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ABSTRACT

Cleft palate is one of the most common birth defects. Several environment factors are involved in the disorder, such as smoking, vitamin
deficiency and teratogens. We investigated the teratogenic agent phenytoin and extract of the immunostimulant Echinacea purpurea in the
etiology of cleft palate associated with the proliferation and apoptosis of mouse embryonic palatal mesenchymal (MEPM) cells. We measured
the effects of phenytoin, E. purpurea extract, and the mixture of phenytoin and E. purpurea extract on the cell viability of MEPM cells by
CCK-8 assay and on the proliferation and apoptosis of MEPM cells by BrdU labeling assay, flow cytometry, and TUNEL assay. Exposure to
phenytoin for 24 h inhibited cell proliferation and increased cell apoptosis of MEPM cells, and E. purpurea extract had the reverse
effect. Importantly, treatment with the mixture of phenytoin and E. purpurea extract increased the proliferation and decreased the apoptosis
of MEPM cells as compared with treatment with phenytoin alone. The teratogenic effect of phenytoin on cleft palate is associated with
the proliferation and apoptosis of MEPM cells, and E. purpurea extract may have a protective effect. J. Cell. Biochem. 112: 1311-1317,

2011. © 2011 Wiley-Liss, Inc.

KEY WORDS: CLEFT PALATE; ECHINACEA PURPUREA EXTRACT; MOUSE EMBRYONIC PALATAL MESENCHYMAL CELLS; PHENYTOIN

C left palate is one of the most common congenital disorders.
International data from 57 registries for 1993-1998 suggest a
prevalence of 1.3-25.3 per 10,000 births [Mossey and Castillia,
2003]. Palatal shelves being too small to contact one another
is believed to be the most common reason for cleft palate.
Mesenchymal cell number, determined by a balance between cell
proliferation and apoptosis, is a major contributor to the shelf size.
Insufficient mesenchyme delays or inhibits the growth of palatal
processes in embryos [Wilkie and Morriss-Kay, 2001; Hanume-
gowda et al., 2002; Dhulipala et al., 2004; He et al., 2008; Takechi
et al., 2008; Risley et al., 2009; Vanhoutteghem et al., 2009].

At least three major classes of environmental triggers have been
studied in facial embryogenesis. One of these classes is teratogens.
For example, maternal smoking has been recognized as an
important covariate in clefting [Little et al., 2004]. Other teratogens

that increase the risk of clefting through maternal ingestion include
pharmaceuticals, such as the anticonvulsant phenytoin and
benzodiazepines, or pesticides, such as dioxin. The effect of a
second class of environmental trigger, infection, is less clear.
However, some evidence demonstrates that immune modulation
factors are essential for palate development [Suzuki et al., 2000;
Kondo et al., 2002]. Finally, nutrients (e.g., vitamins or trace
elements) and cholesterol metabolism are increasingly being seen as
being influencing embryonic development [CDC, 2004; Edison and
Muenke, 2004].

Phenytoin, an important first-line anti-epileptic drug, is widely
prescribed throughout the world. It is also the best-known
teratogenic drug used in human and laboratory study. Phenytoin
was first reported in 1964 to cause cleft palate with or without cleft
lip in fetuses [Janz and Fuchs, 1964]. Animal experiments showed
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that it induced 10-20% of palate and lip malformations in mice
[Karolyi et al., 1990]. Recently, treatment with phenytoin during
pregnancy for women with epilepsy was found to result in serious
adverse outcomes, including cleft palate in 10.7% of cases [Meador
et al., 2006]. The possible mechanism of phenytoin-induced cleft
palate is interference with palatal growth by inhibiting DNA, RNA,
and/or protein synthesis [Sonawane and Goldman, 1981] or
preventing medial-edge epithelial breakdown [Goldman et al.,
1983].

Echinacea, or purple coneflower, has become a top-selling
medicinal herb and food supplement in Europe and the United States
[Ernst, 2002]. Three major species, E. purpurea, E. angustifolia, and
E. pallida, have been studied for their possible pharmacological and
immunological effects [Rininger et al., 2000; Nieri et al., 2003].
E. purpurea is the most commonly consumed species in the United
States [Borchers et al., 2000] and is used widely in preventing or
treating the common cold, coughs, bronchitis, influenza, and
inflammation of the mouth and pharynx [Barrett, 2003]. E. purpurea
was reported to increase neutrophil chemotoxicity and bactericidal
activity against Staphylococcus infection [Roesler et al., 1991],
upregulate production of TNF«, IL-10, IL-6, and IL-1B in
macrophages [Burger et al., 1997] and simulate digestion on human
peripheral blood mononuclear cells [Rininger et al., 2000]. Also,
E. purpurea is an effective radioprotective agent with low
cytotoxicity and few side effects [Mishima et al., 2004]. Stimulation
of the maternal immune system can decrease or prevent drug-
induced embryonic abnormalities [Holladay et al., 2000, 2002;
Prater et al., 2004]. Mahabady et al. [2006] reported that E. purpurea
extract can decrease phenytoin-induced cleft palate incidence in
fetuses of mice, and mean weight and length of fetuses of mice that
received phenytoin and E. purpurea extract were significantly
greater than those receiving only phenytoin.

We hypothesized that the possible mechanism of phenytoin-
induced cleft palate may be to modulate the number of palatal
mesenchymal cells, and we determined whether E. purpurea extract
could rescue cell number after treatment with phenytoin.

MEPM CELLS

C57BL/6J mice were purchased from the Medical Animal Center
of Sun-Yat-sen University (Guangzhou, China). C57BL/6J mice at
embryonic day (E) 15 were sacrificed by cervical dislocation, and
palatal shelves were dissected from fetuses with use of microsurgical
instruments (Medical Needle Co., Ningbo, China). Animal experi-
ments were approved by the Laboratory Animal Ethical Committee
of Medical College of Shantou University.

Excised palatal shelves were washed with Ca*"-Mg®" free
phosphate buffered saline (PBS; Sigma, St. Louis, MO) and cut to
1 mm°. Palatal shelf tissues were seeded uniformly at the bottom of
25-cm? cell culture flasks (Nunc, Kamstrup, Roskilde, Denmark)
at 16 pieces per flask, which were pre-moistened with Dulbecco’s
modified Eagle’s medium (DMEM)/F12 containing 10% fetal bovine
serum (FBS) and antibiotics (100 U/ml penicillin G, 0.1 mg/ml
streptomycin). After being kept upside down at 37°C for 4 h in a 95%
air/5% CO, incubator (Thermo Scientific, Waltham, MA), culture

flasks were turned over and tissues were submerged in DMEM/F12
containing 10% FBS and antibiotics, with the medium replaced
every other day. Seven days later, the tissues were discarded, and
remaining cells were incubated with trypsin (2.5 g/L)/EDTA (0.38 g/
L) for 1-2 min. The action of trypsin was inhibited with DMEM/F12
containing 10% FBS, and the mixture was centrifuged at 500g for
5min to pellet the cells. The cell pellet was resuspended in DMEM/
F12 containing 10% FBS and antibiotics. The number of cells was
determined by use of a hemocytometer, and cells were seeded at
3 x 10° cells/25 cm? cell culture flask. Cells at 70% confluence were
subcultured at a ratio of 1:3. Cells at passage 2 were trypsinized,
resuspended, and seeded in DMEM/F12 without FBS. After culture
for 30-50 min, the medium without FBS was replaced by fresh
DMEM/F12 including 10% FBS and antibiotics to acquire highly
pure cells, because under the condition of free FBS epithelial cells
adhered to the bottom of flask more slowly than did MEPM cells.
Cells at passage 3 were used for further study. DMEM/F12, FBS,
antibiotics, and trypsin/EDTA were purchased from Gibco (Grand
Island, NY).

IMMUNOFLUORESCENCE STAINING

Cells at passage 3 were trypsinized, resuspended, and seeded at
3 x 10° cells/well in six-well plates (Nunc) for immunofluorescence
staining of MEPM cells with a standard protocol. Briefly, cells were
divided into 3 groups (3 wells/group) and incubated at 4°C overnight
with the antibodies mouse monoclonal anti-vimentin IgG1 (1:100;
Abcam, Cambridge, UK), mouse monoclonal anti-cytokeratin (CK)
IgG1 (1:300; Abcam) or PBS vehicle alone (negative control), then
the secondary antibody goat anti-mouse Alexa Fluor™ 488 IgG
(1:300; Invitrogen, Carlsbad, CA). Then, DAPI (Beyotime, Haimen,
Jiangsu, China) was added, and cells were kept at room temperature
for 5 min. Vimentin-positive and CK-positive cells were assessed by
use of a Leica DM 2500 microscope (Wetzlar, Germany).

FLOW CYTOMETRY

Cells were collected for flow cytometry to assess the purity of MEPM
cells by a standard protocol. Cells were divided into two groups
(10° cells/ group), one treated with the antibodies mouse monoclonal
anti-vimentin IgG1 (1:100) and goat anti-mouse Alexa Fluor® 488
IgG (1:300), and in the other group, the monoclonal anti-vimentin
IgG1 antibody was replaced by PBS as a negative control. The purity
of MEPM cells was calculated by FACSCalibur™ flow cytometry
(Becton-Dickinson, Franklin Lakes, NJ).

DETECTION OF MEPM CELLS VIABILITY

MEPM cells were transferred to 96-well plates (Corning, NY) and
seeded from 10*cells/well with 100 wl DMEM/F12, 10% FBS and
antibiotics, with 6 repeats for each density. At 37°C for 24h,
phenytoin (Sigma), E. purpurea extract (Layn Natural Ingredients,
Guilin, China) or a mixture of phenytoin and E. purpurea extract,
10 wl, was added to each well, and cells were incubated at 37°C.
Then, CCK-8 solution (Dojindo, Japan), 10 ul, was added to each
well, and cells were incubated at 37°C for an additional 3 h. The
absorbance was read at 450 nm on an automatic microwell plate
reader (Thermo Scientific). Cells without any treatment were the
control.
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PROLIFERATION ASSAY OF MEPM CELLS

Cell proliferation was analyzed on an automatic microwell plate
reader (Thermo Scientific) by use of the BrdU Cell Proliferation
Assay kit (Calbiochem, Merk, Darmstadt, Germany). MEPM cells
were transferred to 96-well plates and seeded from 10* cells/well
with 90 ul DMEM/F12, 10% FBS and antibiotics, with 6 repeats for
each density. At 37°C for 24 h, phenytoin, E. purpurea extract or a
mixture of phenytoin and E. purpurea extract, 10 ul, was added to
each well, and cells were incubated at 37°C for 24 h. Then, BrdU label
solution (Calbiochem), 20 p.l, was added to each well, and cells were
incubated at 37°C for an additional 18 h. We added 200 pl fixative/
denaturing solution to each well for 30 min at room temperature
after removing the contents of wells. Then, we incubated anti-BrdU
antibody for 1 h and peroxidase goat anti-mouse IgG HRP conjugate
for 30 min at room temperature. The absorbance was read at 450-
540 nm on an automatic microwell plate reader (Thermo Scientific).
Cells without any treatment were the control.

QUANTIFICATION OF MEPM CELLS APOPTOSIS

MEPM cells were treated with phenytoin, E. purpurea extract or a
mixture of phenytoin and E. purpurea extract to detect cell
apoptosis; cells without any treatment were the control.

Cell apoptosis was analyzed on a flow cytometer by annexin V-
FITC and propidium iodide (PI) staining by use of the Annexin V-
FITC Apoptosis Detection kit (Calbiochem) according to the
manufacturer’s instructions. Data for 10,000 cells were collected
in the list mode.

Cell apoptosis was also analyzed by TUNEL assay by use of the
TdT-FragEL™ DNA Fragmentation Detection Kit (Calbiochem)
according to the manufacturer’s instructions.

STATISTICAL ANALYSIS

All experiments were carried out in duplicate, and all results are
expressed as mean = SEM of at least three independent experiments.
Data analysis involved use of Windows SPSS v13.0 (SPSS, Chicago,
IL). Differences between groups were analyzed by independent
sample t tests. P < 0.05 was considered statistically significant.

CHARACTERIZATION OF MEPM CELLS

After adhering to the bottom of the culture flask, cultured MEPM
cells were similar to fibroblasts morphologically, with a fusiform
shape and 2-4 enations (Fig. 1A). Most cells were positive for
vimentin (mesenchymal cells) on immunofluorescence, and a few
were positive for CK [epithelia; Fig. 1B; Yano et al., 1996]. On flow
cytometry, the proportion of vimentin-positive cells was nearly 90%
that of controls (Fig. 1C).

VIABILITY OF MEPM CELLS

After culture for 24 h, MEPM cells were treated with phenytoin and
E. purpurea extract at seven concentrations for five times
(Fig. 2A,B). Treatment with phenytoin at 200 pg/ml for 24h
significantly inhibited the cell viability to 51.42% that of control.
Treatment with E. purpurea extract at 150 wg/ml for 24 h promoted
the cell viability to 128.81% that of control. Thus, we used 200 g/
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Fig. 1. ldentity and purity of mouse embryonic palatal mesenchymal (MEPM)
cells. A: Morphology of MEPM cells. a: MEPM cells (white arrowhead) shown
emerging from palatal shelf tissues (black arrowhead); (b) Morphology of
MEPM cells after purification. B: MEPM cells by immunofluorescence staining.
a: Negative control, (b) Cytokeratin (CK)-positive cells, (c) Vimentin-positive
cells; (1) Nucleus stained with DAPI, (2) Cytoplasm stained with vehicle alone
(negative control), mouse monoclonal to CK, and mouse monoclonal to
vimentin, (3) Merged images. C: The purity of MEPM. a: Control group; (b)
Experimental (vimentin) group. Scale bars: 100 um in (A), 20 um in (B).

ml phenytoin, 150 mg/ml E. purpurea extract, and this mixture of
phenytoin and E. purpurea extract to treat MEPM cells for 24 h
(Fig. 2C). The mixture of phenytoin and E. purpurea extract
promoted cell viability as compared with phenytoin alone
(P<0.001). As compared with controls, treatment with phenytoin
inhibited MEPM cell viability (P<0.001) and treatment with
E. purpurea extract stimulated cell viability (P = 0.0003).

PROLIFERATION OF MEPM CELLS

As compared with controls, treatment with phenytoin significantly
inhibited the cell proliferation (P<0.001). E. purpurea extract
promoted the cell proliferation (P=0.022), and the mixture of
phenytoin and E. purpurea extract significantly promoted the
proliferation of MEPM cells (P < 0.001; Fig. 3).
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Fig. 2. Effect of treatment with phenytoin, E. purpurea extract and the
mixture of phenytoin and E. purpurea extract on viability of MEPM cells. A:
Effect of phenytoin for five times at seven concentrations. Exposure to
phenytoin (200 wg/ml for 24 h; arrowhead) was considered optimal treatment
for further study. B: Treatment with E. purpurea extract for five times at seven
concentrations. Exposure to E. purpurea extract (150 pg/ml for 24 h; arrow-
head) was considered the optimal treatment for further study. C: Treatment
with 200 wg/ml phenytoin, 150 pg/ml E. purpurea extract, and the mixture of
phenytoin and E. purpurea extract for 24h. Data are mean =+ SEM.
**P<0.001, compared to control groups. *##P<0.001, compared to the
phenytoin only groups.

APOPTOSIS OF MEPM CELLS

We analyzed the number of apoptotic cells after treatment by flow
cytometry with annexin V-FITC and PI staining (Fig. 4A) and by
TUNEL assay (Fig. 4B,C). The percentage of early apoptotic cells in
the control group was 1.620%, whereas phenytoin treatment
produced apoptosis in about one-third of cells (33.05%), which
was 20-fold that of controls. E. purpurea extract produced 0.33%
early apoptotic cells, less than that of controls. As well, the mixture
of phenytoin and E. purpurea extract produced 16.48% early
apoptotic cells, significantly less that with phenytoin only. TUNEL
assay revealed that as compared with controls, phenytoin treatment
induced a significantly increased rate of apoptotic cells (P < 0.001),
E. purpurea extract treatment no change (P=0.243), and the
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Fig. 3. Effect of treatment with phenytoin, E. purpurea extract and the
mixture of phenytoin and E. purpurea extract on proliferation of MEPM cells.
Treatment with 200 wg/ml phenytoin, 150 pg/ml E. purpurea extract, and the
mixture of phenytoin and E. purpurea extract for 24 h. Data are mean £ SEM.
"*P<0.001, P<0.05, compared to control groups. **#P < 0.001, compared
to the phenytoin only groups.

mixture of phenytoin and E. purpurea extract a decreased rate
(P<0.001).

In this study, we focused on the possible functions of phenytoin,
E. purpurea extract and the mixture of phenytoin and E. purpurea
extract in the proliferation and apoptosis of MEPM cells to
investigate the involvement of environmental factors in cleft palate.
Exposure to phenytoin for 24h inhibited cell proliferation and
increased cell apoptosis, and E. purpurea extract had the reverse
effect. Treatment with the mixture of phenytoin and E. purpurea
extract increased the proliferation and decreased the apoptosis of
MEPM cells as compared with phenytoin alone. Considering extant
results about combining phenytoin and E. purpurea extract in vivo
[Mahabady et al., 2006], we concluded that the teratogenic effect of
phenytoin on cleft palate is associated with the proliferation and
apoptosis of MEPM cells, and E. purpurea extract may have a
protective effect.

Nonsyndromic orofacial clefts, which include cleft lip, cleft lip
and palate, and cleft palate alone, comprise a range of disorders
affecting the lips and oral cavity, the causes of which remain largely
unknown. Effects on speech, hearing, appearance, and cognition can
lead to long-lasting adverse out comes for health and social
integration. Prevention is the ultimate objective for clefting, and a
prerequisite of this aim is to elucidate causes of the disorders
[Mossey et al., 2009]. Several studies confirmed that the genetic
basis of nonsyndromic clefting is complex; variations in numerous
genes, together with environmental factors, are known to play a role
in its etiology [Murray, 2002; Mossey et al., 2009]. In terms of
cytomorphology, at least three processes are involved in the
development of the secondary palate. First, the palate shelf fusion
requires epithelial apoptosis, which is the major fate of the midline
cells during physiological palatal fusion [Cuervo et al., 2002; Hay,
2005]. Mechanisms of normal disintegration of the midline
epithelial seam have been reviewed, together with pathologic
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Fig. 4. Effect of treatment with phenytoin, E. purpurea extract and the
mixture of phenytoin and E. purpurea extract on apoptosis of MEPM cells.
A: Treatment with phenytoin (b; 200 pg/ml for 24 h), E. purpurea extract
(c; 150 pg/ml for 24 h) and the mixture of phenytoin and E. purpurea extract
(d). a: Control group. Cells were stained with annexin V-FITC and propidium
iodide (P1), and data for 10,000 cells were collected. Lower left quadrant: viable
cells (FITC and PI negative); upper right quadrant: necrotic or late apoptotic
cells (PI positive and FITC negative); lower right quadrant: early apoptotic cells
(FITC positive and Pl negative). B: Dark brown DAB signal indicates apoptotic
cell (positive, P) and blue-green signifies normal cell (N). Scale bars: 50 pm in
a, 20 wm in (b). C: The rate of apoptotic cells (%). Treatment with phenytoin at
200 pg/ml for 24h and E. purpurea extract at 150 pg/ml for 24h.
**P<0.001, compared to control group. Combination of phenytoin and
E. purpurea extract for 24 h. Data are mean 4 SEM. *##P < 0.001, compared
to phenytoin treatment.

processes that prevent this disintegration and causes cleft palate
[Dudas et al., 2007]. Second, growth of the palate shelves depends on
the survival and continued proliferation of mesenchymal cells that
originate from neural crest and mesodermal cells of the first
pharyngeal arch [Murray and Schutte, 2004]. Finally, epithelial-
mesenchymal transition processes are important during normal
development of the secondary palate; failure of these processes
causes cleft palate [Yang and Weinberg, 2008; Thiery et al., 2009].
We consider the three processes as an entirety and each may
contribute equally. Signaling between the palatal epithelium and
mesenchyme is known to have a key role in regulation of palatal

growth; factors involved include FGF10 signals from the palatal
mesenchyme to its receptor FGF2b, which is expressed in the palatal
epithelium. Loss of function of FGF10 or FGFR2b causes reduced
mesenchymal proliferation and increased apoptosis, thus leading
to truncation of the palatal shelves [Rice et al., 2004]. So, some
environmental factors, through regulating gene expression to
control mesenchymal proliferation and apoptosis, cause cleft palate.

Phenytoin at a low concentration, 25 pwg/ml, for a moderate time,
36 h, could slightly increase cell viability as compared with control
treatment. However, 150 pg/ml phenytoin for12-60 h decreased cell
viability. We chose 200 pg/ml phenytoin for 24 h as the optimal
concentration and time, because it decreased cell viability
approximately 50%. Compared to phenytoin, E. purpurea extract
showed no regular changes on cell viability over time (Fig. 2B).
The active phytochemicals in this plant may vary with the age of
plant, the portion of plant used, growth conditions, geographical
location, and extraction method [Perry et al., 2001]. The most
common compounds in Echinacea include alkamides, cichoric acid,
glycoproteins/polysaccharides and polyacetylenes; cichoric acid,
alkamides, and glycoproteins/polysaccharides possess immunomo-
dulatory activity. Our E. purpurea extracts were extracted by
ethanol, and its ingredients are mainly polysaccharides (4%) and
cichoric acid (2%). So, which ingredient was effective or both
is unknown. Several studies reported that E. purpurea extract
stimulated various immune cells, including macrophages, natural
killer cells, and dendritic cells [Pugh et al., 2008; Benson et al.,
2010], but E. purpurea extract may not be effective for embryonic
palatal mesenchymal cells. However, with increased concentrations,
we found that E. purpurea extract could decrease cell viability
slightly. Burger et al. [1997] also showed that at low concentrations
E. purpurea induced the secretion of IL-1, IL-6, IL-10, and TNF-a.
We chose the same time as for phenytoin, 24h, 150 pug/ml
E. purpurea extract for further study. For cell viability detection,
E. purpurea extract and the mixture of phenytoin and E. purpurea
extract for the same time revealed no effect of E. purpurea extract.
However, the mixture of phenytoin and E. purpurea extract could
increase the cell viability of MEPM cells as compared with phenytoin
only.

Because a change in cell viability maybe due to changes in
proliferation or apoptosis, we examined cell proliferation by BrdU
labeling (Fig. 3) and cell apoptosis by annexin V FITC-PI double
staining and TUNEL assay (Fig. 4). Phenytoin prominently inhibited
the proliferation of MEPM cells and promoted apoptosis as
compared with control treatment. Importantly, the mixture of
phenytoin and E. purpurea extract could promote the proliferation
of MEPM cells and decrease apoptosis as compared with phenytoin
only. These is a discrepancy between cell viability (Fig. 2C) and
proliferation (Fig. 3) assay for the effect of the mixture of phenytoin
and E. purpurea extract compared with phenytoin only on MEPM
cells, which maybe due to the limitations of a cell viability assay
used.

It was reported that MEPM cells from C57BL/6J mouse fetuses
involved at E13 [Han et al., 2006], but we found dissecting fetuses at
this stage difficult, and we could not confirm whether these tissues
were palatal shelves. Our MEPM cells were cultured from palatal
shelves dissected from C57BL/6J mouse fetuses at E15 for
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comparability of data. The secondary palate develops as an
outgrowth of the maxillary prominences at about E11.5 in the
mouse. The palate shelves initially grow vertically down the side of
the tongue (E12.5) and then elevates above the tongue as it drops in
the oral cavity (E13.5); with continued growth, the shelves appose in
the midline (E14.5) and fuse [E15.5; Murray and Schutte, 2004]. So,
our MEPM cells from between the shelves appose in the midline and
fuse.

Liu et al. [2007] discovered a genetic requirement for glycogen
synthase kinase-3 (GSK-3) in midline development; homozygous
null mice display cleft palate. However, chemical (rapamycin) rescue
of cleft palate and midline defects occur in conditional GSK-33
mice. Therefore, we can change the environmental factors, including
teratogens, infection, nutrients, and cholesterol metabolism to
rescue the most common human birth defects-cleft palate. Factors
include enhancing maternal immune system, anti-infection, and
increasing maternal nutrients. Findings of these interactions can
inform decisions about public health strategies.

In conclusion, phenytoin plays an important role in the
proliferation and apoptosis of MEPM cells, and E. purpurea extract
has an effect opposite to that of phenytoin. Phenytoin depressed
cellular proliferation and increased cell apoptosis, and E. purpurea
extract had the reverse effect and rescued the effects on MEPM cells
induced by phenytoin. Investigation of phenytoin may help in
understanding one of the factors involved in the development of
cleft palate.
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