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There are several studies that show hypothermia improves cellular ischemia damages on experimental and clinical 
bases. However, its exact molecular mechanisms are unclear. In this study, we demonstrate that hypothermia induced 
insulin-like growth factor 1 (IGF1) gene expression, and its expression was dramatically decreased under ischemic insults. 
It was also demonstrated that hypothermia activated endoplasmic reticulum (ER) stress sensors especially both the 
phosphorylation of eIF2α (eukaryotic translation initiation factor 2 alpha) and ATF6 (activating transcription factor-6) 
proteolytic cleavage. However, the factors of apoptosis and autophagy were not associated with hypothermia. We suggest 
that hypothermia-treated IGF1 gene expression after ischemia may show a good possibility for the development of 
treatments and diagnostic methods in cerebral ischemic damages. 
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Ischemic stress in the brain can induce the bimodal 
expression of a selective gene by the specific time interval. 
For example, in the acute stage of ischemic stimulus, the 
early gene is induced immediately, and this is followed by 
the induction of heat shock proteins, apoptotic genes, and 
inflammatory cytokines. The inhibition of GRP78 (78 kDa 
glucose-regulating protein) in the brain has a role to mediate 
neuronal cell death while the induction of BIX (BiP, binding 
immunoglobulin protein, inducer X) is related to induce 
certain sequence of mediating neuronal survival (Kudo et al., 
2008). The involvement of protection gene to ischemic injury, 

such as those for heat shock protein, might be a molecular 
mechanism playing some part in tolerance mechanism in 
ischemic injury. Certain gene expression may be an important 
therapeutic target in ischemic injury. The expression of 
endoplasmic reticulum (ER) stress-related molecules has a 
partially important role to favorable ER stress response to 
transient ischemic injury (Yagita et al., 2008). The alteration 
of ER stress-related molecule transducers' distribution brings 
them in contact with appropriate molecular targets leading 
to gene expression change (Yamaguchi et al., 2007). If 
certain genes that are involved in the recovery from ischemia 
can be selected, these would be applied to therapeutic drug 
discovery for the cure of cerebral hypoxia (Mehta et al., 
2007). In the near future, the therapy of hypothermia should 
consider the neuroprotective effect of it to enhance the 
therapeutic outcome from brain ischemia in both animals 
and humans (Miyazawa et al., 2003; Yanamoto et al., 2001; 
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Kawai et al., 2000; Holzer et al., 2002; Bernard et al., 2002). 
Further studies about molecular chaperone in hypothermia 
treatment after ischemic insult will provide valuable infor- 
mation for the basic mechanism of neuroprotective patho- 
genesis after ischemia (Nielsen et al., 2013). From previous 
studies the cellular response to hypothermia results in altered 
gene expression and decreased oxygen/ATP consumption, 
however, the detailed intracellular mechanism is unknown 
(Ning et al., 2002). Further study is required to delineate the 
precise mechanisms of how hypothermia prevents neuronal 
cell death. Our previous studies (data not shown) using the 
differential display (DD)-PCR experiment with GeneFishing 
DEG premix kit (Seegene Co.), have shown that hypo- 
thermia increased the expression of insulin-like growth 
factor 1 (IGF1, somatomedin C) gene. It has predominant 
trophic roles in fetal growth and development (Agrogiannis 
et al., 2014). As far as we know, no studies have demon- 
strated the relationship between the hypothermia and intra- 
cellular signaling. Here, we tested whether the expression 
of IGF1 was associated with hypothermia, ischemia, ER 
stress, and especially ER stress signaling. 

PC12 cells were cultured on collagen-coated flasks in 
85% RPMI 1640 supplemented with 25 mM HEPES buffer, 
10% heat-inactivated horse serum and 5% heat-inactivated 

fetal bovine serum, 2 mM L-glutamine, 1 mM sodium 
pyruvate, 1 g/l D(+)-glucose, and antibiotics: 25 μg/ml 
streptomycin and 25 U/ml penicillin at 37℃ in a 5% CO2 
atmosphere. Total RNA from cultured cells was extracted 
using an RNA isolation reagent (TRI-Reagent Ambion, 
Austin, USA). RT-PCR using the forward primer F (5'- 
AGTGGTGGCCACTAATGGAG-3') and reverse primer 
R (5'-TCTTTTGTCAGGGGTCGTTC-3') for BiP; F (5'- 
GGGAGTCTTGTCGTGGAATTG-3') and R (5'-TGCTT- 
TCCAAGACGGCAGA-3') for calnexin; F (5'-CAGGAT- 
TTGCCCTATCCAGA-3') and R (5'-GTCATTCCGTTCC- 
TTCTCCA-3') for PDI; F (5'-GGCATTGTGGATGAGT- 
GTTG-3') and R (5'-GTCTTGGGCATGTCAGTGTG-3') 
for IGF1; F (5'-TCAGCTTCGACACCAATGAG-3') and 
R (5'-GTATCCTCGGGACCGGTTAT-3') for CIRBP; F 
(5'-TTACCTCCACCAGCAGGAAC-3') and R (5'-ACCA- 
CCTCTCTGTGCAATCC-3') for Bak1; F (5'-AAGCTGC- 
ACAGCGGGGCTAC-3') and R (5'-CAGATGCCGGTTC- 
AGGTACT-3') for Bcl2; F (5'-GCCTGTCCTGGATAAG- 
ACCA-3') and R (5'-GTTCACCAGCAGGAAGAAGG-3') 
for LC3; F (5'-GTGCTCCTGTGGAATGGAAT-3') and R 
(5'-GCTGCACACAGTCCAGAAAA-3') for Beclin; F (5'- 
ACATCAAATGGGGTGATGCT-3') and R (5'-AGGAG- 
ACAACCTGGTCCTCA-3') for β-actin were performed 

Fig. 1. Hypothermia increases IGF1 mRNA expression. PC12 cell were incubated under control condition (37℃) or hypothermia (32℃)
for 12 hrs and 1~3 days. The experiments were performed three times, and representative results are shown (A) and the results represent the
average (B), with control condition time-dependently like as each hypothermic situation. Hypothermia response was confirmed by increased
expression of CIRBP mRNA, which is a positive marker. IGF1; insulin-like growth factor 1, CIRBP; cold-induced RNA-binding protein. 
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for 30 cycles [94℃ for 30 s; 58℃ for 30 s; and 72℃ for 
1 min (but 10 min in the final cycle)] with Taq DNA poly- 
merase. Western blotting detection system kit (Amersham, 
Uppsala, Sweden) was used for ATF6 fragmentation and 
phosphorylation of eIF2α. eIF2α-P antibody and goat anti-
actin antibody were purchased from Santa Cruz Biotech- 
nology (Santa Cruz, CA, USA). Mouse anti-ATF6 antibody 
was obtained from Imgenex (San Diego, CA, USA). 

PC12 cells were incubated under control conditions (37℃) 
or hypothermia (32℃) for 12 hrs, 1 or 3 day, respectively. 
The expression of the cold-induced RNA-binding protein 

(CIRBP) was used as a positive control (Al-Fageeh and 
Smales, 2009). We found that the expression of IGF1 was 
increased slightly about 2 fold by 12 hrs-hypothermia com- 
pared to its control; but the exposure to 1 day-hypothermia 
induced by about 5 folds and 3 days-hypothermia treatment 
increased about 6.5 folds in gene expression (Fig. 1). We 
surmised from the result shown in Fig. 1, that hypothermia 
obviously induced IGF1 gene expression, in the other words 
IGF1 gene expression was hypothermia dependently up-
regulated. We determined IGF1 gene expression in both, 
cells treated with hypothermia alone and cells treated with 
hypothermia together with ischemia, to verify whether hypo- 
thermia induced cells were related to ischemia. As shown 
in the Fig. 2, IGF1 gene expression under hypothermia 
condition increased comparing to its control as the same 
result with Fig. 1. At this point, there is no data to support 
that IGF1 gene expression is related to ischemia. However, 
the result shown in Fig. 2 demonstrated that hypothermia 
severely down-regulated IGF1 mRNA expression under 
additional ischemia approximately half-expression as com- 
pared to the control. After all, the IGF1 gene expression is 
reduced to about 1/8 by hypothermia-ischemia treatment 
than hypothermia treatment only. To understand associated 
pathways, we have tested whether hypothermia controlled 
ER chaperones (BiP, calnexin and PDI) (Braakman and 
Bulleid, 2011), the downstream-factors of ER stress sensors 
(Xbp1, eIF2α and ATF6) (Lee and Ozcan, 2014), apoptosis-
associated factors (Bak1 and Bcl-2) (Lovat et al., 2003) 
and autophagy-associated factors (LC3 and beclin) (Jin and 
Klionsky, 2014). Cells exposed to hypothermia had no 
changes in ER chaperones gene expression (Fig. 3A), 
apoptosis-associated factors (Fig. 3D) and autophagy-
associated factors (Fig. 3E). Although no spliced Xbp1 
(Fig. 3B) was observed, both the cleavage of ATF-6 and 
phosphorylation of eIF2α was apparently increased (Fig. 
3C). The result of Fig. 3 showed that hypothermia con- 
trolled IGF1 mRNA expression through the activation of 
down-stream ER stress sensors, i.e. cleavage of ATF-6 and 
phosphorylation eIF2α, but not ER chaperones. 

In summary, the present study was the first to demonstrate 
that hypothermia induced IGF1 mRNA. Additionally, its 
expression was further decreased to less than control levels 

Fig. 2. Hypothermia decreases IGF1 mRNA expression during
the ischemia. PC12 cells were incubated under control conditions 
(37℃), hypothermia (32℃), and ischemia under hypothermia 
(32℃) for one day, respectively. The experiments were performed 
three times, and representative findings are shown (A) and results 
represent the average (B). IGF1; insulin-like growth factor 1. 
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under conditions of ischemia. IGF1 gene expression by 
hypothermia was associated with unfolded protein response; 
and activation of ER stress sensors, especially higher phos- 
phorylation of eIF2α and ATF6 cleavage but unchanged 
ER chaperone expression. No alternative mRNA expression 
of apoptosis- and the autophagy-associated factor was 
observed in cells treated with hypothermia. Our findings 
suggested that hypothermia decreased IGF1 gene expression 
under ischemia, which may provide new insight into the 
possibility of hypothermia treatment for ischemia, and may 
help in the development of novel methods for easy and 
quick diagnosis of neurodegenerative disorders, including 
ischemia and hypoxia. 
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