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Objectives and Background: Periodontitis is an infectious disease in the gingival

crevice caused by periodontopathic bacteria, including Porphyromonas gingivalis,

Prevotella intermedia, Actinobacillus actinomycetemcomitans, and Tennerella

forsythensis, and antibacterial agents are directly administered to the site of

infection to treat it. To maximize the therapeutic effects while reducing the adverse

effects, the antibacterial agents should be administered at concentrations greater

than their MIC90 doses required to inhibit the growth of 90% of periodontopathic

bacteria and the administration should not damage the periodontal tissue. One

approach for estimating cellular damage in the periodontal tissue caused by the

administration is to assay cytological damages following exposures of cultured

human cells derived from periodontal tissues to antibacterial agents. In the present

study, we investigated the cytotoxic effect of minocycline (MINO) and doxycycline

(DOX) by using a human gingival fibroblast cell line, a human gingival epithelial

cell line, and a human periodontal ligament fibroblast cell line. We also used these

cell lines to study the effect of MINO or DOX on the mRNA and protein

expressions of genes associated with the differentiation of fibroblasts and the

proliferation, differentiation, or cellular adhesion important to the epithelial

regeneration of the periodontal attachment.

Methods: The cytotoxic effect of MINO or DOX was measured as a decrease in

cell survivals. The effects of these antibiotics on the mRNA and protein expres-

sions in the cell lines were studied by reverse transcription–polymerase chain

reaction (RT–PCR) and western blot analyses, respectively.

Results: The maximum concentration of MINO or DOX that has little effect on

the cell survivals and the mRNA and protein expressions of genes for alkaline

phosphatase, type I procollagen, keratinocyte growth factor receptor, keratin 18

or 8/18, integrin b1, integrin b4, and laminin 5c2 was 10 or 30 lM, respectively,

which are greater than their MIC90 doses against periodontopathic bacteria des-

cribed above.

Conclusions: These findings suggest that little, if any, cellular damage would be

expected with topical administration of MINO or DOX to the periodontal

pocket at a dose equivalent to the MIC90. It is important to note, however,

that the extrapolation of these findings to in vivo conditions has yet to be

undertaken.
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Periodontitis is an infectious disease in

the gingival crevice caused by perio-

dontopathic bacteria, including Por-

phyromonas gingivalis, Prevotella

intermedia, Actinobacillus actinomyce-

temcomitans, and Tennerella forsy-

thensis, and antibacterial agents are

directly administered to the site of

infection as chemotherapy to treat it.

Because of their efficacy against perio-

dontopathic bacteria, tetracyclines

such as minocycline (MINO), doxycy-

cline (DOX), and tetracycline are

widely used as topical therapy (1).

Administered directly to the perio-

dontal pocket, these antibiotics should

inflict little or no damage on the host

cells, otherwise they might adversely

affect recovery from periodontitis.

Therefore, it is important to estimate

cellular damage in the periodontal tis-

sue where the antibiotics are topically

administered. The estimation would

facilitate maximizing therapeutic

effects of these antibiotics, while redu-

cing their adverse effects. One

approach for estimating the cellular

damage in the periodontal tissue is to

assay cytological damages following

exposures of cultured human cells

derived from periodontal tissues to

antibacterial agents. For this purpose,

we previously measured quantitatively

the cytotoxic effects against human

periodontal ligament fibroblasts of

four tetracyclines, seven macrolides,

and five fluoroquinolones that are used

or intended for direct administration to

the periodontal pocket (2–4).

The periodontal tissue consists of

epithelial, soft and mineralized con-

nective tissues and has a unique system

called epithelial attachment and con-

nective tissue attachment where the

three tissues come together to form a

junction at the tooth interface. As loss

or regeneration of this system closely

correlates with progress or healing of

periodontitis, it is important to esti-

mate cellular damage arising from

topical administration of antibacterial

agents not only by using fibroblasts

derived from human periodontal liga-

ments but by using epithelial cells and

fibroblasts, both of which are derived

from human gingivae.

In the present study, we examined

the cytotoxic effect of MINO and

DOX by using the human gingival

fibroblast cell line Ayt, the human

gingival epithelial cell line NDUSD-1,

and the human periodontal ligament

fibroblast cell line Pelt, which had been

established as described previously

(5–7). The cytotoxic effect was deter-

mined by survival of cells treated with

these antibiotics. We also used these

cell lines to study the effect of MINO

and DOX on the mRNA and protein

expressions of genes associated with

the differentiation of fibroblasts and

the proliferation, differentiation, or

cellular adhesion important to the

epithelial regeneration of the perio-

dontal attachment, such as alkaline

phosphatase (ALP), type I procollagen

(COL), keratinocyte growth factor

receptor (KGFR), keratin 18 or 8/18,

integrin b1, integrin b4, and laminin

5c2. Ayt and NDUSD-1 cells have the

same level of lethal sensitivity to

MINO or DOX as early passage, nor-

mal fibroblasts and epithelial cells

derived from human gingivae (8, 9). In

addition, there are little differences in

the effects of MINO or DOX on cell

survivals and the mRNA and protein

expressions of ALP and COL between

Pelt cells and the early passage, normal

counterparts derived from human per-

iodontal ligaments (Suzuki A et al.

unpublished data). Here we report that

the maximum concentration of MINO

or DOX that had little cytotoxicity and

little adverse effects on the mRNA and

protein expressions of growth-, differ-

entiation-, and cell-adhesion-related

genes in the three cell lines was greater

than their MIC90 doses required to

inhibit the growth of 90% of perio-

dontopathic bacteria described above,

suggesting that little, if any, cellular

damage would be expected with the

topical administration of MINO or

DOX to the periodontal pocket at a

dose equivalent to the MIC90.

Material and methods

Cells and tetracyclines

The human gingival fibroblast cell line

Ayt and the human periodontal liga-

ment fibroblast cell line Pelt used in

this study and the culture conditions

have been described previously (7).

Both cells are cell lines immortalized

by infection of normal adult gingival

fibroblasts (Ay) at 8 population dou-

blings or normal adult periodontal

ligament fibroblasts (Pel) at 9 popula-

tion doublings with a retrovirus vector

encoding human telomerase catalytic

subunit (hTERT) cDNA, as described

previously (7). The human gingival

epithelial cell line NDUSD-1, which

was a cell line immortalized by infec-

tion of normal gingival epithelial cells

in secondary culture with origin

(–)SV40 DNA and human c-fos, and

the culture conditions have been des-

cribed previously (5, 6). NDUSD-1

cells grew for more than 1000 days.

Southern blot analysis demonstrated

that both transfected DNAs were

integrated into cellular DNA in the

cells. NDUSD-1 cells exhibited per-

sistent production of large T antigen at

similar levels to WI38VA13 cells, a

SV40 virus transformed cell line, and

expressed KGFR, keratin 8/18, inte-

grins b1 and b4, and laminin 5c2. The
number of chromosomes in NDUSD-1

cells was mainly distributed in the

hypodiploid range (42–46) with a

modal number of 44 (63%), and the

cells were not tumorigenic in nude mice

(5, 6). Minocycline hydrochloride

(MINO) and doxycycline hydrochlo-

ride (DOX) were purchased from Sig-

ma Chemical Co. (St. Louis, MO,

USA), dissolved in complete medium

at 1 mM, and filter-sterilized.

Cytotoxicity

Cytotoxicity of MINO and DOX was

determined by survivals of cells treated

with MINO or DOX. Two hundred

Ayt or Pelt cells or one thousand

NDUSD-1 cells were plated in tripli-

cate on 60-mm dishes, incubated

overnight, and exposed to different

concentrations of MINO or DOX for

48 h. The cells were then washed twice

with 2 ml complete medium and incu-

bated to form colonies for 6 days for

Ayt and Pelt cells or 12 days for

NDUSD-1 cells. The colonies were

fixed with absolute methanol and

stained with 3% Giemsa solution. The

number of surviving colonies with

>50 cells was then counted, and

the percentage of cell survivals was
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calculated as the number of colonies in

the treated plates divided by the num-

ber in control plates and multiplied by

100. All experiments were carried out

under yellow lights. Statistical analysis

was performed by Student’s t-test to

examine the significant difference be-

tween control and treated groups. The

level of significance in the statistical

analysis was determined at p < 0.05.

Reverse transcription–polymerase
chain reaction analysis

The effect of MINO or DOX on the

mRNA expressions of genes for ALP,

COL, KGFR, keratin 18, integrins b1 or
b4, and laminin 5c2 was assessed by

RT–PCR analysis. Ayt, Pelt, and

NDUSD-1 cells (5 · 105) were plated

into 25-cm2 flasks, incubated over-

night, and exposed to the desired con-

centrations of MINO or DOX for

48 h. After harvesting, total cellular

RNA was isolated and reverse-tran-

scribed as described previously (10).

PCR was performed in a reaction

mixture (25 ll) containing 1 ll of the

RT reaction products, 0.025 units of

Taq polymerase (Ampritag Gold, Ap-

plied Biosystems, Foster City, CA,

USA), 200 lM dNTP, 15 mM Tris-HCl

(pH 8.0), 50 mM KCl, 2.5 mM MgCl2,

and 20 pmol of sense and antisense

primers for ALP (11), COL (11),

KGFR (12), keratin 18 (13), integrins b1
(14) or b4 (15), laminin 5c2 (16), and

glyceraldehyde-3-phosphate dehydrog-

enase (GAPDH) (17). The reaction

mixtures were subjected to 35 cycles of

amplification under the conditions

described previously (11–17). The PCR

products were resolved on a 2% ag-

arose gel, stained with SYBR Green

(Biowhittaker Molecular Applications,

Rockland, ME, USA), and analyzed

with a fluorescence imaging analyzer.

Western blot analysis

Ayt, Pelt, and NDUSD-1 cells

(1 · 106) were plated into 75-cm2

flasks, incubated overnight, and

exposed to the desired concentrations

of MINO or DOX for 48 h. Western

blots were performed as described

previously (7). Cells were lysed in buf-

fer [0.1% Nonidt P-40/250 mM KCl/

50 mM HEPES, pH 7.9/10% (v/v)

glycerol/4 mM NaF/4 mM sodium

orthovanadate/0.2 mM EDTA/1 mM

dithiothreitol/1 mM phenylmethyl-

sulfonyl fluoride/aprotinin, pepstatin,

and leupeptin, each at 1 lg/ml]. A

50-ll sample of total protein per lane

was then run on a 6% sodium dodecyl

sulphate–polyacrylamide gel electro-

phoresis (SDS–PAGE) gel for ALP,

COL, KGFR, integrin b1, integrin b4,
and laminin 5c2, and a 12% SDS–

PAGE gel for keratin 8/18 analyses,

and then transferred to nitrocellulose

(Millipore, Tokyo, Japan). ALP, inte-

grin b1, and integrin b4 were observed

with the ALP, integrin b1, and integrin

b4 polyclonal antibodies, respectively.

The ALP antibody was purchased

from Biomeda (Foster City, CA, USA)

and the integrin b1 and integrin b4
were obtained from Santa Cruz

Biotechnology (Santa Cruz, CA, USA).

A horseradish-peroxidase-conjugated

donkey anti-rabbit IgG (Santa Cruz

Biotechnology) was used for the ALP,

integrin b1, and integrin b4 blottings,

followed by detection with enhanced

chemiluminescence (Amersham Phar-

macia, Tokyo, Japan). X-ray films

(RX-U, Fuji Film, Tokyo, Japan) were

exposed to the blot. COL and laminin

5c2 were observed with the COL and

laminin 5c2 polyclonal antibodies,

respectively (Santa Cruz Biotechno-

logy), a horseradish-peroxidase-conju-

gated donkey anti-goat IgG (Santa

Cruz Biotechnology), and detection by

enhanced chemiluminescence. KGFR

and keratin 8/18 were observed with the

KGFR and keratin 8/18 monoclonal

antibodies, respectively (Santa Cruz

Biotechnology), a horseradish-perox-

ide-conjugated goat anti-mouse IgG

(Santa Cruz Biotechnology), and

detection by enhanced chemilumines-

cence. The probe for extracellular-sig-

nal-related kinase 1 (ERK 1) was used

as an internal control.

Results

The effects of MINO or DOX on cell

survivals and expressions of mRNA

and protein in the human gingival

fibroblast cell line Ayt, the human

gingival epithelial cell line NDUSD-1,

and the human periodontal ligament

fibroblast cell line Pelt were examined.

Morphology of each cell line was dif-

ferent from those of the others and

shapes of colonies formed by each cell

line were different from those formed

by the others (Fig. 1). The effect of

MINO or DOX on survivals of Ayt

cells is shown in Fig. 2(A). Survivals of

the cells were not decreased by treat-

ment with MINO at 10–100 lM or

DOX at 10 or 30 lM, but decreased by

treatment with MINO at 300 or

1000 lM or DOX at 100–1000 lM in a

concentration-dependent manner. Sur-

vivals of NDUSD-1 cells were not

decreased by treatment with MINO at

3 or 10 lM or DOX at 3–30 lM, but

decreased by treatment with MINO at

30–300 lM or DOX at 100 or 300 lM
(Fig. 2B). Survival curves of Pelt cells

treated with MINO or DOX showed

similar sensitivity of the cells to MINO

or DOX (Fig. 2C). The cell survivals

were not decreased by treatment with

MINO or DOX at 10–100 lM, but

decreased by treatment with these

antibiotics at 300 or 1000 lM. These

findings indicate that MINO and DOX

were little cytotoxic when the three

cell lines were treated with MINO

at £ 10 lM or with DOX at ‡ 30 lM.

Thus, the maximum concentration of

MINO or DOX that had little cyto-

toxic effect all over the three cell lines

was 10 or 30 lM, respectively. Mean-

while, treatment with MINO at

‡ 30 lM or with DOX at ‡ 100 lM was

cytotoxic in the cell lines and the

cytotoxicities were greater in NDUSD-

1 cells than in Ayt and Pelt cells. In

addition, the cytotoxicity of MINO in

NDUSD-1 cells was greater than that

of DOX.

Next we examined the effect of

MINO or DOX on the mRNA

expressions in the three cell lines with

RT–PCR analysis (Fig. 3). The mRNA

expression of ALP in Ayt cells was not

decreased by treatment with MINO or

DOX at 30–300 lM, but decreased by

treatment with MINO or DOX at

1000 lM. Conversely, the mRNA

expression of COL in Ayt cells was not

decreased, even in the cells treated with

MINO or DOX at 1000 lM (Fig. 3A).

The same results were obtained from

RT–PCR analysis conducted with 25

cycles of amplification (data not
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shown). The mRNA expression of

KGFR in NDUSD-1 cells was not

decreased by treatment with MINO at

10 or 30 lM, but decreased by treat-

ment with MINO at 50 or 100 lM.

NDUSD-1 cells treated with DOX at

30 or 100 lM retained the constitutive

level of mRNA expression of KGFR,

but the expression level was decreased

by treatment with DOX at 200 or

300 lM. The mRNA expressions of

keratin 18 and integrin b1 in NDUSD-

1 cells were not affected by treatment

with MINO at 10–100 lM or DOX at

30–300 lM. The mRNA expression of

integrin b4 in NDUSD-1 cells was not

decreased by treatment with MINO at

10–50 lM or DOX at 30–200 lM, but

decreased by treatment with MINO at

100 lM or DOX at 300 lM. The

mRNA expression of laminin 5c2 in

NDUSD-1 cells was not decreased by

treatment with any concentration of

MINO or DOX (Fig. 3B). The mRNA

expression of ALP in Pelt cells was not

decreased by treatment with MINO at

30–1000 lM and DOX at 30 or 100 lM,

but decreased by treatment with DOX

at 300 or 1000 lM. Treatment of Pelt

cells with MINO or DOX at any con-

centration examined did not reduce the

constitutive level of mRNA expression

of COL (Fig. 3C). These findings

indicate that the maximum concentra-

tion of MINO or DOX that did not

decrease any mRNA expression all

over the three cell lines was 30 or

100 lM, respectively.

The effect of MINO or DOX on the

protein expressions of these genes in

the three cell lines was examined

with western blot analysis. In this

experiment, each cell line was treated

with MINO or DOX at the concen-

trations that had little effects on the

survivals and mRNA expressions. All

the treatments had little inhibitory

effect on the protein expressions of

genes examined (Figs 4 and 5).

Discussion

We investigated the effects of MINO or

DOX on cell survivals and expressions

of mRNA and protein in the three cell

lines. Cell survivals were not decreased

when the cells were treated with MINO

at £ 10 lM or with DOX at £ 30 lM,

but decreased when treated with

MINO at ‡ 30 lM or with DOX at

‡ 100 lM. The maximum concentra-

tions that did not affect the survivals of

any of the three cell lines were 10 lM

Fig. 1. Phase-contrast micrographs of three cell lines and their colonies stained with Giemsa solution. (A) Ayt cells; (B) NDUSD-1 cells; (C)

Pelt cells. Each photograph was taken with the same magnification.

Cytological effects of tetracyclines 127



for MINO and 30 lM for DOX. These

results indicate that a high concentra-

tion of MINO or DOX is cytotoxic in

mammalian cells. Tetracyclines inhibit

bacterial protein synthesis by binding

to the 30 S bacterial ribosome and

preventing access of aminoacyl tRNA

to the acceptor (A) site on the mRNA–
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Fig. 3. Reverse transcription–polymerase chain reaction analysis to detect the mRNA

expressions of various genes in three cell lines treated with minocycline (MINO) or doxy-

cycline (DOX) at the indicated concentrations for 48 h. (A) Ayt cells; (B) NDUSD-1 cells;

(C) Pelt cells. Alkaline phosphatase (ALP; 475 bp); type I procollagen (COL; 599 bp); ker-

atinocyte growth factor receptor (KGFR; 141 bp); keratin 18 (86 bp); integrin b1 (265 bp);

integrin b4 (369 bp); laminin 5c2 (452 bp). Glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) expressions are shown as the internal controls.
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ribosome complex (18). Tetracycline

also impairs protein synthesis in

mammalian cells at a high concentra-

tion (19). DNA and RNA syntheses

are inhibited by tetracycline in mam-

malian cells as well (19). The inhibition

of macromolecule syntheses may be

one of the cytotoxic mechanisms of

tetracyclines against mammalian cells.

Mammalian cells lack the active

transport system found in bacteria, and

the ribosomal target is less sensitive

(18), which is a possible mechanism of

the differential sensitivity between

mammalian cells and bacteria.

NDUSD-1 cells were more sensitive

to the cytotoxic effect of MINO or

DOX than Ayt and Pelt cells. The

cytotoxic effect of tetracyclines in hu-

man cells has been shown to depend

both on the intracellular concentration

of tetracyclines and on the persistence

of tetracyclines in the cells (9), sug-

gesting that the difference in the cyto-

toxic effect between the cell lines might

be attributed to the difference in the

permeability of MINO or DOX into

the cells and/or their retentivity in the

cells. Meanwhile, MINO was more

cytotoxic in NDUSD-1 cells than

DOX. MINO and DOX are absorbed

from the gastrointestinal tract to a

considerable extent. When the stomach

is empty, the percentage of an oral

dose that is absorbed is 100% for

MINO and 95% for DOX (18). In

addition, the half-lives of MINO and

DOX are almost same in the body

(16–18 h) (18). These suggest that the

differential sensitivity between MINO

and DOX in NDUSD-1 cells might be

due to mechanism(s) other than these

pharmacokinetic properties. Persist-

ence or retention in some macromole-

cules in the cells is considered as a

candidate of the alternative mecha-

nisms. After administration is stopped,

MINO persists in the body possibly

due to retention in fatty tissues (18).

The effects of MINO or DOX on the

mRNA and protein expressions of

the following genes associated with the

differentiation of fibroblasts and the

proliferation, differentiation, or cellu-

lar adhesion important to the epithelial

regeneration of the periodontal

attachment were studied by RT–PCR

and western blot analyses, respectively.

ALP and COL are expressed in fibro-

blasts capable of mineralization (3).

KGFR is the specific receptor for ker-

atinocyte growth factor which plays a

major part in re-epithelialization in

wound healing (12). Keratins are

encoded by members of the 10 nm

intermediate filament multigene family

and their expressions vary with prolif-

eration, differentiation, and the state of

cell transformation and development.

Keratin 8 and/or 18 are expressed in

normal, immortalized, and malignant

oral epithelia in organotypic culture

(20). Integrins belong to the family of

cellular adhesion molecules. In normal

gingival tissues, the basal layer of epi-

thelium is attached to the basal lamina,

and integrins on the surface of the

epithelial cells act as receptors to bind

to laminin in the basal lamina. The

integrin subunits a2, a3, a6, b1, and b4
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Fig. 5. Quantitative analysis of the protein expressions of various genes after treatment of

three cell lines with minocycline (MINO) or doxycycline (DOX). The levels of protein

expressions shown in Fig. 4 were quantified by densitometry, expressed relative to the protein

levels in the control cells, and normalized to the extracellular-signal-related kinase 1 (ERK1)

by using a Software LabWorks� (version 4.0) (UVP, Inc., Upland, CA, USA). ALP, alkaline

phosphatase; COL, type I procollagen; KGFR, keratinocyte growth factor receptor.
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are always expressed by all epithelial

cells, including gingival epithelial cells

(21). Integrins b1 and b4 are likely to

be involved in apical migration of

junctional epithelium during the peri-

odontal attachment loss (22). Laminin-

5, a laminin isoform specific for

epithelial cells, is a major component

of the internal basal lamina in both

rodent and human tissues (23). Lami-

nin-5 is composed of three truncated

polypeptide chains, a3, b3, and c2 (24).

The laminin 5c2 gene is expressed in

the cells of the junctional epithelium

but not in the other parts of the gin-

gival epithelium (23).

The maximum concentration of

MINO or DOX that did not decrease

the mRNA expression of any gene

examined was 30 or 100 lM, respect-

ively. These findings indicate that the

maximum concentration of MINO or

DOX that had little inhibitory effects

both on the cell survivals and on the

mRNA expressions all over the three

cell lines was 10 or 30 lM, respectively.

Treatment with these concentrations

of MINO and DOX also failed to

decrease the constitutive level of the

protein expressions in the cells. It is

reported that the minimum inhibitory

concentration required to inhibit

the growth of 90% (MIC90)

against P. gingivalis, P. intermedia, and

A. actinomycetemcomitans of MINO

was 0.031 to 2 lg/ml (0.06 to 4 lM)

(25) and the MIC90 of DOX against

P. gingivalis, P. intermedia, A. actin-

omycetemcomitans, and T. forsythensis

was 0.12 to 1.562 lg/ml (0.25 to

3.24 lM) (26). The maximum concen-

tration of MINO or DOX that had

little adverse effects in the three cell

lines was 2.50- or 9.26-fold, respect-

ively, the MIC90 values, suggesting that

little, if any, cellular damage would be

expected with topical administration of

MINO or DOX to the periodontal

pocket at a dose equivalent to the

MIC90. It is important to note, how-

ever, that the extrapolation of these

findings to in vivo conditions has yet to

be undertaken. Periodontopathic bac-

teria form biofilms that are structured

communities of bacteria encased in a

self-produced polymeric matrix (27).

Compared with bacteria in planktonic

growth, biofilm bacteria are notori-

ously resistant to antibacterial agents

(28) as well as natural and acquired

immune responses (27). In addition,

differential expression of a number of

secreted surface-associated proteins of

A. actinomycetemcomitans is demon-

strated between the biofilm and

planktonic cells (29), suggesting that

periodontopathic bacteria in biofilms

express different gene sets when com-

pared with their planktonic counter-

parts. In vitro assessment using a

system with biofilms remains to be

done for estimating the antibacterial

efficacy of antibacterial agents against

periodontopathic bacteria.
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