stain); PEL,
primary epidermal lamella; SDL, secondary dermal
lamella; SEL, secondary epidermal lamella.
Reproduced with permission from Morgan et al.17
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leucocytes was detected in the perivascular dermal region of the

lamellae of control horses. Three of the 5 horses taken to the DTP

had CD13-positive cells perivascularly in the dermal lamellae (lamel-

lar venules) as did all of the horses at the point of onset of lameness.

Nuclear morphology of the CD13-positive cells suggested they

were mainly neutrophils. Infiltration of the skin with CD13-positive

leucocytes was also demonstrated in samples taken from the same

horses. Superficial dermal vessels demonstrated perivascular accu-

mulation of CD13-positive cells in the developmental and acute

clinical phases. This was not seen in the deep dermal skin vessels,

only the superficial ones whereas the deeper lamellar dermal vessels

also demonstrated perivascular accumulation of CD13-positive cells

(although the data demonstrating this were not shown in the paper).

The authors of this paper suggested that cytokines derived from

these emigrating CD13-positive cells drove the lamellar inflamma-

tory response seen in this model, which was responsible for the

lamellar damage and pathology. Similar findings were reported by

Faleiros et al.36 who used calprotectin as a marker of activated leu-

cocytes (neutrophils and monocytes) and of stress in keratinocytes

and by Faleiros et al.30 who showed modest extravasation of

CD163-positive (a monocyte/macrophage marker) cells in the SDL

at the early (1.5 h) and DTP (3–4 h). All these findings support the

concept that leucocyte infiltration of the lamellae drives a stressful

and damaging inflammatory process in the BWE model.

Thus, it appears that the BWE model of laminitis is quite different

from the other SRL models (alimentary carbohydrate overload and

oral oligofructose) and the EHC model, when epidermal stress pre-

cedes evidence of inflammation. Although relatively little has been

published to date, the SLL model seems also likely to result from

stress to the epidermal cells, possibly caused by hypoxia.37 On the

basis that elements of carbohydrate overload (SRL), SLL and EL might

all occur to varying degrees in naturally occurring pasture-associated

laminitis, the remainder of this review will focus on research findings

in these models.

3 | BASEMENT MEMBRANE
DEGRADATION: POTENTIAL MECHANISMS

A major advance in understanding equine lamellar structure and func-

tion is underpinned by the detailed work of Pollitt and others showing

that in normal horses, the EBCs are anchored to the BM via hemides-

mosomes (adhesion plaques; HDs). HDs are found on either side of

the cell's plasma membrane and attach to the cells' cytoskeletal ele-

ments from the inner surface and to the BM from the outer surface.

Fibrils of type VII collagen attach the BM (lamina densa) to the lamel-

lar dermal connective tissue. Fine anchoring filaments bridge the gap

between the lamina densa of the BM and the HDs, crossing the lam-

ina lucida of the BM (Figure 3A,B). This microanatomy gives the

dermal-epidermal connections the tensile strength to withstand the

changing forces associated with locomotion, maintaining the struc-

tural organisation of the secondary epidermal lamellae, which is the

platform for this interface.38

The maintenance of this structural organisation is disrupted in

laminitis, leading to stretching of the SELs and/or their separation

from the BM with or without dissolution of the BM structure itself.

The initiating factors in these processes are the subject of intense

debate in laminitis research. This microanatomy is not easy to study,

requiring electron microscopy and careful immunohistochemistry by

light microscopy to determine its state and the presence of constitu-

ent proteins at different time points of the development of laminitis.

The published studies that are of high quality that describe these

events in the EHC and carbohydrate overload SRL models are pre-

sented in Table 3. These elegant studies, together seem to suggest

that two separate processes occur to differing extents. First, separa-

tion of the SEL from the BM through loss of HDs (BM stays intact and

attached to the dermal connective tissue) and second, disintegration/

dissolution of the BM itself. In the EHC model, loss of HDs seems to

predominate22,23 whereas both processes seem to occur in a dose

and time-dependent way in the oligofructose model of SRL.24,28

The activation of enzymes responsible for digesting the various

elements of connective tissue within the BM and/or anchoring the

HDs to the BM or to the EBC has been proposed as the principal

mechanism triggering this pathology. Whether this is initiated by

stress to the epithelial cells or infiltrating leucocytes has also been the

subject of investigation. Table S1 summarises the key publications to

date involving tissue from models of laminitis and naturally occurring

disease. Initially, the focus was on matrix metalloproteinases (MMPs).

In vitro studies demonstrated that MMP-2 and MMP-9 could be pro-

duced by lamellar explants cultured in the presence of the MMP acti-

vator aminophenylmercuric acetate (APMA).39 APMA treatment of

lamellar explants led to separation of lamellar tissue from the hoof

wall at the dermal-epidermal junction when tension was applied, an

effect that was prevented by the MMP inhibitor batimastat.39 Early

studies of naturally occurring laminitis focused on MMP-2 and

MMP-9 and demonstrated increased expression of these proteins but

did not determine the relative proportions of active and inactive forms

of these proteases within the tissue.40 Later studies suggested that

these enzymes were not free of inhibition41 and that MMP-9 expres-

sion was associated with leucocyte infiltration. Leucocyte-derived

MMP-9 is not likely to be driving the initial lamellar damage associ-

ated with HD and BM pathology, which seems to occur prior to leuco-

cyte infiltration (Tables 3 and 4). No evidence of activation of MMP-2

has been demonstrated in either model of SRL.41,42 All published stud-

ies to date have extracted proteins and RNA from whole tissue and

only in some cases was immunohistochemistry used to localise pro-

teins shown to be upregulated by western blotting. This means that

localised upregulation of enzyme activity may not be detected and

could still play an important role in the pathophysiological events

leading to the underlying pathology. Laser dissection microscopy and

single-cell sequencing technologies seem appropriate tools to apply to

this question in the future.

The EHC model has not been extensively studied for activation of

extracellular matrix metabolising enzymes although ultrastructural

studies (Table 3) suggest detachment of HDs from their anchoring fila-

ments does occur, leading to their detachment from the apical surface
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of the EBCs. One study focussing primarily on MMP-2 and MMP-9

and their regulators and ADAMTS-4 failed to demonstrate enzyme

activation that occurred concomitantly with the appearance of BM

pathology.43 Given the very localised BM-related pathology of the

EHC at the dermal–epidermal junction, looking at the whole tissue

level for evidence of enzyme activation is possibly a very blunt tool.
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F IGURE 3 (i) Schematic diagram of the lamellar basement membrane zone of the equine hoof. The epidermal basal cell has a plasmalemma that
contains hemidesmosomes. Anchoring filaments cross the lamina lucida and engage with the lamina densa. (ii) Transmission electron micrographs of
the lamellar basement membrane (BM) zone of healthy horses (A and C), and horses with insulin-induced laminitis (B and D). The epidermal basal cells
(EBC) are separated from the lamellar dermis (D) by the BM (black arrowhead). The cytoplasm of the EBC contains the nucleus (N). (A) Low
magnification ultrastructural image of a healthy horse lamellar BM zone. (C) At higher magnification the cytoskeleton intermediate filaments (white
arrowhead) of the EBC connect to hemidesmosomes (white arrow) of the plasmalemma (black arrow) of the BM zone (black arrowhead pointing to
the lamina densa). The thickness of the BM zone is indicated by the white bracket. (B) In the same zone in treated horses, the BM was extensively
disorganised. The width of the BM zone (white bracket) was greater in treated horses, and the lamina densa (black arrowhead) was often absent.

(D) At higher magnification, fewer hemidesmosomes (white arrow) were apparent on the plasmalemma (black arrow) and the lamina densa (black
arrowhead) of the BM zone (white bracket) of treated horses appear thickened (also visible in B). Cytoskeleton intermediate filaments (white
arrowhead) appears disassociated from the hemidesmosomes. Magnification = A; 8000�, B; 15 000�, C; 50 000�, D; 50 000�. Bar = A; 2 μm, B;
5 μm, C and D; 500 nm. BM, basement membrane; EBC, epithelial basal cell. Reproduced with permission from de Laat and Pollitt.22
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Only one in vivo study has been published which attempted to

demonstrate the effect of selective inhibition of connective tissue

degrading enzymes on the pathological changes in the lamellae result-

ing from oligofructose administration.44 The inhibitor used was mari-

mastat (a relatively broad-spectrum metalloprotease inhibitor with Ki

values against a large range of MMPs enzymes in the lower micromo-

lar range and IC50 values against ADAMTS-4 and 5 in the high micro-

molar range45), delivered by regional limb perfusion every 6 h to

maintain the lamellar ultrafiltrate drug concentration above the con-

centration giving 90% inhibition of both enzymes throughout the

inter-dosing interval. No effect of this intervention was seen when

used as a controlled intervention in the oligofructose model of SRL

although definitive evidence that the target enzymes were inhibited

in vivo by the dosing regimen used is lacking. This is an important

proof-of-concept study which needs to be extended to other drugs

with differing matrix metabolising enzyme inhibitory profiles. For such

interventions to be translated to the clinic, the safety of such inhibi-

tors for use in clinical cases would depend on the route of administra-

tion and the spectrum of enzymes inhibited. Nevertheless, as

experiments which test the hypothesis that extracellular matrix-

degrading enzymes are the principal initiators of lamellar pathology in

laminitis, further such intervention studies are warranted.

4 | DISCOVERY OF
PATHOPHYSIOLOGICAL PATHWAYS
THROUGH TRANSCRIPTOMICS AND
PROTEOMICS

Following initiatives for researchers to share tissue collected from

models of laminitis, whole lamellar tissues from different models have

been examined at different time-points for differential gene and pro-

tein expression when compared with control tissues. A targeted rather

than an unbiased approach has been used in most published studies,

targeted to confirm or refute processes hypothesised to be important

in laminitis pathogenesis. Table S2 summarises 14 studies undertaken

over the last 15 years using tissue from models of SRL and EL. In gen-

eral, the studies are limited by low numbers of animals, the variability

of their response to the model (particularly the corn-starch overload

model of SRL and the diet challenge model of EL) and the study of

time points which make it difficult to tell whether the genes and pro-

teins differentially expressed are a response to or causally related to

lamellar pathology. In addition, most papers do not identify the cells

expressing the genes and products of the genes (i.e. they work on

extracts of whole lamellar tissue) although in some cases immunos-

taining does suggest the cellular location of the protein expression.

Nevertheless, by examining the information generated by these

studies in the context of what is known about the time course for his-

topathological and ultrastructural changes seen in these models

(Tables 2–4), some general conclusions can be drawn.

The first is that epithelial cell stress likely precedes any inflamma-

tory process in laminitis, both in SRL and EL. This fits with the obser-

vations relating to leucocyte infiltration, which occurs once BM

damage has been initiated in EL and probably SRL. The certainty of

this conclusion is lower for SRL than it is for EL because most of the

studies assessing protein and gene expression have used the corn-

starch overload model. This model is inherently variable in terms of

the timeline of events and there is overlap between the onset of fever

and the onset of Obel Grade-1 (OG-1) lameness. Nevertheless, the

evidence from the detailed studies of Visser and Pollitt suggests

changes to proteins at the epidermal-dermal junction occur between

12 and 18 h in the OF model of SRL (which is more consistent in its

onset and progression) and precedes the onset of fever (20–28 h), the

DTP most frequently used in these gene and protein expression stud-

ies.28 Furthermore, where studies have localised the cytokine and

chemokine mediators expressed in the SRL models, they have been

localised to the EBCs (particularly ERK 1/2, STAT-3, RPS6 phospho-

proteins) and often the cytokines/chemokines have not been signifi-

cantly upregulated until the OG-1 time point (see Table S2 for

references).

The second conclusion is that although the time scale and the

severity of lamellar damage is different between SRL (carbohydrate-

induced) and EL, the initiating signalling pathways activated in the

EBCs appear to be similar. These seem to involve growth factor sig-

nalling pathways, possibly initiated via energy sensing systems within

the cell (mTORC1 pathway) which intersect downstream with pro-

inflammatory pathways. Upregulation of phospho-RPS6 is particularly

marked in both models and proven to be localised to epithelial cells at

time points which suggests this is an early event indicating epithelial

cell stress. The stressor in the case of EL is proposed to be insulin act-

ing through the IGF-1R on the epithelial cell,46 the gene for which

becomes downregulated in the EHC model.47

Insulin's growth effects on lamellar EBCs through the IGF-1

receptor have been demonstrated in vitro48,49 and the infusion of a

monoclonal antibody to selectively block the IGF-1 receptor partially

prevented acute laminitis in the EHC model.50 Horses treated with

mAb11 showed less sinking of the distal phalanx and milder histologi-

cal changes, with markedly less elongation at the tips of the secondary

epidermal lamellae. At the dose used, the mAb11 did not prevent

signs of laminitis and the histological and radiographic effects,

although statistically significant, were relatively small. Nevertheless,

there were some features of this study which are particularly note-

worthy. In this trial, insulin levels were lower than in previous EHC

models (up to 500 μIU/mL) and in the insulin-infused positive control

group, many EBCs had nuclei that appeared rounded, compressed and

tilted; many had lost their apical position in the EBC cytoplasm.

Mitotic figures and apoptotic EBC were frequently observed in the

SEL located at the tips of the PEL, where the SEL were separated.

However, in the antibody-treated group, the SELs located at the axial

end of each PEL were less elongated, and the BM was still attached to

the SEL. Furthermore, few samples showed any evidence of mitotic

figures, apoptosis, or inflammatory cells. These findings, as well as

implicating the IGF-1R in the EL model, seem to suggest again that

both apoptosis and increased mitotic figures may be observed in this

model, which is unusual considering that these pathways usually tend

to be mutually exclusive. However, ER stress may be one common
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factor that can lead epithelial cells either towards apoptosis or

(depending on the presence of other signals from the microenviron-

ment) towards cytoskeletal disruption and loss of HD attachments,

which is part of the so-called epithelial-to-mesenchymal transition

(EMT)51 (Figure 4).

The stressor in the case of SRL remains to be determined

although a number of possibilities have been proposed, which are

linked to events in the hindgut resulting from carbohydrate overload.

An indirect effect via circulating platelets is a possibility given the

strong evidence of platelet involvement and the early timescale for

their activation (within 8 h) in the oligofructose model.52 Weiss and

others also published evidence of platelet activation in the prodromal

stages of corn-starch-induced laminitis in ponies and demonstrated

the presence of platelets in venous thrombi in the dermal lamellar

venules at the onset of lameness in this model.53,54 It should, how-

ever, be acknowledged that venous thrombi are not reported by

others in the small number of studies where detailed histopathological

analysis of this model has been undertaken (Table 2). The same

researchers went on to show that an experimental antiplatelet drug, a

peptide inhibitor of fibrinogen receptors, prevented laminitis in ponies

undergoing the corn-starch model of laminitis.55 Unfortunately, the

work of Weiss and co-workers focusing on platelet function and the

platelet as a target in the prodromal stages of SRL has not been repli-

cated by others, although we are not aware of negative results from

such attempts being published. A candidate mediator released by

platelets that could stimulate the signalling pathways discussed above

is the platelet-derived growth factor given that its receptor is from

the same family of receptors (tyrosine kinase) as the insulin-like

Gut-derived
Bacterial toxins

TLRs CRs
Platelets

Hypoxia Insulin

GFRs

apoptosis
Ischaemic
cell death

AdiponectinTGFβ;PDGF

HIF-1α

Growth
/replication

Loss
of HDs

Loss of
keratin IFs

ERK
1/2

Plasmalemma
Lamina lucida
Lamina densa
Connective tissue

Lamellar basel
Epithelial cell

cell dysplasia
/cytoskeletal
dysruption / EMT

Pro-inflammatory
cytokines

SRL SLL EL

F IGURE 4 Interacting cellular pathways involved in the three experimental models of laminitis. The stabilisation and upregulation of the
transcription factor, HIF-1α, is a key common element linking the inflammatory pathways that may be initiated by gut-derived bacterial toxins
(such as lipopolysaccharide acting through toll-like receptor 4) or pro-inflammatory cytokines in sepsis-related laminitis (SRL); with the
bioenergetic stress caused by hypoxia (supporting limb laminitis; SLL). HIF-1α and bioenergetic stress are important initiators of endoplasmic
reticulum (ER) stress; which in turn can lead either to apoptosis or to cytoskeletal disruption and loss of hemidesmosomal attachments
characteristic of epithelial to mesenchymal transition (EMT). Growth factors, such as insulin acting through the IGF-1 receptor (in the
endocrinopathic laminitis model; EL) or potentially other growth factors such as TGFβ or PDGF from activated platelets, stimulate cell division
and protein synthesis via the mitogen-activated protein kinase (ERK 1/2) and mTOR pathways. The mTOR (and Akt) pathway is also known to
play a role in the induction in EMT in epithelial cells. Therefore, there is considerable overlap between the pathways. Systemic inflammation
associated with SRL, and hypoxia associated with the SLL model, may tend to promote cell death. However, any inflammatory or energetic cell
stress may influence the lamellar epithelial basal cell's response to growth factors and push it towards EMT and loss of hemidesmosomal
attachments (and therefore laminitis). Adiponectin may suppress the activation of many of these pathways (and low adiponectin levels may lower
the threshold for their activation). AMPK is activated when AMP/ATP ratio increases in a cell, such as hypoxia leading to bioenergetic stress.

AMPK is also involved in the regulation of cell growth, apoptosis (via ER stress) and autophagy. It is counter-balanced by the mammalian target of
rapamycin (mTOR) signalling pathway, and its activation may inhibit this pathway. Adiponectin, by supporting the activation of AMPK, may inhibit
both ER stress and mTOR activation. AMPK, AMP-activated protein kinase; EMT, epithelial to mesenchymal transition; ER, endoplasmic
reticulum; ERK 1/2, extracellular signal-regulated kinases 1 and 2 (these are also members of the mitogen-activated protein kinase family; HIF-1α,
Hypoxia-inducible factor 1-alpha; IGF-1, insulin-like growth factor 1; mTOR, mammalian target of rapamycin complex or mechanistic target of
rapamycin complex; PDGF, platelet-derived growth factor; SLL, supporting limb laminitis; SRL, sepsis-related laminitis; TGFβ, transforming growth
factor beta.
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growth factor-1 receptor.56 Another mediator for which platelets are

a major source is transforming growth factor β (TGF-β),57 which has

been specifically identified as a stimulus for EMT.58

The third conclusion from all these exploratory studies is that the

classical NFkβ-mediated activation of the TNF-α pathway does not

seem to be involved in the downstream inflammation that occurs in

both SRL and EL models, albeit this is more marked in the SRL models.

Multiple studies summarised in Table S2 have looked for upregulation

of TNF-α and, to the surprise of the investigators, failed to demon-

strate this at the gene level. In addition, in the studies that have

examined signalling pathways activated by TNF-α, such as p38-MAP-

kinase, no activation has been found. This suggests that the classical

systemic inflammatory response syndrome is not operating at the

level of the lamellar tissue to initiate laminitis.

All of the studies summarised in Table S2 are observational and

do not include targeted interventions which inhibit what is thought to

be a key pathway to determine the effect on the pathology and clini-

cal signs in the model. Continuous digital hypothermia (CDH), which

has been shown to prevent the pathology if started at the time of

model initiation, has been used to determine if a particular pathway is

inhibited by this intervention.59 Many pathways are inhibited by CDH

but for those that are not inhibited, despite CDH protecting against

laminitis in the model, the investigators have concluded that these

pathways are unlikely to be involved in the pathogenesis of laminitis

(for example phospho-ERK1/2 is upregulated early in the time-course

of oligofructose-induced laminitis but is not inhibited by CDH). How-

ever, in some cases, CDH itself appeared to have effects leading to

upregulation of gene expression (e.g. SAPK/JNK and IL-10) which is

contrary to the concept that CDH causes cellular quiescence totally.

Positive results (identifying pathways upregulated and showing they

are inhibited by CDH) merely provide the proof-of-concept to justify

more definitive experimental studies prior to translation to clinical

cases. Nevertheless, CDH is a preventative therapeutic modality that

has been successfully used in veterinary practice in the early stages of

acute laminitis.60

A less biased approach to identifying important pathways poten-

tially involved in the pathogenesis of laminitis is to use unbiased

transcriptomics and proteomics. To date, four papers have used an

untargeted microarray approach to identify genes that are differen-

tially upregulated or downregulated in the developmental phase of

models of laminitis. One paper focused on the BWE model which,

for reasons explained above, this review does not cover.61 The sec-

ond paper examined tissues for the oligo-fructose model of SRL prior

to the onset of clinical signs (24–30 h).62 Six horses were involved in

this study (three treated and three control) and the microarray used

was a bovine microarray with over 15 000 transcripts and GAPDH

as a house-keeping gene. By today's standards, this is a relatively

small number of transcripts for unbiased transcriptomic studies. No

genes were downregulated and only 14 genes were more than

2-fold upregulated relative to the controls with just three being

upregulated more than 5-fold. The top upregulated gene was

ADAMTS-4 (aggrecanase 1). This and the other two upregulated

genes were subsequently validated by RTqPCR. The authors of the

paper acknowledge the many limitations to their cross-species

approach to transcriptomics.

The third paper employed laser dissection microscopy and RNAseq

methodology to identify genes up and downregulated in EBCs of sec-

ondary lamellae.63 This study used the corn-starch model (alimentary

carbohydrate overload) of SRL. Eight healthy Standardbred horses were

involved and lamellar biopsies were collected at three times points

(control – before dosing (left fore); DTP – onset of fever or 24 h if no

fever had developed (left hind) and OG-1 time point – onset of OG-1

lameness (n = 5) or at 48 h (n = 3; right fore) whichever occurred first).

One horse developed OG-1 lameness at 24 h without demonstrating

fever so did not contribute a DTP biopsy sample. Epidermal lamellae

were laser dissected, RNA extracted, sequenced and pairwise compari-

sons made (control vs. DTP; control vs. OG-1; DTP vs. OG-1) to deter-

mine differentially expressed genes. Ingenuity pathway analysis was

used to determine common signalling pathways in which genes differ-

entially expressed by more than 2-fold were involved. This study con-

vincingly shows that epidermal cells are responding at the DTP to some

form of stressor(s) leading to upregulation of inflammatory/immune-

regulatory pathways (18% of genes differentially regulated at the DTP

vs. CON) and pathways regulating the degradation of extracellular

matrix (10% of the differentially regulated genes). Whether this is a

direct result of factors absorbed from, the gut in response to carbohy-

drate overload or indirect effects of those factors activating white

blood cells and platelets remains to be determined. Understanding the

nature of the stressor(s) triggered by events in the gut is clearly of

importance.

Studies such as Leise et al.,63 are hypothesis generating. The

choice of model used for this study is somewhat perplexing, however,

since the alimentary carbohydrate overload model seems to generate

much more individual variability in responses (both timing and extent)

when compared with the oligofructose model, perhaps making the

results less easy to interpret with the limited number of horses

involved. The collection of biopsy samples from different feet adds to

the potential variability. Furthermore, the relatively low annotation of

equine-specific sequences at the time this study was undertaken may

mean important epithelial cell pathways were missed.

One pathway upregulated in the OG-1 phase was that related to

pattern recognition receptors for bacteria and viruses (specifically

TLR-2 and TLR-4), possibly supporting the concept that epidermal

cells are responding to bacterial products released from the damaged

gut in this model. Interestingly, this unbiased study identified a small

number of genes related to 5-HT function that were differentially reg-

ulated at the DTP so there is evidence of indirect effects as well.

5-HT release from circulating platelets, activated in the early stages of

the oligofructose model, has been demonstrated which may be of rel-

evance to this finding.52 Many of the genes differentially regulated

feature in whole tissue targeted transcriptomic studies of models of

SRL, supporting EBCs as contributing to the whole tissue transcript

levels measured (Table S2).

The fourth paper applied RNAseq with the highest quality samples

(4 pooled from each phenotype) undergoing long read sequencing to

look for differentially expressed genes in lamellar tissues (36 samples)
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from 13 horses suffering from SLL (hospital-acquired) compared with

seven control horses (subjected to euthanasia for lameness due to non-

laminitic orthopaedic disease).64 Each animal and limb from which the

lamellar tissue was derived was scored from clinical, gross and histo-

pathological findings as having no laminitis, developmental laminitis

(no clinical signs but some histopathological lesions) or acute laminitis.

Forty-three genes were reported to demonstrate differential expression

that correlated with progression from developmental to acute stages of

laminitis. The function of the products of most of these genes could be

associated with four processes linked to laminitis pathogenesis: (i) loss

of epithelial integrity; (ii) apoptosis/necrosis; (iii) changes in keratinocyte

phenotype and (iv) leucocyte chemotaxis. This study lacked the ability

to identify the cells differentially expressing these genes and focused on

a type of laminitis (SLL) where hypoxia is thought to play a major role in

stimulating epithelial cell stress (see below). In addition, because these

were samples from clinical cases, all laminitics were at the stage of dem-

onstrating clinical signs warranting euthanasia. Nevertheless, tissues

from less affected limbs from the same horse were used when patholog-

ical lesions were present but no lameness was detected. These were

classified as DTPs.

The authors of this article highlighted the Erzin gene, which was

downregulated in both developmental and acute laminitis phases. The

product is involved in regulating epithelial integrity and EMT, pro-

cesses which warrant further study. Erzin also plays a key role in leu-

cocyte adhesion and subsequent migration through the endothelium.

The NR1D1 gene was also downregulated in both developmental and

acute phases of SLL. This gene encodes for a nuclear receptor that is

important in circadian rhythm in growth (e.g., hair growth cycle) and in

regulating the innate immune system. The transcription factor FOXJ2

was upregulated in the developmental phase, which might inhibit dif-

ferentiation of progenitor endothelial cells and inhibit EMT, the for-

mer impairing epithelial integrity.

Pathway analysis included in this article identified 15 canonical

pathways influenced by differentially regulated genes in the devel-

opmental phase and 25 in the acute phase. From this analysis, the

authors highlighted a common upstream regulator protein deacety-

lase sirtuin-1 (SIRT-1) as a promising target with potential overlap to

hyperinsulinaemia. Notably lacking from the pathway analysis in

this study are hypoxia-responsive genes. The metabolism of lamel-

lae in SLL models indicates they are hypoxic with increased lactate

formation12 and HIF-1α protein expression increases in response to

increased weight bearing, a model of SLL.65 Regulation of HIF-1α is

at the post-translational level in cultured keratinocytes.66 EBCs are

hypoxic in their physiological state compared with many other cells,

similar to epidermal cells elsewhere in the body but perhaps more

so because the hoof wall prevents their access to oxygen in the air

more than the keratinised epidermal tissue of skin. As a result, their

expression of HIF-1α protein is high under normal conditions.65

How these cells respond to hypoxia and how this response is mani-

fest in terms of lamellar EBC stress is an important question in lami-

nitis research and highly pertinent to SLL in particular.

The induction of hypoxia or the upregulation of HIF-1α by the

hypoxia-mimetic, cobalt chloride, has been shown to upregulate the

expression of MMP-1 and MMP-9 by cultured equine lamellar kerati-

nocytes.67 Furthermore, inflammatory cell signalling pathways are

known to show synergism with HIF-1α. In equine digital vein endo-

thelial cells, the combination of bacterial lipopolysaccharide (known to

be increased in the OF model of laminitis)52 plus hypoxia (5% O2)

showed a synergistic effect on HIF-1α stabilisation, leading to syner-

gistic effects on neutrophil adhesion and monolayer permeability to

FITC-dextran.68 Therefore, these stimuli in combination are likely to

have a powerful effect on leucocyte recruitment to the lamellar tis-

sues. Furthermore, the hypoxia-mimetic cobalt chloride can also

induce the expression of MMP-2 by equine digital vein endothelial

cells (Poulet and Bailey, personal observation), which could also affect

vascular permeability and tissue access by leucocytes.

The recent studies involving the SLL model showed that ischae-

mia can be a primary cause of lamellar tissue failure, with HIF-1α likely

being a key mediator. The synergism between inflammation and

ischaemia in various cell types, involving this factor, suggests that

energy dysregulation at the cellular level may be one pathway in com-

mon between SLL and SRL (Figure 4).

In conclusion, much effort has been expended in identifying the key

signalling pathways and mediators that initiate the lamellar pathology

that ultimately progresses to lamellar failure and the structural damage

that characterises clinical laminitis. There appear to be common path-

ways in the EBCs that are active in the early stages of the disease, possi-

bly triggered by different mechanisms in SRL and EL. Understanding

energy production and utilisation in this key cell and what predisposing

factors do to the control of these processes seem to be important ques-

tions that remain to be answered in laminitis research.

5 | EFFECT OF EXPERIMENTALLY
INDUCED LAMINITIS ON METABOLISM
WITHIN THE LAMELLAE

Metabolic stress on the lamellar epithelial cells has long been sug-

gested as a mechanism that triggers or contributes to the develop-

ment of laminitis. The inaccessibility of the tissue in the live animal

and the large number of arteriovenous shunts in the circulation (adap-

tation for thermoregulation) make this difficult to study over time in

the different models of laminitis. A microdialysis method has been

developed and validated to study this question.69 Further refinement

(to minimise hoof wall resection) and validation studies were under-

taken to compare microdialysis probe placement (lamellar dermis

vs. sublamellar dermis) and to compare glucose utilisation between

skin/sublamellar and lamellar tissue.70 The results suggest lower per-

fusion (based on urea clearance) and increased glucose utilisation

(with adaptation to efficiently utilise generated lactate) in the lamellar

dermis compared with the sublamellar dermis and skin. The results of

the lamella lactate to pyruvate ratio (a measure of tissue redox state,

dependent on mitochondrial function and oxygenation) do not sug-

gest lamella tissue is relatively hypoxic and so are at odds with the

observations of Pawlek et al.66 based on HIF-1α protein expression.

However, it is important to recognise that there are also oxygen-
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independent pathways that may activate this signalling molecule.71

These oxygen-independent pathways may include PI3K but impor-

tantly (in the context of laminitis) also may involve growth factor

effects, utilising the mTOR/RPS6 pathway. Finally, this model has

been tested to determine the response to interventions which stop

(tourniquet) or reduce perfusion (noradrenaline inclusion in the micro-

dialysate) and demonstrated the expected results,72 although total

ischaemia was necessary to stimulate a reduction in urea clearance,

suggesting this is a relatively insensitive index of tissue perfusion (pos-

sibly due to the relatively high dialysate perfusion rate used).

This method obviously is invasive and samples fluid from a

restricted area of the lamellar interstitial fluid and the presence of the

dialysis probe may influence microcirculatory haemodynamics, as does

the requirement for the horses to be restrained in stocks during the

perfusion and collection procedure. Accepting those limitations, this

method has been used to study lamellar metabolism in three different

models of laminitis (Table 5).

These studies, although not without limitations, certainly seem to

demonstrate dramatic changes in lamellar tissue utilisation of glucose

and perfusion early in the developmental stages of SRL, supporting

the concept of epidermal cell stress being an early factor in the patho-

genesis of this disease.73 Considering measurements in this study

were made from a probe in the sub-lamellar tissue primarily, these

effects may not be accurately represented in lamellar tissue fluid.37

Targeted metabolomics on the microdialysates from the SRL study

examining the concentrations of 44 intermediates of central carbon

metabolism has been published showing that combining metabolomics

with microdialysis is possible and could be useful in the future, if an

unbiased approach can be taken.75 Epidermal cell stress seems to be

generated in a different way when hyperinsulinaemia is produced by

the EHC model of EL. Although the rate of lactate generation increases

relative to control in this model, indicating some changes in metabolism,

there is no evidence of bioenergetic stress.74 However, in SLL there is

clear evidence of hypoperfusion and bioenergetic stress when lamellar

tissue fluid dialysate was sampled.37 Such evidence was not found in

sampling sub-lamellar fluid. In a further study, where dialysis probes

were placed in the lamellar tissue and microdialysis used to study lamel-

lar metabolism during OF-laminitis and EHC-laminitis induction under

ambient temperature and continuous digital hypothermia, some evi-

dence of nonischaemic oxidative energy failure was identified between

24 and 36 h of induction as evidenced by a marked increase in the lac-

tate to pyruvate ratio in both models.76 The late occurrence of this

change in the lamellar microdialysates suggests energy failure is unlikely

to be a primary pathophysiological event in either EHC or OF model of

laminitis but could be a complication of the primary pathology which is

benefited by continuous digital hypothermia.

6 | NATURALLY OCCURRING LAMINITIS
AND STUDY OF MOLECULAR MECHANISMS

Gene and protein expression have not been measured commonly in

tissues from horses with naturally occurring laminitis. Expression of

enzymes degrading the extracellular matrix proteins have been mea-

sured (Table S141,40). Faleiros et al.77 measured caspase 3 enzyme

immunostaining and TUNEL staining in lamellar tissue collected from

4 acute laminitis cases (duration <1 week so probably better described

as sub-acute) and 8 chronic laminitis cases (>8 weeks duration; full

clinical details are found in Johnson et al.78) and compared the results

to normal control horses and tissue obtained from model studies

(CHO overload model; 10–18 h which is a DTP). The acute naturally

occurring laminitis cases all had significant evidence of apoptosis

occurring in the epidermal lamellar cells, particularly in the basal layer

(17-fold increase relative to the control). In addition, TUNEL staining

without accompanying caspase 3 staining was greatly increased

(1025-fold) in keratinocytes of tissue from acute laminitis cases sug-

gesting cell death is occurring with DNA fragmentation in these cells.

These were not features of the early DTP of the CHO overload model

(a finding confirmed by TUNEL staining only in Catunda et al.79) or of

the chronic laminitis cases.

Cassimeris et al. examined tissue from naturally occurring cases

of EL (6 cases of confirmed PPID and 6 cases with obesity (BCS >7)

and/or regional adiposity) and demonstrated clear evidence of endo-

plasmic reticulum (ER) stress in the lamellar epithelial cells of the more

severely affected forelimbs.5 Data are not presented in the paper or

supplementary files as to how many of the naturally occurring cases

had been tested to confirm they had insulin dysregulation (ID).

Markers of ER stress were measured in lamellar tissues including

(a) 50 kDa XBP1s, the product of spliced mRNA for XBP1, (b) 78 kDa

Glucose regulated protein also known as binding immunoglobulin pro-

tein (Grp78/BiP), an ER chaperone and (c) 94kDa Glucose regulated

protein (Grp94), another ER chaperone. XBP1 and Grp78/BiP proteins

were minimally expressed in lamellar tissue from control animals and

in the much less affected hindlimbs from the clinical cases when com-

pared with the affected lamellae of the forelimbs. All three markers

were upregulated by approximately 2-fold on average and were signif-

icantly different when laminitics were compared with controls. Com-

paring F/L and H/L for Grp94 did not reach statistical significance

although demonstrated the same pattern as the other markers. Immu-

nofluorescence staining for Grp78/BiP qualitatively confirmed the

western blotting results and demonstrated the protein was localised

to suprabasal epithelial cells adjacent to the keratinised axis and was

absent from the SELs and axial tips of PELs. The pattern of staining

(punctate in the cytoplasm) suggested its localisation within the ER.5

Prolonged ER stress can lead to apoptotic cell death. Whether ER

stress and the resulting unfolded protein response is an early (primary)

or late (secondary) event in laminitis development remains to be

determined but is of interest given the underlying predisposing factors

of insulin dysregulation in naturally occurring pasture-induced lamini-

tis (see below).

In conclusion, based on the pathology and transcriptomics/

proteomics data published from the different models of laminitis, it is

possible that naturally occurring pasture-induced laminitis could have

elements of all three experimental models underlying its pathogenesis

(Figure 4). Persistent ID and high peaks of insulin following intake of

pasture containing elevated concentrations of nonstructural
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carbohydrates seem to be common predisposing factors to naturally

occurring laminitis (see below). Some increase in colonic fermentation

will occur with the excess carbohydrate (albeit to a much lesser

degree than the extreme SRL models) and mild preferential weight

bearing due to chronic changes in foot anatomy as a result of

repeated episodes of sub-acute laminitis all could contribute. Since

EBCs are thought to be the key initiating cell in all forms of laminitis,

factors which predispose these cells to stress responses as a result of

disturbed metabolism, perfusion or mechanical stretch should be con-

sidered. Looking at the risk factors for naturally occurring laminitis

might provide some clues to this.

7 | HOW DOES CHRONIC INSULIN
DYSREGULATION PREDISPOSE TO
PASTURE-ASSOCIATED LAMINITIS?

The association between ID and predisposition to laminitis was first

recognised in the 1980s by Coffman and Colles80 and Jeffcott et al.81

and proposed to be important in the pathogenesis of pasture-

associated laminitis by Field and Jeffcott.82 The first large cohort

study to examine this association between ID and a history of lamini-

tis was published in 2006 and involved 160 horses and ponies in the

USA.83 This study also proposed and tested a predictive algorithm to

identify ponies that would develop laminitis in the next season which

correctly predicted 11 of the 13 ponies that went on to suffer from

laminitis. Further studies in an observational cohort of 80 ponies in

the UK confirmed the association between high basal serum insulin

(in the summer), elevated serum triglycerides and uric acid and relative

hypertension and a history of recurrent laminitis.84 These two studies

recognised the similarities of the phenotype of laminitis-prone ponies

with human metabolic syndrome. Further development and evaluation

of the predictive algorithm were undertaken in the same closed herd

showing that basal serum insulin and leptin concentrations, and scores

for generalised (BCS) and localised (cresty neck score) obesity could

be combined to predict future laminitis episodes.85

These early studies were undertaken on populations of ponies

with a known predisposition to laminitis and animals kept under simi-

lar or identical conditions with no history of laminitis. This approach

was criticised in a systematic review of research into the risk factors

for laminitis which appraised the quality of the published literature

assessing laminitis risk factors.86 Since the publication of that system-

atic review, large prospective studies have followed ponies of

unknown laminitis history and determined risk factors for naturally

occurring laminitis in ponies kept at pasture.

A 3-year prospective study involving 446 ponies (aged ≥7 years)

kept at grass was undertaken in the UK to determine risk factors for

pasture-associated laminitis occurrence.87 Biomarkers (blood and phe-

notypic) were only collected at entry to the study which is a major lim-

itation. Body condition score (BCS), height, weight and crest height

and thickness were measured and an overnight dexamethasone sup-

pression test performed. Plasma or serum adiponectin, leptin, triglyc-

eride, basal insulin, insulin post-dexamethasone, insulin-like growth

factor 1 (IGF-1), IGF binding protein 1 (IGFBP-1), IGFBP-3, C-reactive

protein, von Willebrand's factor, soluble E-selectin and P-selectin con-

centrations were assayed. Over the 3-year study, 44 ponies (9.9%)

were reported to have had at least one episode of laminitis. Plasma

adiponectin, and basal serum [insulin] and [insulin] post-

dexamethasone levels were independently, consistently (over the

3 years) and significantly (p ≤ 0.05) associated with laminitis (veteri-

nary diagnosed) occurrence cumulatively after 1, 2 and 3 years with

basal insulin showing a good, adiponectin a moderate and insulin

post-dexamethasone a poor predictive performance by ROC analysis.

Interestingly, neither obesity nor regional adiposity proved significant

risk factors for laminitis in this study, possibly because the majority of

the ponies in the study were obese or overweight. Nevertheless, this

does indicate that not all obese ponies have ID and are at high risk of

laminitis. Following the design of this study, it became clear that oral

sugar tests were being used in an attempt to differentiate ponies with

ID from those without this phenotypic trait and it seemed likely this

would help identify ponies with ID more precisely.

A second prospective study was undertaken to overcome the lim-

itations of the first.88 This study involved 374 ponies followed for up

to 4 years to give 891 pony years at risk, with visits to collect data

being repeated every 6 months (spring and autumn). Oral sugar tests

were performed at each visit and husbandry data were also collected.

Time-dependent Cox's covariate models were constructed using dif-

ferent categories of data and then combined. Forty-three cases of

laminitis occurred. Plasma basal insulin and adiponectin concentra-

tions, divergent hoof score and plasma insulin concentration 60 min

after administration of corn syrup (0.3 mL/kg) were significant univari-

ate predictors of laminitis occurrence. Models combining these four

factors did not improve the predictive power of the 60 min insulin

concentration or basal insulin alone (concordance values 0.84 and

0.81 for the two models and 0.84 and 0.79 for 60 min insulin and

basal insulin respectively). Risk categories were created for the three

main biomarkers. Low-risk animals encompassed 70% of the popula-

tion for basal insulin (<21.6 μiU/ml) and adiponectin (>10.1 μg/mL)

and had a cumulative 4-year risk of developing laminitis of 6 [2–9]

and 7 [3–10]% respectively. The high-risk category represented 10%

of the population for basal insulin (>45.2 μiU/ml) and adiponectin

(<4.2 μg/mL) and had a cumulative 4-year risk of developing laminitis

of 69 [48–82] and 57 [35–72]% respectively. The high-risk category

(top 10%) had 60 min post-oral sugar insulin value of >153 μiU/ml

and a 4-year cumulative risk of laminitis of 73 [52–84]% whereas to

be in the lowest risk category (60% of the population) the post-oral

sugar insulin was <53.4 μiU/ml and the cumulative 4-year risk of lami-

nitis was 3 [0–6]%.

Thus, the epidemiological evidence seems compelling in associat-

ing ID (giving rise to intermittent hyperinsulinaemia) and hypoadipo-

nectinaemia with the incidence of pasture-associated laminitis.

Further evidence associating hypoadiponectinaemia with a predisposi-

tion to naturally occurring pasture-associated laminitis is summarised

in Table S3. Kearns et al.89 first showed the inverse relationship

between fat mass and immunoreactive adiponectin in the horse and

Wooldridge et al.90 confirmed this observation (albeit with some
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obese horses having similar HMW adiponectin as the lean horses in

this study) and fully validated an ELISA for HMW adiponectin in the

horse. Other publications summarised in Table S3 show that the

inverse relationship with adiposity only holds if that increased adipos-

ity is associated with the development of insulin resistance; reduced

plasma adiponectin concentrations have therefore been proposed as a

surrogate marker of ID leading to insulin resistance.91 Two uncon-

trolled studies demonstrate interventions which increase plasma high

molecular weight (HMW) adiponectin also improve ID in horses and

ponies.92,93 However, the quality of the design and analysis of these

studies makes the extent of the association between plasma levels of

HMW adiponectin and improvement in ID difficult to determine.

Relating these findings to the models that induce laminitis

(where cellular mechanisms have been studied) is difficult because

most of these experiments have been done in Standardbred horses

(without insulin dysregulation or hypoadiponectinaemia). The con-

centrations of insulin resulting from the EHC model (c1000 μiU),

whilst possible to achieve in some ponies as a peak insulin concen-

tration following a high dose of oral glucose,94 are very unlikely to

result in normal grazing behaviour. Histopathological changes asso-

ciated with the EHC are evident at lower insulin concentrations

induced by intravenous glucose infusion (>200 μiU/ml),21 however,

which coincides with the threshold for serum insulin (>195 μiU/ml)

related to risk of laminitis in ponies challenged with a diet high in

nonstructural carbohydrate.95

Most current hypotheses relating to the pathogenesis of EL have

focused on the action of high concentrations of insulin and its ability

to stimulate the IGF-1 receptor with activation of associated growth

factor signalling pathways.47 This is logical as the 60 min plasma insu-

lin post oral sugar administration is the strongest predictor of future

laminitis risk such that adding in other independent risk factors

improves the risk prediction model by only a small amount. Further-

more, a direct molecular mechanism by which insulin itself could pro-

duce basal epithelial cell stress has supportive evidence, both in vitro

and in vivo (see above). Consequently, little attention has been

focused on how hypoadiponectinaemia would affect lamellar epithe-

lial responses to stress associated with the different circumstances

under which laminitis is known to occur. However, hypoadiponecti-

naemia has been repeatedly shown to be a significant risk factor for

laminitis identified in horses and ponies kept at pasture. Adiponectin

influences tissue sensitivity to insulin and so part of its effects on risk

of laminitis are dependent on the resulting insulin dysregulation. Never-

theless, low plasma adiponectin concentrations have effects on risk of

laminitis which are independent of insulin regulation so explaining addi-

tional variability in laminitis risk not explained by insulin dysregulation.

In other species, adiponectin has been the focus of significant research

into the adverse health consequences of metabolic syndrome and type

2 diabetes. Here the pathophysiological consequences of low circulating

adiponectin (in addition to its effects on tissue insulin sensitivity) are

being unravelled and the benefits of interventions which boost plasma

adiponectin or directly activate its main intracellular signalling pathway

(AMP-kinase) are beginning to become evident.3

8 | CONCLUSION

In conclusion, much progress has been made in laminitis research over

the past 15–20 years. New models have been devised and new tech-

niques applied to the study of this enigmatic equine problem. Epithe-

lial cell stress induced by multiple factors seems to be the final

common pathway leading to failure of the epidermal–dermal lamellar

junction to suspend the digit within the hoof capsule and effectively

support the weight of the horse. Defining those stresses and the path-

ways, they activate and how these combine in naturally occurring

cases found could lead to ways of preventing this problem in horses

and ponies that are at high risk.

AUTHOR CONTRIBUTIONS

Jonathan Elliott and Simon R. Bailey contributed equally to the pro-

duction of this review.

AFFILIATIONS
1Department of Comparative Biomedical Sciences, The Royal

Veterinary College University of London, London, UK
2Department of Veterinary Biosciences, Melbourne Veterinary

School, Faculty of Veterinary and Agricultural Sciences, The

University of Melbourne, Melbourne, Victoria, Australia

ACKNOWLEDGEMENTS

We acknowledge our institutions for providing time and support to

enable us to write this review. J. Elliott was provided with a visiting

position at the University of Melbourne within the Veterinary School

during sabbatical leave from the Royal Veterinary College which

greatly facilitated discussion of this work.

FUNDING INFORMATION

No external funding was provided.

CONFLICT OF INTEREST STATEMENT

Both authors receive support for their research from MARS Pet Sci-

ence Institute but this has not influenced the content of this

review.

PEER REVIEW

The peer review history for this article is available at https://publons.

com/publon/10.1111/evj.13933.

DATA AVAILABILITY STATEMENT

Data sharing is not applicable to this article as no new data were cre-

ated or analysed in this study.

ETHICAL STATEMENT

Not applicable.

INFORMED CONSENT

Not applicable.

ELLIOTT and BAILEY 23

 20423306, 0, D
ow

nloaded from
 https://beva.onlinelibrary.w

iley.com
/doi/10.1111/evj.13933 by T

est, W
iley O

nline L
ibrary on [15/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://publons.com/publon/10.1111/evj.13933
https://publons.com/publon/10.1111/evj.13933


ORCID

Jonathan Elliott https://orcid.org/0000-0002-4517-6590

Simon R. Bailey https://orcid.org/0000-0001-9348-5497

REFERENCES

1. Asplin KE, Sillence MN, Pollitt CC, McGowan CM. Induction of lamini-

tis by prolonged hyperinsulinaemia in clinically normal ponies. Vet J.

2007;174(3):530–5.
2. Geor R, Frank N. Metabolic syndrome-from human organ disease to

laminar failure in equids. Vet Immunol Immunopathol. 2009;129(3–4):
151–4.

3. Elliott J, Bailey SR. Consequences of adiponectin deficiency—can

they be related to the pathophysiology of laminitis? Equine Vet J.

2023;55. https://doi.org/10.1111/evj.13932.

4. Karikoski NP, McGowan CM, Singer ER, Asplin KE, Tulamo RM,

Patterson-Kane JC. Pathology of natural cases of equine endocrino-

pathic laminitis associated with hyperinsulinemia. Vet Pathol. 2015;

52(5):945–56.
5. Cassimeris L, Engiles JB, Galantino-Homer H. Detection of endoplas-

mic reticulum stress and the unfolded protein response in naturally-

occurring endocrinopathic equine laminitis. BMC Vet Res. 2019;

15(1):24.

6. Karikoski NP, Patterson-Kane JC, Singer ER, McFarlane D,

McGowan CM. Lamellar pathology in horses with pituitary pars inter-

media dysfunction. Equine Vet J. 2016;48(4):472–8.
7. Wattle O. Cytokeratins of the stratum medium and stratum internum

of the equine hoof wall in acute laminitis. Acta Vet Scand. 2000;41(4):

363–79.
8. Cassimeris L, Engiles JB, Galantino-Homer H. Interleukin-17A path-

way target genes are upregulated in Equus caballus supporting limb

laminitis. PLoS One. 2020;15(12):e0232920.

9. Karikoski NP, Horn I, McGowan TW, McGowan CM. The prevalence

of endocrinopathic laminitis among horses presented for laminitis at a

first-opinion/referral equine hospital. Domest Anim Endocrinol. 2011;

41(3):111–7.
10. Roberts ED, Ochoa R, Haynes PF. Correlation of dermal-epidermal

laminar lesions of equine hoof with various disease conditions. Vet

Pathol. 1980;17(6):656–66.
11. Ekfalck A, Rodriguez H, Obel N. Histopathology in post-surgical lami-

nitis with a peracute course in a horse. Equine Vet J. 1992;24(4):

321–4.
12. van Eps A, Engiles J, Galantino-Homer H. Supporting limb laminitis.

Vet Clin North Am Equine Pract. 2021;37(3):657–68.
13. Fink SL, Cookson BT. Apoptosis, pyroptosis, and necrosis: mechanis-

tic description of dead and dying eukaryotic cells. Infect Immun.

2005;73(4):1907–16.
14. Greisen J, Juhl CB, Grøfte T, Vilstrup H, Jensen TS, Schmitz O. Acute

pain induces insulin resistance in humans. Anesthesiology. 2001;

95(3):578–84.
15. Pollitt CC. Basement membrane pathology: a feature of acute equine

laminitis. Equine Vet J. 1996;28(1):38–46.
16. Morgan SJ, Hood DM, Wagner IP, Postl SP. Submural histopathologic

changes attributable to peracute laminitis in horses. Am J Vet Res.

2003;64(7):829–34.
17. de Laat MA, van Eps AW, McGowan CM, Sillence MN, Pollitt CC.

Equine laminitis: comparative histopathology 48 hours after experi-

mental induction with insulin or alimentary oligofructose in standard-

bred horses. J Comp Pathol. 2011a;145(4):399–409.
18. Asplin KE, Patterson-Kane JC, Sillence MN, Pollitt CC, McGowan CM.

Histopathology of insulin-induced laminitis in ponies. Equine Vet J.

2010;42(8):700–6.
19. de Laat MA, Patterson-Kane JC, Pollitt CC, Sillence MN,

McGowan CM. Histological and morphometric lesions in the pre-

clinical, developmental phase of insulin-induced laminitis in Standard-

bred horses. Vet J. 2013a;195(3):305–12.
20. Karikoski NP, Patterson-Kane JC, Asplin KE, McGowan TW,

McNutt M, Singer ER, et al. Morphological and cellular changes in

secondary epidermal laminae of horses with insulin-induced laminitis.

Am J Vet Res. 2014;75(2):161–8.
21. de Laat MA, Sillence MN, McGowan CM, Pollitt CC. Continuous

intravenous infusion of glucose induces endogenous hyperinsulinae-

mia and lamellar histopathology in Standardbred horses. Vet J. 2012;

191(3):317–22.
22. de Laat MA, Pollitt CC. Ultrastructural examination of basement

membrane pathology in horses with insulin-induced laminitis. Domest

Anim Endocrinol. 2019;69:30–4.
23. Nourian AR, Asplin KE, McGowan CM, Sillence MN, Pollitt CC.

Equine laminitis: ultrastructural lesions detected in ponies following

hyperinsulinaemia. Equine Vet J. 2009;41(7):671–7.
24. French KR, Pollitt CC. Equine laminitis: loss of hemidesmosomes in

hoof secondary epidermal lamellae correlates to dose in an oligofruc-

tose induction model: an ultrastructural study. Equine Vet J. 2004;

36(3):230–5.
25. Nourian AR, Baldwin GI, van Eps AW, Pollitt CC. Equine laminitis:

ultrastructural lesions detected 24-30 hours after induction with oli-

gofructose. Equine Vet J. 2007;39(4):360–4.
26. Pollitt CC, Daradka M. Equine laminitis basement membrane pathol-

ogy: loss of type IV collagen, type VII collagen and laminin immunos-

taining. Equine Vet J. 1998;30(S26):139–44.
27. French KR, Pollitt CC. Equine laminitis: cleavage of laminin 5 associ-

ated with basement membrane dysadhesion. Equine Vet J. 2004b;

36(3):242–7.
28. Visser MB, Pollitt CC. The timeline of lamellar basement membrane

changes during equine laminitis development. Equine Vet J. 2011;

43(4):471–7.
29. Galey FD, Whiteley HE, Goetz TE, Kuenstler AR, Davis CA,

Beasley VR. Black walnut (Juglans nigra) toxicosis: a model for equine

laminitis. J Comp Pathol. 1991;104(3):313–26.
30. Faleiros RR, Nuovo GJ, Flechtner AD, Belknap JK. Presence of mono-

nuclear cells in normal and affected laminae from the black walnut

extract model of laminitis. Equine Vet J. 2011;43(1):45–53.
31. Watts MR, Hegedus OC, Eades SC, Belknap JK, Burns TA. Association

of sustained supraphysiologic hyperinsulinemia and inflammatory sig-

naling within the digital lamellae in light-breed horses. J Vet Intern

Med. 2019;33(3):1483–92.
32. Faleiros RR, Johnson PJ, Nuovo GJ, Messer NT, Black SJ,

Belknap JK. Laminar leukocyte accumulation in horses with carbo-

hydrate overload-induced laminitis. J Vet Intern Med. 2011b;25(1):

107–15.
33. Visser MB, Pollitt CC. Lamellar leukocyte infiltration and involvement

of IL-6 during oligofructose-induced equine laminitis development.

Vet Immunol Immunopathol. 2011b;144(1–2):120–8.
34. Godman JD, Burns TA, Kelly CS, Watts MR, Leise BS, Schroeder EL,

et al. The effect of hypothermia on influx of leukocytes in the digital

lamellae of horses with oligofructose-induced laminitis. Vet Immunol

Immunopathol. 2016;178:22–8.
35. Black SJ, Lunn DP, Yin C, Hwang M, Lenz SD, Belknap JK. Leukocyte

emigration in the early stages of laminitis. Vet Immunol Immuno-

pathol. 2006;109(1–2):161–6.
36. Faleiros RR, Nuovo GJ, Belknap JK. Calprotectin in myeloid and epi-

thelial cells of laminae from horses with black walnut extract-induced

laminitis. J Vet Intern Med. 2009;23(1):174–81.
37. van Eps AW, Belknap JK, Schneider X, Stefanovski D, Engiles JB,

Richardson DW, et al. Lamellar perfusion and energy metabolism in a

preferential weight bearing model. Equine Vet J. 2021;53(4):834–44.
38. Pollitt CC. The anatomy and physiology of the suspensory apparatus of

the distal phalanx. Vet Clin North Am Equine Pract. 2010;26(1):29–49.

24 ELLIOTT and BAILEY

 20423306, 0, D
ow

nloaded from
 https://beva.onlinelibrary.w

iley.com
/doi/10.1111/evj.13933 by T

est, W
iley O

nline L
ibrary on [15/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-4517-6590
https://orcid.org/0000-0002-4517-6590
https://orcid.org/0000-0001-9348-5497
https://orcid.org/0000-0001-9348-5497
https://doi.org/10.1111/evj.13932


39. Pollitt CC, Pass MA, Pollitt S. Batimastat (BB-94) inhibits matrix

metalloproteinases of equine laminitis. Equine Vet J. 1998;30(S26):

119–24.
40. Johnson PJ, Tyagi SC, Katwa LC, Ganjam VK, Moore LA, Kreeger JM,

et al. Activation of extracellular matrix metalloproteinases in equine

laminitis. Vet Rec. 1998;142(15):392–6.
41. Loftus JP, Johnson PJ, Belknap JK, Pettigrew A, Black SJ. Leukocyte-

derived and endogenous matrix metalloproteinases in the lamellae of

horses with naturally acquired and experimentally induced laminitis.

Vet Immunol Immunopathol. 2009;129(3–4):221–30.
42. Visser MB, Pollitt CC. The timeline of metalloprotease events during

oligofructose induced equine laminitis development. Equine Vet J.

2012;44(1):88–93.
43. de Laat MA, Kyaw-Tanner MT, Nourian AR, McGowan CM,

Sillence MN, Pollitt CC. The developmental and acute phases of

insulin-induced laminitis involve minimal metalloproteinase activity.

Vet Immunol Immunopathol. 2011;140(3–4):275–81.
44. Underwood C. Drug delivery to the equine digital lamellar region

[PhD Thesis]. Queensland: University of Queensland; 2014.

45. Tortorella MD, Tomasselli AG, Mathis KJ, Schnute ME, Woodard SS,

Munie G, et al. Structural and inhibition analysis reveals the mecha-

nism of selectivity of a series of aggrecanase inhibitors. J Biol Chem.

2009;284(36):24185–91.
46. Lane HE, Burns TA, Hegedus OC, Watts MR, Weber PS,

Woltman KA, et al. Lamellar events related to insulin-like growth

factor-1 receptor signalling in two models relevant to endocrino-

pathic laminitis. Equine Vet J. 2017;49(5):643–54.
47. de Laat MA, Pollitt CC, Kyaw-Tanner MT, McGowan CM,

Sillence MN. A potential role for lamellar insulin-like growth factor-1

receptor in the pathogenesis of hyperinsulinaemic laminitis. Vet J.

2013b;197(2):302–6.
48. Baskerville CL, Chockalingham S, Harris PA, Bailey SR. The effect of

insulin on equine lamellar basal epithelial cells mediated by the

insulin-like growth factor-1 receptor. PeerJ. 2018;6:e5945.

49. Rahnama S, Spence R, Vathsangam N, Baskerville CL, Bailey SR, de

Laat MA, et al. Effects of insulin on IGF-1 receptors in equine lamellar

tissue in vitro. Domest Anim Endocrinol. 2021;74:106530. https://

doi.org/10.1016/j.domaniend.2020.106530

50. Rahnama S, Vathsangam N, Spence R, Medina-Torres CE, Pollitt CC,

de Laat MA, et al. Effects of an anti-IGF-1 receptor monoclonal anti-

body on laminitis induced by prolonged hyperinsulinaemia in Stan-

dardbred horses. PLoS One. 2020;15(9):e0239261. https://doi.org/

10.1371/journal.pone.0239261

51. Delbrel E, Uzunhan Y, Soumare A, Gille T, Marchant D, Planès C, et al.

ER stress is involved in epithelial-to-mesenchymal transition of alveo-

lar epithelial cells exposed to a hypoxic microenvironment. Int J Mol

Sci. 2019;20:1299. https://doi.org/10.3390/ijms20061299

52. Bailey SR, Adair HS, Reinemeyer CR, Morgan SJ, Brooks AC,

Longhofer SL, et al. Plasma concentrations of endotoxin and platelet

activation in the developmental stage of oligofructose-induced lami-

nitis. Vet Immunol Immunopathol. 2009;129(3–4):167–73.
53. Weiss DJ, Evanson OA, McClenahan D, Fagliari JJ, Jenkins K. Evalua-

tion of platelet activation and platelet-neutrophil aggregates in ponies

with alimentary laminitis. Am J Vet Res. 1997;58(12):1376–80.
54. Weiss DJ, Geor RJ, Johnston G, Trent AM. Microvascular thrombosis

associated with onset of acute laminitis in ponies. Am J Vet Res.

1994;55(5):606–12.
55. Weiss DJ, Evanson OA, McClenahan D, Fagliari JJ, Dunnwiddie CT,

Wells RE. Effect of a competitive inhibitor of platelet aggregation on

experimentally induced laminitis in ponies. Am J Vet Res. 1998;59(7):

814–7.
56. Annenkov A. Receptor tyrosine kinase (RTK) signalling in the control

of neural stem and progenitor cell (NSPC) development. Mol Neuro-

biol. 2014;49(1):440–71.

57. Blakytny R, Ludlow A, Martin GE, Ireland G, Lund LR, Ferguson MW,

et al. Latent TGF-beta1 activation by platelets. J Cell Physiol. 2004;

199(1):67–76.
58. Nalluri SM, O'Connor JW, Gomez EW. Cytoskeletal signaling in

TGFβ-induced epithelial-mesenchymal transition. Cytoskeleton.

2015;72(11):557–69.
59. van Eps AW, Leise BS, Watts M, Pollitt CC, Belknap JK. Digital hypo-

thermia inhibits early lamellar inflammatory signalling in the oligofruc-

tose laminitis model. Equine Vet J. 2012;44(2):230–7.
60. Luethy D. Cryotherapy techniques: best protocols to support the foot

in health and disease. Vet Clin North Am Equine Pract. 2021;37(3):

685–93.
61. Noschka E, Vandenplas ML, Hurley DJ, Moore JN. Temporal aspects

of laminar gene expression during the developmental stages of

equine laminitis. Vet Immunol Immunopathol. 2009;129(3–4):
242–53.

62. Budak MT, Orsini JA, Pollitt CC, Rubinstein NA. Gene expression in

the lamellar dermis-epidermis during the developmental phase of car-

bohydrate overload-induced laminitis in the horse. Vet Immunol

Immunopathol. 2009;131(1–2):86–96.
63. Leise BS, Watts MR, Roy S, Yilmaz AS, Alder H, Belknap JK. Use of

laser capture microdissection for the assessment of equine lamellar

basal epithelial cell signalling in the early stages of laminitis. Equine

Vet J. 2015;47(4):478–88.
64. Holl HM, Armstrong C, Galantino-Homer H, Brooks SA. Transcrip-

tome diversity and differential expression in supporting limb laminitis.

Vet Immunol Immunopathol. 2022;243:110353.

65. Gardner AK, van Eps AW, Watts MR, Burns TA, Belknap JK. A novel

model to assess lamellar signaling relevant to preferential weight

bearing in the horse. Vet J. 2017;221:62–7.
66. Pawlak EA, Geor RJ, Watts MR, Black SJ, Johnson PJ, Belknap JK.

Regulation of hypoxia-inducible factor-1alpha and related genes in

equine digital lamellae and in cultured keratinocytes. Equine Vet J.

2014;46(2):203–9.
67. Medina-Torres CE, Mason SL, Floyd RV, Harris PA, Mobasheri A.

Hypoxia and a hypoxia mimetic up-regulate matrix metalloprotei-

nase 2 and 9 in equine laminar keratinocytes. Vet J. 2011;190:

e54–9.
68. Brooks AC, Menzies-Gow N, Bailey SR, Cunningham FM, Elliott J.

Endotoxin-induced HIF-1a stabilisation in equine endothelial cells:

synergistic action with hypoxia. Inflamm Res. 2010;59:689–98.
69. Nourian AR, Mills PC, Pollitt CC. Development of an intra-lamellar

microdialysis method for laminitis investigations in horses. Vet J.

2010;183(1):22–6.
70. Medina-Torres CE, Pollitt CC, Underwood C, Castro-Olivera EM,

Collins SN, Allavena RE, et al. Equine lamellar energy metabolism

studied using tissue microdialysis. Vet J. 2014;201(3):275–82.
71. Agani F, Jiang B-H. Oxygen-independent regulation of HIF-1: novel

involvement of PI3K/AKT/mTOR pathway in cancer. Curr Cancer

Drug Targets. 2013;13(3):245–51.
72. Medina-Torres CE, Underwood C, Pollitt CC, Castro-Olivera EM,

Hodson MP, Richardson DW, et al. Microdialysis measurements of

equine lamellar perfusion and energy metabolism in response to

physical and pharmacological manipulations of blood flow. Equine

Vet J. 2016a;48(6):756–64.
73. Medina-Torres CE, Underwood C, Pollitt CC, Castro-Olivera EM,

Hodson MP, Richardson DW, et al. Microdialysis measurements of

lamellar perfusion and energy metabolism during the development of

laminitis in the oligofructose model. Equine Vet J. 2016b;48(2):

246–52.
74. Stokes SM, Bertin FR, Stefanovski D, Belknap JK, Medina-Torres CE,

Pollitt CC, et al. Lamellar energy metabolism and perfusion in the

euglycaemic hyperinsulinaemic clamp model of equine laminitis.

Equine Vet J. 2020b;52(4):577–84.

ELLIOTT and BAILEY 25

 20423306, 0, D
ow

nloaded from
 https://beva.onlinelibrary.w

iley.com
/doi/10.1111/evj.13933 by T

est, W
iley O

nline L
ibrary on [15/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.domaniend.2020.106530
https://doi.org/10.1016/j.domaniend.2020.106530
https://doi.org/10.1371/journal.pone.0239261
https://doi.org/10.1371/journal.pone.0239261
https://doi.org/10.3390/ijms20061299


75. Medina-Torres CE, van Eps AW, Nielsen LK, Hodson MP. A liquid

chromatography-tandem mass spectrometry-based investigation of

the lamellar interstitial metabolome in healthy horses and during

experimental laminitis induction. Vet J. 2015;206(2):161–9.
76. Stokes SM, Bertin FR, Stefanovski D, Poulsen L, Belknap JK, Medina-

Torres CE, et al. The effect of continuous digital hypothermia on

lamellar energy metabolism and perfusion during laminitis develop-

ment in two experimental models. Equine Vet J. 2020;52:585–92.
77. 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):578–85.
78. Johnson PJ, Kreeger JM, Keeler M, Ganjam VK, Messer NT. Serum

markers of lamellar basement membrane degradation and lamellar

histopathological changes in horses affected with laminitis. Equine

Vet J. 2000;32(6):462–8.
79. Catunda APN, Alves GES, Paes Leme FO, Carvalho AM, Leise BS,

Johnson PJ, et al. Apoptosis in epithelial cells and its correlation with

leukocyte accumulation in lamellar tissue from horses subjected to

experimental sepsis-associated laminitis. Res Vet Sci. 2021;136:318–23.
80. Coffman JR, Colles CM. Insulin intolerance in laminitic ponies. Can J

Romp Med. 1983;47:347–51.
81. Jeffcott LB, Field JR, McLean JG, O'Dea K. Glucose tolerance and

insulin sensitivity in ponies and Standardbred horses. Equine Vet J.

1986;18(2):97–101.
82. Field JR, Jeffcott LB. Equine laminitis—another hypothesis for patho-

genesis. Med Hypotheses. 1989;30(3):203–10.
83. Treiber KH, Kronfeld DS, Hess TM, Byrd BM, Splan RK, Staniar WB.

Evaluation of genetic and metabolic predispositions and nutritional

risk factors for pasture-associated laminitis in ponies. J Am Vet Med

Assoc. 2006;228(10):1538–45.
84. Bailey SR, Habershon-Butcher JL, Ransom KJ, Elliott J, Menzies-

Gow NJ. Hypertension and insulin resistance in a mixed-breed popu-

lation of ponies predisposed to laminitis. Am J Vet Res. 2008;69(1):

122–9.
85. Carter RA, Treiber KH, Geor RJ, Douglass L, Harris PA. Prediction of

incipient pasture-associated laminitis from hyperinsulinaemia, hyper-

leptinaemia and generalised and localised obesity in a cohort of

ponies. Equine Vet J. 2009;41(2):171–8.
86. Wylie CE, Collins SN, Verheyen KL, Newton JR. Risk factors for

equine laminitis: a systematic review with quality appraisal of pub-

lished evidence. Vet J. 2012;193(1):58–66.
87. Menzies-Gow NJ, Harris PA, Elliott J. Prospective cohort study evalu-

ating risk factors for the development of pasture-associated laminitis

in the United Kingdom. Equine Vet J. 2017;49(3):300–6.

88. Knowles EJ, Elliott J, Harris PA, Chang YM, Menzies-Gow NJ. Pre-

dictors of laminitis development in a cohort of nonlaminitic ponies.

Equine Vet J. 2023;55(1):12–23. https://doi.org/10.1111/evj.

13572

89. Kearns CF, McKeever KH, Roegner V, Brady SM, Malinowski K. Adi-

ponectin and leptin are related to fat mass in horses. Vet J. 2006;

172(3):460–5.
90. Wooldridge AA, Edwards HG, Plaisance EP, Applegate R, Taylor DR,

Taintor J, et al. Evaluation of high-molecular weight adiponectin in

horses. Am J Vet Res. 2012;73(8):1230–40.
91. Frank N, Walsh DM. Repeatability of Oral sugar test results,

glucagon-like Peptide-1 measurements, and serum high-molecular-

weight adiponectin concentrations in horses. J Vet Intern Med. 2017;

31(4):1178–87.
92. Legere RM, Taylor DR, Davis JL, Bello K, Parker C, Judd RL, et al.

Pharmacodynamic effects of pioglitazone on high molecular weight

adiponectin concentrations and insulin response after Oral sugar in

equids. J Equine Vet Sci. 2019;82:102797.

93. Manfredi JM, Stapley ED, Nadeau JA, Nash D. Investigation of the

effects of a dietary supplement on insulin and adipokine concentra-

tions in equine metabolic syndrome/insulin dysregulation. J Equine

Vet Sci. 2020;88:102930.

94. Borer KE, Bailey SR, Menzies-Gow NJ, Harris PA, Elliott J. Effect of

feeding glucose, fructose, and inulin on blood glucose and insulin con-

centrations in normal ponies and those predisposed to laminitis.

J Anim Sci. 2012;90(9):3003–11.
95. Meier AD, de Laat MA, Reiche DB, Pollitt CC, Walsh DM,

McGree JM, et al. The oral glucose test predicts laminitis risk in

ponies fed a diet high in nonstructural carbohydrates. Domest Anim

Endocrinol. 2018;63:1–9.

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Elliott J, Bailey SR. A review of

cellular and molecular mechanisms in endocrinopathic, sepsis-

related and supporting limb equine laminitis. Equine Vet J.

2023. https://doi.org/10.1111/evj.13933

26 ELLIOTT and BAILEY

 20423306, 0, D
ow

nloaded from
 https://beva.onlinelibrary.w

iley.com
/doi/10.1111/evj.13933 by T

est, W
iley O

nline L
ibrary on [15/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1111/evj.13572
https://doi.org/10.1111/evj.13572
https://doi.org/10.1111/evj.13933

	A review of cellular and molecular mechanisms in endocrinopathic, sepsis-related and supporting limb equine laminitis
	1  INTRODUCTION
	2  HISTOPATHOLOGY
	2.1  Naturally occurring laminitis
	2.2  Models of laminitis
	2.3  Role of leucocytes in laminitis

	3  BASEMENT MEMBRANE DEGRADATION: POTENTIAL MECHANISMS
	4  DISCOVERY OF PATHOPHYSIOLOGICAL PATHWAYS THROUGH TRANSCRIPTOMICS AND PROTEOMICS
	5  EFFECT OF EXPERIMENTALLY INDUCED LAMINITIS ON METABOLISM WITHIN THE LAMELLAE
	6  NATURALLY OCCURRING LAMINITIS AND STUDY OF MOLECULAR MECHANISMS
	7  HOW DOES CHRONIC INSULIN DYSREGULATION PREDISPOSE TO PASTURE-ASSOCIATED LAMINITIS?
	8  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	ETHICAL STATEMENT
	INFORMED CONSENT
	REFERENCES


