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In this study, we evaluated the effects of various hypothermic conditions (32℃), including lithium chloride treatment, 
on insulin-like growth factor 1 (IGF-1) gene expression in PC12 cells. The results show that short-term hypothermic 

treatment (<1 day) resulted in relatively higher IGF-1 gene expression than did longer-term treatment (>1 day). Repeated 
switching between normal temperature and hypothermia every 2 h increased IGF-1 gene expression approximately 
3-4-fold. These findings indicate that hypothermia dynamically regulates IGF-1 gene expression. This study could be 
helpful for the development of treatment and diagnostic strategies for ischemia. 
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Currently, clinical treatments that reduce the after-effects 

of acute ischemic stroke are not well established. Tissue 

plasminogen activator (t-PA) injection therapy within 3 h 

post-acute ischemic stroke is one of the most effective 

methods. However, t-PA is associated with serious issues, 

such as time limitations and risk of bleeding (Wardlaw et 

al., 2012). Anti-platelet agents have recently received much 

attention for their therapeutic effects. However, these effects 

remain unclear. Hypothermia treatment is defined as a core 

body temperature below 35℃ (32℃) to achieve protection 

and/or good clinical outcomes. Its advantages were shown 

for the medical management of refractory intracranial hyper- 

tension and malignant cerebral edema (Imataka and Arisaka, 

2015). American Heart Association guidelines on therapeutic 

hypothermia (2005) state that unconscious adult patients 

with return of spontaneous circulation after out-of-hospital 

cardiac arrest should be cooled to 32~34℃ for 12~24 h, 

and similar therapy may be beneficial for patients with 

non-ventricular fibrillation (VF) arrest out of hospital or in 

hospital (American Heart Association, 2006). Although 

hypothermia treatment has many benefits for neurocritical 

care and patient rehabilitation, the mechanisms involved in 

the regulation of cellular function are obscure. The molecular 

mechanisms proposed include apoptosis and mitochondrial 
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dysfunction, inflammation, blood-brain barrier disruption, 

free radical production, and rescue of the RNA-binding 

motif protein 3 gene (Al-Astal et al., 2016; Yenari and Han, 

2012; Yenari and Zhao, 2003). 

In this study, we used the differential display-polymerase 

chain reaction (PCR) method to determine the differentially 

expressed genes regulated by hypothermia treatment in 

PC12 culture cells (Sturtevant, 2000). The results show that 

a gene encoding insulin-like growth factor 1 (IGF-1) was 

differentially up-regulated by hypothermic conditions. IGF-1 

was first identified in 1957 by Salmon and Daughaday as a 

'sulphation factor' (Salmon and Daughaday, 1957). In 1972, 

the gene name was changed to 'somatomedin' (Daughaday 

et al., 1972); in 1976, it was renamed 'IGF-1' because of 

its structural resemblance to proinsulin (Rinderknecht and 

Humbel, 1976). IGF-1, similar to insulin, is a small peptide 

consisting of 70 amino acids in a single chain with three 

intramolecular disulfide bridges and a molecular weight of 

7,649 daltons (Rinderknecht and Humbel, 1978). The human 

IGF-1 gene, located on the long arm of chromosome 12q23-

23, consists of six exons and two promoters (Mullis et al., 

1991; Rotwein, 1991). IGF-1 is primarily secreted from the 

liver and binds to one of six IGF binding proteins for trans- 

port to other tissues, where it functions as an endocrine 

hormone. The main function of IGF-1 is to mediate growth 

hormone-stimulated somatic growth. Other important func- 

tions include osteogenesis, axonal generation in nerves, 

nerve regeneration after ischemic insult, muscle repair, and 

hypertrophy after trauma or exercise (Cheng et al., 2007). 

For reverse transcription-PCR (RT-PCR) analysis, PC12 

cells were cultured on collagen-coated flasks in 85% RPMI 

1640 supplemented with 25 mM HEPES buffer, 10% heat-

inactivated horse serum, 5% heat-inactivated fetal bovine 

serum, 2 mM L-glutamine, 1 mM sodium pyruvate, 1 g/l 

d-(+)-glucose, 25 μg/ml streptomycin, and 25 U/ml peni- 

cillin at 37℃ in a 5% CO2 atmosphere. Cells were in- 

cubated under control conditions (37℃) or hypothermia 

(32℃). The expression of cold-induced RNA-binding protein 

(CIRBP) was used as a positive control (Al-Fageeh and 

Smales, 2009) in all experiments. Total RNA was extracted 

from cultured PC12 cells using NucleoZOL (Macherey-

Nagel, Duren, Germany). RT-PCR was performed using Taq 

DNA polymerase and the primers 5'-GCTCCATCCACC- 

TTACAGGA-3' (forward) and 5'-GGCACTGGGAAATA- 

CCTTGA-3' (reverse) for IGF-1 and 5'-TCAGCTTCGAC- 

ACCAATGAG-3' (forward) and 5'-GTATCCTCGGGAC- 

CGGTTAT-3' (reverse) for CIRBP. The conditions for 30 

cycles were 94℃ for 30 s, 58℃ for 30 s, and 72℃ for 1 

min, with a final 72℃ for 10 min incubation. 

Compared with the control, IGF-1 gene expression showed 

Fig. 1. Hypothermia regulates IGF-1 gene expression. PC12 cells were exposed to hypothermia (32℃) for different durations. The 
hypothermic response was confirmed by an increase in CIRBP mRNA expression, which is a positive marker. IGF-1, insulin-like growth 
factor 1; CIRBP, cold-induced RNA-binding protein. The experiments were performed thrice, and the results represent the means. In the 
text, Fig. 1A and 1B are referenced. 
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no change after 3 h of exposure to hypothermia (32℃); 

however, after 7 h, IGF-1 gene expression increased approxi- 

mately 3.5-fold (Fig. 1A). IGF-1 gene expression (approxi- 

mately 5-fold) reached its maximum on day 1 of hypo- 

thermia treatment, after which it decreased rapidly and then 

maintained a level similar to that of the control on days 1~3 

(Fig. 1B). These results suggest that hypothermia increases 

IGF-1 gene expression only in the short-term (<1 day) in 

PC12 cell cultures. Moreover, an additional 1 h exposure to 

37℃ after 1 day of 32℃ treatment caused a 2-fold increase 

in IGF-1 expression, whereas an additional 3 h exposure to 

37℃ after 1 day of 32℃ treatment caused a 7-fold increase 

in gene expression (Fig. 2A). Additionally, 1 and 3 h ex- 

posures to normal temperature after 2 days of hypothermic 

Fig. 2. Intermittent hypothermia induces differential IGF-1 gene expression. PC12 cells were exposed to intermittent hypothermia 
(32℃) and continuous control conditions (37℃) for different durations (A) and (B). IGF-1, insulin-like growth factor 1; CIRBP, cold-
induced RNA-binding protein. The experiments were performed thrice, and the results represent the means. 

Fig. 3. The effects of repeated stimulation and lithium chloride treatment on IGF-1 gene expression. PC12 cells were incubated under
control (37℃) or hypothermic (32℃) conditions with lithium chloride. IGF-1, insulin-like growth factor 1; CIRBP, cold-induced RNA-
binding protein. The experiments were performed thrice, and the results represent the means. In the text, Fig. 3A and 3B are referenced. 
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treatment resulted in a 2-fold reduction in IGF-1 gene 

expression levels compared with the control (Fig. 2B). 

Currently, the mechanism of this phenomenon is unknown. 

The timing of hypothermia treatment appears critical for 

the regulation of IGF-1 gene expression, and long-term 

exposure (>1 day) to hypothermia treatment induced no 

change in IGF-1 gene expression. Next, we evaluated the 

effect on IGF-1 gene expression of repeated treatment cycles 

consisting of 2 h of normal temperature alternating with 2 h 

of hypothermia. The results showed that IGF-1 gene expres- 

sion increased approximately 3-4-fold after 2 h of repeated 

switching between normal temperature and hypothermia 

(Fig. 3A). The results suggest that iterative hypothermia 

can be applied clinically. Next, we examined the effects of 

lithium chloride (LiCl), a well-known GSK-3β inhibitor (Lee 

and Han, 2010), on IGF-1 gene expression during hypo- 

thermic treatment (Fig. 3B). It was already reported that 

LiCl prevents hypothermia via Tau hyperphosphorylation 

and enhances β-catenin protein expression (Bretteville et 

al., 2012; Meffre et al., 2015). Two days of LiCl treatment 

at 37℃ or 32℃ resulted in up-regulation of IGF-1 gene 

expression, suggesting a role for unidentified intracellular 

thermal factors that interact with LiCl during hypothermia. 

After an ischemic brain stroke, patient body temperature 

increases by 25% within 6 h and by 75% after 72 h. The 

increase in body temperature is a phenomenon of the disease 

that serves as an indicator of stroke outcome. The in vitro 

findings of our study suggest that hypothermia could be 

used to control IGF-1 gene expression under clinical con- 

ditions. Further in vivo studies are required to verify these 

results and provide a possible means for developing treat- 

ments for brain ischemia recovery and diagnostic methods. 
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