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Abstract: Recently, we isolated and characterized a new pool of mesenchymal stem cells- HPC (Hoof
Progenitor Cells), which reside in the coronary corium of equine hooves. We hypothesize, that due to their
location, HPC may be involved in the pathogenesis of laminitis, and could possibly be utilized in its treatment.
The aim of this study was to compare the newly described HPC to a well-established cell pool-ASC (Adipose
Stem Cells). The two cell populations were maintained either in standard culture conditions or under a
hyperinsulinemic milieu as hyperinsulinemia is often observed alongside laminitis. Cell cycle dynamics,
mitochondrial membrane potential and oxidative stress were analyzed with microcapillary cytometry.
Furthermore, the expression of key markers of mitochondrial metabolism, oxidative stress, apoptosis,
immunomodulation and insulin signalling were analyzed with the RT-qPCR method. Additionally, a selected
panel of miRNA was analyzed with the RT-qPCR method. In standard culture conditions, ASC exhibit higher
proliferation than HPC while in hyperinsulinemia a shift towards S phase was observed in both populations.
As for the mitochondrial membrane potential, in standard culture conditions, HPC was characterized by a
higher percent of live cells. Hyperinsulinemia did not strongly affect the mitochondrial membrane potential of
the analyzed populations. Our findings indicate that HPC are characterized by higher activity in terms of
mitochondrial dynamics, mitophagy, and mitochondrial biogenesis under standard culture conditions. Yet in
both populations, a diminished mitochondrial dynamic and metabolism was observed in hyperinsulinemia.
The analysis of oxidative stress revealed, that HPC might possess somewhat higher resistance towards
oxidative stress than ASC. Minimal change was observed in the expression of key markers of apoptosis in ASC
and HPC under hyperinsulinemia. The analysis of key immunomodulatory markers indicated that HPC may
help the cytokine storm for a more effective phenotype change to an immunosuppressing pool of cells with
better migratory and healing abilities under hyperinsulinemia than ASC. As for insulin signalling, the
obtained data suggests that HPC might be more resistant to hyperinsulinemia and may have greater
therapeutic potential in reducing laminitis. Obtained results demonstrated that HPC possesses better potential
to modulate the PTEN-AKT pathway by miR-21 and reverse high glucose and high insulin-induced insulin
resistance. Taken together, the obtained results indicate that HPC may be a very promising cell pool with
therapeutic potential in laminitis treatment, and could be more effective than ASC.

Keywords: equine metabolic syndrome; hyperinsulinemia; miRNA; mitochondrial metabolism;
laminitis; stem cells; HPC; ASC; hoof

1. Introduction

A direct response to the demand for effective and individualised treatment options for various
human and animal conditions is the growth of stem cell-based therapy in regenerative medicine[1-
3]. The main goal of stem cell-based therapy is to improve the repair of the targeted cells, tissues, or
organs by restoring homeostasis and encouraging regeneration [3]. This objective is achieved by
increasing the population of stem cells or influencing the activity of locally present endogenous stem
cells [4]. In the past, various types of stem cells, such as multipotent mesenchymal stem cells (MSC)
and induced pluripotent stem cells (IPSCs), have been investigated and used in clinical trials [5].
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Furthermore, modern treatment strategies are willing to use MSCs derived from various sources.
Most of which are muscle, bone marrow, adipose tissue, placenta, liver, and umbilical cord, and are
widely used in various stem cell-based therapies in both human and veterinary medicine due to a
lack of ethical concerns and a relatively simple isolation and culture process [5]. During the last
decade, various studies have identified different molecular signatures and biological abilities for each
MSC population, depending on the type of tissue from which they originate [6-8]. Therefore, the
expected results of MSC-based therapies may strictly depend on their intrinsic properties [6].
Furthermore, the origin of donor stem cells and the condition play a crucial role in their therapeutic
potential [6,9]. It is evident that resident stem cell populations are affected during the progression of
numerous diseases and that their impairment contributes to the development of symptoms, as they
influence the function of other cell types within the tissue [10-12]. Adipose-derived stem cells (ASC)
are one of the most promising subsets of MSC due to their isolation, which is easily accessible in large
amounts and has been used in a variety of clinical applications [13]. Furthermore, numerous soluble
mediators, inflammatory cytokines, and trophic and growth factors, including vascular endothelial
growth factor (VEGF), hepatocyte growth factor (HGF), brain-derived neurotrophic factor (BDNF),
insulin-like growth factor (IGF), basic fibroblast growth factor (bFGF), transforming growth factor
beta 1 (TGF-1) and interleukins, as well as paracrine factors that aid tissue regeneration, wound
healing, and organ regeneration, are secreted by ASC [14]. Recently, we isolated and described new
stem progenitor cells (HPC) that reside in the coronary corium of the equine hoof [15]. These cells
have shown high levels of gene expression of surface markers such as cell adhesion molecules CD29
and an immunoglobulin superfamily membrane protein CD200, as well as nestin, a class VI
intermediate filament protein, keratin 15 (K15), vascular endothelial growth factor (VEGF), and
angiopoietin-1 (Angl), indicating their high potential role in regeneration of the dermis and
epidermis during laminitis [15]. Furthermore, as with other stem cell populations, HPC may be
affected by inflammation in the same way that ASC are affected by equine metabolic syndrome
(EMS), a disorder in which inflammation is one of the critical components for the development of
insulin resistance [16,17]. Furthermore, laminitis, associated with conditions such as EMS, can
develop as a result of endocrinopathy in association with dysregulation of insulin homeostasis, often
in obese horses and foals. It is also worse in animals that graze in lush pastures (pasture laminitis)
[18]. Therefore, it is believed that hyperinsulinemia with or without IR, which can occur as transient
or persistent postprandial hyperinsulinemia, is the most common and important pathophysiologic
factor of laminitis and has profound consequences for horses [19-22]. The common explanation is
that chronically high doses of insulin in the bloodstream could cross-react with IGF-1 receptors,
which are abundant in lamellar tissue. According to this notion, insulin-mediated activation of the
IGF-1 receptor can cause lamellar structural damage by stimulating cell proliferation [23,24].
However, this theory has since been called into question [23]. Recent research has revealed that
lamellar epithelial cells exposed to insulin proliferate, which can be blocked by an IGF-1 receptor-
blocking antibody. Abnormal cell signalling may occur in conjunction with growth factor-activated
cell proliferation, altering the cellular cytoskeleton and/or cell adhesion dynamics. Furthermore,
during the acute stage of laminitis, there is a decrease in mitochondrial respiration. A decrease in the
activity of the mitochondrial oxidative phosphorylation system (OXYPHOS) may lead to a decrease
in the levels of ATP in the cells. This is particularly true if the glycolytic pathway is unable to
compensate for inadequate ATP. A decrease in the availability of nutrients and/or oxygen may result
in an energy deficit, as may mitochondrial dysfunction itself [25]. Therefore, targeting mitochondria
during EMS and Laminitis should be considered essential to a better understanding of the
physiopathology and new treatment strategies that support mitochondria, preventing their
dysfunction and maintaining their homeostasis. Persistent hyperinsulinemia also causes stress in the
endoplasmic reticulum, disrupting the complex lamellar architecture. Furthermore, there is limited
evidence to support a specific therapeutic method that directly inhibits the progression of laminitis
in active episodes. Endocrinopathic laminitis therapy is very difficult and focuses mainly on
prevention interventions and analgesia in active patients. Therefore, we hypothesise that Equine
Hoof Progenitor Cells (HPC) could be a new promising cell pool for the treatment of laminitis.
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Therefore, this study aimed to compare native HPC populations with ASC under both standard
culture and hyperinsulinemic conditions.

2. Results

2.1. Hyperinsulinemia exerts a similar effect on the cell cycle dynamics in ASC and HPC

To assess the cell cycle dynamics in ASC and HPC under standard and hyperinsulinemia
conditions, a microcapillary cell cycle analysis was performed. Under standard conditions, HPC were
characterised by a significantly higher percentage of cells in the GO/G1 phase (****) and a lower
percentage of cells in the S phase (****) and the G2/M phase (***). In both cell populations, as a result
of the insulin treatment, the percentage of cells in the G0/G1 phase decreased while the percentage of
cells in the S phase increased significantly. Interestingly, the hyperinsulinemia conditions did not
affect the percentage of cells in the G2/M phase.
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Figure 1. Cell cycle analysis was performed using a Muse™ Cell Cycle Assay Kit and the Muse™ Cell
Analyzer. Results are expressed as mean + SD. The statistically significant difference between the ASC
and HPC is marked with an asterisk (*p<0.05, **p<0.01, **p<0.001,**p <0.0001), while the
statistically significant difference between the control group (CTRL) and the hyperinsulinemia group
(HI) is marked with a hash sign (#p <0.05, ##p <0.01, ###p <0.001,####p <0.0001).

2.2. Mitochondrial membrane potential is not strongly influenced by hyperinsulinemia in ASC and HPC.

To elucidate the effect of hyperinsulinemia on metabolic activity, a mitochondrial membrane
evaluation was performed using a Muse® MitoPotential Assay Kit (Luminex). In standard culture
conditions, HPC were characterised by a higher percentage of alive cells (**) and a lower percentage
of dead(**) and total dead cells (****), compared to ASC. Furthermore, a higher percentage of alive
cells with depolarised membranes (**) and total depolarized cells(*) was observed in HPC in standard
culture conditions. There was no significant difference in the number of dead cells with depolarised
membranes and the total depolarized cell count between all experimental groups. Interestingly, the
percentage of dead cells (##) decreased in ASC after hyperinsulinemia induction. Generally,
hyperinsulinemia did not strongly affect the mitochondrial membrane potential of both populations.
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Figure 2. Mitochondrial membrane potential was assessed using the Muse® MitoPotential Assay Kit
and the Muse™ Cell Analyser. Results are expressed as mean+SD. The statistically significant
difference between ASC and HPC is marked with an asterisk (*p <0.05, **p <0.01, *p <0.001, ****
p <0.0001), while the statistically significant difference between the control group (CTRL) and the
hyperinsulinemia group (HI) is marked with a hash sign (#p<0.05, ##p<0.01, ###p<0.001, ####
p <0.0001).

2.3. Hyperinsulinemia exerts a different effect on the mitochondrial metabolism of ASC and HPC

To analyse the effect of hyperinsulinemia on mitochondrial metabolism in ASC and HPC, the
expression of key markers for mitophagy, fission&fussion, mitochondria trafficking and metabolism
was evaluated with the RT-qPCR method. The expression of markers related to fission and fusion
was generally higher in HPC in standard culture conditions when compared to ASC (MFN1¥,
RHOT1**, OPA1**, MIEF1**), except for FIS1, DNM1L AND MIEF2, where there was no significant
difference between the groups. Furthermore, the expression of PINK1(****), a marker of mitophagy,
was also higher in HPC in standard culture conditions. Overall, the expression of fission and fusion-
related markers, as well as the mitophagy marker PINK1, decreased as a result of the
hyperinsulinemia induction in both groups, except for DNMLI1, in which case, no significant
difference was observed when comparing standard culture groups to hyperinsulinemia groups.
Interestingly, the expression of MEN1(**), PINK1(****), RHOT1(**) AND OPA1(**) was higher in the
HPC HI group, compared to the ASC HI group.
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Figure 3. The expression of key markers for mitophagy and mitochondrial fission&fussion was
assessed using the RT-qPCR method. Results are expressed as mean + SD. The statistically significant
difference between ASC and HPC is marked with an asterisk (*p<0.05, *p<0.01, **p<0.001,
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*#+%p <0.0001), while a statistically significant difference between the control group (CTRL) and the
hyperinsulinemia group (HI) is marked with a hash sign (#p<0.05, ##p<0.01, ###p<0.001,
###4#p <0.0001).

Furthermore, the expression of mitochondrial metabolism markers was generally higher in HPC
in standard culture conditions (MRPL24***, MTERF4**, OXAIL**, PPARGCIB***, TFAM™**,
NDUFA9**, UQCRC2***, COX4I1****) except for PUSL1 and PIGBOSI, for which no statistical
significance in expression between the groups was observed. After insulin treatment, the expression
of most markers analysed decreased in ASC (MRPL24## OXAI1L#*, PPARGCI1B#*##, PIGBOS1##,
TFAM#, NDUFA9#, UQCRC2##, COX411##), except for MTERF4 and PUSL1, where no statistical
significance has been noted. A similar trend was observed in HPC (MRPL24f, MTERF4*, OXA1L¥,
PPARGC1B#*##, PIGBOS1##, TFAM*, NDUFA9#, UQCRC2##, COX4I1*#) except for PUSLI1, in
which case there was no difference in the expression between the untreated and insulin-treated HPC.
Overall, in standard culture conditions and under hyperinsulinemia, the expression of most analyzed
markers was significantly higher in HPC when compared to ASC. Finally, the mitochondrial network
was visualized with fluorescent staining (Figure 4A), and the fluorescence intensity was measured
with Fiji just Image] software (Figure 4C). There was no difference between ASC and HPC
fluorescence intensity in standard culture conditions, however, the fluorescence intensity was
significantly higher after the hyperinsulinemia induction in both populations. Additionally, after the
insulin treatment, the fluorescence intensity in HPC was significantly lower when compared to ASC.
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Figure 4. (A) Mitochondrial network staining performed with MitoRed dye and DAPI. (B) Gene
expression analysis of key mitochondrial metabolism markers (MRPL24, MTERF4, PPARGCI1B,
UQCRC2, OXA1L, COXHI1, NDUFA9, PUSL1, MIEF1, MIEF2). (C) MitoRed dye fluorescence
intensity (% colour) measured with Fiji is just Image] software. Results are expressed as mean +SD.
The statistically significant difference between ASC and HPC is marked with an asterisk (*p <0.05,
*p <0.01, **p <0.001, ***p <0.0001), while the statistically significant difference between the control
group (CTRL) and the hyperinsulinemia group (HI) is marked with a hash sign (#p <0.05, ##p <0.01,
###p <0.001, ####p <0.0001).

2.4. Hyperinsulinemia exerts a different effect on ASC and HPC oxidative stress levels

The gene expression of key oxidative stress markers (Figure 5A) as well as reactive oxygen
species (ROS), (Figure 5B) and nitric oxide (NO), (Figure 5C) content in all experimental groups was
assessed to elucidate how hyperinsulinemia affects ASC and HPC oxidative stress levels. In standard
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culture conditions, the HPC population was characterized by a lower expression of SOD1(*¥),
SOD2(****) and a higher expression of CAT1(***) than ASC. As a result of hyperinsulinemia, the
expression of SOD2 and CAT1 decreased in both ASC and HPC, but the expression of SOD1 only
decreased in the HPC and remained unchanged in the ASC population. The amount of ROS(+) cells
(was significantly lower in HPC, both in standard culture conditions as well as hyperinsulinemia. As
a result of insulin treatment, an increase of ROS(+) cells in the ASC population was observed, but not
in the HPC. The percentage of alive and dead, nitric oxide (+) cells as well as the Total Nitric Oxide
(+) cells count was higher in the ASC(**) population, before the insulin treatment and after.
Simultaneously, the percentage of nitric oxide negative cells was higher in the HPC population, both
before and after the hyperinsulinemia induction.
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Figure 5. (A) The gene expression of key oxidative stress markers (SOD1, SOD2, CAT1). (B) Oxidative
stress analysis performed with Muse® Oxidative Stress kit. (C) Nitric oxide activity was assessed with

Muse® Nitric Oxide Kit. Results are expressed as mean +SD. The statistically significant difference
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between ASC and HPC is marked with an asterisk (*p <0.05, *p <0.01, ***p <0.001, ****p <0.0001),
while the statistically significant difference between the control group (CTRL) and the
hyperinsulinemia group (HI) is marked with a hash sign (#p<0.05, ##p<0.01, ###p<0.001,
####p <0.0001).

2.5. Apoptosis, immunomodulation and insulin signalling markers expression differs between ASC and HPC
in standard culture conditions and hyperinsulinemia

The expression of genes associated with apoptosis (Figure 6A), immunomodulation (Figure 6B)
and insulin signalling (Figure 6C) was assessed in ASC and HPC in standard culture conditions and
after hyperinsulinemia induction. The expression of p53 was lower (**) in HPC in standard culture
conditions, but there was no significant difference between the two populations in the expression of
its target- P21. Yet, after the insulin treatment, the expression of P21(##) decreased in HPC only, while
the expression of P53 remained unchanged in both groups. As for other markers associated with
apoptosis, in both standard culture conditions and after the insulin treatment, HPC exhibited lower
expression of CASP9(**) and BLC2(****) with simultaneous higher expression of pro-apoptotic
BAX(****), when compared to ASC. Furthermore, the BAX: BCL2(**) ratio was significantly higher in
the HPC population. In both ASC and HPC, the expression of CASP9, BAX and BCL2 decreased as a
result of hyperinsulinemia, while the BAX: BCL2 ratio increased significantly. The expression of pro-
inflammatory cytokines, IL6(***) and IL8(****), was higher in the HPC population and decreased in
both populations as a result of hyperinsulinemia. Furthermore, the expression of IL13 and TNFA was
higher in the HPC population, both in standard culture conditions and hyperinsulinemia.
Importantly, the expression of IL1p and Tnfa decreased in both populations after the
hyperinsulinemia induction. Finally, the expression of TGFB also decreased after the insulin
treatment but there was no difference between ASC and HPC in standard culture conditions. As for
the markers of the insulin signalling pathway, HPC was characterized by a lower expression in
standard culture conditions than ASC. As a result of hyperinsulinemia induction, a decrease in the
expression of insulin signalling-related markers was observed, notably the expression of IR and AKT
was higher in the insulin-treated HPC when compared to ASC.
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Figure 6. Hyperinsulinemia induces changes in gene expression of P21, P53, CASP3, CASP9, BAX,
and BCL2 that are associated with apoptosis, BAX: BCL2 ratio was calculated (A),
immunomodulation (IL6, IL8, IL10, IL13, IL18, TNFA, and TGFB1) (B), and insulin signalling (IR,
IRS1, PTPN1, AKT, and FOXO1) (C). Data represent the mean + SD. The statistically significant
difference between ASC and HPC is marked with an asterisk (*p<0.05, **p<0.01, *p<0.001,
*%¥p <0.0001), while the statistically significant difference between the control group (CTRL) and the
hyperinsulinemia group (HI) is marked with a hash sign (#p<0.05, ##p<0.01, ###p<0.001,
####p <0.0001).

2.6. HPC and ASC are characterized by a disparate miRNome in standard culture conditions and
hyperinsulinemia

The expression of 9 out of 10 analyzed miRNAs was higher in HPC under standard culture
conditions (mir-21**, miR-27a*, miR-30c*, miR-34a**, miR-34c**, miR-96**, miR-125a**, miR-125b*%,
miR-451**). In hyperinsulinemia, the expression of most miRNAs decreased in both ASC and HPC,
except for mir-27a## and mir-96##, whose expression increased in ASC. Overall, after the
hyperinsulinemia induction, the expression of 6 analyzed miRNAs was lower in the HPC (miR-27a**,
miR-30c, miR-96**, miR-125b**, miR-218***, miR-451**), except for miR-21** and miR34a**, in which
case the expression was higher in the HPC when compared to ASC.
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Figure 7. Relative expression level of miRNA in ASC and HPC cells in control and hyperinsulinemia
conditions. Data represent the mean + SD. The statistically significant difference between ASC and
HPC is marked with an asterisk (*p <0.05, **p <0.01, ***p <0.001, ***p <0.0001), while the statistically
significant difference between the control group (CTRL) and the hyperinsulinemia group (HI) is
marked with a hash sign (#p <0.05, ##p <0.01, ###p <0.001, ####p <0.0001).

3. Discussion

Hyperinsulinemia is a common symptom of various endocrinopathic and metabolic disorders
in equids such as laminitis, EMS, Cushing’s syndrome, or iatrogenic corticosteroid administration
and is often a manifestation of insulin resistance. In general, it has been widely accepted that insulin
resistance and hyperinsulinemia are crucial components in the pathology of laminitis. Although high
serum insulin concentrations have previously been reported in ponies with reoccurring laminitis, in
the absence of clinical signs, this could be attributed to developing some tolerance margin for insulin
resistance. Therefore, it is important to note that laminitis is a multifactorial disorder with
complicated pathology. However, de Laat et al., [26] demonstrated that a prolonged and consistent
elevated serum insulin concentration may cause laminitis in Standardbred horses, in the absence of
pre-existing insulin resistance.

In this study, our objective was to assess how hyperinsulinemia will affect two pools of stem
cells with potential in the treatment of laminitis, the well-established ASC and the recently described
HPC [15,27]. Cell cycle dynamics, mitochondrial metabolism, oxidative stress, apoptosis, and miRNA
expression were compared between the two populations, under standard culture conditions and
hyperinsulinemia.

The present study indicates that, under standard culture conditions, ASC exhibits a higher
proliferation rate than HPC, which might be a negative prediction for possible therapeutic use.
Interestingly, a progression from the GO0/G1 phase to the S-phase of the cell cycle was observed in
both populations, as a result of the insulin treatment [28]. It was reported by Li et al that insulin can,
in a dose-dependent manner, promote a transition from the G0/G1 phase to the S-phase, in human
Umbilical Cord Matrix-Derived mesenchymal stem cells. However, it is imperative to note, that the
insulin concentration used by Li et al (maximum 20 uM) was much lower than the concentration used
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in this study to induce hyperinsulinemia. Chronic hyperinsulinemia was also found to increase the
proliferation of myoblasts in fetal sheep skeletal muscle [29]. Endometrial epithelial cells and
colorectal epithelial cell proliferation were also enhanced by hyperinsulinemia [30,31]. On the other
hand, hyperinsulinemia has a negative impact on the proliferation of the circulating endothelial
progenitor cells, as demonstrated by Tan et al. [32]. In this study, the cells were harvested after 24h
incubation with insulin, therefore, the observed shift from the G0/G1 phase towards the S phase
might be an initial response, which could change after a longer incubation. Additional research with
prolonged incubation time would be necessary to further establish such a hypothesis.

To further elucidate how HPC react in the face of hyperinsulinemia, mitochondrial membrane
potential and gene expression of mitochondrial markers were analysed. Interestingly,
hyperinsulinemia did not strongly affect the mitochondrial membrane potential of the analysed
populations. However, in standard culture conditions, HPC was characterised by a higher percent of
live cells; this difference was diminished in hyperinsulinemia, but the percent of alive cells with
depolarised mitochondrial membranes was higher in the HPC populations in both sets of
experimental conditions. Mitochondrial membrane polarisation is a vital marker of overall cell health,
and its loss can be attributed to the early stages of apoptosis [33]. Mitochondrial fission and fusion
are processes associated with normal cellular functioning, but also with apoptosis and the cell
response to stress. Fusion can mitigate cell stress by mixing contents of partially damaged
mitochondria while fission leads to the creation of new mitochondria, but can also facilitate apoptosis
by allowing the removal of comprised mitochondria [34]. Generally, there was no difference between
ASC and HPC in the expression of fission-related markers, except for MIEF1, whose expression was
higher in the HPC, however, the expression of MFN1 and OPA1 was higher in the HPC. In instances
of type 2 diabetes, a shift towards a higher expression of fission-related markers was observed in
several studies [35-38]. Furthermore, decreased expression of MF1 and MFN2 was reported in HepG2
cells in hyperinsulinemia and hyperglycemia [39]. The results obtained are in keeping with the
reported findings, as hyperinsulinemia led to a decrease in the expression of fusion and fission-
related markers in both populations, suggesting a diminished mitochondrial dynamic.

Furthermore, the mitophagy marker PINKI was expressed at a higher level in HPC compared
to ASC under standard culture conditions and after induction of hyperinsulinemia. Nevertheless, its
expression also decreased in both populations after hyperinsulinemia induction. The results obtained
indicate that under hyperinsulinemic conditions, mitochondrial dynamics are diminished. Extensive
research has been published on the role of mitophagy and mitochondrial dynamics in type 2 diabetes
and insulin resistance [40-43]. For example, mice depleted of a Fundcl mitophagy receptor were
characterised by impaired mitochondrial quality, more severe obesity, and insulin resistance, due to
mitophagy dysfunction [44]. Another study reported that in patients with type 2 diabetes, the
expression of mitophagy-related genes such as NIZ, PINK1, and PARKIN was reduced [45]. The
detrimental effect of hyperinsulinemia on the mitochondrial condition of ASC and HPC was further
indicated by an analysis of the expression of genes related to mitochondrial metabolism and
biogenesis. Under standard culture conditions, HPC were characterised by a higher expression of
most of the analysed mitochondrial metabolism and biogenesis markers, with the exception of PUSL1
and PIGBOSI. In hyperinsulinemia, downregulation of almost all the markers (except PUSL1)
occurred in both ASC and HPC. PPARGC-1B encodes the peroxisome proliferator-activated receptor-
v coactivator 13 (PGC-1p) [46] that plays a crucial role in mitochondrial activity in tissues with active
oxidative metabolism; it is crucial for proper mitochondrial biogenesis and metabolism [47]. In a
study published by Sparks et al., a 3-day high-fat diet led to a reduction in PGC-1 gene expression of
PGC-1p in healthy men [48]. Down-regulation of PGC-1 B has also been observed in CGI-58-deficient
peritoneal macrophages from mice fed a high-fat diet [49]. Mammalian mitochondria possess
ribosomes that synthesise 13 key subunits of the oxidative phosphorylation system (OXPHOS).
MRPL24 and MTERF4 are involved in mitoribosome formation and assembly [50]. Bourebaba et al.
[39] demonstrated that in the hyperinsulinemia-hyperglycemia environment, HepG2 cells exhibited
lower expression of the markers mentioned above. The mitochondrial oxidative phosphorylation
system (OXPHOS) is composed of four respiratory chain complexes and the FiFo-ATP synthase

doi:10.20944/preprints202309.1605.v1


https://doi.org/10.20944/preprints202309.1605.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 September 2023 doi:10.20944/preprints202309.1605.v1

11

(complex V) and is responsible for the majority of ATP production in aerobic cells. The biogenesis of
OXPHOS is complicated and therefore several specific gene products are needed to meet these
requirements, among them OXA1L is involved in the biogenesis of mitochondrial membrane proteins
[51]. Bioinformatic analysis indicated that OXA1L may be related to diabetic retinopathy [52]. OXAIL
was also down-regulated in serum collected from patients with uncontrolled diabetes [53]. The
PIGBOS1 gene encodes PIGBOS which is an integral mitochondrial outer membrane protein.
Functional investigations show that the absence of PIGBOS increases UPR and cell death and can, in
turn, modulate cellular sensitivity to ER stress [54]. Our work reveals that higher expression levels of
PIGBOS1 in HPC cells suggested that this cell pool could be more resistant to ER stress than ASC.
Furthermore, a similar higher expression of TFAM was observed in HPC. TFAM is crucial for the
maintenance of mitochondrial DNA, as it acts as a master regulator for the expression of 13 gene
products of mitochondrial DNA as well as a repair protein [55]. In hyperinsulinemia, downregulation
of TFAM is observed in vascular smooth muscle cells (VSMC) and the liver [56,57]. Finally, our results
demonstrated that under hyperinsulinemia both ASC and HPC exhibited a decrease in the expression
of the OXPHOS-related genes NDUFA9, UQCRC2, and COX4I1, similar results were reported in
HepG2 cells by Bourebaba et al. [39]. Our findings indicate that HPC are characterised by higher
activity in terms of mitochondrial dynamics, mitophagy, and mitochondrial biogenesis under
standard culture conditions, yet the effect of hyperinsulinemia on these processes is similar in ASC
and HPC.

Oxidative stress is a state in which the accumulation of excessive reactive oxygen species (ROS)
leads to cellular disruption and damage in important structures such as proteins, lipids, and nucleic
acids. ROS are produced by the mitochondria, as a product of cellular respiration, and homeostasis
is maintained through a cellular antioxidant defence system, composed mainly of enzymes such as
superoxide dismutase (SOD) or catalase (CAT), among others. Importantly, oxidative stress can be a
major risk factor and component of various diseases, including type 2 diabetes, metabolic disorders,
or cardiovascular diseases [58]. Under standard culture conditions, ASC exhibited a higher
expression of SOD1 and SOD2 while HPC exhibited a higher expression of CAT1, however, under
hyperinsulinemia the expression of the markers decreased in both populations, which may suggest
an aggravation of oxidative stress in the cell and a disruption of the cellular antioxidant defence
system. A similar dynamic was observed in Fisher rats fed a high-refined sugar diet, where Roberts
et al. observed down-regulation of SOD isoforms in the kidney and aorta [59]. Deterioration of the
expression of the genes of antioxidant enzymes in hyperglycemia-hyperinsulinemia was also
observed in HepG2 cells [39]. Following our previous findings, under standard culture conditions,
HPC were characterised by a lower level of ROS and nitric oxide [27]. Interestingly, ROS and nitric
oxide levels did not change in HPC after insulin treatment, yet they increased in ASC. Such results
may indicate a somewhat higher resistance towards oxidative stress in HPC, however, it is not
apparent when weighting in the diminished antioxidant enzymes gene expression. In general,
increasing evidence indicates an inverse dependency between insulin sensitivity and ROS levels [60]
and the presented results show that hyperinsulinemia has a negative impact on oxidative stress levels
in both ASC and HPC.

Apoptosis, also known as programmed cell death, is crucial to maintaining homeostasis,
however, intensified apoptosis is often associated with various pathologies, oxidative stress,
hyperinsulinemia, and insulin resistance [32,61-63]. Interestingly, the obtained results do not
unequivocally support this notion, except for the increase in BAX: BCL2 ratio under hyperinsulinemia
in both populations. Such findings could be explained by the short duration of hyperinsulinemia in
the experimental environment, for example., Turina et al. showed that short-term changes in glucose
and insulin concentrations do not affect neutrophils' ability to enter the apoptotic program [61].
Furthermore, the relationship between hyperinsulinemia and apoptosis is not universally similar; for
example, hyperinsulinemia can also be observed alongside impaired apoptosis, especially in some
cancers such as colorectal adenoma [64] or prostate cancer [65].

Inflammation is also often observed alongside insulin resistance, hyperinsulinemia, and type 2
diabetes [66,67]. Acute hyperinsulinemia has been reported to increase plasma interleukin-6 levels in
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non-diabetic and type 2 diabetes patients [67]. Interleukin-6 expression was also upregulated in
digital lamellar tissue collected from horses subjected to the euglycemic-hyperinsulinemic clamp
(EHC) model of laminitis [68]. Similarly, plasma IL-8 concentration increases in obese subjects [69]
and in diabetic patients [70]. Interestingly, both ASC and HPC exhibited decreased expression of the
inflammatory markers mentioned in hyperinsulinemia. The expression of all the markers analysed
associated with inflammation was decreased in both cell populations as a result of insulin treatment.
Importantly, insulin is well known for its anti-inflammatory properties and its’ immunomodulatory
activity [71]. For example, in a rat model of severe inflammatory insult, insulin therapy led to
significant suppression of circulating proinflammatory TNF-a and IL-6 [72]. Furthermore, the
expression of IL-1f in human macrophages challenged with LPS was suppressed, following an
insulin treatment (insulin dose at 25 IU/mL and higher) [73]. In a porcine model of sepsis, the
hyperinsulinemic-euglycemic clamp decreased the release of TNF and IL-6 [74]. Previous results
indicated that IL-10 and IL13 decreased in type 2 diabetic patients and are associated with metabolic
syndrome [75,76]. The level of investigated IL10 and IL13 in the present work decreased in both types
of cells under hyperinsulinemia. Interestingly, the levels of IL10 were found to be considerably higher
in HPC than in ASC. However, opposite results were found for IL13. Camilo et al., [77] demonstrate
that serum levels of IL-13 are significantly elevated in insulin-resistant patients without showing a
correlation with parameters of low-grade systemic inflammation such as TNF-a, and IL-10. Together
with higher expression of IL-8 and IL-6, this suggests that HPC may help the cytokine storm for a
more effective phenotype change to an immunosuppressing pool of cells with better migratory and
healing abilities under hyperinsulinemia than ASC.

We also investigated the effects of hyperinsulinemia on genes involved in insulin action. In HPC,
we observed significantly lower expression of PTPN1 than in ASC. The protein tyrosine phosphatase
PTPN1 plays a crucial role in the regulation of insulin signalling and metabolic health through
dephosphorylation of the insulin receptor, inhibition of insulin action, and increased glucose
absorption through increased transporter expression [78]. Lower PTPN1 activity promotes glucose
uptake through increased cell surface expression of its transporter. Furthermore, HPC cells showed
a decreased level of FOXO1. FoxOl is a transcription factor; however, it also shows transcription-
independent effects by regulating the activities of numerous other transcription factors, including the
androgen receptor, the signal transducer, and the transcription-3 activator (STAT3) and regulating
IR expression. Nakae et al., [79] showed that FoxO1-heterozygous mice are resistant to diet-induced
diabetes. Increased FoxOl activity in animal models contributes to the phenotype of insulin
resistance and diabetes, however, it is crucial to stress that FoxO1 does not function primarily as an
insulin antagonist with a pro-diabetic role. For example, mouse FoxO1 has been shown to enhance
adiponectin receptor expression, which is expected to promote insulin sensitivity [80].

Hyperinsulinemia was found to cause a significant decrease in the expression of the IR gene (alias
INSR) and, as a result, a decrease in surface INSR and total INSR protein, implying that reduced IR
expression by hyperinsulinemia may be a key independent factor in INSR down-regulation and
insulin resistance [81,82] . Moreover, hyperinsulinemia has a large impact on AKT and ERK
signalling, INSR abundance, localisation, and transcriptional activities [82]. Previous studies have
shown that exposing the neuronal cell line to insulin induced bluted AKT signalling and lysosomal
degradation of INSR. However, it did not influence the IR mRNA level [83]. Here, we show that HPC
as opposed to ASC show significantly increased expression of IR and AKT genes. In addition to them,
the opposite result was shown for the IRS1 gene which encodes IRS1- a major mediator between the
insulin receptor and phosphatidylinositol 3-kinase (PI3K) in the insulin signalling pathway.
However, the fold change of IRS1 expression was lower in HPC than in ASC. This leads us to
conclude that HPC are more resistant to hyperinsulinemia and may have greater therapeutic
potential in reducing EMS and/or Laminitis.

Obesity is the primary risk factor for the development of EMS (Equine Metabolic Syndrome),
covering risk factors for endocrinopathic laminitis in which metabolic alterations promote injury to
the laminae of the hoof material and disturb the balanced interrelationship between plasma
concentrations of insulin, glucose, and lipids [84]. High insulin concentrations may restrict the veins,
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resulting in inadequate blood flow to the foot [85] and may have a direct influence on hoof cells
through insulin-like growth factor (IGF-1), causing a delay in hoof keratinization [86]. Moreover,
insulin dysregulation can manifest as one or more of the following: basal hyperinsulinemia; an
excessive or prolonged hyperinsulinemic response to carbohydrates, with or without excessive or
prolonged hyperglycemia, and tissue insulin resistance [84]. MicroRNAs are endogenously produced
short noncoding RNAs that can regulate gene expression. Dysregulated miRNA expressions, either
directly or indirectly, can have a large impact on a wide range of cellular functions, including
proliferation, apoptosis, and cell fate [87]. Furthermore, microRNAs affect the expression and/or
activity of molecules involved in antioxidative signalling pathways (e.g., FOXOs), as well as effector
enzymes (for example, CAT, SOD1 / 2) and genes involved in many signalling pathways related to
insulin sensitivity and lipid metabolism that contribute to metabolic imbalance[88]]. Additionally,
miRNAs have emerged as important players in both adipogenesis and osteogenesis, targeting and
degrading critical adipogenic and osteogenic genes [89-91]. Furthermore, stem cells have specific
miRNA expression profiles that modulate stem cell fate during tissue regeneration due to their
fundamental role in the control of stem cell destiny [92]. To determine the effects of hyperinsulinemia
on miRNA strand selection, ASC and HPC were subjected to hyperinsulinemic conditions. The
miRNA strand selection was then analysed and compared between ASC and HPC. We showed that
miR-125b and miR-125a were down-regulated in both cell types investigated under
hyperinsulinemia. Overexpression of both miRNAs has been reported to inhibit proliferation and
osteogenic differentiation [93]. Furthermore, miR-125 family is involved in neuronal differentiation
as well as self-renewal and differentiation of skin stem cells [94-96]. We also observed lower
expression of miR-96, miR-218, and miR-451 in HPC, which are involved in the improvement of new
bone formation, the acceleration of fracture healing, and osteoblast differentiation [97-99]. miR-96
has been reported to partake in wound healing, keratinocyte proliferation and migration [100-103],
while miR-218 was described to regulate skin and hair follicle development [99,104]. As for miR-451,
it has been demonstrated that it exhibits immunomodulatory and inflammation-supressing activity
in diabetic retinopathy and microgila-mediated neuroinflammation [105,106]. However, during
hyperinsulinemia, miR-96 and miR-218 increased in ASC cells, suggesting a more promising
therapeutic target for bone repair in future clinical applications. Here we also demonstrated the
decrease in the expression of miR-34a and miR-34c which are responsible for repressed
reprogramming [107]. miR-34 miRNAs and p21 are the main downstream targets that work together
to suppress iPSC production. A significant downstream target of p53 is p21, which inhibits cell
growth. Changes in cell proliferation, immortalization, apoptosis, and DNA damage response are all
influenced by p53 [107]. What is interesting is that the miR-34 family has a higher expression level in
HPC in control and experimental conditions. In the current study, we also investigate the expression
of miR-21, miR-27a and miR-30c. Previously, it was discovered that patients with metabolic
syndrome and type 2 diabetes had higher circulating levels of miR-27ainvolved in the PPAR-y-
PI3K/AKT-GLUT#4 signalling axis, thus leading to increased glucose uptake and decreased insulin
resistance [108-110]. Compared to ASC, mir-27a expression significantly decreased in HPC during
hyperinsulinemia. It could be consistent with the findings of Yao et al. who discovered that miR-27a
is important for obesity through modulating insulin resistance in adipocytes and serving as an
adipocyte differentiation repressor [110]. In our study, we observed two times higher relative
expression of miR-30c in equine hoof progenitors than in adipose-derived stem cells. However,
during hyperinsulinemia miR-30c was downregulated in both cells. The miR-30 family is highly
conserved and known to target the Notchl ligand DLL4, which is a ligand that contributes to
metabolic disease and macrophage inflammation [111,112]. These data suggest that miR-30 induction
holds therapeutic potential for regulating macrophage-driven inflammatory and metabolic
disorders. On the other hand, miR-30c was induced during adipogenesis but was downregulated in
obese adipocytes [113]. Furthermore, diabetes mellitus significantly downregulated miR-30c-5p
associated with stem cell survival, proliferation, and differentiation in cardiac progenitor cells [114].
The last of the analysed miRNAs was miR-21,s which was significantly downregulated in insulin-
resistant adipocytes [115]. Moreover, Kim et al., reported that miR-21 regulated adipogenic
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differentiation through the modulation of TGF-f signaling [116]. Results of qRT-PCR showed that
miR-21 concentrations were significantly higher in HPC than in APC in both CTRL and HI groups,
as well as TGFB1 in the HI group. Taken together, the current results demonstrated that HPC
possesses better potential to modulate the PTEN-AKT pathway by miR-21 and reverse high glucose
and high insulin-induced insulin resistance, as was suggested by Ling et al., [115]. Tha main
limitations of the presented study are the small sample size and limited information about the
animals.

4. Materials and Methods

4.1. Sample Acquisition and Cell Isolation

Coronary corium tissue samples were collected postmortem at a local slaughterhouse, the reason
for the euthanization of the animal was unrelated to this study. Samples were obtained from one
young (approximately 1-3 years old), of unknown sex and breed. As for the adipose tissue, it was
dissected from an 8-year-old warm-blood mare. The tissue samples were immediately transported to
the laboratory and the cells were isolated as previously described [117,118]. Briefly, adipose tissue
and coronary corium tissue samples were washed 3 times with PBS and then dissected in a Petri dish
with a #10 scalpel blade in 1xImm squares. After dissection, the minced tissue was transferred to a
sterile 50 mL tube with a solution of collagenase type I (1 mg/mL) in DMEM/F12 (Merck, Poznan,
Poland). The tube containing minced coronary corium tissue was incubated at 37 °C for 2 hours with
2-dimensional agitation while the falcon containing minced adipose tissue was incubated under the
same conditions for 40 minutes. After digestion, the coronary corium-containing solution was filtered
with a 100 um filter and then with a 70 um filter, while the solution containing adipose tissue was
not filtered. Subsequently, both samples were centrifuged for 10 min at 1,200xg, the supernatant was
discarded and the cell pellet was then centrifuged again for 4 minutes at 300xg. After the isolation,
HPC were phenotyped, as previously described. The HPC and ASC were cryopreserved in a freezing
medium (89% FBS, 10% DMSO, 1% penicillin/streptomycin mix) and stored at -156 °C. Before the
experiment started, the HPC were thawed and cultured in DMEM/F12 (Sigma Aldrich/Merck,
Poznan, Po-land) 1% penicillin/streptomycin mix (P/S, Sigma Aldrich, Poznan, Poland) and 10% FBS
(Foetal Bovine Serum, Sigma Aldrich/Merck, Poznan, Poland), while ASC was cultured in Dulbecco’s
modified Eagle medium (DMEM) containing 1000 mg/L glucose, supplemented with 1%
penicillin/streptomycin mix (P/S, Sigma Aldrich, Poznan, Poland) and 5% of FBS. Both ASC and HPC
cultures were in the 10th passage at the time of the experiment.

4.2. Hyperinsulinemia model

For the hyperinsulinemia model, both ASC and HPC cells were starved for 2 hours without FBS,
then 500 nmol of insulin was added and cells were incubated for 24 hours in a humidified incubator
at 37 °C in 5% CO2. Subsequently, cells were harvested for further analysis.

4.3. Cell Imagining and Mitochondrial Network Visualization.

The mitochondrial network of ASC and HPC was evaluated based on fluorescent staining.
Briefly, cells were first incubated with the MitoRed dye solution (Sigma-Aldrich/Merck, Poznan,
Poland) at 37 °C in a CO2 incubator for 30 minutes and then fixed with 4% paraformaldehyde (PFA,
Sigma-Aldrich/Merck, Poznan, Poland) for 30 minutes at room temperature. After fixation, cells were
washed 3 times with PBS and nuclei were stained with 4',6-Diamidine-2-phenylindole
dihydrochloride using ProLong™ Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific,
Warsaw, Poland). A confocal microscope (Leica TCSSPE, Leica Microsystems, KAWA.SKA Sp. z o.
0., Zalesie Gorne, Poland) was used to observe and imagine the cells at 630x magnification. All images
were subsequently processed with Fiji software (Image] 1.52n, Wayne Rasband, National Institute of
Health, Bethesda, MD, USA).
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4.4. Microcapillary Flow Cytometry Analysis

ASC and HPC cells were analysed with the commercially available Muse™ Assay Kit and the
Muse™ Cell Analyzer (Merck KGaA, Darmstadt, Germany) according to the manufacturer’s
protocol. Briefly, after harvesting, cells were centrifuged at 300xg for 5 minutes, washed with PBS,
and fixed overnight using a 70% ethanol solution at -20 °C. Subsequently, cells were centrifuged at
300xg for 5 minutes and rinsed again with PBS. The cells were incubated with the Muse™ Cell Cycle
Reagent (Muse™ Cell Cycle As-say Kit; Merck, Warsaw, Poland) for 30 minutes and analyzed.
Furthermore, the mitochondrial membrane potential was assessed with the Muse® MitoPotential
Assay Kit (Luminex). Briefly, the solution containing the harvested cells was diluted with 1x Assay
buffer and incubated with the MitoPotential working solution for 20 min at 37 °C. Then Muse 7-AAD
was added to the samples and the resulting solution was incubated for 5 minutes at room
temperature. Finally, the samples were analysed with the Muse™ Cell Analyzer. In terms of
intracellular oxidative stress factor analysis, Muse® Oxidative Stress kit (Luminex) was used,
according to the manufacturer’s instruction. Briefly, samples were incubated at 37 °C for 30 minutes
with the Muse® Oxidative Stress Working Solution. After incubation mixed thoroughly and analysed
on the Muse™ Cell Analyser. Nitric oxide activity in ASC and HPC was evaluated using the Muse®
Nitric Oxide Kit (Luminex), following the manufacturer’s protocol. Briefly, the samples were
incubated with Muse® Nitric Oxide working solution at 37 °C for 30 minutes, and then Muse® 7-
AAD working solution was added and mixed with the samples. Subsequently, the samples were
analysed with the Muse™ Cell Analyzer.

4.5. RNA isolation and RT-gPCR

To assess the expression of key markers for apoptosis, inflammation, autophagy, insulin
signalling pathway, mitochondrial metabolism and miRNAs, total RNA was isolated from ASC and
HPC cells, using the phenol-chloroform method as described before [119]. RNA concentrations and
purity were calculated based on the absorbance at 260/280 nm with a nano spectrophotometer
(Epoch, Biotek, Bad Friedrichshall, Germany). A 150 ng of total RNA was used for digestion with
RNAse free DNAse I (Sig-ma-Aldrich/Merck, Poznan, Poland), subsequently, cDNA synthesis was
performed using the PrimeScript RT Reagent Kit (Takara Bio Europe, Saint-Germaine, Laye, France),
both digestion and synthesis reaction was completed on a T100 Thermal Cycler (Bio-Rad, Hercules,
CA, USA). The obtained cDNA was diluted with nuclease-free water in a 1:3 ratio and used for RT-
qPCR analysis. The expression of mRNA and miRNA transcripts was detected using specific primers
(Table 1) and the SensiFAST SYBR & Fluorescein Kit (Meridian Bioscience, London, UK). All RT-
gPCR analyses were performed using the CFX Connect™ Real-Time PCR Detection System (Bio-
Rad), as previously described [120]. The relative expressions were calculated using the 2-AACQ
method [121] with the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a reference gene for
the mRNA or U6 for miRNA. The control (CTRL) samples were used as a reference.

4.6. The isolation of mitochondria and mtRNA

Intact mitochondria were isolated from ASC and HPC cultures, using the Mitochondria Isolation
Kit for Cultured Cells (ThermoFisher Scientific, Warsaw, Poland), according to the manufacturer's
instructions. Then, mtRNA was isolated from the extracted mitochondria with the phenol-chloroform
method, as described above [119].

4.7. Statistical analysis

At least three technical replicates were performed for each biological assay and the results are
presented as a mean + SD. The normality of the data was assessed with Kolmogorov-Smirnov or
Shapiro-Wilk test and the variance was analyzed with the Fisher test. The statistical difference
between the experimental groups was calculated using the unpaired Student’s t-test or Mann-
Whitney U test. The GraphPad Prism 8 software (La Jolla, CA, USA) was used to process the data
and prepare the graphs. Differences between ASC and HPC were marked with an asterisk (*) while
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differences between the control group and the hyperinsulinemia group were marked with a dash (#).
Differences with a probability of P <0.05 were considered significant and the significance was marked
with one asterisk/dash (*)/(#), the differences with a probability of P <0.01 were marked with two
asterisks/dash (**) and differences with a probability of P <0.001 were marked with three asterisks

(>(->(->F)'
5. Conclusions

In this study, our objective was to assess how hyperinsulinemia will affect two pools of stem
cells with potential in the treatment of laminitis, the well-established ASC and the recently described
HPC. Cell cycle dynamics, mitochondrial metabolism, oxidative stress, apoptosis, and miRNA
expression were compared between the two populations, under standard culture conditions and
hyperinsulinemia. Our findings indicate that HPC are characterised by higher activity in terms of
mitochondrial dynamics, mitophagy, and mitochondrial biogenesis under standard culture
conditions, yet the effect of hyperinsulinemia on these processes is similar in ASC and HPC.
Furthermore, the obtained results indicate that HPC may possess a somewhat higher resistance
towards oxidative stress than ASC. Additionally, the analysis of immunomodulatory markers
expression revealed that HPC may help the cytokine storm for a more effective phenotype change to
an immunosuppressing pool of cells with better migratory and healing abilities under
hyperinsulinemia than ASC. Furthermore, we observed that HPC are more resistant to
hyperinsulinemia and may have greater therapeutic potential in reducing EMS and/or Laminitis.
Additionally, the current results demonstrated that HPC possesses better potential to modulate the
PTEN-AKT pathway by miR-21 and reverse high glucose and high insulin-induced insulin resistance.
Taken together, the obtained results indicate that HPC may be a very promising cell pool with
therapeutic potential in laminitis treatment, and could be more effective than ASC. However, further
research is necessary to fully elucidate HPC therapeutic potential.
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