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RESUMEN

Las células troncales mesenquimales (CTM) son células multipotenciales capaces de
diferenciarse a varios linajes, esto las hace un modelo util para estudiar el desarrollo y la
diferenciacion. El proposito de este trabajo fue evaluar el efecto de diferentes agonistas de
los PPAR sobre la diferenciacion y metabolismo de CTM derivadas de bovino e inducidas
a los linajes muscular y adiposo. Se aislaron células de médula 6sea de becerros Holstein de
7 dias de edad y se evaluaron las condiciones para promover la diferenciacion adiposa (DA)
y muscular (DM). Para la DA se usaron células del primer pasaje y se suplement6 el medio
con Rosiglitazona, Telmisartan, Sirtinol o Acido Linoleico conjugado 9-cis, 11-trans. Para
la DM se agregd al medio Bezafibrato, Telmisartan o Sirtinol. Mediante qPCR se evalu6 la
expresion de PPARy para la DA y de cadena pesada de miosina (MyHC) para la DM asi
como genes relacionados con el metabolismo energético. Los datos obtenidos se analizaron
como un modelo completamente aleatorizado usando el procedimiento GLM del paquete
estadistico SAS. Para la DA, el uso de Telmisartan a 20 pM mostrd la mayor expresion de
PPARy (15.58 + 0.62, p < 0.0001) y se encontraron diferencias en la expresion de
Hexocinasa I (HK2) (p < 0.0001); Fosfofructocinasa (PFK) (p = 0.0027); Lipasa de
Triglicéridos del Adipocito (ATGL) (p < 0.0001); Acetil-CoA carboxilasa a (ACACa) (p <
0.0001) y Acido Graso Sintasa (FASN) (p < 0.0001), pero no para ACACB (p = 0.4275).
Para la DM, el Bezafibrato a 200 uM mostr6 la mayor expresion de MyHC (73.98 = 11.79),
y se encontraron diferencias en la expresion para todos los genes evaluados (HK2: p =
0.0011; PFK: p = 0.0328; ACACB: p < 0.0001; PPARS p = 0.0097; y FABP: p < 0.0001).
Estos resultados indican que se incrementa la diferenciacion hacia adipocitos y miocitos en
células de bovino derivadas de médula 6sea con el uso de Telmisartan y Bezafibrato
respectivamente, ademas de que la captacion, almacenamiento, uso y movilizacion de

sustratos energéticos se mejora con ambos compuestos.

Palabras clave: PPAR, diferenciacion celular, metabolismo de energia



ABSTRACT

Mesenchymal stem cells (MSC) are multipotent cells able to differentiate into several
lineages, making them a useful model to study development and differentiation. The
purpose of this study was to evaluate the effect of PPAR agonists on differentiation and
metabolic features of bovine MSC induced to adipogenic or myogenic linecages. Bone
marrow cells from 7 days old Holstein calves were isolated and conditions to promote
adipogenic differentiation (AD) or myogenic differentiation (MD) were explored. For AD,
cultured cells after one passage, were transferred to adipogenic medium supplemented with
either Rosiglitazone, Telmisartan, Sirtinol, or Conjugated 9-cis, 11-trans linoleic acid. For
MD, third-passage cells were added to myogenic medium with either Bezafibrate,
Telmisartan, or Sirtinol. mRNA expression of PPARy for AD, myosin heavy chain
(MyHC) for MD, and genes related to energy metabolism were measured by qPCR. Data
were analyzed as a completely randomized design using the GLM procedure from SAS. For
AD 20 uM Telmisartan showed the highest PPARy expression (15.58 + 0.62 fold, p <
0.0001) and differences in expression of energy metabolism related genes were found for
Hexokinase II (HK2) (p < 0.0001); Phosphofructokinase (PFK) (p = 0.0027); Adipose
triglyceride lipase (ATGL) (p < 0.0001); Acetyl-CoA carboxylase o (ACACa) (p < 0.0001)
and Fatty acid synthase (FASN) (p < 0.0001), but not for ACACP (p = 0.4275). For MD,
200 uM Bezafibrate showed the highest MyHC expression (73.98 £ 11.79 fold), and
differences in the expression of all energy metabolism related genes were found (HK2: p =
0.0011; PFK: p=0.0328; ACACB: p <0.0001; PPARS p = 0.0097; and FABP: p <0.0001).
This results point out that adipocyte and myocyte differentiation of bovine-derived MSC is
enhanced with Telmisartan and Bezafibrate, respectively; energy uptake, storage,

mobilization, and use of energy substrates are improved with both compounds.

Keywords: PPAR, cell differentiation, energy metabolism
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1. INTRODUCCION

El crecimiento del sector pecuario, impulsado por la industrializacion de la produccion y el
incremento de la demanda de los productos de origen animal, exige una mejora en la
capacidad de produccion y en la calidad de los productos ofertados a los consumidores. Por
lo que, en el caso de los productos carnicos, es necesario el conocimiento de los
mecanismos celulares y moleculares que regulan tanto el metabolismo energético como los
procesos de diferenciacion y desarrollo de los tejidos muscular y adiposo. A la par del
entendimiento de estos procesos se requiere el desarrollo de nuevas tecnologias con el fin
de incrementar la eficiencia de las diferentes especies pecuarias. Dentro de estas nuevas
tecnologias, se encuentra el uso potencial de moléculas sintéticas o naturales, que, mediante
la regulacion de la expresion génica, modifiquen positivamente el metabolismo y
diferenciacion de los tejidos muscular y adiposo. En este sentido los Receptores Activados
por Proliferador de Peroxisomas (PPARs) son blancos potenciales de estas tecnologias al
ser factores de transcripcion relacionados con la regulacion del metabolismo energético y
con la diferenciacion celular. Por otro lado las células troncales mesenquimales (CTM) son
c¢lulas multipotenciales capaces de dar origen a diversos tejidos (adiposo, 6seo, muscular,
neuronal, entre otros). Esta propiedad de las CTM las hacen un modelo atractivo para el
estudio de los mecanismos implicados en la diferenciacion celular por lo que en el presente
trabajo se les utilizd como modelo bioldgico para evaluar el efecto de diferentes
compuestos que modificaran la actividad de los PPARs y con ello la capacidad de
diferenciacion y el metabolismo energético de estas células ya diferenciadas hacia los

linajes muscular y adiposo.
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2. ANTECEDENTES

CELULAS TRONCALES MESENQUIMALES: BIOLOGIA, CARACTERIZACION
Y FUTURAS APLICACIONES EN SALUD Y PRODUCCION DE ESPECIES
PECUARIAS. PARTE I

Rosa M. Pérez-Serrano, Jesus J. Ramirez-Espinosa, Armando Shimada,

Anaid Antaramian, Enrique Pifia, Ofelia Mora

CELULAS TRONCALES MESENQUIMALES: BIOLOGIA, CARACTERIZACION
Y FUTURAS APLICACIONES EN SALUD Y PRODUCCION DE ESPECIES
DOMESTICAS Y PECUARIAS. PARTE II

Rosa M. Pérez-Serrano, Jesus J. Ramirez-Espinosa, Armando Shimada,

Anaid Antaramian, Enrique Pifia, Ofelia Mora

Articulos publicados en: Agrociencia, Vol. 46, No 4 y 6 respectivamente.
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2. HIPOTESIS

El uso de compuestos que favorezcan la actividad y expresion de PPARs incrementara la

diferenciacion adiposa y muscular de células mesenquimales de bovino.
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3. OBJETIVOS
3.1 Objetivo General.

Evaluar el efecto de compuestos agonistas de PPAR, naturales o sintéticos, sobre el
desarrollo, diferenciacion y metabolismo energético de células mesenquimales obtenidas de

médula ésea de bovino diferenciadas hacia los linajes muscular y adiposo.

3.2 Objetivos Especificos.

1) Establecer cultivos primarios de células troncales mesenquimales (multipotenciales)

obtenidos de médula d6sea de bovinos.

2) Estandarizar un sistema de cultivo-diferenciacion de células multipotenciales hacia los

linajes muscular y adiposo.

3) Conocer los cambios en la expresion de diferentes factores de transcripcion asociados a

la diferenciacion muscular o adiposa.

4) Manipular diferentes factores de transcripcion usando agonistas (naturales o sintéticos)
que permitan una mejor diferenciacion de ambos tipos celulares asi como conocer sus

efectos en el metabolismo energético.
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4. MATERIAL, METODOS Y RESULTADOS.

Bovine (Bos taurus) bone marrow mesenchymal cells differentiation to

adipogenic and myogenic lineages.
Jests Jonathan Ramirez-Espinosa, Laura Gonzélez-Déavalos, Armando Shimada, Enrique

Pifia, Alfredo Varela-Echavarria, y Ofelia Mora

Articulo aceptado para publicacion en Cell Tissue Organs
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Abstract

Purpose: We evaluated the effect of PPAR agonists on differentiation and metabolic
features of bovine bone marrow mesenchymal cells induced to adipogenic or myogenic
lineages. Methods: Cells isolated from 7-day-old calves, were cultured in basal medium
(BM). For adipogenic differentiation (AD) cells were cultured for one passage in BM and
then transferred to a medium supplemented with either rosiglitazone, telmisartan, sirtinol,
or conjugated c-9, t-11 linoleic acid; for myogenic differentiation (MD), third-passage cells
were added with either bezafibrate, telmisartan, or sirtinol. Expression of PPARy (AD
marker), MyHC (MD marker), and genes related to energy metabolism were measured by
gPCR in a completely randomized design. Results: For AD, 20 uM telmisartan showed the
highest PPARy expression (15.58+0.62 fold, p < 0.0001), and differences in expression of
energy metabolism-related genes were found for hexokinase II, phosphofructokinase,
adipose triglyceride lipase, acetyl-CoA carboxylase a (ACACa), and fatty acid synthase (p
<0.001), but not for ACACP (p = 0.4275). For MD, 200 uM bezafibrate showed the highest
MyHC expression (73.98+11.79 fold), and differences in the expression of all energy
metabolism-related genes were found (p < 0.05). Conclusions: Adipocyte and myocyte
differentiation are enhanced with telmisartan and bezafibrate, respectively; energy uptake,

storage, and mobilization are improved with both.
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Abbreviations used in this paper

ACACa
ACACB
AD
ADM
ATGL
BM
BMD-MC
CLA ¢c-9,t-11
DMEM
DMSO
FABP4
FASN
FBS
HK?2

HS
IBMX
M

MD
MDM
MSC
MyHC
NCoR
PD

PFK
PPAR’s

acetyl-CoA carboxylase o
acetyl-CoA carboxylase 3
adipogenic differentiation
adipogenic differentiation medium
adipose triglyceride lipase

basal medium

bone marrow-derived mesenchymal cells
conjugated c-9, t-11 linoleic acid
Dulbecco’s modified Eagle medium
dimethyl sulfoxide

fatty acid binding protein 4

fatty acid synthase

fetal bovine serum

hexokinase 2

horse serum
3-isobutyl-1-methylxanthine
induction medium

myogenic differentiation

myogenic differentiation medium
mesenchymal stem cells

myosin heavy chain

nuclear receptor corepressor
population doublings
Phosphofructokinase

peroxisome proliferator-activated receptors
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Introduction

Mesenchymal stem cells (MSC) are multipotent cells isolated from tissues such as bone
marrow; they are capable of proliferation for long periods, and can differentiate in vitro into
several lineages such as adipocytes, chondrocytes, osteocytes, myocytes, or hepatocytes
[Zeng et al., 2006]. These properties make them a useful model to study the development
and differentiation of adipose and muscular tissues.

The current approach to determine cell differentiation includes the assessment of
transcription factors and functional proteins of each lineage, as well as the detection of
minerals, proteoglycans, or lipids [Eslaminejad et al., 2007]. However, metabolic
characteristics of these cells have not been fully elucidated, so studying PPARs as
metabolic sensors may provide a better understanding of their energetic state after
differentiation and their relationship to development, differentiation, and metabolic
regulation. PPARs take part in the control of energy homeostasis by regulating glucose
metabolism and fatty acid mobilization, oxidation (PPARa and PPARPB/J), and synthesis
(PPARY) [Ehrenborg et al., 2010].

Our aim was to determine the effect of a set of molecules that could enhance the
differentiation and modulate the metabolic features of bovine (Bos taurus) bone marrow
mesenchymal cells induced toward adipogenic or myogenic lineages by determining the
mRNA expression of late differentiation markers (PPARy and MyHC) and genes related to

energy homeostasis.
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Material and methods

All procedures involving animals were approved by the Internal Committee for Use and
Care of Experimental Animals (CICUAE-UNAM from its abbreviations in Spanish). Four
male Holstein calves, less than 7 days old were used per experiment. Animals were
euthanized by stunning with a captive bolt gun followed by exsanguination.

Two experiments were carried out: the first to measure proliferation capacity, assess
mesenchymal stem cell markers, and induce differentiation into adipogenic and myogenic
lineages. The second assessed the ability of various compounds to enhance adipogenic and
myogenic differentiation of bovine bone marrow-derived mesenchymal cells (BMD-MC)
and measured changes in the expression of genes related to energy metabolism. Procedures
for cell isolation, culture, passaging, and RNA extraction were similar in both experiments

and are described first.

Cell isolation, culture, and passaging

Cell isolation was carried out with some modifications to the method used by Mahajan
and Stahl [2009]. Bone marrow was harvested from humeri and femurs and taken to a bio-
hazard hood where samples were dispersed by passage through 16-, 18- and 20-gauge
needles with isolation medium [Dulbecco’s modified Eagle’s medium with glucose
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA), 100 U/ml penicillin-G, 100 pg/ml
streptomycin, and 0.25 pg/ml amphotericin (Life Technologies, Grand Island, NY, USA)].
Dispersed bone marrow was washed by centrifugation at 450 x g for 5 min at room

temperature, the supernatant was discarded, and the pellet formed was re-suspended in
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isolation medium; this final step was repeated three times. After the last wash, the pellet
was re-suspended in basal medium (BM) [DMEM with 10% fetal bovine serum (FBS),
antibiotics, and antimycotics as above] and plated on 10- or 3.5-cm diameter culture dishes
(Corning Inc., Corning, NY, USA). Cultures were maintained at 37°C with 90% humidity
and 5% CO,. Non-adherent and hematopoietic cells were removed 24 h after plating by
washing the culture dishes with PBS and completely changing the culture medium; media
were changed every 3 d until confluence. At 70-80% confluence, cultures for cell
expansion were passaged using 0.25% trypsin (Life Technologies), counted with a
hemocytometer, and reseeded at 6.4 x 10° cells/cm? for plates of 10-cm diameter, and at 8.4
x 10° cells/cm? for plates of 3.5-cm diameter. Cultures from the initial isolation, and from
passages 3, 5, 10 and 14, used for adipogenic and myogenic differentiation were treated

with specific differentiation media when they reached 70-80% confluence.

RNA isolation

Total RNA was extracted using Trizol reagent (Life Technologies, Carlsbad, CA, USA).
The RNA concentration was assessed by absorbance at 260 nm and its purity by the 260
nm to 280 nm absorbance ratios with a Nanodrop 1000 spectrophotometer (Thermo Fisher
Scientific Inc., Wilmington, DE, USA). The integrity of RNA samples was verified by

agarose (1%) gel electrophoresis.

cDNA synthesis
Reverse transcription to cDNA was carried out using 2 pg of RNA and oligo dTs primer

with Superscript II Reverse Transcriptase (Life Technologies). To avoid genomic DNA
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contamination, RNA samples were pre-treated with DNase I (Roche, Indianapolis, IN,
USA) for 5 min at room temperature followed by incubation at 70° C for 5 min to

inactivate DNase 1.

Real time-PCR

Quantitative real time PCR (qPCR) was performed to analyze adipogenic and myogenic
potential and energy metabolism of differentiated BMD-MC.

Specific primers for target genes were designed for a) adipogenic differentiation: PPARY;
b) myogenic differentiation: myosin heavy chain (MyHC); c) energy metabolism of
differentiated adipose cells: hexokinase 2 (HK2), phosphofructokinase (PFK), adipose
triglyceride lipase/desnutrin (A7GL), fatty acid synthase (FASN), acetyl-CoA carboxylase o
(ACACa) and ACACP; d) and energy metabolism of differentiated myocytes: HK2, PFK,
ACACP, fatty acid binding protein 4 (FABP4), and PPARJ (Table 1). PCR products were
sequenced to verify primer-specific identity, and the presence of a single product of the
predicted size was observed in a 1.5% agarose gel electrophoresis. The efficiency of each
pair of primers was determined by standard curves generated from serial dilutions of pooled
cDNA [Livak and Schmittgen, 2001].

Several housekeeping genes (Table 2) were tested for their suitability to estimate relative
gene expression of target genes and analyzed using Excel’s Add-ins Bestkeeper
(http://www.gene-quantification.de/bestkeeper.html [Pfaffl et al., 2004 ]), Normfinder
(MDL, Aarhus, Denmark [Andersen et al., 2004]), and GeNorm (Biogazelle, NV, Ghent,
Belgium [Vandesompele et al., 2002]). The housekeeping genes selected were RPL13a and

YWHAZ for adipogenic differentiation, and YWHAZ and 18S for myogenic differentiation.
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Samples were run in duplicate using a Light-Cycler 2.0 Instrument and Light-cycler Fast-
Start DNA Master Sybr Green I (Roche Applied Science, Mannheim, Germany). Data were
normalized to the geometric mean of the housekeeping genes, and changes in gene
expression were calculated by the X™*“ method [Schmittgen and Livak, 2008]. Relative
mRNA levels are expressed as fold change relative to control samples that produce an X

AACt
value of 1.

Experiment 1

Proliferation capacity. The self-renewal capacity of the isolated cells was assessed by
calculating the population doublings (PD). Cells isolated from bone marrow were seeded in
triplicate on 3.5-cm diameter culture dishes in BM; at 70-80% confluence, cells were
passaged, counted, and reseeded as passage 1 at 8.4 x 10° cell/cm®. Cells from passages 1 to
15 were maintained with a fixed sub-culturing time of 5 days, counted, and reseeded (8.4 x
10° cell/cm” at each passage). Data from cell counts were used to estimate population

doublings and to construct a cumulative PD plot using the formula:

_ In(Ng/Ny)

PD \
In2

where PD is the number of population doublings, In is the natural logarithm, N¢ is the
number of cells harvested at subculture, and Ny is the number of cells initially seeded
[Freshney, 2005].

To plot a proliferation curve with the cumulative total cell number along passages, the

formula used was [Xiao et al., 2010]:

number counted at P, )

Total cell fp, = ted at P, x (
otal cell number of P, = number counted at P, total number of cells seeded
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Expression of MSC markers. Cultures used as initial controls were analyzed for the
expression of lineage markers. When isolated cells reached 70-80% confluence, total RNA
was extracted, and cDNA was synthesized. Expression of lineage markers was assessed by
conventional PCR with specific primers for MSC surface markers CD29, CD44, CD73,
CD90 and CD105, the hematopoietic cell surface markers CD34 and CD45, as well as stem
cell marker ABCG2 (Table 3).

Adipogenic differentiation. Cell cultures from isolation and passages 3, 5, 10, and 14,
were used to assess adipogenic capacity; cultures were seeded at 8.4 x 10° cells/cm” and
kept in BM. At 70-80% confluence, BM was replaced with adipogenic differentiation
medium (ADM); total RNA from cultures used as initial control was extracted at this time
point, and cultures designated as final control were maintained with BM until the end of the
treatment.

For AD, cells were treated with induction medium (IM) [DMEM supplemented with 0.5
mM 3-isobutyl-1-methylxanthine (IBMX) (Life Technologies), 0.25 pM dexamethasone,
2.5 pg/ml insulin (both from Sigma-Aldrich), 100 U/ml penicillin G, 100 pg/ml
streptomycin and 0.25 pg/ml amphotericin)]. After 24 h, IM was replaced with
differentiation medium (ADM) composed of DMEM supplemented with 5% FBS, 2.5
png/ml insulin, antibiotics and antimycotic. Cultures were treated for 28 d with complete
media changes every 3 d; at the end of the treatment total RNA was extracted from cultures
treated with ADM and from cultures maintained with BM, and cDNA was synthesized for
further qPCR analysis of the differentiation marker PPARy (Table 1) at various passages.

AACt

PPARy mRNA expression was assessed with the X method, and cultures kept in BM

were used as controls for data normalization.
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Myogenic differentiation. Three different media were tested in confluent cultures:

a) DMEM supplemented with 5% horse serum (HS) (Life Technologies), 0.1 uM
dexamethasone, 50 uM hydrocortisone (Janssen Cilag, Mexico City, Mexico), antibiotics,
and antimycotic [Gang et al., 2004];

b) DMEM supplemented with 10% FBS, 10 uM 5-azacytidine, antibiotics, and antimycotic
[Drost et al., 2009] for 24 h, and the same medium without 5-azacytidine for the rest of the
treatment period.

¢) DMEM supplemented with 2% FBS, 10 uM 5-azacytidine, antibiotics, and antimycotic
for 24 h, and the same medium without 5-azacytidine for the rest of the treatment period.

To assess differentiation, PCR was performed with oligonucleotides for myogenic factors
and markers [Pax3, Pax7, Myogenin, MEF2C, MRF4, MyoDI, Myostatin, Myf 5, Myosin
Heavy Chain (MyHC), and Desmin] (Table 4). Total RNA was extracted from cultures
from days 1 to 8 and from weeks 2 to 4. cDNA was synthesized, and PCR was performed
for myogenic factors Pax7, Myogenin, and MRF4 for each of the three media at each time
point. After selecting a specific medium, PCR was performed for Pax3, MEF2C, MRF4,
MyoD1, Myostatin, Myf5, MyHC, and desmin.

Myogenic differentiation was induced using cell cultures from freshly isolated cells and
passages 3, 5, 10, and 14. At 70-80% confluence, cell cultures were maintained in
myogenic differentiation media for 28 d with complete media changes every 3 d. At the end
of the treatment, total RNA was extracted from cultures with myogenic medium and from
control cultures maintained with BM; cDNA was synthesized for qPCR analysis of MyHC.

-AACt

To estimate the MyHC mRNA expression level with the X method, cultures kept in

BM until the end of the 28-d treatment period were used as controls for data normalization.
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Experiment 2

After establishing the optimal time point (passage) for BMD-MC differentiation into
adipocytes or myocytes (Exp. 1), we next tested compounds that could enhance
differentiation into these lineages. Cells were isolated, maintained, and passaged as
described; freshly isolated cell cultures were used for adipogenic differentiation, and cells
from the third passage were used for myogenic differentiation. Triplicate cultures were
treated with a specific compound and dose when cells reached 70-80% confluence; unless
otherwise stated, treatment continued for 28 d, until the end of the experimental period.

Adipogenic differentiation. Compounds and doses tested in cultures for adipogenic
differentiation were: rosiglitazone (Enzo Life Sciences, Plymouth Meeting, PA, USA) 1,
10, 20 pM; telmisartan (Sigma-Aldrich) 1, 10, 20 uM; conjugated c-9, t-11 linoleic acid
(CLA c-9, t-11) (Sigma-Aldrich) 10, 50, 100 uM; and sirtinol (Sigma-Aldrich) 10, 25, 50
uM. Cell cultures were treated for 10 d with complete media changes every 3 d, except for
sirtinol, which was applied only during the first 24 h of the differentiation treatment.
Control cultures treated with BM, differentiation medium, and differentiation medium plus
vehicle [0.1% ethanol or 0.5% dimethyl sulfoxide (DMSO)] were included.

Myogenic differentiation. Compounds and dosages tested in cultures for myogenic
differentiation were: bezafibrate (Sigma-Aldrich) 50, 100, 200 uM; telmisartan 1, 10, 20
uM; and sirtinol 10, 25, 50 uM (only during the first 24 h). Cell cultures were treated for 28
d with complete media changes every 3 d. Control cultures for myogenic differentiation
included: BM, differentiation medium, and differentiation medium plus vehicle (0.5%

DMSO).
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At the end of the treatment period (10 or 28 d) total RNA was extracted, cDNA
synthesized, and qPCR analysis for adipogenic (PPARy) and myogenic differentiation
(MyHC) were performed. Changes in mRNA expression of genes related to energy
metabolism were analyzed for the treatments that resulted in the greatest increase of
adipogenic or myogenic differentiation. To estimate mRNA expression level with the X~
AACt method, for adipogenic (PPARy) or myogenic differentiation (MyHC) as well as for

energy metabolism-related genes, cultures treated with differentiation media plus vehicle

were used as control samples for data normalization.

Statistical Analysis

The proliferation capacity of BMD-MC was assessed by regression analysis using data
obtained from population doublings and the total number of cells. The general linear model
procedure (GLM) from SAS [2008] was used for data analysis. Least square means + SEM
were computed and used to analyze differences between treatments. Differentiation
potentials toward adipogenic and myogenic lineages in Exp. 1 data were analyzed as a
completely randomized design with a 5 x 3 factorial arrangement (passage and treatment
media). For Exp. 2, data were analyzed as a completely randomized design with 17

treatments for adipogenic differentiation and 13 treatments for myogenic differentiation.
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Results

Experiment 1

Proliferation capacity. At the end of the experimental period, isolated cells had
undergone an estimated 16.44 PD (y = 0.79 + 1.25 x - 0.014 x*) and reached a total number
of 7.45 x 10° cells (y = 514,007 + 863,004 x — 26700 x*) (Fig. 1). First derivatives were
calculated for both regression equations to determine the theoretical value at which PD and
cell number stop increasing. Calculated values were: 28.69 PD at passage 45 (44.64) and
7.48 x 10° total cells at passage 16 (16.16).

Expression of MSC Markers. Conventional PCR for MSC markers showed that bovine
BMD-MC express MSC markers CD 29, CD44, CD73, CD90 and CDI105; stem cell
marker ABCG2; but do not express or show a very low expression of the hematopoietic
stem cell markers CD 34 and CD45 (Fig. 2).

Adipogenic differentiation. Expression of PPARy in cell cultures of BMD-MC treated
with ADM was confirmed with conventional PCR, and the product was characterized by
agarose gel electrophoresis, sequenced, and compared with sequences reported in the NCBI
database GenBank; matching sequences were: BC116098.1, NM181024.2, Y12419.1, and
AY179866.1.
qPCR for PPARy showed that freshly isolated cultures treated with differentiation media
had the highest PPARy expression (10.69 £ 1.1 fold, p < 0.0233) of all passages and
treatments (Fig. 3a). Among passages freshly isolated cell cultures also showed the highest
expression of PPARy (5.72 + 0.98 fold), which was different from passages 3, 10, and 14 (p

< 0.021) but not from expression levels observed in passage 5 (3.38 + 1.01 fold, p =
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0.0991). Overall, cell cultures from all passages treated with differentiation media showed a
greater average expression level of PPARy (3.70 + 0.49 fold) that was different (p = 0.007)
from initial control cultures (1.00 + 0.86 fold), but not from non-differentiated control
cultures kept in BM (2.69 + 0.87 fold).

Myogenic differentiation. Cells treated to promote myogenic differentiation did not
expressed Pax 7 in any of the three media used. Nevertheless, cell cultures treated with
DMEM, 5% HS, dexamethasone, and hydrocortisone expressed MRF4 after 1 day of
treatment, and expression was maintained throughout the treatment period; however, cells
cultured in the other 2 differentiation media showed no expression of this myogenic factor
at any time (Fig. 4a). Cultures that expressed MRF4 also showed expression of mRNA for
MEF2C, Myf5, MyHC (Fig. 4b) Pax3, Myogenin, , Myostatin and desmin, but not
Myod(data not showed).

qPCR for MyHC in cultures treated with DMEM, 5% HS, dexamethasone, and
hydrocortisone was performed to determine which passage displayed increased
differentiation to myocytes. As shown in Fig. 3b, the highest expression of MyHC (201.85
+ 25.95 fold) was different from all other passages and treatments (p < 0.0254), and it
occurred in cultures from passage 3 treated with myogenic differentiation medium. Cell
cultures treated with myogenic medium also showed higher expression (88.80 = 11.91 fold,
p < 0.0201) than cell cultures used as initial controls (1.07 = 20.10 fold) and non-

differentiated control cultures kept in BM (34.07 £+ 20.39 fold).
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Experiment 2
Effect of PPAR agonists on adipogenic differentiation.

During exposure to experimental compounds, cultures isolated from bovine BMD-MC
showed a heterogeneous performance among treatments and dosages; although the
formation of vacuoles of several sizes was observed in all experimental treatments, in
cultures with rosiglitazone (1, 10 and 20 uM), telmisartan (10 and 20 uM), and CLA c¢-9, t-
11 (50 and 100 uM), cells developed a rounded morphology and larger vacuoles than cells
from all other treatments, suggesting a complete adipocyte differentiation and formation of
lipid droplets.

The relative expression of PPARy determined by qPCR confirmed that this adipogenic
marker was differentially expressed in cultures subjected to the various treatments and
dosages used. High expression of PPARy was observed in cultures treated with telmisartan,
rosiglitazone, or CLA ¢-9, t-11 (Fig. 5a). Cultures treated with 20 uM telmisartan showed
the highest expression of all treatments (15.58 + 0.62 fold; p < 0.0001). Cultures treated
with rosiglitazone at 20 pM, telmisartan at 10 uM, and CLA c-9, t-11 at 100 uM had
similar levels of expression (6.94 + 0.62, 7.83 = 0.62 and 7.62 + 0.62, respectively, p >
0.3156), but they were different from all other treatments (p < 0.0140). Rosiglitazone at 1
and 10 uM resulted in PPARy expression lower than the aforementioned but greater than
the expression level found in controls (4.65 £ 0.62 and 4.42 + 0.62 respectively, p <
0.0102). Sirtinol had no effect on expression of PPARy mRNA at any dose tested (Fig. 5a).

As 20 uM telmisartan evoked the highest expression of PPARy, mRNA expression levels
for genes related to energy metabolism were assessed in cultures with 20 uM telmisartan

and compared to levels found in cultures treated with ADM only. Differences in expression
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levels were found for HK2 (1.72 £ 0.09 fold, p < 0.0001); PFK (1.43 + 0.09 fold, p <
0.0027); ATGL (29.87 £ 3.45 fold, p < 0.0001); ACACo (5.44 £ 0.48 fold, p < 0.0001), and
FASN (5.51 £ 0.31 fold, p < 0.0001), but not for ACACS (p = 0.4275) (Fig. 5b). These
results showed that in cultures grown in 20 uM telmisartan, genes related to glycolysis
(HK2 and PFK), fatty acid mobilization (A7GL), and fatty acid synthesis (ACACa and
FASN) were up-regulated, while lipolysis (ACACp) was unaffected, suggesting that
adipocytes differentiated from cattle BMD-MC have a more efficient glucose metabolism
which, besides supplying the cell’s energy needs, could provide substrates for an increased
rate of fatty acid synthesis and mobilization.

Effect of PPAR agonists on myogenic differentiation.

Morphological changes suggesting myocyte formation were not clearly observed in cells
under any of the treatments for myogenic differentiation; however, the formation of
circular-shaped cell colonies surrounded by very elongated cells (resembling myocytes)
spreading from these colonies, or the formation of vacuoles could be detected. qPCR
showed that the relative expression of MyHC was different among the treatments and doses
used. Cultures treated with 200 uM bezafibrate showed the highest MyHC expression
(73.98 = 11.79 fold), but it was similar to expression levels found with telmisartan at 10
uM (52.58 + 11.79 fold) and 20 uM (48.22 + 11.79 fold) (p = 0.2008 and p = 0.1238,
respectively) (Fig. 6a). MyHC expression levels with bezafibrate at 50 uM (42.36 + 11.79
fold) or 100 uM (36.71 £ 11.79 fold) and telmisartan at 10 uM (52.58 + 11.79 fold) or 20
uM (48.23 £ 11.79 fold) were similar (p > 0.0919). Although MyHC expression increased
slightly in cultures treated with sirtinol, these changes were not different from MyHC

expression levels found in control cultures (Fig. 6a).
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Metabolism-related gene expression was evaluated by qPCR in samples treated with
myogenic differentiation media and samples treated with bezafibrate at 200 uM, which
showed the highest expression of MyHC. All genes tested (HK2, PFK, ACACf, PPARJ and
FABP) were up-regulated (5.26 = 0.86 fold, 1.77 + 0.25 fold, 9.97 + 1.23 fold, 1.88 + 0.23
fold and 185.63 + 23.93 fold, respectively) in cultures treated with 200 uM bezafibrate

relative to control samples (Fig. 6b).

Discussion

Some authors have shown that BMD-MC are highly proliferative and can reach 30 to 50
PD before they become senescent [Colleoni et al., 2005]. Our PD value of 28.7 is close to
previously published data. In general, the PD and cumulative cell number values indicate
that BMD-MC isolated from cattle possess a proliferation capacity similar to those
observed in other species such as humans [Bonab et al., 2006], swine [Zeng et al., 2006], or
horses [Vidal et al 2006]. Nonetheless, several factors influence the proliferative potential
of these cells (individual variability, age of donor, media composition, or cell density); such
factors were not studied in the present work, because our experimental conditions already
provided bovine BMD-MC with a good proliferative capacity for the long-term culture and
because of the large number of cells required.

Also the isolated cells showed expression of the several MSC surface markers tested and
lack or have a very low expression of hematopoietic markers CD34 and CD45. This is in

accordance with previous results reported by Cardoso et al. [2012] and Cortes et al. [2013]
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whom reported expression of CD29, CD73, CD90 and CDI05 on MSC derived from
bovine umbilical cord and the expression of CD73, CD90 and CDI105 on MSC derived
from bovine bone marrow respectively. Here, we also reported the expression of CD44, a
surface marker found in MSC from several species as mouse [Gnecchi and Melo, 2009],
human [Karadz et al., 2011], swine [Zeng et al., 2006] and sheep [McCarty et al., 2009].
Along with their proliferative capacity, bovine BMD-MC had the potential to differentiate
into several cell lineages; our results showed that they are able to differentiate into
adipocytes and myocytes. In both cases, cell differentiation capacity was highest in early
passages, and this ability decreased with further passaging. This is consistent with previous
reports with human and mouse bone marrow. Kretlow et al. [2008] and Bonab et al. [2006]
reported that proliferation, adhesion, and differentiation capacity of MSC are impaired by
both increasing donor age and passage number.

Our results indicate that BMD-MC can differentiate into adipocytes, as shown by PPARy
expression. Adipogenic differentiation was previously reported for bovine BMD-MC
[Bosnakovski et al., 2005], swine [Colleoni et al., 2005], equine [Vidal et al 2006], ovine
[Eslaminejad et al., 2007], and poultry [Khatri et al., 2009]. However, the optimal time
(passage) to induce adipogenic differentiation of bovine BMD-MC had not been identified.
Our results show that these cells have the highest potential for adipogenic differentiation at
early passages, as previously reported for mice and humans.

Myogenic differentiation had been previously reported for cells isolated from bone
marrow [Colleoni et al., 2005] and umbilical cord blood [Gang et al., 2004]. Our results
show that a medium supplemented with HS, hydrocortisone, and dexamethasone can

induce bovine BMD-MC to differentiate into myocytes, as demonstrated by their
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expression of mRNA for MyHC, a terminal differentiation marker of muscle cells.
Moreover, here we report that bovine MSC induced toward myogenic differentiation
express myogenic factors: Pax3, Myogenin, MRF4, Myf5, MEF2C, and myostatin as well as
the late differentiation markers MyHC and desmin, but they do not express mRNA for Pax7
or MyoD.

MyoD is a transcription factor considered necessary to start the differentiation program of
muscle cells at the “commitment” level, and it also can induce muscle differentiation in
cells from other lineages such as fibroblasts or chondrocytes, while myogenin is considered
necessary for the final differentiation of committed cells. On the other hand, MRF4
function has been more related to proliferation and late differentiation than to the
determination of myogenic lineage, and Myf5 is related to commitment; it is known that
these myogenic factors and myogenin can also induce muscle differentiation to a certain
extent, and they can partially replace each other’s functions. In this context, Kassar-
Duchossoy et al. [2004] showed in a murine double-null model for MyoD and Myf5 that
expression of MRF4 is able to induce proliferation and differentiation of myoblasts.
Schnapp et al. [2009] were able to partially rescue myogenesis by injecting MRF4 mRNA
in zebra-fish embryos in which MyoD and Myf5 translation were blocked, but not by
injecting myogenin mRNA. Also, Xynos et al. [2010] found that hematopoietic stem cells
can express Myf5 and differentiate into myocytes without expressing Pax7 and MyoD.
Collectively, these data and our findings suggest that bovine BMD MC have, or could have,
a different expression pattern in which Myogenin, Myf5 and MRF4 are sufficient to induce
commitment and determination of these cells toward myogenic differentiation, whereas the

presence of MyoD is not mandatory as previously reported in other species.
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Differentiation improvement.

Effect on adipogenesis. After we identified basic conditions for AD and MD, we sought to
speed up these differentiation processes. Given the interrelationship between PPARs, cell
differentiation, and metabolic regulation, we tested a series of compounds for their ability
to enhance adipogenic or myogenic differentiation by increasing the expression, activity, or
both of PPARs. The selected compounds belong to different pharmacological families such
as class III histone deacetylases inhibitors, thiazolidinediones, angiotensin II receptor
antagonists; as well as natural ligands such as conjugated linoleic acid. Our aim on using
such compounds on the differentiation of BMD MSC was to identify the more effective
compounds under this in vitro conditions in order to select them for further investigation
regarding the relevance and feasibility of its use on cattle to modulate the adipogenic and
myogenic differentiation processes and hence the quality of the products obtained from
those animals.

Sirtl has been related to regulation of energy metabolism, since its up-regulation inhibits
PPARy activity and expression [Picard et al., 2004]. Here, we hypothesized that this sirtuin
inhibitor would enhance adipogenic and myogenic differentiation of bovine BMD MSC,
but our results indicate that sirtinol had no effect on adipose or myogenic differentiation of

the bovine BMD-MC. 1t is known that when PPAR v is not binding with their ligands
interacts with nuclear corepressors 1 or 2 (NCoR) and the complex formed avoid PPAR vy

interaction with its target genes. On this sense, as reported by Picard et al (2004), SIRT1

also binds with to NCoR and thus directly or indirectly inhibits PPARy activity.
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Moreover, it has been reported that the inhibition of SIRT1 activity by sirtinol or iRNA
enhance expression and activity of adipogenic enzymes like ACC [Jiang et al., 2012].
Despite these previous reports, we didn’t find a positive effect on the use of sirtinol during
differentiation of our cells; this lack of response might be due in part to our differentiation
protocol which is longer than other culture systems on which sirtinol had been used. Also,
we added sirtinol only at the beginning of the differentiation protocol and assessed its effect
at the end of this protocol, while on several other works this assessment occurs between 2
and 72 hours after the sirtinol treatment [Jiang et al., 2012; Toussirot et al., 2013].

CLA is a group of several fatty acids that can act as natural PPAR ligands; CLA c-9, t-11,
and CLA c-10, t-12 are the isomers most commonly found in dairy and meat products, and
they have been implicated in lipid metabolism regulation. In several models, CLA c-10, t-
12 was found to inhibit expression of PPARy as well as proteins related to fatty acid
anabolism and storage (carbonic anhydrase 3, CD36, GLUT4, GPDH) and adipogenesis
(C/EBPa), while CLA c-9, t-11 enhanced adipocyte differentiation and lipogenesis by
increasing expression of proteins such as PPARy, FASN, stearoyl CoA desaturase, GPDH,
and FABP4 [Platt and EI-Sohemy, 2009]. Our results show that adipose differentiation
increases in culture medium supplemented with the CLA c-9, t-11 isomer, and that this
increase is dose dependent (Fig. 5a). This is in accordance with previously reported data in
rats [Zhou et al., 2007], humans [Platt and El-Sohemy, 2009], and swine [Zhou et al.,
2008], where expression of PPARy and related genes increased.

We used rosiglitazone as a PPARy-specific ligand to test its adipogenic effect on bovine
BMD-MC. Our results indicate that the compound enhanced adipose differentiation of cell

cultures, as reported for murine [Shockley et al., 2009] and human [Ninomiya et al., 2010]
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models. Interestingly, both CLA c-9, t-11 and rosiglitazone induced adipose differentiation
to a similar extent at the highest dose tested, but rosiglitazone had a greater binding affinity
for PPARy, as shown by the doses used here.

Telmisartan showed PPAR activation properties in several human clinical and
experimental trials [He et al., 2010]. The compound has recently been recognized as a
partial agonist of this nuclear receptor family, and its binding mechanism to PPARy has
been elucidated [Amano et al., 2012]. We tested its ability to enhance adipogenic
differentiation (through PPARy). Our results showed that telmisartan induces adipose
differentiation of bovine BMD-MC to a greater extent than that found for rosiglitazone.
Also, the level of PPARy expression increases in a dose-dependent manner. In this sense,
the activation of a PPAR-responsive reporter gene construct on CV 1 cells has been
reported with telmisartan concentrations ranging 5-20 uM, as well as the partial
adipogenesis of C3H10T 1/2 and 3T3 L1 at a dosage of 10 uM (Erbe et al., 2006). Tagami
el al. (2009) found that telmisartan 10 uM induced at least 35% activation relative to that
induced by troglitazone and pioglitazone in wild type TSA-201 cells, and this activity was
retained in PPAR y mutants, while troglitazone and pioglitazone activities were highly
impaired.

Effect on myogenesis. As an acknowledged partial agonist to PPARs, we also tested
Telmisartan’s ability to induce myogenesis, to our knowledge this is the first report that this
compound increases MyHC expression in cattle BMD-MC, and this effect may be due to its

ability to activate either PPARa or PPARS or both.
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Bezafibrate is a synthetic pan-PPAR ligand. Through activation of PPARa, and the
transcription or silencing of its target genes, the main effects of bezafibrate are increased
lipolysis, B-oxidation, and clearance of triglyceride-rich lipoproteins, and decreased de
novo fatty acid synthesis [Goldenberg et al., 2008]. By activating PPARS, fatty acid
oxidation, energy metabolism, and adaptative thermogenesis are enhanced [ Tenenbaum and
Fisman, 2012]. Here we found that among the compounds tested, bezafibrate induced the
highest expression of MyHC. We hypothesize that the increased expression of MyHC
mRNA by both bezafibrate and telmisartan is due to direct activation of PPARa and
PPARS, which modulates subsequent transcription of myogenic factors. In this context
Gaudel et al. [2008] reported that treatment with GW0742, a PPARS agonist, led to a
transient increase of myogenic factors MyoD1 and Myf5 in tibialis anterior muscles of
mice. Moreover, Bonala et al. [2012] found that PPARS activation with the specific ligand
L165041 increases proliferation of the muscle cell line C2C12 as well as its differentiation.
They found increased expression of mRNA for the myogenic factor MyoDI and Myogenin
and an increase of MyHC protein. Also, the Growth and differentiation factor associated
serum protein-1 (Gasp 1) has a PPRE in its promoter region, identifying it as a target of
PPARS. Gaspl interacts with myostatin, inhibiting its signaling and thereby allowing the
proliferation and differentiation of muscle cells.

Moreover, given that our results showed no expression of MyodlI, but cells expressed
MyHC (a terminal differentiation marker for muscle lineage) and several myogenic
transcription factors involved in lineage determination and differentiation. We performed a
search for putative transcription factors binding sites using the software tool for genome “in

silico” analysis PROMO 3.0 [Messeguer et al., 2002; Farré et al., 2003] for either PPARs
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and myogenic factors. Promoter region (3,000 bp upstream of the origin of transcription) of
MyHC and myogenic factors analyzed possess several putative transcription factor binding
sites for both, the myogenic factors expressed and PPARs (Table 5), and given that these
myogenic factors can substitute each other roles as aforementioned this could explain that
even though we didn’t find Myod1 expression, cells undergone terminal differentiation and

expressed MyHC.

Effects of PPAR agonists on energy metabolism.

After treating cells with several PPAR ligands to promote differentiation, we selected the
treatment with the highest expression of PPARy or MyHC for adipogenic and myogenic
differentiation, respectively, for further analysis to determine the energy metabolism status.
Our results indicated that bovine BMD-MC differentiated into adipocytes and treated with
telmisartan have a more efficient glucose metabolism that can fulfill the cell’s energy needs
and also supply substrates for the increased rate of fatty acid synthesis and mobilization.
The increased HK2 gene expression indicates a higher uptake of glucose available for
glycolysis, and it has been reported that glucose also can up-regulate ACAC and FASN in
adipose tissue [Foufelle et al., 1996]. In 3T3-L1 adipocytes, telmisartan increases
expression and translocation of GLUT4 to the plasma membrane through PPARy
[Furukawa et al., 2011], which can explain a higher glucose uptake by treated cells. PFK, a
key enzyme in the glycolytic pathway, is also regulated by PPARy and increased levels of
PFK can induce fat deposition in mice and in the 3T3-L1 cell line [Huo et al., 2012]. Our
results showed an up-regulation of PFK expression in response to telmisartan treatment, but

its relative expression was lower than that of HK2. This implies that, although glucose
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uptake is increased, not all of the glucose enters the glycolytic pathway; instead, there can
be a surplus that can be driven to alternate pathways such as the pentose phosphate
synthesis pathway. Hence, during telmisartan treatment, glucose metabolism will generate
both the energy (ATP) and substrates (acetyl CoA and NADPH) needed for de novo fatty
acid synthesis. Regarding lipid metabolism of telmisartan-treated cells, we found an
increase of ACACa and FASN, key enzymes for de novo fatty acid synthesis; the first
catalyzes the ATP-dependent carboxylation of acetyl-CoA forming malonyl-CoA, which is
the substrate for FASN-catalyzed synthesis of palmitate. ATGL catalyzes the first and rate-
limiting step for the complete hydrolysis of triglycerides, and its transcription may be up-
regulated during adipose differentiation by PPARy and FoxOl1 [Lass et al., 2011]. This
gene was also up-regulated during telmisartan treatment. ACACP regulates fatty acid
metabolism, whose end product malonyl-CoA is a potent inhibitor of carnitine
palmitoyltransferase-1 (CPT-1), the enzyme responsible for the uptake of fatty acids into
mitochondria. These effects on characteristics of lipid metabolism in bovine BMD-MC
treated with telmisartan suggest that these cells have increased de novo fatty acid synthesis
(ACACa and FASN) and an increased rate of lipolysis (ATGL), while fatty acid oxidation
remains unaffected. Possible implications of this outcome are that these cells have a more
active energy metabolism, their glucose uptake and utilization is more efficient, and their
fatty acid synthesis and mobilization are up-regulated.

For cells differentiated into myocytes and treated with bezafibrate, the increased
expression of glycolytic (HK2 and PFK), fatty acid transport (FABP), and fatty acid
catabolic (ACACp) enzymes, all of which are regulated by PPARJ, also points to an

enhanced energy metabolism. Taken together, the expression levels of these genes suggest

70



a rearrangement of several metabolic pathways involved in uptake, storage, and use of
energetic substrates in bovine BMD-MC differentiated to myocytes and treated with
bezafibrate. However, the greater change of HK2 expression relative to that found for PFK
indicates that, even with the increased glycolysis rate, a surplus of phosphorylated glucose
could be generated, and this also can be driven to alternate pathways such as glucogenesis
and pentose synthesis. The observed increase of FABP suggests an enhanced fatty acid
uptake by the bezafibrate-treated cells, while the PPARJ increase indicates that utilization
of fatty acids for oxidation is higher than in controls. Nonetheless, ACACS increased
notably in bezafibrate-treated cultures. At first glance, this outcome seems to contradict the
increases of FABP and PPARJ expression (indicators of a higher fatty acid catabolism)
given that, under normal conditions, ACACp inhibits CPT7-1 and therefore fatty acid
oxidation. However, the higher level of glycolysis in the treated cells can explain this
outcome, because ACACa and ACACP are activated by citrate (a glycolytic metabolite)
and therefore, the main result will be fatty acid synthesis in adipose tissue (via ACACa) or

inhibition of fatty acid oxidation in muscular tissue (via ACACp).

Conclusions

Bovine BMD-MC can be induced to differentiate toward adipogenic and myogenic

lineages most readily at early passages. In addition, PPAR ligands (telmisartan and

bezafibrate) are possible tools for increasing cell differentiation, and they activate the

energy metabolism of the differentiated cells.
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Figure Legends

Fig.1 Cumulative cell doublings and cumulative total cell number of bovine BMD-MC,
kept under a fixed subculturing time of 5 d over the course of 15 passages. Symbols (O,
O, <&, A) indicate data acquired from individual animals (n = 4); continuous line displays
the estimated values of the equation obtained from regression analysis (p < 0.0001) for
cumulative cell number (a) and cumulative cell doublings (b) at each passage (n = 4).

Fig.2 Agarose gel electrophoresis (1%) of PCR products from RT-PCR reactions from
bone marrow-derived MSC from 2 animals. PCR products for mesenchymal stem cell
markers CD44 (a); CD90 (b); CD29 (c); CD73 (d); CDI105 (e); ABCG2 (f) and
hematopoietic stem cell surface markers CD34 (g) and CD45 (h); negative control of PCR

(no cDNA template) (i); and positive control of PCR ( 3 -actin) (j) were added; MW 1k bp

Molecular weight marker.

Fig.3 Relative expression of mRNA for PPARy and MyHC in bovine BMD-MC induced to
differentiate, a) PPARy expression in cells from freshly isolated cultures and at passages 3,
5, 10, and 14. b) Expression of myosin heavy chain (MyHC) in cells obtained at isolation
and passages 3, 5, 10 and 14. IC = Initial control (RNA extracted at confluence). NDF = no
differentiation control (maintained in basal media); ADM = adipogenic differentiation
medium, and MDM = myogenic differentiation medium. Results are expressed as least
square means = SEM (n = 4). a, b, ¢ used to identify significant differences.

Fig.4 Agarose gel electrophoresis (1.5%) of PCR products from cattle bone marrow-
derived MSC under myogenic differentiation. a) Expression of myogenic factor MRF4

mRNA along different time points of myogenic differentiation and treated with three
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differentiation media; a to i: day 0 to day 8 of treatment; j to I: week 2 to 4 of treatment; m
positive control (cDNA from cattle muscle); n: 8 actin (PCR control). b) Expression of
MEF2C, Myf5 and MyHC mRNA in cattle bone marrow-derived MSC during myogenic
differentiation; a to i: day O to day 8 of treatment; j to I: week 2 to 4 of treatment; m: no

cDNA template (PCR reaction negative control); n: [ actin (PCR reaction positive

control). MW: 100 bp molecular weight marker.

Fig.5 a) Expression of PPARy in bovine BMD-MC treated to enhance adipogenic
differentiation. ADM = adipogenic differentiation medium; IC = initial control (RNA
extracted at confluence); NDF = no differentiation control (cell cultures maintained in basal
media); DMSO = ADM + 0.5% dimethyl sulfoxide; ethanol = ADM + 0.1% ethanol; Sirt =
ADM + sirtinol (10, 25, or 50 uM); CLA = ADM + conjugated c-9, t-11 linoleic acid (10,
50, or 100 uM); Tel = ADM + telmisartan (1, 10, or 20 uM); Ros = ADM + rosiglitazone
(1, 10, or 20 uM). Data are expressed as least square means £ SEM (n = 4). Different letters
indicate significant differences between columns (p < 0.05). b) Expression level of energy
metabolism-related genes in bovine BMD-MC differentiated into adipocytes treated with
either  ADM or ADM + 20 pM telmisartan. HK = hexokinase 2; PFK =
phosphofructokinase; ATGL = adipose triglyceride lipase; ACACa = acetyl CoA
carboxylase o ACAC B = acetyl CoA carboxylase ; FASN = fatty acid synthase.
Significant differences indicated by ** (p = 0.0027) and *** (p < 0.0001).

Fig.6 a) Expression of MyHC in bovine BMD-MC treated with compounds to enhance
myogenic differentiation. MDM = myogenic differentiation medium; IC = initial control

(RNA extracted at confluence); NDC = no differentiation control (cultures maintained in
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basal medium); DMSO = MDM + 0.5% Dimethyl sulfoxide; Sirt = MDM + sirtinol (10, 25,
or 50 uM); Tel = MDM + telmisartan (1, 10, or 20 uM); BZ = ADM + bezafibrate (50, 100,
or 200 uM). Data are expressed as least square means = SEM (n = 4). Different letters
indicate significant differences between columns (p < 0.0591). b) Relative expression of
energy metabolism-related genes in bovine BMD-MC differentiated into myocytes treated
with either MDM or MDM + bezafibrate 200 uM. HK = hexokinase 2; PFK =
phosphofructokinase; ACACa = acetyl CoA caboxylase a; PPARO = peroxisome
proliferator activated receptor &; FABP = fatty acid binding protein. Significant differences

are indicated by * (p <0.05), ** (p <0.001) and *** (p <0.0001).
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Table 1. Primers designed to assess expression of metabolism-related genes.

Gene Accession Oligonucleotide sequence Product Product
number Forward/Reverse size (bp) type

PPARy NM 181024.2 F: 5’ catcttccaggggtgtcagt 186 qPCR
R: 5’ ggatatgaggaccccatcct

PPARy NM 181024.2 F: 5° gacttgaacgaccaagtaactc 511 PCR
R: 5’ ctctgctaatacaagtccttgtag

HK2 XM _002691189.1 F: 5’ caccaactgattgctccgtce 101 qPCR
R: 5’ taccaaccgccctaagactg

PFK NM_001080244.1 F: 5’ ccgacgctgcectatgtctteg 173 qPCR
R: 5’ cagtcaaacacgcccttgee

ATGL FJ897536.1 F: 5’ tgtccttcaccatccgettgetce 99 gPCR
R: 5’ ccagcttcctettggegegta

FASN NM_001012669.1 F: 5’ aactgcatcgacaccgtgacc 161 qPCR
R: 5’ ccecegatcaccttcttgage

ACACa NM 174224.2 F: 5’ ctettccgacaggttcaage 144 qPCR
R: 5’ taatcttctgatgectgcegttg

ACACB NM_001205333.1 F: 5’ ccatccggttcgtagtca 116 qPCR
R: 5’ tctacaatcagctccacgtt

FABP4 NM 174314.2 F: 5’ acaggaaagtcaagagcatc 121 qPCR
R: 5’ acattccagcaccatcttat

PPAR6 NM _001083636.1 F: 5’ ggtgaccctgetcaagtacg 178 gPCR
R: 5’ acttgacggcaaactcgaac
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Table 2. Primers designed for gPCR housekeeping genes.

Gene Accession Oligonucleotide sequence  Product Product
number Forward/Reverse size (bp) type

18§ NR 036642.1 F: 5’ ggagcgatttgtctgggtta 214 gPCR
R:5’gtagggtaggcacacgctga

RPLI3a NM 001076998.1  F:5’° ctgccccacaagaccaage 188 gPCR
R: 5’ tggttccagcecaacctcea

YWHAZ NM 174814.2 F: 5’ cggacacagaacatccagt 243 gPCR
R: 5’ ttttctcageacctteegtet

PPIA XM 0012529121.1 F:5’agcactggggagaaaggatt 247 gPCR
R:5’agccactcagtcttggcagt

EFla XM 003587615.1  F: 5’ tgeecttetgtettacacc 147 gPCR

R:5’cacaaatgctaccgtgtcg
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Table 3. Primers designed to assess expression of stem cell markers.

Gene Accession Oligonucleotide sequence Product Product
number Forward/Reverse size (bp) type

CD29 XM 005214148.2 F: 5’ gacacgcaagaaaatccgat 89 PCR
R: 5’ accggcaatttagagacca

CD44 NM _174013.2 F: 5’ cggacctgcccaatgectttga 226 PCR
R: 5’ tgcacagttgggaggtgcgt

CD73 BT026240.1 F: 5’ ttctcaacagcagcatccca 122 PCR
R: 5’ cagtgccatccagatagaca

CD90 NM_001034765.1 F: 5’ tgccgattgtgcgggaagea 198 PCR
R: 5’ tttgececttetggegacggt

CDI05 NM _001076397.1 F: 5’ ccatcaaaagcctgaccttcgg 138 PCR
R: 5’ agtctgatgaccacctegtt

ABCG2 NM 001037478.2 F: 5’ agcagcccttcggcettccaa 218 PCR
R: 5’ agccagttgtgggctcateca

CD34 NM_174009.1 F: 5’ cagccaccagagctattcce 131 PCR
R: 5’ cccagectttctccggttg

CD45 BC148881.1 F: 5’aagctgcgecaggagggtaaacg 206 PCR

R: 5’ tgtgeetecacctgeaccat
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Table 4. Primers designed for myogenic differentiation markers.

Gene Accession Oligonucleotide sequence Product Product
number Forward/Reverse size (bp) type

Pax7 XM 002685738.1  F: 5’ aagaaagccaagcacagcat 204 PCR
R: 5’ getectetegggtgtagatg

Pax3 NM 001206818.1  F: 5’ ccagagggcaaagcttacag 194 PCR
R: 5’ ggaatagctgtgggctggta

Miogenin  FJ979804.1 F: 5’ gggcgtgtaaggtgtgtaag 267 PCR
R: 5’ gegetctatgtactggatgg

MEF2C NM 001046113.1  F: 5’ tattccaccaggcagcaaga 158 PCR
R: 5’ tatcctcecateccttgtee

MyoDI NM 001040478.2  F: 5’ caacagcggacgacttct 128 PCR
R: 5’ cagggaagtgcgagtgtt

MRF4 AB110601.1 F: 5’ attaactacatcgagcggttg 197 PCR
R: 5’ ttecttggeagttatcacgag

Mpyostatin ~ AF019761.1 F: 5' cctgaatccaacttaggcat 169 PCR
R: 5’ gttcatcacaatcaagcccaa

Myf5 NM 174116.1 F: 5’ ctaatggaattggcagtcac 247 PCR
R: 5’ ctacttttgctccacatacaca

MyHC AB059399.2 F: 5’ tgcagccatgagttcagaccagga 219 PCR, gPCR
R: 5’ gttactgtcgecccagecteg

Desmin NM_001081575.1 F: 5’ ccaacaagaacaatgacgctct 157 PCR

R: 5’ ctcactagcaaageggtcct
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Table 5. Putative transcription factor binding sites in the promoter region of genes related to muscle differentiation of cattle.

Type Transcription Factor Gen

Pax-3  Myogenin MRF-4 Myf-5 MEF2C MyoD  MSTN MyHC Desmin

PPARs PPAR-a. "3 + + + + + n n n n
PPAR-0:RXR-0. + - - - + + + +
PPAR-y >* + + + + + n n n n
PPAR-y:RXR-a.* + + + + + + + + +
Myogenic Pax-3 %33 + + + + + + + +
Transcription Myogenin "> + + + + + + + + +
Factors MRF-4° + +
Myf-5° + + + + + ¥
MyoD 2,3,4,5 + + + + + + + + +
MEF2C >3 + + + + + + + n +

) . 2 . 4 s . . . .
Rattus norvegicus; > Homo sapiens; > Mus musculus; * Xenopus laevis; > Gallus gallus. Minimum similarity percentage for
each consensus sequence is 85%.
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5. DISCUSION

Diferentes estudios han mostrado que las células troncales mesenquimales (CTM) son
altamente proliferativas y pueden alcanzar de 30 a 50 duplicaciones celulares antes de
entrar en senescencia (Colter et. al., 2000; Colleoni et. al., 2005). Los resultados obtenidos
en este trabajo para el numero de duplicaciones celulares y el numero total de células
indican que las CTM obtenidas de médula 6sea de bovino poseen una capacidad de
proliferacion similar a la observada en humanos (Bonab et al., 2006; Schallmoser et al.,
2010; Cheng et al., 2011), cerdos (Zeng et al, 2006; Comite et al., 2010) o equinos (Vidal
et al., 2006; Colleoni et al., 2009; Vidal et al., 2012). Sin embargo, diversos factores
pueden influir sobre dicha capacidad de proliferacion en estas células, incluyendo, entre
otros, la variabilidad individual, la edad del donador, la composicion del medio o la

densidad de cultivo.

Se ha reportado que la variabilidad individual puede afectar la capacidad de proliferacion
de las CTM. En ovejas, Rhodes et al. (2004) reportaron que la capacidad de proliferacion
de CTM de médula 6sea obtenidas de animales de diferente edad y raza presentaron un
amplio rango de tiempo en cultivo, de 13 a 230 dias, para alcanzar un nimero fijo de
células totales (45 x 10° células) sin una correlacion estadistica significativa entre la tasa de
proliferacion con la edad (p = -0.57) o la raza (p = 0.64). Schallmoser et al. (2010)
reportaron que las CTM humanas pueden entrar en senescencia cuando estas alcanzan entre
14.5 y 19.6 duplicaciones celulares (entre el pase celular 9 y 14) mientras que Cheng ef al.
(2011) reportaron que las CTM alcanzan la senescencia a las 33 duplicaciones celulares
(pase celular 13). Estos datos concuerdan con los resultados obtenidos en el presente
trabajo en lo que se refiere a la capacidad de proliferacion de las CTM a largo plazo.
Asimismo, se ha sugerido que bajo las condiciones de cultivo usadas en este trabajo,
después de ser aisladas y durante la formacion de colonias, las CTM pueden tener entre 7 y
15 duplicaciones celulares (Wagner et al., 2009; Vidal et al., 2012). En CTM obtenidas de
humanos de pases celulares tempranos y tardios mantenidos por periodos de cultivo

prolongados se han reportado cambios en el perfil de expresion génica que semejan a los
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perfiles de expresion de donadores jovenes o ancianos (Wagner et al., 2009; Schallmoser et

al., 2010).

Los componente del medio como factores de crecimiento, vitaminas, nutrientes o
metabolitos, pueden modificar la capacidad de proliferacion y diferenciacion de las CTM.
Se ha reportado que el Factor de Crecimiento de Fibroblastos 2 (FGF-2) incrementa la tasa
de proliferacion de las CTM (Bianchi et al., 2003), mientras que el Factor de Crecimiento de
Hepatocitos (HGF) inhibe la proliferacion pero promueve la migracion y diferenciacion de
las CTM hacia cardiomiocitos (Forte et al., 2006). El acido lactico, un metabolito celular,
se ha relacionado con una disminucion de la capacidad de proliferacion de las CTM asi
como con la modificacion de la capacidad de diferenciacion de estas células; en este sentido
Chen y Tan (2009) reportan que en CTM derivadas de conejo concentraciones de 15mM de
acido lactico y un pH menor a 7.2 disminuyen el potencial de proliferacion celular y de
diferenciacion hacia los linajes osteogénico y condrogénico, mientras que incrementa la

diferenciacion adiposa.

Componentes del medio como la glucosa y su concentracion en este pueden modificar la
capacidad proliferativa de las CTM, Cramer et al. (2010) en células troncales derivadas de
tejido adiposo reportaron que concentraciones de glucosa mayores a 500 mg/dL (27.75
mM) inhibe la capacidad de las células para formar colonias e incrementa el nimero de
células senescentes. Este mismo grupo también reportd que concentraciones de 250mg/dL
(13.88 mM) incrementan la expresion de genes proapoptdticos como p53, caspasa 3 y
caspasa 8. Estos datos son apoyados también por los resultados de Lo et al. (2011), quienes
encontraron que a concentraciones de glucosa menores a 135 mg/dL (7.49 mM) mejoran su
potencial de proliferacion y diferenciacion, mientras que disminuye la expresion de p16 asi

como la actividad de la B galactosidasa, ambos, indicadores de senescencia celular.

En este sentido, la busqueda del medio mas adecuado para las CTM es un éarea de
investigacion activa; Dhanasekaran et al. (2013) por ejemplo, estudiaron diferentes medios

disponibles comercialmente (DMEM-LG, a-MEM, DMEM F12 y DMEM KO) en CTM
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humanas derivadas de médula 6sea y encontraron que los medios mas adecuados son

DMEM-LG y a-MEM para el cultivo prolongado de estas células.

La densidad de cultivo celular es otro factor que afecta la capacidad de proliferacion y
diferenciacion de las CTM. Se ha reportado que células a baja densidad pueden alcanzar un
mayor nuamero de duplicaciones celulares. Colter et al. (2000) reportaron que células
sembradas a una baja densidad (< 5 células/cm?) alcanzan 50 duplicaciones celulares,
mientras que células sembradas a densidades mayores solo alcanzaron 15 duplicaciones
celulares. Por otro lado se ha sugerido que densidades de siembra mayores a 2,000 células/
cm’ presentan una capacidad de proliferacion mas variable y en general menor
(Zimmerman et al., 2003); sin embargo Colleoni ef al. (2005) reportaron que en CTM de
bovino y cerdo estas células pueden alcanzar, respectivamente, entre 50 y 40 duplicaciones

celulares con densidades de cultivo de 5,000 células/cm?.

Con esta informacion es posible que, bajo las condiciones experimentales usadas en este
trabajo, las CTM de bovino no se encontraran bajo condiciones de cultivo Optimas, sin
embargo, los resultados obtenidos indican que las CTM de bovino tienen una buena
capacidad proliferativa que estd en concordancia con datos publicados previamente para

este tipo de células.

La capacidad de cultivar y expandir el nimero de CTM por amplios periodos de tiempo
permite que éstas puedan ser usadas en diferentes aplicaciones que requieren el uso de gran
cantidad de células. Dentro de los posibles usos de las CTM se pueden incluir tecnologias
de transferencia nuclear como la clonacion (como células donadores de nicleo) de animales
de calidad superior o de especies en peligro de extincion (Jang ef al., 2011; Berg et al., 2007,
Williams et al., 2006) asi como para la produccion de carne en condiciones in vitro (Bhat y
Fayaz, 2011; Langelaan et al., 2010; Mironov et al., 2009). Estas nuevas aplicaciones abren un
campo de investigacion en areas como la biologia celular y la ingenieria de tejidos para el
establecimiento de las condiciones Optimas de cultivo (componentes y concentracion de

estos en el medio, densidad celular, concentracion de CO; y requerimientos de citocinas,
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hormonas y factores de crecimiento) y sistemas de cultivo y diferenciacion a mayor escala

de las CTM de bovino.

Ademas de su capacidad de proliferacion, las CTM tienen el potencial de diferenciarse a
diferentes linajes celulares. Los resultados del presente trabajo muestran que las CTM de
bovino derivadas de medula 6sea son capaces de diferenciarse hacia adipocitos y miocitos.
En ambos casos esta capacidad de diferenciacion es mayor en pases celulares tempranos y
disminuye con los pases posteriores. Estos resultados son consistentes con reportes previos
que indican que la mayor capacidad de diferenciacion celular se encuentra en los pases
celulares tempranos y que dicha capacidad disminuye en los pases tardios o a densidades de
cultivo elevadas en CTM de médula 6sea de humano (Cheng ef al., 2011; Bonab et al.,
20006), raton (Kretlow et al., 2008) y mono rhesus (Izadpanah et al., 2005). Asimismo,
Kretlow et al. (2008) reportaron que la capacidad de proliferacion, adhesion y
diferenciacion de las CTM es afectada tanto por la edad del donador como el pasaje,
encontrando estas capacidades alteradas cuando comparé cultivos del primer y sexto pases
celulares de donadores jovenes y viejos. Bonab et al. (2006) también encontraron cambios
en la capacidad de diferenciacion de CTM de humano reduciéndose la capacidad
adipogénica de las CTM en un 10% para el sexto pase celular y en un 60% para células del

décimo pase celular.

Para la diferenciacion adiposa, los resultados del presente trabajo indican que las CTM
derivadas de médula 6sea de bovinos poseen esta capacidad, debido a la expresion del
Receptor Activado por Proliferadores de Peroxisomas y (PPARYy) en estas células. Esta
capacidad ha sido reportada previamente para las CTM de bovino por Bosnakovski et al.
(2005) y Colleoni et al. (2005) asi como para otras especies como cerdos (Bosch et al.,
2006; Colleoni et al., 2005), equinos (Vidal et al., 2006), ovinos (McCarty et al., 2009;
Eslaminejad et al., 2007) y aves (Khatri et al., 2009). Sin embargo, en la informacion
disponible actualmente no se ha identificado el tiempo Optimo (pasaje) para inducir la

diferenciacion adiposa de las CTM de bovino.
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Por otro lado McCarty et al. (2009), reportaron que en CTM obtenidas de ovinos y sujetas a
diferenciacion adiposa, la expresion de PPARY, leptina y lipoproteia lipasa (LPL) es tiempo
dependiente, encontrando que la expresion de leptina incrementaba con el tiempo de
cultivo, mientras que la expresion de LPL y PPARY se incrementaba drasticamente hasta el
dia 12 de cultivo y disminuia gradualmente hasta el dia 30 de cultivo a niveles similares a
los de los cultivos no tratados. Rallapalli ez al. (2009) en MSC de humano reportaron datos
similares, indicando que la expresion de la proteinas de unién al promotor CCAAT P
(C/EBPp) es mayor en el dia 1 de tratamiento, PPARYy se expresa del dia 1 a 9 y que la
expresion de LPL alcanza su maximo al dia 7 de tratamiento y se mantiene en niveles altos
por el resto del tratamiento. En este sentido Berg et al. (2007) encontraron que en CTM de
ciervo (asta) el 99% de las células tratadas se diferencian y que los niveles de expresion de

PPARy y gliceraldehido-3-fosfato deshidrogenasa (GAPDH) aumentan 2 y 3 veces.

Los resultados de este trabajo indican que el mayor potencial de diferenciacion de estas
células se encuentra en los pases celulares tempranos (las células obtenidas en el
aislamiento presentaron la mayor expresion de PPARy) como previamente se habia
reportado para el caso de células obtenidas de CTM humanas y de raton (Kretlow et al.,

2008; Bonab et al., 2006).

Investigaciones previas han reportado la capacidad de diferenciacion miogénica de CTM
aisladas de médula 6sea (Akavia et al., 2008; Dezawa et al., 2005; Colleoni ef al., 2005) y
de cordon umbilical (Gang et al., 2004). Los resultados aqui reportados muestran que las
CTM derivadas de médula 6sea de bovino pueden ser inducidas a diferenciarse hacia
miocitos con el uso de un medio suplementado con suero equino, hidrocortisona y
dexametasona. Demostrando esta diferenciacion mediante la expresion de Cadena pesada
de miosina (MyHC), un marcador de diferenciacion terminal de las células musculares. En
contraste, estas mismas células no fueron capaces de diferenciarse al linaje miogénico con
el uso de 5’azacitidina, lo cual difiere de resultados previos en CTM de rata (Akavia et al.,
2008, Hou et al., 2008), raton (Shiota et al., 2007) humano (Drost et al., 2009; Zhang et al.,
2009), cerdo (Moscoso et al., 2005; Colleoni et al., 2005) y bovino (Colleoni et al., 2005)

en los que se encontro la diferenciacion de estas células a musculo esquelético o cardiaco.
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Asimismo, en este trabajo se reporta que las CTM de bovino inducidas a la diferenciacion
muscular expresan los factores miogénicos: Myf5, MRF4, miogenina, MEF2C vy
Miostatina, asi como los marcadores de diferenciacion desmina y MyHC pero no mostraron

la expresion de Pax7 y MyoD.

En este sentido, MyoD es un factor de transcripcion considerado necesario para el inicio del
programa de diferenciacion de las células musculares, al nivel de compromiso celular y que
puede inducir la diferenciacion de células pertenecientes a otro linaje tales como
fibroblastos o condrocitos, mientras que la proteina miogenina se considera necesaria para
la diferenciacion terminal de las células comprometidas (Berkes y Tapscott, 2005).
Diferentes investigaciones, bajo diversas condiciones experimentales, concernientes a la
diferenciacion de células troncales hacia el linaje muscular han encontrado la expresion de
MyoD en las células diferenciadas (Gang et al., 2004; Dezawa et al., 2005; Shiota et al.,
2007; Gekas et al., 2010). Esto se debe a que MyoD regula positivamente los genes
premiogénicos Meox1, Pax7, Six1 y Eya2 asi como los genes de miogenina, MEF2C y
Myf5 en mioblastos para inducir la diferenciacion de los precursores musculares
(Gianakopoulos ef al., 2011). Ademas, Shang ef al. (2007), en CTM derivadas de médula
Osea de rata determind que el patron de expresion a través del tiempo para los diferentes
factores miogénicos es el siguiente: Pax3 (dia 0), Pax7 (dia 2), Myf5 and MyoD (dia 4) y
MRF4, Miogenina y MyHC (dia 6).

Si bien la funcion del factor miogénico MRF4 ha sido mayoritariamente relacionada con la
proliferacion (Jin et al., 2007) y diferenciacion terminal que con la determinacion del linaje
muscular y Myf5 esta principalmente relacionado al compromiso celular; se sabe que estos
factores miogénicos y la miogenina también pueden inducir la diferenciacion muscular
hasta cierto punto, e incluso entre estos tres factores pueden reemplazar parcialmente sus
funciones (Berkes y Tapscott, 2005). En este contexto, Kassar-Duchossoy et al. (2004) en
un modelo de ratén doble nulo para MyoD y Myf5 demostraron que la expresion de MRF4
es capaz de inducir la proliferacion y diferenciacion de mioblastos. Schnapp et al. (2009)
fueron capaces de rescatar parcialmente la miogénesis en embriones de pez cebra mediante

la inyeccion de RNA mensajero de MRF4 en los cuales la transcripcion de MyoD y Myf5
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estaba bloqueada, mientras que la inyeccion de RNA mensajero de miogenina no logro
rescatar la miogénesis. También Xynos et al. (2010) en células troncales hematopoyéticas
encontraron que estas células pueden expresar Myf5 y diferenciarse a miocitos sin la
expresion de Pax7 y MyoD. En conjunto estos datos y los reportados en el presente trabajo
sugieren que las CTM de médula 6sea de bovino tienen, o pueden tener, un patréon de
diferenciacion muscular diferente en el que la expresion de Myf5 y MRF4 son suficientes
para inducir el compromiso y determinacion de estas células hacia la diferenciacion
muscular, en lugar de la presencia obligatoria de MyoD como se ha reportado para otras

especies.

El mejorar la capacidad de diferenciacion de las CTM hacia linajes especificos es un area
activa de investigacion tanto en la biologia de células troncales como en la ingenieria de
tejidos. Los diferentes hallazgos en estas areas pueden llevar al desarrollo de nuevas
tecnologias ttiles también para la produccion animal. En este sentido, y dada la relacion de
los PPARs con la diferenciacion celular y la regulaciéon metabodlica, en este trabajo se
evaluaron una serie de compuestos [sirtinol, rosiglitazona, telmisartan, acido linoleico
conjugado 9-cis, 1l1-trans (CLA 9Z, 11E) y bezafibrato] que pudieran mejorar la
diferenciacion adiposa y muscular de estas células mediante el incremento de la expresion,
actividad o ambas de estos factores de transcripcion. Los resultados del presente trabajo
indican que la capacidad de diferenciacion adiposa de las CTM puede incrementarse
mediante el uso de rosiglitazona, telmisartan o CLA 9Z, 11E, mientras que el telmisartan y
el bezafibrato mejoran la diferenciacion muscular. Siendo el telmisartan y el bezafibrato los
compuestos que indujeron la mayor expresion de PPARy (indicador de diferenciacion

adiposa) y MyHC (indicador de diferenciacion muscular) respectivamente.

El sirtinol es un compuesto que inhibe la actividad de las desacetilasas de histonas
dependientes de NAD de clase III, también denominadas sirtuinas. Dentro de este grupo de
enzimas, Sirtl se ha relacionado con la regulacion del metabolismo de energia,
encontrandose que la sobreexpresion de ésta inhibe la actividad y expresion de PPARy
(Picard et al., 2004). Estas acciones de Sirtl sobre PPARy y por lo tanto en la

diferenciacion adiposa y la lipogénesis, se han reportado en adipocitos de humano (Costa
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Cdos et al., 2011) y cerdo (Shan ef al., 2009) asi como en CTM de raton (Béckesjo et al.,
2006). También, Jiang et al. (2012) reporté que el sirtinol puede incrementar la tasa de
lipogénesis en adipocitos diferenciados sin afectar la tasa de lipdlisis en estas células. En
este trabajo se propuso que el uso de un inhibidor de las sirtuinas podria mejorar la
diferenciacion adiposa y muscular de CTM de bovino, sin embargo, los resultados de este
mostraron que el sirtinol no tiene efecto en la diferenciacion adiposa o muscular de estas

células.

El 4cido linoleico conjugado (CLA) es un grupo de varios acidos grasos que pueden actuar
como ligandos naturales de los PPAR siendo el CLA 9-cis 11-trans (CLA 9Z, 11E) y el
CLA 10-cis 12-trans (CLA 10Z, 12E) sus isdbmero mds abundantes y los cuales se
encuentran en los productos lacteos y carnicos. Es por ello que estos acidos grasos se han
relacionado con la regulacion del metabolismo de lipidos. En diferentes modelos se ha
encontrado que el CLA 10Z, 12E inhibe la expresion de PPARy asi como de proteinas
relacionadas con el anabolismo y almacenamiento de acidos grasos (anhidrasa carbénica 3,
CD36, GLUT4, GPDH) y la adipogenesis (C/EBPa), mientras que el CLA 9Z, 11E mejora
la diferenciacion adiposa y la lipogénesis mediante el aumento en la expresion de proteinas
como PPARYy, FASN, estearil CoA desaturasa, GPDH y FABP4 (Visioli et al., 2012; Platt y
El-Sohemy, 2009; Brandebourg y Hu, 2005). Los resultados del presente trabajo en cuanto
a la diferenciacion adiposa mostraron que esta se incrementa con la suplementacion de
CLA 9Z, 11E en el medio de cultivo y ademas que este incremento es dependiente de la
dosis. Esto concuerda con datos previamente reportados en ratas (Zhou et al., 2008),
humanos (Platt y El.Sohemy, 2009) y cerdos (Barnes ef al., 2012; Zhou et al.., 2007) en los
que se incrementd la expresion de PPARy y de genes relacionados. Asimismo, las células
tratadas con CLA 9Z, 11E mostraron un tamafio mayor y vacuolas de mayor tamafio
respecto a las células del control positivo y los demds tratamientos tal como se habia
reportado previamente en cerdos (Barnes et al., 2012) y ratas (Lopes et al., 2008). Este
incremento en el tamafio puede deberse al efecto de este compuesto sobre el metabolismo
de lipidos ya que el CLA 9Z 11 E no promueve la lipolisis o la oxidacion de acidos grasos

si no que promueve un incremento en la sintesis de acidos grasos.
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El efecto de las tiazolidinedionas en la diferenciacioén de preadipocitos ha sido ampliamente
documentada, como lo resume Hausman er al. (2008), en este trabajo se usdé la
Rosiglitazona como un ligando especifico de PPARYy para determinar su efecto adipogénico
en las CTM de médula 6sea de bovino. Los resultados obtenidos indican que este
compuesto mejora la diferenciacion adiposa de las células en cultivo tal como se habia
reportado previamente en modelos de raton (Crossno et al., 2006; Shockley et al., 2009) y
humano (Ninomiya et al., 2010). De forma interesante, con ambos compuestos (CLA 9Z,
11E y rosiglitazona) indujeron la diferenciacion adiposa en un grado similar a las dosis mas
altas usadas, sin embargo la rosiglitazona posee una afinidad mayor para unirse PPARy por
lo que se requiere de dosis menores en comparacion a CLA9Z, 11E. Esto concuerda con lo
anteriormente reportado por Oberfield et al (1999), quienes determinaron que la
rosiglitazona a concentracion 1uM puede inducir eficientemente la diferenciacion adiposa

en células multipotentes de la linea C3H10T 1/2 después de 6 dias de tratamiento.

El Telmisartan es un bloqueador de los receptores de Angiotensina cominmente utilizado
como antihipertensivo pero que ha demostrado poseer la capacidad para activar a las
diferentes isoformas de PPAR en diferentes estudios clinicos y experimentales (He et al.,
2010), por lo que recientemente se le ha reconocido como un agonista parcial para esta
familia de receptores nucleares. Mdas atn, recientemente se ha determinado su mecanismo
de union a PPARy (Amano et al., 2012). Debido a que se trata de un agonista parcial de los
PPAR, se us6 este compuesto para mejorar tanto la diferenciacién adiposa como muscular
de las CTM de bovino (mediante la activacion de PPARy y PPARGY, respectivamente). Los
resultados obtenidos indican que este compuesto también induce la diferenciacion adiposa
de las CTM de bovino y que esta es mayor a la inducida por la rosiglitazona (un agonista
especifico de PPARY) cuando se usan dosis iguales de ambos compuestos (10 o 20 uM).
Asimismo, el cambio en los niveles de expresion de PPARy se incrementa de una forma
dependiente de la dosis. Se ha reportado que el uso de telmisartan en dosis de 5 a 20uM
activo la transcripcion de un gen reportero cuyo promotor incluia un elemento responsivo a
PPAR en células CV 1; asi como la adipogenesis en células C3H10T1/2 y 3T3 L1, lo cual

se demostro mediante la presencia de gotas tefiidas con rojo oleoso en células tratadas con
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una dosis de 10 uM de Telmisartan (Erbe et al., 2006). Tagami ef al. (2009) encontraron
que el Telmisartan usado en concentraciones de 10 pM induce la activacion de PPARy por
lo menos a un 35% en relacion a la respuesta inducida por troglitazona y pioglitazona en
células TSA-201, y que esta capacidad de activacioén se conserva en las células mutantes
para PPARy, mientras que la activacion por pioglitazona y troglitazona se encontrd
disminuida. En lo que se refiere a la diferenciacion muscular el presente trabajo muestra
por primera vez que el tratamiento de CTM de bovino con telmisartan incrementa la
expresion de MyHC y que dicho efecto puede deberse a la capacidad de este compuesto

para unirse y activar a PPARS.

El bezafibrato, es un ligando sintético de PPAR usado principalmente para el control de las
cardiopatias coronarias gracias a su capacidad de disminuir los lipidos plasmaticos e
incrementar las lipoproteinas de alta densidad. A través de la activaciéon de PPARa y la
transcripcion (LPL, Apolipoproteina Al, Acil CoA sintetasa, FABP, enzimas de la B-
oxidacion) o silenciamiento (Apolipoproteina CIII, Acetil CoA carboxilasa, ciclooxigenasa
2) de sus genes blanco, el bezafibrato tiene como efectos principales un incremento en la
lipolisis, la remocion de lipoproteinas ricas en triglicéridos y en la B-oxidacion asi como la
disminucion de la sintesis de acidos grasos de novo (Goldenberg et al., 2008). Mientras que
la activacion de PPARS con este compuesto mejora la oxidacion de 4cidos grasos, el
metabolismo de energia y la termogénesis adaptativa (Tenenbaum y Fisman, 2012). Entre
los diferentes compuestos aplicados para mejorar la diferenciacion muscular, el bezafibrato
mostr6 la mayor expresion de MyHC. En este sentido el incremento en la expresion de este
marcador terminal de la diferenciacion muscular tanto en el bezafibrato como el telmisartan
puede deberse a la activacion directa de PPARS y la subsecuente transcripcion de factores

miogénicos que pueden ser modulados por este receptor nuclear.

En este sentido Gaudel et al. (2008) reportaron que el tratamiento con GW0742, un
agonista de PPARY, provoca un aumento transitorio de los factores miogénicos MyoD1 y
Myf5 en el musculo tibial anterior de ratones adultos C57BI6J. Este incremento fue
detectable a las 2 horas de aplicar el tratamiento y volvio a los niveles del grupo control

después de 24 horas para el caso de Myf5, mientras que para MyoD1 dicho incremento se
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presentd 5 horas después del tratamiento y se mantuvo hasta las 96 horas posteriores al
tratamiento. Asimismo, Bonala et al. (2012) encontré que la activacion de PPARS con el
ligando especifico L165041 incrementa la proliferacion de la linea celular C2C12 asi como
la diferenciacion de estas en un 55%. Este mismo equipo encontré un incremento en la
expresion de MyoD1, miogenina y un incremento en la cantidad de la MyHC. Por otro
lado, el Factor de Crecimiento y diferenciacion asociado a la proteina sérica-1 (Gasp 1) se
ha identificado como un gen blanco para PPARS ya que en su secuencia posee elementos
de respuesta a PPAR en su region promotora. Gasp 1 es una proteina que interactiia con
Miostatina (un factor miogénico que inhibe la diferenciacion muscular) inhibiendo la
sefializacion de ésta y por lo tanto, la expresion de Gasp 1 permite la proliferacion y

diferenciacion de las células musculares.

Una vez que se determinaron los compuestos y dosis que indujeron una mayor expresion de
PPARYy para la diferenciacion adiposa y de MyHC para la diferenciacion muscular se

estudio el estado del metabolismo de energia en las células diferenciadas.

Los resultados del presente trabajo indican que las CTM de bovino diferenciadas a
adipocitos poseen un metabolismo de glucosa mas eficiente que, ademas de cubrir las
necesidades energéticas de las células, puede proveer sustratos para una mayor sintesis y
movilizacion de acidos grasos. En este sentido los cambios encontrados en la expresion de
HK?2 indican una mayor captacion de glucosa para la glucolisis, y se ha reportado que esta
puede incrementar la expresion y actividad de ACAC y FASN en el tejido adiposo
(Foufelle et al. ef al.). Se ha reportado que en adipocitos 3T3-L1 el telmisartan incrementa
la expresion y translocacion de GLUT4 a la membrana plasmdtica a través de un
mecanismo regulado por PPARY, y que este mecanismo es independiente de la habilidad de
éste farmaco para incrementar la sensibilidad a la insulina (Furukawa ef al., 2011). La PFK
es una enzima clave en la via glucolitica que también esta regulada por la activacion de
PPARYy y se ha reportado que su incremento puede inducir la deposicion de grasa en ratones
y en células 3T3-L1 (Hou et al., 2012). Los resultados obtenidos en el presente trabajo
muestran una sobreexpresion de este gen en respuesta al tratamiento con telmisartan, sin

embargo, su expresion relativa fue menor a la de HK2. Estos resultados implican que,
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aunque la captacion de glucosa se incrementd en las células tratadas, no toda la glucosa
entr6 a la via glucolitica, si no que puede existir un excedente de glucosa que puede ser
dirigido hacia vias metabolicas alternas como la via de la pentosa fosfato. En conjunto esto
puede significar que durante el tratamiento con telmisartan el metabolismo de glucosa
puede generar tanto energia (ATP) como los substratos (acetil CoA y NADPH) necesarios
para la sintesis de novo de acidos grasos. En cuanto al metabolismo de lipidos en las células
tratadas con telmisartan en el presente trabajo se encontrd un aumento en la expresion de
ACACa y FASN; ambas enzimas son cruciales para la sintesis de novo de acidos grasos.
ACACa cataliza la carboxilacion, dependiente de ATP, de la acetil-CoA para formar
malonil-CoA, mientras que este producto es el sustrato necesario para que la FASN inicie
la sintesis de 4cido palmitico (Barber ef al., 2005). La ATGL es una enzima que cataliza la
primera reaccion que regula la velocidad con que ocurre la hidrolisis completa de los
triglicéridos y su transcripcion puede ser regulada durante la diferenciacion adiposa por
PPARy y FoxO1 (Lass et al., 2011), este gen también se encontr6 sobreexpresado durante
el tratamiento con telmisartan de las CTM de bovino. Por otra parte, la enzima ACACD,
que regula el metabolismo de 4cidos grasos y cuyo producto, malonil CoA, es un potente
inhibidor de la carnitin palmitoitransferasa 1 (CPT-1) que es la enzima responsable para la
captacion de acidos grasos por la mitocondria (Benson et al., 2004), no mostré cambios en
su expresion a nivel de RNA; aunque este mismo grupo reportaron una disminucién del 60
a 70% en la expresion de esta enzima en miotubos de raton. Estos resultados en el
metabolismo de lipidos de las CTM de bovino tratadas con telmisartan indican que estas
células tienen una tasa de lipogénesis de novo incrementada (via ACACa y FASN) y una
mayor tasa de lipolisis (ATGL) mientras que la oxidacion de acidos grasos permanece
inalterada y a niveles similares de los cultivos usados como controles. En conjunto estos
resultados pueden implicar que estas células poseen un metabolismo de energia mas activo
en el cual la captacion y utilizacion de la glucosa es mas eficiente mientras que la sintesis

de 4cidos grasos y su movilizacion también se encuentran incrementadas.

Para las c€lulas bajo diferenciacion muscular y tratadas con bezafibrato el incremento en la

expresion de las enzimas glucoliticas HK2 y PFK, el transportador de &cidos grasos FABP
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y el factor de transcripcion relacionado con el catabolismo de lipidos PPARS, indican un
mejor metabolismo de energia. En conjunto los resultados obtenidos en cuanto a los niveles
de expresion de estos genes sugieren un rearreglo de varias via metabodlicas involucradas en
la captacion, almacenamiento y utilizacion de los sustratos energéticos en las CTM
diferenciadas a miocitos y tratadas con bezafibrato. En el caso de la HK2 la mayor
expresion de esta en relacion al cambio en la expresion de PFK indica que, aun cuando la
tasa de glucolisis se increment6, existe un excedente de glucosa fosforilada dentro de estas
células y este puede ser dirigido a vias alternas como la glucogénesis. El incremento en la
FABP sefiala un incremento en la captacion de acidos grasos en las células tratadas,
mientras que el incremento en PPARS indica una mayor utilizacion y oxidacion de acidos
grasos con respecto a los cultivos control. Sin embargo en los resultados obtenidos en este
trabajo ACACb se incrementd notablemente en los cultivos tratados con bezafibrato. Esto
puede parecer contradictorio a primera vista cuando se compara con los niveles de
expresion encontrados para FABP y PPARS (indicadores de un mayor catabolismo de
acidos grasos) ya que bajo condiciones normales ACACb inhibe a CPT-1 y por lo tanto la
oxidacion de 4cidos grasos a nivel mitocondrial. Pero al tomar en cuenta la mayor tasa de
glucolisis en las células tratadas se puede explicar este resultado debido que ACACa y
ACACD son enzimas que se activan por el citrato (un metabolito de la glucolisis) y por lo
tanto el resultado de esta glucolisis incrementada serd la sintesis de acidos grasos en el
tejido adiposo (via ACACa) o la inhibicidon de la oxidacion de 4cidos grasos en el tejido

muscular (via ACACb).
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6. CONCLUSIONES

Las CTM derivadas de la médula 6sea de bovinos poseen una capacidad de proliferacion
similar a la previamente reportada para otras especies, ademds de la capacidad de
diferenciarse hacia los linajes muscular y adiposo, siendo esta capacidad mayor en los pases

celulares tempranos.

Los compuestos agonistas de los PPAR pueden mejorar la capacidad de diferenciacion de
estas cé€lulas. En este sentido, la diferenciacion adiposa se puede mejorar con el uso de
telmisartan, rosiglitazona o CLA 9Z, 11E, siendo el telmisartan en una dosis de 20 uM el
que presentd una mayor diferenciacion adiposa. Mientras que para la diferenciacion
muscular el uso de bezafibrato y telmisartan inducen ésta eficientemente, siendo el
bezafibrato en una concentracion 200uM el compuesto que induce la mayor diferenciacion

muscular.

El uso de agonistas de PPAR mejora el metabolismo energético de las CTM diferenciadas a
ambos linajes celulares, permitiendo en el caso de la diferenciacion adiposa una mayor
captacion y utilizacion de glucosa asi como una lipogénesis y movilizacion de triglicéridos
incrementadas. En el caso de las CTM diferenciadas permite una mayor captacion y

utilizacion de glucosa y acidos grasos.

Los resultados obtenidos indican que el uso de agonistas de PPAR puede modular la
diferenciacion de estas cé€lulas, pero ademas abren la posibilidad de usar estos compuestos
experimentalmente en animales de produccion para determinar qué efectos tienen sobre la
calidad de la canal. En principio, los resultados obtenidos en este trabajo permiten asumir
que al modificar con estos compuestos la diferenciacion adiposa o muscular se pueden
obtener productos céarnicos de acuerdo a las preferencias del mercado y con una mayor

calidad sin afectar negativamente el metabolismo de estos tejidos.
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