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Proinsulin C-peptide causes multiple molecular and physiological effects, and
improves renal and neuronal dysfunction in patients with diabetes. However, whether
C-peptide controls the inhibitor jB (IjB)/NF-jB–dependent transcription of genes,
including inflammatory genes is unknown. Here we showed that 1 nM C-peptide
increased the expression of cyclooxygenase-2 (COX-2) mRNA and its protein in Swiss
3T3 fibroblasts. Consistently, C-peptide enhanced COX-2 gene promoter-activity,
which was inhibited by GF109203X and Go6976, specific PKC inhibitors, and
BAY11-7082, a specific nuclear factor-jB (NF-jB) inhibitor, accompanied by increased
phosphorylation and degradation of IjB. These results suggest that C-peptide stimu-
lates the transcription of inflammatory genes via activation of a PKC/IjB/NF-jB
signaling pathway.

Key words: C-peptide, cyclooxygenase-2, diabetes, NF-jB–dependent transcription,
PKC.

Abbreviations: COX-2, cyclooxygenase-2; IkB, inhibitor of NF-kB; NF-kB, nuclear factor-kB; iNOS, inducible
nitric oxide synthase; IL-1, interleukin-1; PES-2, prostaglandin-endoperoxide synthase-2; PGE2, prostaglandin
E2; p-APMSF, (p-amidinophenyl)methanesulfonyl fluoride hydrochloride.

C-peptide, the connecting segment of proinsulin, is
secreted by pancreatic b-cells into the circulation
together with insulin in equimolar quantities (1). Although
C-peptide has been so far considered to be biologically
inactive, recent studies have revealed that it exerts not
only important physiological functions, but also has bene-
ficial effects in patients with type 1 diabetes who lack this
peptide, but not in healthy subjects (2-4). The cellular
and molecular mechanisms underlying the actions of
C-peptide are now beginning to emerge. C-peptide has
been observed to probably bind to a membrane receptor
coupled to a pertussis toxin–sensitive G-protein to elicit
a transient increase in the intracellular Ca2+ concentration
and to stimulate mitogen-activated protein kinase
(MAPK)–dependent signaling pathways (3-5). Conse-
quently, C-peptide stimulates Na+,K+-ATPase and endo-
thelial nitric oxide synthase (eNOS) (6), the enzymatic
activation of both of which has been reported not to be
elicited in type 1 diabetes patients with nephropathy (2).

Type 1 diabetes mellitus is an autoimmune disease
characterized by the selective destruction of insulin-
secreting b-cells found in pancreatic islets of Langerhans.
Islet-infiltrating macrophages and T lymphocytes secrete
inflammatory cytokines such as IL-1, IFN-g, and TNF-a

(7). These cytokines inhibit glucose-stimulated insulin
secretion and induce islet degeneration in isolated rat
and human islets (8-10). The inhibitory and destructive
effects of cytokines on b-cell function and islet viability
have been demonstrated to be mediated in part through
the expression of the inducible form of nitric-oxide
synthase (iNOS) and the subsequent increased production
of NO by b-cells (11). This has been further evidenced by
more recent studies using selective inhibitors of iNOS (12,
13) and iNOS-deficient mice (14), suggesting a primary
role for NO as the mediator of cytokine-induced inhibition
of glucose-induced insulin secretion and islet degeneration.
Also, high glucose and diabetes induces cyclooxygenase-2
(COX-2) gene expression in human monocytes and islets
(15, 16), suggesting that COX-2 expression and PGE2

formation by rat and human islets correlates with
cytokine-induced islet damage. On the other hand, nuclear
factor-kB (NF-kB) plays a pivotal role in the transcription
activation not only of inflammatory cytokine genes, includ-
ing IL-1b and TNF-a (17, 18), but also of cytokine-inducible
genes, such as the COX-2 and iNOS ones (19, 20). In addi-
tion, prolonged treatment with IL-1b in combination with
IFNg and/or TNFa induces b cell death mostly through
apoptosis in rodent and human islets (8-10). Furthermore,
inhibition of cytokine-induced NF-kB activation prevents b
cell apoptosis (21). These reported observations suggest
the central role of NF-kB in cytokine-induced b cell apop-
tosis. But it remains unclear whether C-peptide controls
NF-kB–dependent gene regulation. In the present paper

Vol. 139, No. 6, 2006 1083 � 2006 The Japanese Biochemical Society.

*To whom correspondence should be addressed. Tel: +81-22-795-
6852, Fax: +81-22-795-6850, E-mail: yamakuni@mail.pharm.
tohoku.ac.jp

 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


we present the first evidence that C-peptide enhances
expression of the COX-2 gene in a PKC/inhibitor of NF-
kB (IkB)/NF-kB signaling–dependent manner in Swiss 3T3
fibroblasts.

MATERIALS AND METHODS

Chemicals and Materials—Mouse C-peptide,
anti–COX-2 antibody, and anti–14-3-3b, anti–I-kBa and
anti–phosphorylated I-kBa antibodies were obtained
from Yanaihara Institute Inc., Cayman, and Santa Cruz
Biotechnology, Inc., respectively. Plus reagent and
Lipofectamine reagent, and a Dual-Luciferase� Reporter
Assay system were purchased from Life Technologies, Inc.
and Promega, respectively. Other chemicals and drugs
were of reagent grade or of the highest quality available.
Cell Culture—Swiss 3T3 cells, a mouse embryonic fibro-

blast line, were cultured as reported previously (5).
Real Time RT-PCR Analysis—Swiss 3T3 cells were

seeded on 35-mm dishes at a density of 1.0 · 105 cells/
dish and then cultured for 24 h. For RT-PCR analysis of
COX-2 expression, cells were incubated in serum-free med-
ium with or without mouse C-peptide for the indicated
times. Total RNA was isolated from cells using an RNeasy
Mini Kit (Qiagen, Tokyo, Japan). Quantitative PCR was
performed with an ABI Prism 7900 and SYBR Green
Reagent (Applied Biosystems, Foster City, CA, USA).
cDNA was synthesized from 0.5 mg of total RNA using
SuperScript II reverse transcriptase (Invitrogen, Carlsbad,
CA, USA). Absolute cDNA abundance was calculated using
the standard curve obtained for rat genomic DNAs. The
PCR conditions were as follows: 10 min at 95�C, then
50 cycles of 15 s at 94�C, 30 s at 60�C, 1 min at 72�C.
The mRNA levels were normalized using mouse GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) as the house-
keeping gene. The primers for amplification were: GAPDH,
50-CAA AAT GGT GAA GGT CGG TGT G-30 (forward) and
50-ATT TGA TGT TAG TGG GGT CTC G-30 (reverse); and
COX-2, 50-GGA TGC ACG AGC AGC AGT TT-30 (forward)
and 50-TTG ATG GAC GGG AAC AGG TT-30 (reverse).
Western Blotting—Swiss 3T3 cells were seeded on

35-mm dishes at a density of 1.0 · 105 cells/dish and
then cultured for 24 h. For Western blot analysis of
COX-2 expression, cells were incubated in serum-free med-
ium with or without mouse C-peptide for the indicated
times. For Western blot analysis of the total IkB expression
level and its phosphorylation, cells were incubated in
Hank’s buffer with or without mouse C-peptide for the
indicated times. After incubation, cells were washed two
times with PBS and then lysed with lysis buffer (1 mM
EDTA, 1% SDS, 10 mg/ml leupeptin, 10 mg/ml pepstatin,
10 mg/ml chymostatin, 10 mg/ml antipain, 10 mg/ml phos-
phoramidon, 1 mM p-APMSF, 0.32 mM okadaic acid, 10 nM
calyculin A, 10 mM NaF, 1 mM Na-orthovanadate, 50 mM
bpV, 10 mM HEPES-HCl, pH 7.5). Cell lysates were boiled
and centrifuged to obtain supernatants as cell extracts,
which were subjected to Western blot analyses as described
previously (22).
Plasmids—The fragment corresponding to nucleotide

positions –327 to +59 from the transcription start site
of the human PES-2 gene, of which the product catalyzes
the rate-limiting step in the biosynthesis of prostaglan-
dins (23), was generated by polymerase chain reaction

(PCR) using 50-GGG GGG TAC CAC TAC CCC CTC
TGC TCC CAA ATT GGG GCA G-30 (forward), 50-GGG
GGG CTA GCG CGC TGC TGA GGA GTT CCT GGA
CGT GCT CC-30 (reverse), and the human genome as
a template. The fragment corresponding to nucleotide
residues –220/+59 without an NF-kB–responsive element
was generated by polymerase chain reaction (PCR) using
50-GGG GGG TAC CAC TAC CCC CTC TGC TCC CAA
ATT GGG GCA G-30 (forward), 50-GGG GGG CTA GCG
CGC TGC TGA GGA GTT CCT GGA CGT GCT CC-30

(reverse), and phPES(–327/+59) as a template. These
PCR fragments were digested at KpnI/NheI sites and
then inserted into the KpnI/NheI sites of pGL4.0 (Pro-
mega). Each construct was verified by DNA sequence
analysis with a DNA sequencer, ABI 3700 (Applied Bio-
systems, Foster City, CA, USA).
Transfection and Reporter Gene Assay—Swiss 3T3 cells

were seeded on 48-well plates at a density of 1.0 · 104 cells/
well and then cultured for 24 h. Cells were co-transfected
with 0.05 mg/well of pNF-kB-Luc, a firefly luciferase repor-
ter construct containing five repeated NF-kB–responsive
elements (22), phPES2(–327/+59)-Luc, a firefly luciferase
reporter construct containing the human COX-2 gene pro-
moter fragment with the NF-kB–responsive element, or
phPES2 (–220/+59)-Luc without the NF-kB–responsive
element, and 0.01 mg/well of a Renilla luciferase control
vector (phRG-TK) using Plus reagent and Lipofectamine
reagent according to the published method (24). Relative
transcription activities were measured as described pre-
viously (22).

RESULTS AND DISCUSSION

COX-2 is the rate-limiting enzyme in the conversion of
arachidonic acid (AA) to prostaglandin and is related to
diseases, including inflammation and diabetes (15, 16,
25). Because C-peptide triggers multiple intracellular bio-
chemical reactions sensitive to pertussis toxin in Swiss
3T3 fibroblasts, as reported previously (6), we first exam-
ined whether C-peptide affected the expression of COX-2
mRNA in Swiss 3T3 fibroblasts by quantitative PCR.
C-peptide at 1 nM, which is close to the physiological
range (1–3 nM) in human, increased the expression of
COX-2 mRNA within 12 h after treatment (Fig. 1A). NF-
kB has been reported to act as an intracellular signaling
molecule downstream of PKC (17). Since Kitamura et al.
have also reported that C-peptide stimulates PKC activity
(6), we examined whether NF-kB was required for this
stimulatory effect of C-peptide. The increase at 12 h
after treatment was abolished by pretreatment with
1 mM GF109203X and Go6976, specific PKC inhibitors,
or 1 mM BAY11-7082, a specific NF-kB inhibitor
(Fig. 1B). Furthermore, treatment with 1 nM C-peptide
augmented the expression of COX-2 mRNA to increase
the expression of its protein at 24 h (Fig. 1C). Next, to
determine whether this increase in the expression of
COX-2 protein induced by C-peptide resulted from trigger-
ing of COX-2 gene transcription, the transcription activity
of the COX-2 gene was analyzed by reporter gene assay
(Fig. 2). Swiss 3T3 fibroblasts were transfected with
phPES2 (–327/+59)-Luc, a human COX-2 reporter gene
containing an NF-kB–responsive element, to assay the
luciferase activity at 24 h after treatment with or without
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1 nM C-peptide. As shown in Fig. 2A, in Swiss 3T3
fibroblasts, C-peptide increased the transcription activity
of phPES2 (–327/+59)-Luc, which was inhibited by pre-
treatment with 1 mM GF109203X or Go6976, and 1 mM
BAY11-7082 for 15 min, whereas C-peptide had no
enhancing effects on the transcription activity of
phPES2 (–220/+59)-Luc, in which the NF-kB–responsive
element was not included (Fig. 2B), providing evidence
that C-peptide triggers COX-2 gene transcription via a
PKC/NF-kB–mediated signaling pathway.

Activation of NF-kB has been demonstrated to partici-
pate in induction of the gene expression of COX-2 (19).
Therefore the present finding that C-peptide augments
both COX-2 gene transcription and its protein expression
raises the possibility that C-peptide stimulates NF-
kB–dependent transcription. Expectedly, C-peptide
increased NF-kB–dependent transcription (Fig. 3). Since
the phosphorylation and subsequent degradation of IkBa
are well known to serve as the mechanism underlying the
activation of NF-kB–dependent transcription resulting
from the nuclear translocation of NF-kB from the cyto-
plasm (17–19), the effects of C-peptide on the phosphoryla-
tion and degradation of IkBa were further examined by
Western blotting. An increase in the level of phosphory-
lated IkBa was observed at 10 min after treatment with
1 nM C-peptide and the phosphorylation level reached the
maximum level at 30 min after the treatment. After a
further 30 min, the level of IkBa protein was observed to
decrease (Fig. 4A), but to have returned to the initial level
at 12 h after the treatment (Fig. 4B).

In the present study we obtained the first evidence
that C-peptide activates the IkB/NF-kB system via a
PKC-mediated signaling pathway to enhance COX-2
gene transcription, and thereby increases its protein
expression in Swiss 3T3 fibroblasts, although the mechan-
ism by which C-peptide produces a sustained increase in
expression of COX-2 protein remains to be elucidated,
suggesting the ability of C-peptide to stimulate NF-
kB–dependent gene transcription via a PKC/IkB-mediated
mechanism. NF-kB plays a central role in cytokine-induced
b cell apoptosis as well as in the transcription
activation of inflammatory cytokine genes (17, 18)
and cytokine-inducible genes, including COX-2 (19), in

Fig. 1. Increasing effects of C-peptide on the mRNA and
protein expression of COX-2 in Swiss 3T3 cells. Cells were
pre-incubated in serum-free DMEM containing 1 mM GF109203X
or Go6976, specific PKC inhibitors, or 1 mM BAY11-7082, a specific
NF-kB inhibitor, for 15 min, and then incubated in serum-free
DMEM containing 1 nM mouse C-peptide for the indicated
times. Preparation of total cellular RNA and cell extracts was con-
ducted as described under ‘‘MATERIALS AND METHODS.’’ Quantifica-
tion of COX-2 mRNA expression was performed with PRISM7700
(A and B;n = 4). The expression of COX-2 mRNA is presented as the
relative expression level normalized as to that of GAPDH mRNA.
In C, proteins included in the cell extracts were separated on a 7%
SDS-PAGE gel, followed by immunoblotting with anti–COX-2 and
anti–14-3-3-b antibodies (upper panel). 14-3-3-b protein was used
as a loading control. Each column represents the density of a spe-
cific single band corresponding to COX-2 protein normalized as to
the expression of 14-3-3-b protein (lower panel). Values represent
the means – SEM for three independent experiments (n = 4). *p <
0.05, **p < 0.01 versus vehicle control; #p < 0.05 versus cells treated
with C-peptide alone. Similar results were obtained in at least
three independent experiments.
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b cells. Pancreatic b-cells coexpress insulin and COX-2, and
PGE2 has been reported to inhibit glucose-induced insulin
secretion in pancreatic b-cell line (26). C-peptide can also
elicit a biochemical response in the pancreatic islet cells
probably via activation of a membrane receptor coupled to
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Fig. 2. PKC-dependent stimulatory effect of C-peptide on
COX-2 gene transcription in Swiss 3T3 cells. Cells were
co-transfected with phPES2 (–328/+59)-Luc (A) or phPES2
(–220/+59)-Luc (B), and a phRG-TK plasmid. After transfection,
the cells were pre-incubated in serum-free DMEM containing
1 mM GF109203X, Go6976 or BAY11-7082 for 15 min, and then
incubated in serum-free DMEM containing 1 nM mouse C-peptide

for 24 h. Cells lysates were collected to assay the luciferase activity
as described under ‘‘MATERIALS AND METHODS.’’ Relative luciferase
activity was calculated as the ratio of firefly luciferase activity to
R. reniformis luciferase activity. Each column represents the
mean – SEM (n = 6). **p < 0.01 versus vehicle control; #p < 0.05
versus cells treated with C-peptide alone. Similar results were
obtained in at least three independent experiments.
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Fig. 3. Stimulatory effect of C-peptide on NF-aB–dependent
transcription in Swiss 3T3 cells. Cells were co-transfected
with pNF-kB-Luc and phRG-TK plasmids. After transfection,
the cells were incubated in serum-free DMEM containing 1 nM
mouse C-peptide for 24 h. Luciferase activity assay was
performed as described in the legend to Fig. 2. Each column
represents the mean – SEM (n = 6). *p < 0.05 versus vehicle control.
Similar results were obtained in at least three independent
experiments.
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Fig. 4. Stimulatory effects of C-peptide on phosphorylation
and degradation of IjBa protein in Swiss 3T3 cells.
Cells were stimulated with 1 nM mouse C-peptide for the indicated
times. Cell lysates were prepared as described under ‘‘MATERIALS

AND METHODS,’’ and fractionated on a 10% SDS-PAGE gel,
followed by immunoblotting with anti–phospho-IkBa and anti–
IkBa antibodies. 14-3-3-b protein was used as a loading control.
Similar results were obtained in at least two independent
experiments.
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a pertussis toxin–sensitive G-protein (2). It is thus
plausible that C-peptide may serve as an important
modulator of insulin secretion in pancreatic b-cells in
physiological circumstances, and be implicated in the pro-
gression towards diabetes, especially type 1 diabetes.

The most important finding in the present study is
that C-peptide itself has the ability to stimulate NF-
kB–dependent gene transcription via a PKC/IkB-mediated
mechanism in Swiss 3T3 fibroblasts. It has been reported
that in SH-SY5Y neuroblastoma cells, C-peptide alone
little affects high-glucose–induced apoptosis, but exerts an
anti-apoptotic effect on the apoptosis via activation and
translocation of NF-kB in the presence of insulin (27).
Together with the reported result, the finding in the pre-
sent study suggests that activation of NF-kB–dependent
gene transcription by C-peptide appears to be differentially
controlled in a cell-type–dependent manner.

In summary, we found that proinsulin C-peptide acti-
vated a PKC/IkB/NF-kB signaling cascade, and thereby
enhanced the transcription activity of the COX-2 gene to
upregulate its protein expression in Swiss 3T3 fibro-
blasts. These results suggest that C-peptide may play
crucial roles in the control of insulin secretion from pan-
creatic b-cells and in the pathogenesis of type 1 diabetes.
Elucidation of the molecular and cellular mechanisms
underlying C-peptide–induced modulation of inflamma-
tory gene expression via NF-kB–dependent transcription
may lead to the development of new therapies for diabetes.

We are grateful to Drs. N. Okino and M. Ito for the useful
technical advice. This work was supported in part by a
Grant-in-Aid for Scientific Research from the Ministry of
Education, Culture, Sports, Science and Technology of Japan
(T. Y.), the Sankyo Foundation of Life Science (T. Y.), and the
Brain Science Foundation (T. Y.), and was also performed as a
part of a research and development project of the Industrial
Sciences and Technology Program supported by the New
Energy and Industrial Technology Development Organisation
(NEDO).

REFERENCES

1. Kitabchi, A.E. (1977) Proinsulin and C-peptide. Metab. Clin.
Exp. 26, 547–587

2. Wahren, J., Ekberg, K., Henriksson, J., Pramanik, M.A.,
Johansson, B.-L., Rigler, and Jornvall, R.H. (2000) Role of
C-peptide in human physiology. Am. J. Physiol. Endocrinol.
Metab. 278, E759-E768

3. Johansson, J., Ekberg, K., Shafqat, J., Henriksson, M., Chiba-
lin, A., Wahren, J., and Jornvall, H. (2002) Molecular effects of
proinsulin C-peptide. Biochem. Biophys. Res. Commun. 295,
1035–1040

4. Wahren, J. (2004) C-peptide: new findings and therapeutic
implication. Clin. Physiol. Funct. Imaging 24, 180–189

5. Kitamura, T., Kimura, K., Okamoto, S., Canas, X., Sakane, N.,
Yoshida, T., and Saito, M. (2001) Proinsulin C-peptide rapidly
stimulates mitogen-activated protein kinases in Swiss 3T3
fibroblasts: requirement of protein kinase C, phosphoinositide
3-kinase and pertussis toxin-sensitive G-protein. Biochem. J.
355, 123–129

6. Kitamura, T., Kimura, K., Makondo, K., Furuya, T.,
Suzuki, M., Yoshida, T., and Saito, M. (2003) Proinsulin
C-peptide increases nitric oxide production by enhancing
mitogen-activated protein-kinase-dependent transcription of
endothelial nitric oxide synthase in aortic endotherial cells
of Wistar rats. Diabetologia 46, 1698–1705

7. Foulis, A.K., Liddle, C.N., Farquharson, M.A., Richmond, J.A.,
and Weir, R.S. (1986) The histopathology of the
pancreas in type 1 (insulin-dependent) diabetes mellitus: a
25-year review of deaths in patients under 20 years of
age in the United Kingdom. Diabetologia 29, 267–274

8. Eizirik, D.L. and Mandrup-Poulsen, T. (2001) A choice of
death-the signal transduction of immune-mediated beta-cell
apoptosis. Diabetologia 44, 2115–2133

9. Delaney, C.A., Pavlovic, D., Hoorens, A., Pipeleers, D.G., and
Eizirik, D.L. (1997) Cytokines induce deoxyribonucleic acid
strand breaks and apoptosis in human pancreatic islet cells.
Endocrinology 138, 2610–2614

10. Liu, D., Pavlovic, D., Chen, M.C., Flodstrom, M., Sandler, S.,
and Eizirik, D.L. (2000) Cytokines induce apoptosis in
b-cells isolated from mice lacking the inducible isoform
of nitric oxide synthase (iNOS–/–). Diabetes 49,
1116–1122

11. Heitmeier, M.R., Kelly, C.B., Ensor, N.J., Gibson, K.A.,
Mullis, K.G., Corbett, J.A., and Maziasz, T.J. (2004) Role of
cyclooxygenase-2 in cytokine-induced b-cell dysfunction and
damage by isolated rat and human islets. J. Biol. Chem.
279, 53145–53151

12. Heitmeier, M.R., Scarim, A.L., and Corbett, J.A. (1997)
Interferon-gamma increases the sensitivity of islets of
Langerhans for inducible nitric-oxide synthase expression
induced by interleukin 1. J. Biol. Chem. 272,
13697–13704

13. Corbett, J.A. and McDaniel, M.L. (1994) Reversibility of
interleukin-1 beta-induced islet destruction and dysfunction
by the inhibition of nitric oxide synthase. Biochem. J. 299,
719–724

14. Flodstrom, M., Tyrberg, B., Eizirisk, D.L., and Sandler, S.
(1999) Reduced sensitivity of inducible nitric oxide synthase-
deficient mice to multiple low-dose streptozotocin-induced
diabetes. Diabetes 48, 706–713

15. Shanmugam, N., Gonzalo, I.T.G., and Natarajan, R. (2004)
Molecular mechanism of high glucose-induced cycloo-
xygeneas-2 expression in monocytes. Diabetes 53,
795–802

16. Persaud, S., Burns, C.J., Belin, V.D., and Jones, P.M. (2004)
Glucose-induced regulation of COX-2 expression in human
islets of Langerhans. Diabetes 53 (Suppl. 1), S190-S192

17. Barnes, P. and Karin, M. (1997) Nuclear factor-kappaB: a
pivotal transcription factor in chronic inflammatory diseases.
N. Engl. J. Med. 336, 1066–1071

18. Blackwell, T.S. and Christman, J.W. (1997) The role of
nuclear factor-kB in cytokine gene regulation. Am. J. Respir.
Cell Mol. Biol. 17, 3–9

19. Newton, R., Kuitert, L.M., Bergmann, M., Adcock, I.M.,
and Barnes, P.J. (1997) Evidence for involvement of
NF-kappaB in the transcriptional control of COX-2 gene
expression by IL-1beta. Biochem. Biophys. Res. Commun.
237, 28–32

20. Darville, M.I. and Eizirik, D.L. (1998) Regulation by cytokines
of the inducible nitric oxide synthase promoter in insulin-
producing cells. Diabetologia 41, 1101–1108

21. Heimberg, H., Heremans, Y., Jobin, C., Leemans, R.,
Cardozo, A.K., Darville, M., and Eizirik, D.L. (2001) Inhibition
of cytokine-induced NF-kB activation by adenovirus-mediated
expression of NF-kB super-repressor prevents b-cell apoptosis.
Diabetes 50, 2219–2224

22. Nakatani, K., Yamakuni, T., Kondo, N., Arakawa, T.,
Oosawa, K., Shimura, S., Inoue, H., and Ohizumi, Y. (2004)
g-Mangostin inhibits inhibitor-kB kinase activity and
decreases lipopolysaccharide-induced cyclooxygenase-2 gene
expression in C6 rat glioma cells. Mol. Pharmacol. 66,
667–674

23. Inoue, H., Nanayama, T., Hara, S., Yokoyama, C., and
Tanabe, T. (1994) The cyclic AMP response element plays
an essential role in the expression of the human

Induction of COX-2 Gene Transcription by Proinsulin C-peptide 1087

Vol. 139, No. 6, 2006

 at Peking U
niversity on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


prostaglandin-endoperoxide synthase 2 gene in differentiated
U937 monocytic cells. FEBS Lett. 350, 51–54

24. Okino, N., Mori, K., and Ito, M. (2002) Genomic structure and
promoter analysis of the mouse neutral ceramidease gene.
Biochem. Biophys. Res. Commun. 299, 160–166

25. Smith, W.L., Dewitt, D.L., and Garavito, R.M. (2000) Cyclo-
oxygenase: structural, cellular and molecular biology. Annu.
Rev. Biochem. 69, 145–182

26. Luo, C., Kallajoki, M., Gross, R., Teros, M., Ylinen, T.L., Mäkinen,
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