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myoblasts from donor piglets with different
thermoregulatory maturities
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Abstract

Background: Climate change and the associated risk for the occurrence of extreme temperature events or permanent
changes in ambient temperature are important in the husbandry of farm animals. The aim of our study was to
investigate the effects of permanent cultivation temperatures below (35 °C) and above (39 °C, 41 °C) the standard
cultivation temperature (37 °C) on porcine muscle development. Therefore, we used our porcine primary muscle cell
culture derived from satellite cells as an in vitro model. Neonatal piglets have limited thermoregulatory stability, and
several days after birth are required to maintain their body temperature. To consider this developmental step, we used
myoblasts originating from thermolabile (five days of age) and thermostable piglets (twenty days of age).

Results: The efficiency of myoblast proliferation using real-time monitoring via electrical impedance was comparable
at all temperatures with no difference in the cell index, slope or doubling time. Both temperatures of 37 °C and 39 °C
led to similar biochemical growth properties and cell viability. Only differences in the mRNA expression of myogenesis-
associated genes were found at 39 °C compared to 37 °C with less MYF5, MYOD and MSTN and more MYH3 mRNA.
Myoblasts grown at 35 °C are smaller, exhibit higher DNA synthesis and express higher amounts of the satellite cell
marker PAX7, muscle growth inhibitor MSTN and metabolic coactivator PPARGC1A. Only permanent cultivation at
41 °C resulted in higher HSP expression at the mRNA and protein levels. Interactions between the temperature and
donor age showed that MYOD, MYOG, MYH3 and SMPX mRNAs were temperature-dependently expressed in
myoblasts of thermolabile but not thermostable piglets.

Conclusions: We conclude that 37 °C to 39 °C is the best physiological temperature range for adequate porcine
myoblast development. Corresponding to the body temperatures of piglets, it is therefore possible to culture primary
muscle cells at 39 °C. Only the highest temperature of 41 °C acts as a thermal stressor for myoblasts with increased HSP
expression, but it also accelerates myogenic development. Cultivation at 35 °C, however, leads to less differentiated
myoblasts with distinct thermogenetic activity. The adaptive behavior of derived primary muscle cells to different
cultivation temperatures seems to be determined by the thermoregulatory stability of the donor piglets.
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Background
Climate change has caused an associated risk for the oc-
currence of extreme heat events in farm animals that
have been subjected to heat stress [1]. In conventional
pig husbandry, heat abatement plays a major role [2],
whereas the challenges in free-range farming are quite
different.
During birth, piglets must overcome many challenges,

such as respiration, digestion, nutrition and thermoregu-
lation, having to regulate their own body temperature to
survive [3]. Adaptive thermogenesis is a specialized type
of heat production and occurs in brown adipose tissue
and skeletal muscle [4]. Newborn piglets do not possess
brown adipose tissue [5, 6]; for this reason, they are
thermolabile after birth, and an appropriate thermal en-
vironment is needed [7]. Body temperature rises to the
physiological value of 39 °C within 48 h p.p. [8, 9], and
after the first week of age, thermoregulatory functions
are fully developed [10].
Satellite cells are quiescent myogenic stem cells [11].

They are involved in hypertrophic muscle growth and
regeneration and maintain the muscle stem cell reser-
voir. The first isolation was performed by using rat
muscle [12]. In this in vitro model, satellite cells develop
into proliferating and differentiating progenies and are
therefore a suitable model for muscle biology research.
This approach provides the opportunity to directly in-
vestigate the influence of cultivation conditions such as
changes in temperature. For instance, the effects of dif-
ferent but permanent cultivation temperatures on pri-
mary human skeletal muscle cells (range of 37 to 41 °C)
and on C2C12 cells (an immortalized mouse muscle cell
line, range of 35 to 41 °C) were investigated [13–15]. For
avian primary muscle cell cultures, the range for per-
manent temperature experiments was from 33 to 43 °C
(turkey [16–19], chicken [20, 21]). In pigs, the effects of
heat stress during housing are already well investigated
[22–24], whereas in vitro studies in muscle cell cultures
are still rare. The first studies with isolated satellite cells
of pigs (M. semitendinosus or M. longissimus) focused
on precultivation at a control temperature and subse-
quent heat stress at 40.5 °C or 41 °C [25, 26].
The aim of our study was to investigate the effect of

permanent cultivation temperatures below (35 °C) and
above (39 °C and, 41 °C) the standard cultivation
temperature (37 °C) on the proliferative growth of satel-
lite cell progenies originating from M. rhomboideus of
thermolabile (five days of age) and thermostable piglets
(twenty days of age). We used real-time impedimetric
cell growth monitoring, morphological and biochemical
properties and the expression analysis of myogenesis-
associated genes to characterize the temperature-
dependent effects while considering the thermoregula-
tory maturity of the donor piglets.

Results
Real-time growth monitoring
Proliferative growth at 35°, 37°, 39° and 41 °C was moni-
tored in real time with the xCELLigence RTCA SP sys-
tem (Fig. 1) over a period of 72 h. The cell index (CI)
was used to measure the relative change in the electrical
impedance that represents the cell status. Important for
the impedance are the number and the size of cells that
are attached on the electrode in the bottom of the e-
plate. The average CI was unaffected by the temperature
(Table 1, P = 0.905) or pool (P = 0.696), with no inter-
action between the temperature and pool (P = 0.978).
The doubling time (h) describes the period required to

double a CI value. The doubling time was calculated over
a 67 h period (from 5 to 72 h), starting at 5 h to allow the
myoblasts to attach after seeding. The average doubling
time was unaffected by the temperature (Table 1, P =
0.524). However, the average doubling time was affected
by the pool, with a higher doubling time of pool 5 (P =
0.007), but not by the interaction of the temperature and
pool (P = 0.934). The slope (1/h) characterizes the steep-
ness, inclination or change of a curve. The slope was not
affected by the temperature (Table 1, P = 0.323), pool (P =
0.297) or their interaction (P = 0.385).

Biochemical properties of growth
In a combined assay, the DNA and protein contents
(Table 2) were detected in the monolayers. The DNA
content (μg/well) was equivalent to the cell number and
was affected by the temperature (P = 0.006) but not by
the pool (P = 0.606) or the interaction of both (P =
0.930). Higher contents were found at 35 °C and 39 °C
than at 37 °C (P ≤ 0.034), with an unchained content at
41 °C (P ≥ 0.317). The protein content (μg/well) was un-
changed between the temperatures (P = 0.894), pool (P =
0.785) or their interaction (P = 0.869).
The cell proliferation ELISA is based on the measure-

ment of 5-bromo-2′-deoxyuridine (BrdU) incorporation
during DNA synthesis (Table 2). DNA synthesis was af-
fected by the temperature (P < 0.001), with a higher rate
at 35 °C than at 37 °C and 41 °C (P ≤ 0.013) but not by
the pool (P = 0.431) or the interaction of both (P =
0.794).
Proliferating cell nuclear antigen (PCNA, Table 3) is a

proliferation marker, and mRNA expression was affected
by the temperature (P < 0.001) but not by the pool (P =
0.060) or the interaction of both (P = 0.174). The highest
mRNA expression was found at 35 °C and decreased
with increasing temperature. In addition, the mRNA ex-
pression at 37 °C was increased compared to 39 and
41 °C (P < 0.001).
Apoptosis was investigated using a commercial

TUNEL assay (Table 2), and the mRNA expression of
the gene encoding the defender against apoptotic cell
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death (DAD1, Table 3). There were not temperature-
dependent effects on the percentage of TUNEL-positive
cells and mRNA expression of DAD1 (P ≥ 0.141), pool-
dependent effects (P ≥ 0.253) or the interaction between
the temperature and pool on both apoptotic properties
(P ≥ 0.415).
Lactate dehydrogenase (LDH, Table 2) is an enzyme

that is ubiquitously present in all cells and will be liber-
ated from the cell interior in the cell culture supernatant
after cell damage. Significant effects of the temperature
(P < 0.001) and pool (P = 0.032) were detected, but no
interaction was detected between the two (P = 0.715). In-
creased LDH activity was found at 35 °C compared to all
temperatures (P ≤ 0.002) and in pool 20 compared to
pool 5 (P = 0.032).

Cell viability and development
To evaluate the viability after 72 h of proliferative
growth, combined staining was performed with fluores-
cein diacetate (FDI, marker for living cells) and

propidium iodide (PI, marker for dead cells). The viabil-
ity was affected by the temperature (P < 0.001) but not
by the pool (P = 0.242) or the interaction of both (P =
0.551). The viability at 41 °C (92.7 ± 0.6%) was lower
than that at all other temperatures (vs. 35 °C: 98.3 ±
0.6%, vs. 37 °C: 97.0 ± 0.6%, vs. 39 °C: 98.5 ± 0.6%,
P < 0.001 each). In addition, FDI-stained myoblasts
(Fig. 2) were used to determine their size. The cell size
was highly affected by the temperature (P < 0.001) and
pool (P < 0.001) but not by the interaction of both (P =
0.151). At 35 °C (1525 ± 48 μm2), the cell size was
smaller than that at all other temperatures (vs. 37 °C:
1758 ± 48 μm2, vs. 39 °C: 1833 ± 48 μm2, vs. 41 °C:
1943 ± 48 μm2, P ≤ 0.020). The cells of pool 5 were
smaller than those of pool 20 (1597 ± 34 μm2 vs. 1932 ±
34 μm2, P < 0.001).
As shown in Fig. 3 (see also Additional file 1, Fig. S6),

the myoblasts grown at 35 °C and 41 °C differed in their
cellular shapes. Especially after 24 h and 48 h of prolifer-
ation, the myoblasts at 41 °C (Fig. 3D, F) showed finger-

Fig. 1 Cell indices (means ± standard deviations) measured in real time every 30min over 72 h using the xCELLigence RTCA SP system in all
myoblasts (P5 + P20), pool 5 (P5) and pool 20 (P20) that were permanently cultured at 35°, 37°, 39° or 41 °C. Values were generated from three
independent experiments

Table 1 Average cell index parameters (least square means ± standard errors) generated from real-time monitoring of 72 h proliferative
growth

Parameter Temperature (T) Pool (P) T
P

P
P

T × P
P35 °C 37 °C 39 °C 41 °C 5 20

Cell index (arbitrary units) 1.67 ± 0.12 1.63 ± 0.12 1.58 ± 0.12 1.37 ± 0.12 1.47 ± 0.09 1.65 ± 0.09 0.905 0.696 0.978

Slope (1/h) 0.048 ± 0.004 0.045 ± 0.004 0.042 ± 0.004 0.039 ± 0.004 0.041 ± 0.002 0.045 ± 0.002 0.323 0.297 0.385

Doubling timea (h) 20.4 ± 1.2 22.7 ± 1.3 20.6 ± 1.3 21.8 ± 1.3 23.3 ± 0.9 19.4 ± 0.9 0.524 0.007 0.934
a The doubling time was calculated over a 67 h period (from 5 to 72 h), starting at 5 h to allow the myoblasts to attach after seeding
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shaped protrusions that the cells at 35 °C (Fig. 3C, E) did
not form.
Peroxisome proliferator-activated receptor gamma

coactivator 1-alpha (PPARGC1A, Table 3) is a tran-
scriptional coactivator of energy metabolism. The ex-
pression was affected by the temperature and pool
(both P < 0.001) but not by their interaction (P =
0.105). The expression decreased with increasing
temperature. In addition, the expression of pool 5
was higher than that of pool 20. Sorbin and SH3
domain containing 1 (SORBS1, also known as ponsin;
Table 3) is involved in growth factor-induced signal
transduction, cell adhesion, and cytoskeletal
organization, and its expression was affected by the
temperature (P < 0.001) but not by the pool (P =
0.667) or the interaction of both (P = 0.503). The
mRNA expression at 35 °C was lower than that at
39 °C and 41 °C (P < 0.001 each), whereas the

expression at 35 °C and 37 °C was similar (P = 0.064).
Myosin-3 (MYH3, also known as MyHCemb) encodes
the embryonic isoform of myosin in skeletal muscle.
The mRNA expression of MYH3 (Fig. 4A) was af-
fected by the interaction between the temperature
and pool (P < 0.001). In pool 5, the mRNA expres-
sion at 35 °C was lower than those at 39 °C and 41 °C
(P ≤ 0.002), and the expression at 37 °C was lower
than those at 39 °C and 41 °C (P ≤ 0.004). In pool 20,
mRNA expression was not affected by the
temperature (P ≥ 0.915). In addition, the mRNA ex-
pression at both highest temperatures was increased
in pool 5 compared to pool 20 (P ≤ 0.005). Murine
small muscle protein X-linked (SMPX, also known as
CLS or Chisel) encodes a 9 kDa protein in heart and
skeletal muscle cells. The mRNA expression of SMPX
(Fig. 4B) displayed the same mRNA expression pat-
tern as that described for MYH3.

Table 2 Biochemical properties (least square means ± standard errors) of growth after 72 h of proliferation

Parameter Temperature (T) Pool (P) T
P

P
P

T × P
P35 °C 37 °C 39 °C 41 °C 5 20

DNA content (μg/well) 0.47 ± 0.04 a 0.28 ± 0.04 b 0.54 ± 0.04 a 0.43 ± 0.04 ab 0.44 ± 0.03 0.42 ± 0.03 0.006 0.606 0.930

Protein content (μg/well) 20.62 ± 3.34 22.57 ± 3.34 21.35 ± 3.34 24.04 ± 3.34 21.68 ± 2.36 22.61 ± 2.36 0.894 0.785 0.869

DNA synthesis
(Abs 450 nm)

1.62 ± 0.07 a 1.27 ± 0.07 b 1.34 ± 0.07 ab 1.11 ± 0.07 b 1.31 ± 0.05 1.36 ± 0.05 < 0.001 0.431 0.794

LDH activity (IU/L) 41.85 ± 2.27 a 24.92 ± 2.27 b 22.39 ± 2.27 b 26.85 ± 2.27 b 26.30 ± 1.61 31.70 ± 1.61 < 0.001 0.032 0.715

TUNEL+

cells (%)
0.05 ± 0.01 0.02 ± 0.01 0.04 ± 0.01 0.07 ± 0.01 0.04 ± 0.01 0.04 ± 0.01 0.141 0.681 0.712

Abs absorbance, LDH lactate dehydrogenase
a, b Labeled least square means within a row with different letters differ (P < 0.05)

Table 3 Expression of genes associated with cellular development and stress (least square means ± standard errors) after 72 h of
proliferation

Gene Temperature (T) Pool (P) T
P

P
P

T × P
P35 °C 37 °C 39 °C 41 °C 5 20

PCNA mRNA 1.66 ± 0.05 a 0.93 ± 0.05 b 0.55 ± 0.05 c 0.49 ± 0.05 c 0.85 ± 0.04 0.96 ± 0.04 < 0.001 0.060 0.174

DAD1 mRNA 0.87 ± 0.05 0.78 ± 0.05 0.85 ± 0.05 0.96 ± 0.05 0.83 ± 0.04 0.89 ± 0.04 0.159 0.253 0.415

PPARGC1A mRNA 1.40 ± 0.07 a 0.91 ± 0.07 b 0.39 ± 0.07 c 0.39 ± 0.07 c 0.97 ± 0.05 0.57 ± 0.05 < 0.001 < 0.001 0.105

SORBS1 mRNA 0.66 ± 0.07 a 0.91 ± 0.07 ab 1.14 ± 0.07 b 1.12 ± 0.07 b 0.97 ± 0.05 0.94 ± 0.05 < 0.001 0.667 0.503

Heat shock proteins

HSP25/27 mRNA 0.81 ± 0.08 b 0.80 ± 0.08 b 0.79 ± 0.08 b 1.50 ± 0.08 a 0.94 ± 0.05 1.01 ± 0.05 < 0.001 0.376 0.746

HSP70 mRNA 0.57 ± 0.08 b 0.46 ± 0.08 b 0.75 ± 0.08 b 1.26 ± 0.08 a 0.83 ± 0.06 0.68 ± 0.06 < 0.001 0.077 0.260

HSP90 mRNA 0.87 ± 0.06 b 0.76 ± 0.06 b 0.86 ± 0.06 b 1.29 ± 0.06 a 0.90 ± 0.04 0.99 ± 0.04 < 0.001 0.139 0.388

HSP70 protein 0.18 ± 0.25 b 0.15 ± 0.25 b 0.24 ± 0.25 b 2.33 ± 0.25 a 0.70 ± 0.18 0.76 ± 0.18 < 0.001 0.816 0.999

HSP90 protein 2.23 ± 0.56 b 2.59 ± 0.56 b 3.96 ± 0.56 b 7.09 ± 0.56 a 3.97 ± 0.40 3.97 ± 0.40 < 0.001 0.997 0.273

HSF1 protein 5.33 ± 1.55 4.71 ± 1.55 1.63 ± 1.55 2.17 ± 1.55 3.32 ± 1.10 3.60 ± 1.10 0.282 0.855 0.820

The mRNA expression data are expressed as arbitrary units after normalization with the endogenous reference gene RN18S
The protein expression data are expressed as arbitrary units after normalization with Coomassie staining
a, b, c Labeled least square means within a row with different letters differ (P < 0.05)
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Heat shock proteins
The mRNA expression of heat shock proteins (Table 3)
was affected by the temperature (P < 0.001) but not by
the pool (P ≥ 0.077) or the interaction of both (P ≥
0.260). Higher expression levels of HSP25/27, HSP70
and HSP90 were found at 41 °C than at 35°, 37° and
39 °C (P ≤ 0.002).
The protein expression (see also Additional file 1, Fig.

S1-S5) of HSP70 (Table 3) and HSP90 (Table 3) was af-
fected by the temperature (P < 0.001) but not by the
pool (P ≥ 0.816) or the interaction of both (P ≥ 0.273).
HSP70 protein expression was ten times higher at 41 °C
than at all other temperatures (P < 0.001 each). HSP90
protein expression at 41 °C was increased in the same
manner (P ≤ 0.002). The protein expression of heat

shock factor 1 (HSF1, Table 3) was unaffected by the
temperature (P = 0.282), pool (P = 0.855) or the inter-
action of both (P = 0.820).

mRNA expression of transcription and growth factors
Transcription factors
The mRNA expression of the satellite cell marker paired
box 7 (PAX7, Table 4) and myogenic factor 5 (MYF5,
Table 4) was affected by the temperature (P ≤ 0.022) and
pool (P < 0.001), with no interaction between the two
(P ≥ 0.426). PAX7 mRNA expression at 35 °C was higher
than that at 41 °C (P = 0.024) but not at 37 °C or 39 °C
(P ≥ 0.233). In addition, PAX7 mRNA expression was
higher in pool 5 than in pool 20 (P < 0.001). Higher
MYF5 mRNA expression was found at the lower

Fig. 2 Live/dead staining was performed with fluorescein diacetate (FDA) and propidium iodide (PI) for pool 5 (P5) and pool 20 (P20). Viable cells
were able to convert nonfluorescent FDA into the green fluorescent metabolite fluorescein because of esterase-dependent conversion (A, B). The
nuclei staining dye PI (red) was able to pass through dead cell membranes and intercalate with the cell’s DNA double helix (C, D). An overlay of
both (E, F) after 72 h of growth at 41 °C is exemplarily shown. For every pool, 30 pictures were analyzed (Nikon Microphot-SA microscope, Nikon
Corporation, Tokyo, Japan; Cell^F, Olympus Corporation, Tokyo, Japan)
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cultivation temperatures of 35 °C and 37 °C compared to
39 °C (P ≤ 0.047) and 41 °C (P ≤ 0.009). In addition, the
mRNA expression of pool 5 was higher than that of pool
20 (P < 0.001). The mRNA expression of myoblast de-
termination factor (MYOD, Fig. 5A) and myogenin
(MYOG, Fig. 5B) was affected by the interaction between
the temperature and pool (P ≤ 0.007). For both genes,
there were no temperature-dependent effects in pool 20.
For pool 5, higher MYOD mRNA expression was found
at the lower cultivation temperatures of 35 °C and 37 °C
compared to 39 °C (P ≤ 0.002) and 41 °C (P ≤ 0.007). In
addition, the MYOD mRNA expression of pool 5 was
higher than that of pool 20 (P ≤ 0.015) at all tempera-
tures. The MYOG mRNA expression of pool 5 at 35 °C

was lower than that at all temperatures (P < 0.001), and
pool 5 exhibited higher MYOG mRNA than pool 20 at
37°, 39° and 41 °C (P < 0.001). The mRNA expression of
myogenic regulatory factor 4 (MRF4, Table 4) was un-
changed by the temperature (P = 0.061) and the inter-
action of the temperature and pool (P = 0.291). The
mRNA expression of pool 20 was higher than that of
pool 5 (P < 0.001).

Growth factors and their receptors
The mRNA expression of myostatin (MSTN, Table 4), a
negative regulator of muscle growth, was affected by the
temperature (P < 0.001) and pool (P < 0.001), with no
interaction between the two (P = 0.233). With increasing

Fig. 3 Myoblasts derived from satellite cells of M. rhomboideus of 5-day-old piglets were seeded on gelatin-coated dishes and permanently cultivated at 35 °C
or at 41 °C for 24 h or 48 h. Images of living cells (A-D) were taken with a Primovert microscope and Axiocam ERc5s (Carl Zeiss AG, Oberkochen, Germany). A
staining for actin filaments with Phalloidin CruzFluor™ 594 Conjugate (red) and 4′,6-Diamidin-2-phenylindol (DAPI) for the nuclei (blue) was performed. Images
of the phalloidin and DAPI stainings were taken with Leica DM 2400 fluorescence microscope (Leica Microsystems, Wetzlar, Germany). A higher magnification
was presented in the inserts
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temperature, mRNA expression decreased (P ≤ 0.035),
but there were no differences between the highest tem-
peratures (39 °C vs. 41 °C, P = 0.810). In addition, the
mRNA expression of pool 5 was higher than that of pool
20 (P < 0.001).
The mRNA expression of insulin-like growth factor 1

(IGF1, Fig. 5C) was affected by the interaction of the
temperature and pool (P = 0.025). In pool 5, the mRNA
expression at 35 °C was higher than that at 41 °C (P =
0.017), whereas in pool 20, the mRNA expression was
higher at 35 °C than at all other temperatures (P ≤
0.026). Moreover, the mRNA expression of pool 5 was
lower than that of pool 20 but only at the most extreme
temperatures (35 °C and 41 °C, P ≤ 0.032). The mRNA
expression of insulin-like growth factor 2 (IGF2, Table
4) was affected by the temperature (P = 0.015) and pool
(P < 0.001) with no effect on the interaction of both
(P = 0.195). The mRNA expression levels were higher at

41 °C than at 35 °C and 37 °C (P ≤ 0.037) as well as in
pool 5 compared to pool 20 (P < 0.001). The
temperature-dependent mRNA expression of epidermal
growth factor (EGF, Table 4, P < 0.001) was found with a
two-fold increase at 41 °C compared to 35°, 37° and
39 °C (P < 0.001). EGF-specific mRNA remained un-
changed by the pool (P = 0.828) and the interaction of
the temperature and pool (P = 0.384). The mRNA ex-
pression of amphiregulin (AREG, Fig. 5D), another lig-
and of EGF receptor (EGFR), was affected by the
interaction of the temperature and pool (P = 0.012). For
both pools, the mRNA expression at 35 °C was higher
than that at all other temperatures (P < 0.030). In
addition, the mRNA expression at 35 °C for pool 5 was
lower than that for pool 20 (P = 0.003). The mRNA ex-
pression levels of insulin-like growth factor 1 receptor
(IGF1R, Table 4) and EGFR (Table 4) were affected by
the temperature (P ≤ 0.043) and pool (P ≤ 0.008) but not

Fig. 4 Temperature × pool interactions for MYH3 (A) and SMPX (B) mRNA expression analyzed in proliferating myoblasts of pool 5 and pool 20
after 72 h of permanent cultivation at 35°, 37°, 39° or 41 °C. Data (least square means and standard errors) are expressed as arbitrary units after
normalization to RN18S expression as an endogenous reference gene. Significant differences within each pool are indicated by asterisks (***P <
0.001, ** P < 0.01), and significant differences between the pools are explained below

Table 4 mRNA expression of myogenesis-associated genes (least square means ± standard errors) after 72 h of proliferation

Gene Temperature (T) Pool (P) T
P

P
P

T × P
P35 °C 37 °C 39 °C 41 °C 5 20

Myogenic transcription factors

PAX7 0.92 ± 0.06 a 0.76 ± 0.06 ab 0.88 ± 0.06 ab 0.66 ± 0.06 b 0.91 ± 0.04 0.69 ± 0.04 0.022 < 0.001 0.846

MYF5 0.96 ± 0.06 a 0.71 ± 0.06 a 0.45 ± 0.06 b 0.38 ± 0.06 b 0.78 ± 0.04 0.47 ± 0.04 < 0.001 < 0.001 0.426

MRF4 1.87 ± 0.19 1.87 ± 0.19 1.67 ± 0.21 0.88 ± 0.29 1.05 ± 0.15 2.09 ± 0.17 0.061 < 0.001 0.291

Growth factors and growth factor receptors

MSTN 0.85 ± 0.04 a 0.69 ± 0.04 b 0.42 ± 0.04 c 0.37 ± 0.04 c 0.70 ± 0.03 0.46 ± 0.03 < 0.001 < 0.001 0.233

IGF2 0.67 ± 0.07 b 0.71 ± 0.07 b 0.74 ± 0.07 ab 1.02 ± 0.07 a 1.01 ± 0.05 0.55 ± 0.05 0.015 < 0.001 0.195

EGF 0.79 ± 0.15 b 0.71 ± 0.15 b 1.09 ± 0.15 b 2.42 ± 0.15 a 1.27 ± 0.10 1.24 ± 0.10 < 0.001 0.828 0.384

IGF1R 0.89 ± 0.08 ab 0.65 ± 0.08 b 1.00 ± 0.08 a 0.83 ± 0.08 ab 0.71 ± 0.06 0.96 ± 0.06 0.043 0.006 0.082

EGFR 1.22 ± 0.10 ab 0.88 ± 0.10 b 1.36 ± 0.10 a 1.40 ± 0.10 a 1.06 ± 0.07 1.37 ± 0.07 0.009 0.008 0.165

The mRNA expression data are expressed as arbitrary units after normalization with the endogenous reference gene RN18S
a, b, c Labeled least square means within a row with different letters differ (P < 0.05)
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by the interaction between the two (P ≥ 0.082). The low-
est IGF1R mRNA expression was found at 37 °C, which
was different from 39 °C (P = 0.030), whereas EGFR
mRNA was lower at 37 °C than that at 39 °C and 41 °C
(P ≤ 0.020). In addition, less IGF1R and EGFR mRNA
was expressed in pool 5 than in pool 20 (P ≤ 0.008).

Discussion
The perinatal period is characterized by drastic impacts
of the climatic and nutritional environments in piglets
[27]. In addition, newborn piglets are naturally exposed
to cold but do not possess brown adipose tissue [5, 6]
and are unable to maintain their body temperature in
the first week of life [10].
Heat stress has a negative impact on livestock produc-

tion and may influence the growth, animal health and
welfare [2, 28, 29]. Known results of environmental
hyperthermia in pigs are decreased feed intake, increased
heat load, oxidative stress and endotoxemia, among
others [24, 30, 31].
Previous studies with porcine satellite cells investigated

heat shock conditions after precultivation at 37 °C

followed by a single high temperature stimulus over a
fixed period [25, 26]. For avian satellite cell cultures, a
temperature range was considered that included the
body temperature and heat stress-inducing temperatures
[16–21]. Based on this, our porcine primary muscle cells
were permanently cultured between 35 °C and 41 °C with
2 °C incremental temperatures. The standard cultivation
temperature for porcine muscle cells is 37 °C, and the
temperature challenge with 2 °C below and 2 °C and 4 °C
above the standard cultivation temperature is moderate
but continually present. To the best of our knowledge,
this is the first study of a permanent temperature regime
used for porcine satellite cell-derived primary muscle
cultures.

Effects under permanent cultivation at physiological
temperatures
Regarding the standard cultivation temperature (37 °C)
of porcine primary muscle cell cultures and the body
temperature of piglets (39 °C), we could not detect any
differences using real-time monitoring of the prolifera-
tive growth over 72 h. Moreover, the expression of HSPs,

Fig. 5 Temperature × pool interactions for MYOD (A), MYOG (B), IGF1 (C) and AREG (D) mRNA expression analyzed in proliferating myoblasts of
pool 5 and pool 20 after 72 h of permanent cultivation at 35°, 37°, 39° or 41 °C. Data (least square means and standard errors) are expressed as
arbitrary units after normalization to RN18S expression as an endogenous reference gene. Significant differences within each pool are indicated
by asterisks (*P < 0.05, **P < 0.01 or ***P < 0.001), and significant differences between the pools at the same temperature are explained below
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as markers for cellular stress [32], remained unchanged.
Therefore, both temperatures seem to be physiological
temperatures for porcine primary cells [33], and some
studies preferentially cultivated porcine primary cells at
a euthermic temperature of 39 °C [34, 35]. The missing
effects on the majority of biochemical properties, such
as DNA synthesis or LDH and apoptotic properties, also
confirmed similar proliferative growth. However, we
found effects on the mRNA expression of myogenesis-
associated genes between 37 °C and 39 °C that argue for
differences in the proliferative growth and differentiation
potential at the molecular level. Obviously, the differ-
ences were insufficient to induce adaptive changes in the
proliferative growth and cellular phenotype. Especially in
the case of the early muscle regulatory factors (MRF)
MYF5 and MYOD [36], there seems to be a temperature
threshold between 37 °C and 39 °C for the reduction of
the amount of mRNA as a sign for terminating of prolif-
eration. This fits the higher DNA content and lower
PCNA mRNA of muscle cells at 39 °C compared to
those at 37 °C. PCNA is a cofactor of DNA polymerase δ
whose levels correlate with DNA synthesis, reaching a
maximum during the S-phase [37, 38]. In agreement,
culturing primary pig cells at 39 °C enhances cellular
processes such as hyperplasia or earlier entry in the dif-
ferentiation of stromal-vascular cells [39]. The increased
mRNA expression of MYH3 and SMPX also indicates
differential processes before myotube formation. The lat-
ter is known to promote cell signaling-dependent myo-
cyte fusion and cytoskeletal dynamics [40]. Moreover, in
mice, it was shown that the SMPX gene responded to
biomechanical stress [41].

Effects under permanent cultivation at cold temperature
To the best of our knowledge, this is the first attempt to
study the effects of permanent cultivation at tempera-
tures below the physiological range on primary myo-
blasts. Only studies with turkey or chicken muscle cells
used lower temperatures down to 33 °C compared to the
control of 38 °C during proliferation but after precultiva-
tion at control temperatures [16–19, 21]. We found no
studies using mammalian primary muscle cells and tem-
peratures below organismic body temperature or usually
used cultivation temperatures. Cultivation below the
physiological temperature was possible without conse-
quences for the proliferative growth behavior monitored
in real time in our study. In addition, due to HSP ex-
pression, we conclude that 35 °C did not act as a stressor
for myoblasts.
However, we found a reduced size of our myoblasts at

35 °C compared to the other (higher) temperatures. To-
gether with the increased DNA synthesis, DNA content
and higher amount of PCNA mRNA, this argues for in-
creased proliferative activity, which should normally be

detectable by the impedance-based real-time monitoring
of the cells. However, we believe that the increased LDH
activity as an indication of more damaged and lysed
myoblasts could be the reason for the compensation of
the effect on CI and the CI-derived parameter slope and
doubling time. Due to the comparable myoblast viability
at 35 °C and at physiological temperatures of approxi-
mately 98%, the increased LDH activity seems to be
more a sign of higher proliferative activity than of cell
damage at low temperatures. Moreover, we found that
the temperature did not affect the apoptotic capability of
myoblasts, as formerly shown for chicken myoblasts
[20]. With respect to the mRNA expression of
myogenesis-associated genes, it seems that myoblasts
cultivated at 35 °C are closer to activated satellite cells
and less differentiated (in terms of premyoblasts) than
comparable cells cultured at higher temperatures.
Higher mRNA expression levels of the satellite cell
marker PAX7 and MYF5 and MYOD also suggest a
greater proximity to ancestor satellite cells than to ma-
ture myoblasts described after heat stress cultivation (see
below). The highest mRNA expression of the PPAR
GC1A gene at 35 °C argues for the potential thermoge-
netic activity of muscle cells due to the colder cultivation
temperatures. PPARGC1A is known as a transcriptional
coactivator involved in mitochondriogenesis and mito-
chondrial energy metabolism [42], and the role of
muscle tissue as a location for thermogenesis was stud-
ied in animals without brown adipose tissue, such as pigs
(reviewed in [4]). For instance, the skeletal muscle of 5-
day-old piglets contributes 97% of cold-induced whole-
body heat production [43]. The reduced mRNA expres-
sion of genes involved in differentiation, such as SMPX
and MYOG, and in muscle cell structures, such as
MYH3, fits with the less differentiated state of myo-
blasts. The mRNA expression of the EGFR ligand AREG
was higher at 35 °C than at the other temperatures. In-
creased AREG expression was also detected after
hypothermia in healthy rat prostate tissue [44]. Although
the role of specific EGFR ligands in skeletal muscle
growth is not clear, EGF could stimulate skeletal muscle
growth and differentiation in vitro [45, 46].

Effects under permanent heat stress cultivation
Our HSP expression results at the mRNA and protein
levels clearly showed that 41 °C was sufficient to induce
a heat shock response. This is consistent with the results
for cultivation at 40.5 °C [25] and 41 °C [26] in porcine
muscle cells after precultivation at 37 °C. The unaffected
HSF1 expression highlights a two-component feedback
loop in which HSF1 positively regulates HSP70, whereas
HSP70 negatively regulates HSF1 [47].
In our study, the proliferative ability of satellite cells

seemed to end after 72 h at 41 °C. This result is in
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agreement with other studies using muscle cells derived
from Langtang swine [26] or derived from chicks that
were reared at 5 °C higher than standard conditions [48].
A rather opposite phenotype of the myoblasts at 41 °C
was observed compared to that at 35 °C. Cultivation at
41 °C led to less viability, although the viability after 72 h
of cultivation was still approximately 93%. The involve-
ment of apoptosis in heat stress responses of myoblasts
is unclear; both our studies and poultry studies [20, 48]
did not find effects on the apoptotic capability, whereas
Gao et al. [26] found increased apoptosis. The cell size
at 41 °C was increased, which was also seen by Gao et al.
[26]. Larger cells argue for a higher degree of myoblast
differentiation, as described for myocytes [49]. This find-
ing fits with lower MYF5 and MYOD mRNA levels and
higher MYH3 mRNA expression at higher temperatures
(39 °C and 41 °C). As discussed in the section about
physiological temperatures, there seems to be a thresh-
old between 37 °C and 39 °C leading to changes in the
mRNA expression. This result is in agreement with
lower MSTN mRNA expression at higher temperatures
in our study because MSTN (or growth and differenti-
ation factor 8, GDF8) is a negative stimulator of skeletal
muscle growth [50]. Higher expression at 41 °C was also
found for the growth factors IGF2 and EGF. Generally,
IGF2 and EGF stimulate both the proliferation and dif-
ferentiation of muscle cells [45, 46, 51]; reviewed in [52,
53]. We formerly showed that in our porcine muscle
cells, IGF2 and EGF mRNA expression increased from
proliferating myoblasts to differentiating myotubes [54].
Even the higher SORBS1 expression at 41 °C supported
a higher degree of differentiation of myoblasts because
SORBS1 is known to be expressed shortly after the onset
of myogenic differentiation [55, 56] and marks the estab-
lishment of costameres, the cell–matrix contacts. An-
other protein that is associated with the costameric
cytoskeleton, SMPX, was increased during proliferation
at higher temperatures (39 °C and 41 °C). This result is
in agreement with the hypomethylation of SMPX, indi-
cating upregulated gene expression in pig skeletal
muscle after constant heat stress at a 30 °C vs. 22 °C
housing temperature [57]. Moreover, in C2C12 cells, it
was shown that SMPX expression is related to the for-
mation of pseudopodia [41]. Pseudopodia are arm-like
protrusions filled with the cytoplasm of eukaryotic cells
and are used for locomotion. Known types of pseudopo-
dia in muscle cells are lamellipodia and filopodia. Myo-
blast elongation during differentiation is accompanied by
the dynamic extension of filopodia composed of actin fil-
aments to contact neighboring muscle cells before fusion
(reviewed in [58]). The increased cell size together with
the finger-like protrusions (Fig. 3) at 41 °C argue for a
higher degree of myoblast differentiation and a prestage
of myoblast fusion.

Effect of the age of the donor piglets
The pools differed in the piglet age at satellite cell isola-
tion by only 15 days of age. However, the peri/neonatal
period of piglets is very important for their development.
At the age of five days, piglets are thermolabile, whereas
those at twenty days of age maintain their body
temperature independently [3]. In addition, the muscular
alteration of piglets during birth and the first three weeks
of age is significant. We formerly showed that the total
fiber number in M. semitendinosus was not fixed at birth.
The postnatal increase in the myofiber number may be re-
lated to both the elongation of existing muscle fibers
(hypertrophy) and genesis of tertiary myofibers (hyperpla-
sia, [59]). To our knowledge, this is the first study to con-
sider piglets of different ages in satellite cell isolation, thus
accounting for the thermoregulation capacity of donor an-
imals. The effects of temperature were formerly investi-
gated in muscle cell cultures derived from satellite cells of
different muscle types in chickens [21] or from turkey
muscle with different growth rates [16].
In the current study, we found that both pools differed

with regard to most properties, such as the doubling
time, cell size and mRNA expression of the majority of
myogenesis-associated genes. The MRFs (MYOD, MYF5
and MYOG), which are responsible for myogenic deter-
mination or fusion initiation, were expressed at higher
mRNA levels in pool 5 than in pool 20, whereas the
negative regulator of myogenesis MSTN was expressed
in the opposite manner. This speaks for a closer proxim-
ity of pool 5 cells to the original satellite cells and be-
cause PAX7 was expressed in higher amounts in pool 5.
This is in line with other studies on porcine satellite cells
that have indicated higher PAX7 mRNA expression after
birth and a decrease in the following days [60, 61]. We
have also postulated the closer proximity to satellite cells
for myoblasts cultured at 35 °C. Moreover, the smaller
size and the higher mRNA expression of PPARGC1A in
pool 5 myoblasts are in agreement with the myoblasts at
35 °C and argue for the less differentiated cells with dis-
tinct thermogenetic activity.
Significant interactions between temperature and pool

were present for six of the investigated genes. For the
growth factors, IGF1 (Fig. 5C) and AREG (Fig. 5D)
temperature-dependent mRNA expression effects were
found in both pools 5 and 20. In contrast, the four
myogenesis-associated genes MYOD (Fig. 5A), MYOG
(Fig. 5B), MYH3 (Fig. 4A) and SMPX (Fig. 4B) were
temperature-dependently expressed only in myoblasts
from pool 5 but not from pool 20. Apparently, the pri-
mary muscle cell cultures isolated from the satellite cells
of the thermostable donors seem to be less responsive to
the temperature changes or even thermal stress for por-
cine myoblasts, as shown in our study. On the other
hand, primary muscle cell cultures isolated from piglets
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that were labile with respect to their body temperature
showed a greater susceptibility to exceeding and falling
below a physiological cultivation temperature.

Conclusion
In our study, we used permanent cultivation tempera-
tures above (39 °C and 41 °C) and below (35 °C) the
standard cultivation temperature (37 °C) for primary
muscle cells of pigs. The porcine muscle cells were able
to comparably proliferate at all temperatures regarding
their real-time monitored growth behavior. Only the
highest cultivation temperature of 41 °C acted as an en-
vironmental stressor for the myoblasts, whereas temper-
atures 2 degrees below and above the standard
temperature of 37 °C were not able to induce the expres-
sion of HSPs. From our study, we conclude that we
consider both temperatures, 37 °C and 39 °C, as physio-
logical temperatures for porcine myoblast growth and
differentiation. This result is made plausible by the pigs’
body temperature of 39 °C. Cultivation below the stand-
ard temperature leads to myoblasts, which are closer to
activated satellite cells and less differentiated myoblasts
with thermogenetic activity in addition to myogenic de-
termination. Cultivation above physiological tempera-
tures leads to thermal stress in porcine myoblasts and to
an acceleration of myogenic development. Myoblasts at
41 °C are larger and have a higher degree of differenti-
ation and finger-like protrusions as a prestage of myo-
blast fusion. Looking at the age of the cell donor piglets,
the adaptive behavior of our primary muscle cells to
temperature seems to be determined. Myoblasts derived
from satellite cells from thermostable donors at 20 days
of age seem to be less responsive to temperature changes
or thermal stress than corresponding cells derived from
5-day-old piglets, which are known as thermolabile.

Methods
Cell culture
The isolation of the satellite cells, the establishment of
the two cell pools and their validation were carried out
as described in detail by Metzger et al. [62].
In brief, two pools were established from M. rhom-

boideus of 10 female German Landrace piglets at days 5
or 20 of age (pool 5 or pool 20), aliquoted (2 × 106 cells
per vial) and stored in liquid nitrogen. M. rhomboideus
is a mixed muscle with a very high proportion (approxi-
mately 75%) of oxidative fibers [63]. The muscle is lo-
cated in the area of the neck and the shoulder blades
and is involved in posture by supporting the head. The
percentage of myogenic cells was determined by immu-
nostaining for desmin (D1033, Sigma-Aldrich, Tauf-
kirchen, Germany) with 98 ± 1% desmin-positive cells
for pool 5 and 95 ± 2% for pool 20.

Proliferative growth was studied over 72 h, including a
medium change after 48 h at 35°, 37°, 39° or 41 °C with
37 °C as the standard cultivation temperature. For each
temperature, three independent experiments were
performed using growth medium (DMEM (Biochrom,
Berlin, Germany) supplemented with 0.2M L-glutamine
(Carl Roth, Karlsruhe, Germany), 100 IU/mL penicillin
(Biochrom), 100 μg/mL streptomycin (Biochrom), 2.5 μg/
mL amphotericin (Sigma-Aldrich), 10% FBS (Sigma-Al-
drich), and 10% donor horse serum (HS; Sigma-Aldrich)).
For real-time monitoring (e-plate 96, ACEA Biosciences
Inc., San Diego, USA), the determination of DNA synthe-
sis (96-well MP, Corning, Wiesbaden, Germany), DNA
and protein contents (96-well microplate, Sarstedt, Nüm-
brecht, Germany), and LDH activity (96-well microplate,
Sarstedt), 4000 cells per well from each pool were seeded
in 10 gelatin-coated wells. For RNA and protein isolation
and live/dead staining and phalloidin staining, 1 × 106 cells
were seeded on a gelatin-coated 100-mm cell culture dish
(Sarstedt).

Real-time monitoring of proliferation
The real-time monitoring of proliferation was carried
out with the xCELLigence RTCA SP system (ACEA Bio-
sciences Inc.). Proliferative growth was monitored over
72 h by recording the impedance every 30 min. The data
are presented as the CI (arbitrary units), which corre-
sponds to changes in impedance. For the CI, slope and
doubling time data were generated with RTCA Software
1.2.1 (ACEA Biosciences Inc.) as described by [62].

RNA isolation, reverse transcription and real-time PCR
RNA isolation, reserve transcription and real-time PCR
procedures were previously described [54, 64] and were
performed after 72 h of proliferative growth. Primer in-
formation is listed in Table S1 (see Additional file 1,
[65–71]). Data are expressed as arbitrary units after
normalization with the endogenous reference gene 18S
ribosomal RNA (RN18S). RN18S expression was un-
affected by the temperature (P = 0.121), pool (P = 0.281)
or their interaction (P = 0.656).

Protein isolation and western blot
After 72 h of proliferative growth, the plates were
washed with phosphate-buffered saline (PBS, Biochrom).
Then, 400 μL of homogenization buffer at a of pH 7.0
(100 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesul-
fonic acid (Carl Roth), 250mM sucrose (Carl Roth), 4
mM disodium ethylenediaminetetraacetate (Carl Roth),
1 mM dithiothreitol (Carl Roth), and protease inhibitor
stock solution according to the manufacturer’s instruc-
tions (complete Mini, Roche, Mannheim, Germany)) was
added and incubated on ice for 5 min. Next, the cells
were scraped, collected in a preparation tube (Sarstedt),
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placed in an ultrasonic bath (Omnilab, Bremen,
Germany) of cold water for 2 min, and subsequently
centrifuged at 14,000 g and 4 °C for 10 min. The protein
content was determined at 280 nm by using the micro-
plate reader Synergy™ MX (BioTek, Bad Friedrichshall,
Germany) and the microvolume plate Take 3 (BioTek).
The supernatants were aliquoted and stored at − 80 °C.
Aliquots of 100 μL of proliferated cells were defrosted.

Afterwards, a denaturing protein sample pretreatment
was performed by adding blue loading buffer (Cell Sig-
naling Technology, Boston, USA), at 94 °C 4min. The
proteins were separated in a Maxi Buffer tank with gel
running buffer (0.12 mol 2-amino-2-hydroxymethyl-pro-
pane-1,3-diol (Tris), 0.97 mol glycine and 0.02 mol SDS)
with an electrophoresis constant power supply (Consort,
Turnhout, Belgium). Subsequently, proteins were trans-
ferred (60 min, 1.0 mA/cm2) to a PVDF membrane (Carl
Roth) with a semidry blotting unit (Peqlab/VWR, Darm-
stadt, Germany). The SDS-PAGE run time was 1.5 h at
125 mA. Thereafter, the blot was dried at room
temperature. Nonspecific binding sites were blocked
with skim milk powder in TBST (w/v = 5%) for 1 h at
room temperature. The PVDF membrane was incubated
with specific primary antibodies against heat shock fac-
tor 1 (HSF1, 80 kDa, 12,972, Cell Signaling Technology,
Denver, USA), heat shock protein 90 (HSP90, 90 kDa,
60,318–1, Proteintech®, St. Leon-Rot, Germany) and heat
shock protein 70 (HSP70, 70 kDa, sc-66,048, Santa Cruz
Biotechnology, Dallas, USA) in skim milk powder in
TBST (w/v = 5%). The incubation with antibodies was
performed with a 1:600 dilution and completed at 6 °C
overnight. After washing, the PVDF membrane was
treated with the secondary antibody rabbit TrueBlot®
anti-rabbit IgG HRP (18–8816, Rockland Immunochem-
icals, Limerick, USA) in case of HSF1 and mouse True-
Blot® Ultra anti-mouse Ig HRP (18–8817-30, Rockland
Immunochemicals) for HSP90 and HSP70 at dilutions of
1:50000, respectively, for 90 min of incubation at room
temperature, followed by washing three times with
TBST and water. For visualization, membranes were de-
veloped with SuperSignal® West FEMTO chemilumines-
cent agent (Thermo Scientific, Schwerte, Germany).
Membranes were scanned with a chemiluminescence
imager (Intas Science Imaging Instruments, Goettingen,
Germany), and band intensities were densitometrically
evaluated using LabImage 1D L340 Electrophoresis Soft-
ware (Kapelan Bio-Imaging, Leipzig, Germany). Western
blot analyses were performed once per antibody, and
samples of triplicate samples from every temperature of
both pools were added per gel (see Additional file 1, Fig.
S1). Equal loading of the gels and proper transfer of the
proteins to the membranes were verified by Coomassie
staining. For staining, the membrane was incubated for
15 min with a solution of methanol (50%, Carl Roth),

acetic acid (7%, Carl Roth) and Coomassie Brilliant Blue
R (0.1%, Sigma-Aldrich), and a scan followed. The mem-
brane was then removed twice for 5 min (destain solu-
tion 1: 50% methanol, 7% acetic acid; destain solution 2:
90% methanol, 10% acetic acid). Data are expressed as
the normalized protein abundance after normalization
with one band after Coomassie staining (see Additional
file 1, Fig. S2). The protein expression of this band was
unaffected by the temperature (P = 0.952), pool (P =
0.423) or their interaction (P = 0.817).

DNA synthesis
DNA synthesis was determined after 72 h of proliferative
growth by using a commercial colorimetric assay Cell Pro-
liferation ELISA, BrdU (Roche, Mannheim, Germany).
The DNA synthesis assay was performed according to
Palin et al. [72], measured by using Synergy™ MX (Bio-
Tek), and data are given as the absorbance at 450 nm.

DNA- and protein contents
A combined assay of the DNA and protein contents was
established by [73] and adapted for piglet myoblasts by
[46]. DNA and protein contents were measured after 72
h of proliferative growth and were given as μg/well in
the monolayers.

Lactate dehydrogenase (LDH) activity
The lactate dehydrogenase (LDH) activity was measured
after 72 h of proliferative growth in cell culture superna-
tants according to the method of Legarnd et al. [74] as
modified by Mau et al. [75]. After 72 h, supernatants were
collected in a preparation tube (Sarstedt) and stored at
−80 °C until determination. The LDH activity was
expressed as IU/mL of supernatant, the enzyme activity,
which converts 1 μM NADH/min/L to NAD at 25 °C.

Apoptosis
The percentage of TUNEL positive cells was detected
after 72 h of proliferative growth using the commercial
In Situ Cell Death Detection Kit, Fluorescin (Roche).
The kit was used according to the manufacturer’s in-
structions, and the TUNEL positive cells were detected
with a Leica DM 2400 fluorescence microscope (Leica
Microsystems, Wetzlar, Germany) using green and blue
fluorescence filters.

Live/dead staining and cell size
After 72 h of proliferative growth, live/dead staining was per-
formed. For this purpose, stock solutions of FDA (5mg of
FAD (Sigma-Aldrich) in 1mL of acetone (≥ 99.9%, Carl
Roth)) and PI (2mg of PI (Carl Roth) in 1mL of PBS (Bio-
chrom)) were needed. The freshly prepared staining solution
containing 10mL of PBS (Biochrom), 16 μL of FDA (5mg/
mL) and 100 μL of PI (2mg/mL) was added to cells washed
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two times. Then, the cells were incubated in the dark at
room temperature for 5min, washed again and analyzed
with a Nikon Microphot-SA microscope (Nikon Corpor-
ation, Tokyo, Japan) using green and blue fluorescence filters.
From every 100-mm cell culture dish, 30 images were taken
so that in total 1080 pictures were analyzed. To analyze the
cell size, images of green FDA-stained myoblasts were ana-
lyzed. From every repetition of each pool, 600 myoblasts
were analysed; in total, 14,040 myoblasts were mapped with
Cell^F (Olympus Corporation, Tokyo, Japan).

Phalloidin staining
After 24 h, 48 h and 72 h of proliferative growth, cells
were fixed with a solution of 4% paraformaldehyde (Carl
Roth) in PBS (Biochrom) for 60 min and stored at
−80 °C until the staining was performed. For the staining
the cultured dishes were defrosted, washed twice with
PBS (Biochrom), incubated in the dark at room
temperature for 60 min with Phalloidin CruzFluor™ 594
Conjugate (actin filaments, Santa Cruz, Heidelberg,
Germany) 1:1000 in PBS (Biochrom) containing 1% bo-
vine serum albumin (Sigma-Aldrich), washed again and
for counterstaining ROTI®Mount FluorCare DAPI (nu-
clei, Carl Roth) was added. Images of the phalloidin
(red) and DAPI (blue) stainings were taken with Leica
DM 2400 fluorescence microscope (Leica Microsystems,
Wetzlar, Germany).

Statistical analyses
For statistical analysis, data were subjected to analysis of
variance using the MIXED procedure in SAS (Version
9.4, SAS Inst Inc., Cary, USA). The donor piglet age
(pool 5 or pool 20), temperature (35°, 37°, 39° or 41 °C),
the replication of the experiment (1, 2 or 3) and the
interaction of temperature and pool were used as fixed
factors. The experiment revealed no significance for all
parameters. Differences between the least square means
were analyzed with Tukey-Kramer tests. The statistical
significance was defined for P < 0.05.
To ensure a consistent presentation of the results, we

have presented the six parameters of the study that
showed significant interactions between the fixed factors
temperature and pool in figures. For all other parame-
ters, the results are given in tables.
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Additional file 1: Table S1: Primers used for qPCR. Fig. S1. Overview
of Western blot analysis of HSP70, HSP90 and HSF1 of myoblasts from
pool 5 (5) or pool 20 (20) permanently cultured at 35°, 37°, 39° and 41 °C.
Experiment was performed three times (Experiment 1, 2, 3). For quality
assurance the original blots are shown individually in Fig. S3 for HSP70, in
Fig. S4 for HSP90 and in Fig. S5 for HSF1. Fig. S2: Coomassie blue

loading control staining used for normalization of Western blot analysis
(Fig. S1). Myoblasts from pool 5 (5) or pool 20 (20) were permanently
cultured at 35°, 37°, 39° and 41 °C. Experiment was performed three times
(Experiment 1, 2, 3). Fig. S3 Original Western blot of HSP70 of myoblasts
from pool 5 (5) or pool 20 (20) permanently cultured at 35°, 37°, 39° and
41 °C. Experiment was performed three times (Experiment 1, 2, 3). Fig. S4
Original Western blot of HSP90 of myoblasts from pool 5 (5) or pool 20
(20) permanently cultured at 35°, 37°, 39° and 41 °C. Experiment was
performed three times (Experiment 1, 2, 3). Fig. S5 Original Western blot
of HSF1 of myoblasts from pool 5 (5) or pool 20 (20) permanently
cultured at 35°, 37°, 39° and 41 °C. Experiment was performed three times
(Experiment 1, 2, 3). Fig. S6 Myoblasts derived from satellite cells of M.
rhomboideus of 5-day-old piglets were seeded on gelatin-coated dishes
and cultivated at 35 °C (A-F) or 41 °C (G-L) for 24 h, 48 h and 72 h. A stain-
ing for actin filaments with Phalloidin CruzFluor™ 594 Conjugate (red: A-
C, G-I) alone and an overlay with 4′,6-Diamidin-2-phenylindol (DAPI) for
the nuclei (blue) were shown (D-F, J-L). Images were taken with Leica DM
2400 fluorescence microscope (Leica Microsystems, Wetzlar, Germany).
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