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Modulation of Branching Morphogenesis of
Fetal Mouse Submandibular Gland by Sodium
Ascorbate and Epigallocatechin Gallate
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Abstract. As an initial step to study the effect of antioxidants
on the oral environment, we here investigated how sodium
ascorbate and (-)-epigallocatechin 3-O-gallate (EGCG) affect
the branching morphogenesis of the fetal mouse
submandibular gland (SMG). When mouse SMG was
prepared from the embryo at 13-day post prenatal stage and
cultured, gradual development of branching morphogenesis
was observed. Addition of sodium ascorbate affected this
morphological change in a bimodal fashion. At lower
concentrations of sodium ascorbate (0.25~2.27 mM), the
branching morphogenesis was slightly but significantly (about
60%) enhanced, whereas at higher concentrations of sodium
ascorbate (6.82 ~ 10.1 mM), the branching morphogenesis was
inhibited. The addition of EGCG failed to stimulate, but
inhibited the branching morphogenesis in a dose-dependent
manner. These data support that the addition of a lower
concentration of sodium ascorbate is essential to stimulate the
growth of SMG, and that sodium ascorbate, but not all
antioxidants, induces hormesis (beneficial action at lower
concentration) in the present SMG system.

Sodium ascorbate (Vitamin C) is involved as a cofactor in
many hydroxylation reactions of metabolic pathways (such
as proline hydroxylation during collagen formation (1), the
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hydroxylation of dopamine during catecholamine
biosynthesis (2), prolyl hydroxylation of hypoxia inducible
factor-la.  (HIF-la) during its oxygen-dependent
degradation (3), thus maintaining the normal function and
structure of the body. Sodium ascorbate has two opposing
properties, antioxidant and pro-oxidant. Sodium ascorbate
scavenges active oxygens and radicals (O,~, hydroxyl radical,
NO, DPPH), but produces its own (ascorbate) radical,
oxidizes methionine (an essential amino acid), produces
hydrogen peroxide, and stimulates or inhibits the growth of
many cultured cells, depending on the concentration (4).

(-)-Epigallocatechin 3-O-gallate (EGCG) has unique
structural characteristics. EGCG can be classified either as
one of the condensed tannins, since it is produced by the
condensation of gallic acid (structural unit of tannin), or as
a flavoniod, since it has the Cq-C5-C¢ backbone (5). EGCG
is a main constituent of green tea. EGCG also has both
antioxidant and oxidant properties. The O, scavenging
activity of tannins (2450-4700 SOD unit/ml) exceeded that
of vitamin C (360 SOD unit/mg) (6). The NO scavenging
activity of EGCG exceeded that of lignins (Satoh et al.,
unpublished data) and induced some tumor-specific
cytotoxicity against cancer cell lines (TS value=4.1) (7).
EGCG has inhibited chemically-induced carcinogenesis (8)
and induced apoptotic cell death in human prostate cancer
(9) and stomach cancer cell lines (10). Recently, EGCG has
been shown to inhibit the production of vascular endothelial
growth factor (VEGF), which plays a significant role in
angiogenesis (11) and the infiltration of cancer cells (12).
EGCG reduced the infectiousness of the influenza virus by
binding to the spike (glycoprotein) of the virus (13).

The branching morphogenesis of the mouse SMG is
dependent on the cell-cell interactions between and within
the epithelium and the mesenchyme. Such interactions are
also seen in other organs including lung, kidney and
pancreas. It is known that the branching morphogenesis in
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Figure 1. Morphological changes induced by sodium ascorbate in organ culture of SMG. SMG from E13 mouse embryo was cultured for 0,
hours with the indicated concentrations of sodium ascorbate and photographed under a photomicroscope.
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Figure 2. Dose-effect of sodium ascorbate on the branching
morphogenesis of SMG. SMG was cultured as described in Figure I, and
the buds in the SMG were counted after short-term (12 hours) and long-
term (24 hours) incubation. The extent of growth of SMG was expressed
as the ratio of number of buds at 12 or 24 hours | the number of buds at
0 hour. Each value represents mean=S.E. from 6 determinations.
*<0.05, **p<0.01 vs. control.

vitro is stimulated by the addition of epidermal growth
factor (EGF) (14-16), fibrobrast growth factor (FGF) (17),
insulin-like growth factor (IGF) (15), hepatocyte growth
factor (HGF) (18), transforming growth factor-a (TGF-a)
(15), transforming growth factor-f (TGF-f) (15, 19) and
Sa-dehydrotestosterone (DHT) (20-24).

However, no study of the effect of sodium ascorbate and
EGCG on the developing organ has been reported. The
aim of the present study was to investigate the effects of
the antioxidants, sodium ascorbate and EGCG, on fetal
mouse SMG, a well-established organ development model.

Materials and Methods

Materials. The following chemicals and reagents were obtained
from the indicated companies: BGJb medium, DMEM medium
(Gibco BRL, NY, USA); sodium ascorbate (Tokyo Kasei, Tokyo,
Japan); EGCG (Wako Pure Chemical Industries, Osaka, Japan).

Preparation of salivary glands. Pregnant ICR strain mice were
purchased from Sankyo Laboratories (Shizuoka, Japan). The
submandibular/sublingual gland complex, referred to as SMG, was
dissected from the E13 stage of the mouse embryo.

Organ culture. Mouse fetal SMGs were cultured on Transwell clear
filters (Corning, NY, USA). The filters were floated on 2 ml
serum-free BGJb or DMEM medium (Gibco BRL). The medium
was supplemented with 100 U/ml penicillin G and 100 pg/ml

streptomycin sulfate. The organs were incubated for 0, 12 and
24 hours at 37°C in a 5% CO, atmosphere with various
concentrations of sodium ascorbate or EGCG. The branching
morphogenesis of the organ culture of SMG was observed and
photographed under a photomicroscope (Olympus, Tokyo, Japan).
The number of end buds was counted at each time-point. Each
experiment was repeated at least three times.

Statistical treatment. Differences between the control and treated
groups were evaluated by Student’s ¢-test.

Results

Effect of sodium ascorbate on the growth of SMG. When
control SMG cultures were incubated in the serum-free
DMEM medium, the number of buds in the control SMG
culture was increased 1.6-fold during the first 12 hours
(from 9.66+0.92 (n=6) to 15.5+0.85 (n=6)) and 4.5-fold
during 24 hours (from 9.66+0.92 (n=6) to 43.4=1.47
(n=6)) (Figure 1). When sodium ascorbate was added to
the SMG culture, the number of buds was increased by
approximately 60% at 2.27 mM and declined at higher
concentrations, regardless of the incubation time (12 or
24 hours) (Figure 2).

Effect of EGCG on the growth of SMG. When control SMG
cultures were incubated in serum-free BGJb medium, the
number of buds in the control SMG cultures was increased
2.5-fold during the first 12 hours (from 5.50+0.50 (n=5) to
13.5£1.91 (n=5)) and 7.9-fold during 24 hours (from
5.50+0.50 (n=5) to 43.4+1.47 (n=5)) (Figure 3). When
EGCG was added to the SMG culture, the number of buds
was decreased in a dose-dependent manner and epithelial
growth was significantly suppressed at the highest
concentration (220 uM) (Figure 4).

Discussion

BGJb medium has been extensively used for the culture of
SMG rudiments. Since this medium contains ascorbic acid
(0.28 mM), we used ascorbic acid-free DMEM medium to
investigate the effect of ascorbic acid on the growth of SMG
rudiments. For most of the organ cultures of salivary gland
tissue in DMEM, ascorbic acid (0.56 mM) and fetal bovine
serum (FBS) have been included in the culture medium. As
far as we know, however, there has been no report that
investigates the effect of the addition of ascorbic acid to the
SMG organ culture. The present study demonstrated that
the addition of insufficient amounts of sodium ascorbate
(0.25-0.76 mM) to DMEM did not significantly stimulate
the growth of SMG. This indicates that the previous use of
0.56 mM ascorbate would fail to stimulate the SMG
branching morphogenesis. The addition of sodium ascorbate
at 2.27 mM induced maximal stimulation of epithelial
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Figure 3. Morphological changes induced by EGCG in organ culture of SMG. SMG from E13 mouse embryo was cultured for 0, 12 or 24 hours with
the indicated concentrations of EGCG and photographed under a photomicroscope.
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Figure 4. Dose-effect of EGCG on the branching morphogenesis of SMG.
SMG was cultured as described in Figure 3, and the buds in the SMG were
counted after short-term (12 hours) and long-term (24 hours) incubation.
The extent of growth of SMG was expressed as the ratio of the number of
buds at 12 or 24 hours | the number of buds at 0 hour. Each value represents
mean=S.E. from 5 determinations. *p<0.05, **p<0.01 vs. control.

branching, possibly due to the promotion of collagen fiber
production. This stimulatory effect of sodium ascorbate
could be observed as early as 12 hours after treatment,
suggesting that its stimulation effect may be expressed at a
relatively early stage of SMG branching morphogenesis.

In contrast, EGCG, at wide ranges of concentration (0.22-
220 uM), did not show any significant stimulation of SMG
branching morphogenesis. EGCG rather reduced the SMG
development dose-dependently. The inhibitory effect of
EGCG was observed as early as 12 hours after EGCG
treatment, suggesting the relatively early onset of its inhibitory
action. It was found that addition of EGCG (220 uM) resulted
in the disappearance of the contrast between epithelial and
mesenchymal tissues, and blackening of the mesenchymal
tissue. This suggests that the inhibitory effect of EGCG may
reach both epithelial and mesenchymal tissues.

The present study also demonstrated, for the first time,
that sodium ascorbate bi-modally affected the SMG
branching morphogenesis. Sodium ascorbate, at lower
concentrations, stimulated the SMG branching morpho-
genesis, whereas it was inhibitory at higher concentrations.
This indicates that sodium ascorbate induces hormesis (a
beneficial action at lower concentration (25)) during SMG
branching morphogenesis. In contrast, EGCG did not show
such a hormetic action, suggesting that not all antioxidants
induce hormesis in the present model of SMG branching
morphogenesis.

Acknowledgements

This study was supported in part by a Grant-in-Aid from the
Ministry of Education, Science, Sports and Culture of Japan
(Sakagami, No.14370607), Miyata Research Fund A (Maruyama)
and Miyata Research Fund E (Naka), Meikai University School of
Dentistry, Saitama, Japan.

References

1 Bornstein P and Traub W: The chemistry and biology of
collagen. In: Neurath H and Hill RL (eds.). The Proteins (3rd
ed.), Vol. 4, Academic Press, pp. 412-632, 1979.

2 Nagatsu T: Genes for human catecholamine-synthesizing
enzymes. Neurosci Res 72: 315-345, 1991.

3 D’Angelo G, Duplant E, Boyer N, Vigne P and Frelin C:
Hypoxia up-regulates prolyl hydroxylase activity. J Biol Chem
278: 38183-38187, 2003.

4 Sakagami H, Satoh K, Hakeda Y and Kumegawa M: Apoptosis-
inducing activity of vitamin C and vitamin K. Cell Mol Biol 46:
129-143, 2000.

5 Sakagami H: Basic research and its possible application to oral
cancer therapy. Part 3: Polyphenols and cancer therapy. (In
Japanese) Hosp Dent (Tokyo) 73: 2-13, 2001.

6 Sakagami H, Arakawa H, Maeda M, Satoh K, Kadofuku T,
Fukuchi K and Gomi K: Production of hydrogen peroxide and
methionine sulfoxide by epigallocatechin gallate and
antioxidants. Anticancer Res 27: 2633-2642, 2001.

7 Sakagami H, Chowdhuri SA, Suzuki F, Hashimoto K, Hatano H,
Takekawa H, Ishihara M, Kikuchi H, Nishikawa H, Taniguchi S,
Ito H, Hatano T, Yoshida T, Fukai T, Shirataki Y, Kawase M,
Watanabe K, Mimaki Y, Itoh K, Horiuchi A, Chai W, Horiuchi
A and Motohashi N: Tumor-specific cytotoxic activity of
polyphenols, terpenoids, ketones and other synthetic compounds.
In: Functional Polyphenols with Antioxidative Action, a review
book series of "Chem. Pharmaceutical Sciences (CPS), ed.,
Motohashi" ("REFLASH", India) (ed), in press, 2005.

8 Fujita Y, Yamane T, Tanaka M, Kuwata K, Okuzumi J, Takahashi
T, Fujiki H and Okuda T: Inhibitory effect of (-)-epigallocatechin
gallate on carcinogenesis with N-ethyl-N -nitro-N-nitrosoguanidine
in mouse duodenum. Jpn J Cancer Res 80: 503-505, 1989.

9 Paschka AG, Butler R and Young CY: Induction of apoptosis
in prostate cancer cell lines by the green tea component, (-)-
epigallocatechin-3-gallate. Cancer Lett /30: 1-7, 1998.

10 Okabe S, Ochiai Y, Aida M, Park K, Kim SJ, Nomura T,
Suganuma M and Fujiki H: Mechanistic aspects of green tea as
a cancer preventive: effect of components on human stomach
cancer cell lines. Jpn J Cancer Res 90: 733-739, 1999.

11 Jung YD, Kim MS, Shin BA, Chay KO, Ahn BW, Liu W,
Bucana CD, Gallick GE and Ellis LM: EGCG, a major
component of green tea, inhibits tumor growth by inhibiting
VEGF induction in human colon carcinoma cells. Br J Cancer
84: 844-850, 2001.

12 Garbisa S, Sartor L, Biggin S, Salvato B, Benelli R and Albini
A: Tumor gelatinases and invasion inhibited by the green tea
flavanol epigallocatechin-3-gallate. Cancer 15: 822-832, 2001.

13 Toda M and Shimamura T: Catechin — Multifunctional bio-
defense substances. (in Japanese) Showa Med J 57: 175-189,
1997.

887



in vivo 79: 883-888 (2005)

14 Kashimata M and Gresik EW: Epidermal growth factor system
is a physiological regulator of development of the mouse fetal
submandibular gland and regulates expression of the alpha6-
integrin subunit. Dev Dyn 208: 149-161, 1997.

15 Jaskoll T and Melnick M: Submandibular gland morphogenesis:
stage-specific expression of TGF-a/EGF, IGF, TGF-p, TNF,
and IL-6 signal transduction in normal embryonic mice and the
phenotypic effects of TGF-f,, TGF-f5, and EGF-R null
mutations. Anatom Record 256: 252-268, 1999.

16 Kashimata M, Sayeed S, Ka A, Onetti-Muda A, Sakagami H,
Faraggiana T and Gresik EW: The ERK-1/2 signaling pathway
is involved in the stimulation of branching morphogenesis of
fetal mouse submandibular glands by EGF. Dev Biol 220: 183-
196, 2000.

17 Hoffman MP, Kidder BL, Steinberg ZL, Lakhani S, Ho S,
Kleinman HK and Larsen M: Gene expression profiles of
mouse submandibular gland development: FGFR1 regulates
branching morphogenesis in vitro through BMP- and FGF-
dependent mechanisms. Development 129: 5767-5778, 2002.

18 Ikari T, Hiraki A, Seki K, Sugiura T, Matsumoto K and
Shirasuna K: Involvement of hepatocyte growth factor in
branching morphogenesis of murine salivary gland. Dev Dyn
228: 173-184, 2003.

19 Hardman P, Landels E, Woolf AS and Spooner BS: TGF-f;
inhibits growth and branching morphogenesis in embryonic
mouse submandibular and sublingual glands in vitro. Develop
Growth Differ 36: 567-577, 1994.

20 Maruyama S and Sato S: Binding of glucocorticoid to the
androgen receptor of mouse submandibular glands. J Endocrinol
106: 329-335, 1985.

888

21 Hosoi K, Maruyama S, Ueha T, Sato S and Gresik EW:
Additive and/or synergistic effects of Sa-dihydrotestosterone,
dexamethasone, and triiodo-L-thyronine on induction of
proteinases and epidermal growth factor in the submandibular
gland of hypophysectomized mice. Endocrinology 130: 1044-
1055, 1992.

22 Maruyama S, Hosoi K, Ueha T, Tajima M, Sato S and Gresik
EW: Effects of female hormones and 3, 5, 3’-triiodothyronine
or dexamethasone on induction of epidermal growth factor
and proteinases F, D, A, and P in the submandibular gland of
hypophysectomized male mice. Endocrinology 733: 1051-1060,
1993.

23 Kurihara K, Maruyama S, Hosoi K, Sato S, Ueha T and Gresik,
EW: Regulation of Na+ K+-ATPase in submandibular glands
of hypophysectomized male mice by steroid and thyroid
hormones. J Histochem Cytochem 44: 703-711, 1996.

24 Kurihara K, Maruyama S, Nakanishi N, Sakagami H and Ueha
T: Thyroid hormone (3, 5, 3’triiodothyronine) masking/inversion
of stimulatory effect of androgen on expression of mKl1, a true
tissue kallikrein in the mouse submandibular gland.
Endocrinology 740: 3003-3011, 1999.

25 Kaiser J: Sipping from a poisoned chalice. Science 302: 376-379,
2003.

Received May 12, 2005
Accepted June 9, 2005



