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Abstract

Tetrahydrobiopterin (BH4) has a trophic effect on pheochromocytoma-12 (PC12) cells such as insulin-like growth factor-1

(IGF-1). We investigated involvement of BH4 in the trophic effect of IGF-1 on PC12 cells. IGF-1 (10–300 ng/ml) increased

cellular BH4 content in a dose-related manner. Cellular BH4 content increased after 6–36 h incubation with IGF-1. IGF-1-

induced increase in the cellular BH4 content was blunted by 0.3 mM 2,4-diamino-6-hydroxypyrimidine (DAHP), an inhibitor

for BH4 synthesis. IGF-1 protected PC12 cells from the cell death induced by depletion of serum and nerve growth factor,

which was attenuated by DAHP. The effects of IGF-1 on the cellular BH4 content and cell viability were eliminated by 0.2mM

wortmannin. These results suggest that BH4 is involved in the trophic effect of IGF-1 on PC12 cells and that the effect of IGF-

1 on BH4 synthesis is mediated by phosphatidylinositol 3-kinase. q 2002 Elsevier Science Ireland Ltd. All rights reserved.
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Insulin-like growth factor-1 (IGF-1) is a growth promot-

ing peptide which is important during development of the

brain [3]. Recently, it was reported that IGF-1 has a trophic

effect on pheochromocytoma-12 (PC12) cells like nerve

growth factor (NGF) [5,13]. NGF and epidermal growth

factor (EGF) were found to enhance synthesis of tetrahy-

drobiopterin (BH4) [1], a cofactor for nitric oxide synthase

[10] and aromatic amino acid hydroxylases [6,11,12]. We

have reported that BH4 has a trophic effect on PC12 cells

[8]. These results raised a possibility that the trophic effect

of IGF-1 on PC12 cells is mediated by BH4. In the present

study, we investigated whether BH4 is involved in the

trophic effect of IGF-1 on PC12 cells.

IGF-1 was a generous gift from Fujisawa Pharmaceutical

Co., Osaka, Japan. Mouse NGF (7.0S) was purchased from

Nacalai Tesque, Kyoto, Japan. All other chemicals were of

the purest grade available from regular commercial sources.

PC12 cells (Riken Cell Bank, Tsukuba, Japan) were main-

tained, subcultured and differentiated by 100 ng/ml NGF as

reported previously [9]. Following 5–7 days of culture for

differentiation, the cells were used for experiments. To

examine the effect of IGF-1 on cellular BH4 content, NGF

was depleted from the culture medium. Following incuba-

tion of PC12 cells with the culture medium containing drugs

for the indicated period, the cellular content of total biop-

terin was measured as reported previously [15]. Since most

of the cellular biopterin exists as BH4 [4], the total biopterin

content was used as an index for cellular BH4 content. After

a 3-day culture with drugs added every 48 h, cell viability

was estimated with the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay as previously

reported [9]. To induce cell death, PC12 cells were cultured

without serum and NGF. Protein content was measured

using Bio-Rad protein assay with bovine serum albumin

as the standard [2]. All results were expressed as means ^

SEM. The significance of difference was evaluated with

analysis of variance and Fisher’s test. A probability level

of P , 0:05 was considered statistically significant.

First, the effect of IGF-1 on cellular biopterin content in

PC12 cells was examined. When the cells were cultured

with various concentrations of IGF-1 for 12 h, cellular biop-

terin content increased in a dose-related manner. The effect

of IGF-1 on cellular biopterin content was maximal at 100

ng/ml (Fig. 1A). When PC12 cells were cultured with 100

ng/ml IGF-1 for varying periods, cellular biopterin content

increased after 6, 12, 24 and 36 h. The effect of IGF-1 was

maximal at 12 h (Fig. 1B). These results suggest that IGF-1
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increased cellular BH4 content within physiological concen-

trations. In non-differentiated PC12 cells, 12-h incubation

with 100 ng/ml IGF-1 had no effect on cellular biopterin

content (biopterin content of control cells (n ¼ 6) for

60.17 ^ 4.51 pmol/mg protein vs. that of IGF-1 loaded

cells (n ¼ 6) for 61.83 ^ 2.00 pmol/mg protein). Thus, it

is possible that the effect of IGF-1 on BH4 synthesis depends

on cell differentiation. When the cells were cultured in the

presence of wortmannin, an inhibitor of phosphatidylinosi-

tol 3-kinase (PI3 kinase), the IGF-1-induced increase in the

cellular biopterin content was blunted (Fig. 2A). These data

suggest that the stimulatory effect of IGF-1 on cellular BH4

content was mediated by PI3 kinase. When the cells were

cultured with 2,4-diamino-6-hydroxypyrimidine (DAHP),

an inhibitor for guanosine triphosphate cyclohydrolase 1

as a rate-limiting enzyme for BH4 synthesis, the increase

in the cellular biopterin content was eliminated (Fig. 2B).

These results indicate that IGF-1 stimulated the synthesis of

BH4 in PC12 cells. Then, the trophic effect of IGF-1 on

PC12 cells was examined in the presence of wortmannin.

When the cells were cultured without serum and NGF for 3

days, cell viability was significantly decreased as reported

previously [8,14]. IGF-1 (100 ng/ml) protected PC12 cells

from cell death induced by depletion of serum and NGF.
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Fig. 1. Effect of IGF-1 on biopterin content in PC12 cells. (A) PC12 cells were cultured for 12 h with culture medium which was added with

varying concentrations of IGF-1 and depleted of NGF. Then, cellular biopterin content was measured. Each experiment was carried out

in triplicate. In each experiment, the examined value was expressed as a percentage of the mean value of the control group (61.78 ^ 2.53

pmol/mg protein). Each column shows the mean ^ SEM of six experiments. *P , 0:05 vs. the control group. (B) PC12 cells were cultured

with 100 ng/ml IGF-1 for 3, 6, 12, 24, 36 and 48 h. Then, cellular biopterin content was measured. In each experiment, the examined value

was expressed as a percentage of the mean value of the corresponding control group. Each point shows the mean ^ SEM of six

experiments. *P , 0:05 vs. the corresponding control group.

Fig. 2. Effect of wortmannin (A) and DAHP (B) on IGF-1-induced increase in cellular biopterin content. After PC12 cells were cultured with

test drugs for 12 h, cellular biopterin content was measured. Each experiment was carried out in triplicate. In each experiment, the

examined value was expressed as a percentage of the mean value of the control group. Each column shows the mean ^ SEM of six

experiments. *P , 0:05 vs. the control group. #P , 0:05 vs. the group cultured with IGF-1.



The protective effect of IGF-1 was blunted by wortmannin

(Fig. 3A), suggesting that the protective effect of IGF-1 was

mediated by PI3 kinase. It is known that PI3 kinase is

involved in diverse signalings. Although we observed that

PI3 kinase was involved in the stimulatory effect of IGF-1

on BH4 synthesis in PC12 cells, it is not clarified whether

IGF-1–PI3 kinase signaling in the protective effect of IGF-1

is independent or dependent on BH4 synthesis. Thus, we

examined the protective effect of IGF-1 on PC12 cells in

the presence of DAHP. As shown in Fig. 3B, the cell protec-

tive effect of IGF-1 was blunted by DAHP.

These data taken together lead to the possibility that the cell

protective effect of IGF-1 is dependent on synthesis of BH4 in

PC12 cells. We have studied the effect of BH4 on neuronal

cells using PC12 cells. BH4 protected PC12 cells from cell

death induced by depletion of serum and NGF [8]. Erythro-

poietin (EPO) had a protective effect on PC12 cells cultured

without serum and NGF [7]. The trophic effect of EPO was

mediated by BH4 [15]. BH4 was reported to be involved in the

trophic effects of NGF and EGF on PC12 cells [1]. Among

diverse intracellular signalings for trophic factors such as

NGF, EGF, IGF-1 and EPO, BH4 is assumed to play a key

role in the intracellular signalings for these trophic factors.

[1] Anastasiadis, P.Z., Kuhn, D.M., Blitz, J., Imerman, B.A.,

Louie, M.C. and Levine, R.A., Regulation of tyrosine hydro-

xylase and tetrahydrobiopterin biosynthetic enzymes in

PC12 cells by NGF, EGF and IFN-g, Brain Res., 713 (1996)

125–133.

[2] Bradford, M.M., A rapid and sensitive method for the quan-

titation of microgram quantities of protein utilizing the prin-

ciple of protein-dye binding, Anal. Biochem., 72 (1976) 248–

254.

[3] Detremont, K.D., Ye, P., D’Ercole, A.J. and O’Kusky, J.R.,

Increased insulin-like growth factor-1 (IGF-1) expression

during early postnatal development differentially increases

neuron number and growth in medullary nuclei of the

mouse, Dev. Brain Res., 114 (1999) 135–141.

[4] Fukushima, T. and Nixon, J.C., Analysis of reduced forms of

biopterin in biological tissues and fluids, Anal. Biochem.,

102 (1980) 176–188.

[5] Holtsberg, F.K., Steiner, M.R., Bruce-Keller, A.J., Keller, J.N.,

Mattson, M.P., Moyers, J.C. and Steiner, S.M., Lysopho-

sphatidic acid and apoptosis of nerve growth factor-differ-

entiated PC12 cells, J. Neurosci. Res., 53 (1998) 685–696.

[6] Kaufman, S., Studies on the mechanism of the enzymatic

conversion of phenylalanine to tyrosine, J. Biol. Chem., 234

(1959) 2677–2682.

[7] Koshimura, K., Murakami, Y., Sohmiya, M., Tanaka, J. and

Kato, Y., Effects of erythropoietin on neuronal activity, J.

Neurochem., 72 (1999) 2565–2572.

[8] Koshimura, K., Tanaka, J., Murakami, Y. and Kato, Y.,

Enhancement of neuronal survival by 6R-tetrahydrobiop-

terin, Neuroscience, 88 (1999) 561–569.

[9] Koshimura, K., Tanaka, J., Murakami, Y. and Kato, Y., Invol-

vement of nitric oxide in glucose toxicity on differentiated

PC12 cells: prevention of glucose toxicity by tetrahydro-

biopterin, a cofactor for nitric oxide synthase, Neurosci.

Res., (2002) in press.

[10] Kwon, N.S., Nathan, C.F. and Stuehr, D.J., Reduced biopterin

as a cofactor in the generation of nitrogen oxides by murine

macrophages, J. Biol. Chem., 264 (1989) 20496–20501.

[11] Lovenberg, W., Jequier, E. and Sjoerdsma, A., Tryptophan

hydroxylation: measurement in pineal gland, brainstem,

and carcinoid tumor, Science, 155 (1967) 217–219.

[12] Nagatsu, T., Levitt, M. and Udenfriend, S., Tyrosine hydro-

xylase, the initial step in norepinephrine biosynthesis, J.

Biol. Chem., 239 (1964) 2910–2917.

[13] Párrizas, M., Saltiel, A.R. and LeRoith, D., Insulin-like

growth factor 1 inhibits apoptosis using the phosphatidyli-

nositol 3 0-kinase and mitogen-activated protein kinase

pathways, J. Biol. Chem., 272 (1997) 154–161.

[14] Tanaka, J., Koshimura, K., Murakami, Y., Sohmiya, M.,

Yanaihara, N. and Kato, Y., Neuronal protection from apop-

tosis by pituitary adenylate cyclase activating polypeptide,

Regul. Pept., 72 (1997) 1–8.

[15] Tanaka, J., Koshimura, K., Sohmiya, M., Murakami, Y. and

Kato, Y., Involvement of tetrahydrobiopterin in trophic effect

of erythropoietin on PC12 cells, Biochem. Biophys. Res.

Commun., 289 (2001) 358–362.

J. Tanaka et al. / Neuroscience Letters 328 (2002) 201–203 203

Fig. 3. Effect of wortmannin (A) and DAHP (B) on the trophic action of IGF-1 on PC12 cells. PC12 cells were cultured in the presence or

absence of serum and NGF for 3 days. At 48 h intervals, test drugs were added to the culture medium which was depleted of serum and

NGF. Then, cell viability was estimated by MTT assay. Each column shows the mean ^ SEM of six experiments. *P , 0:05 vs. control

group. #P , 0:05 vs. the group cultured without serum and NGF. ¶P , 0:05 vs. the group cultured with IGF-1.


