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Jurkat T cells. Furthermore, evidence is provided that protein
kinase inhibitors reduce apoptosis induced by butyric acid. The
observed differences in inhibition seen with thymocytes, splenic
T cells, and Jurkat cells are discussed.

It is well-known that periodontal diseases are infectious and
that periodontal tissue breakdown results from the interaction
of specific anaerobic bacteria and host immune mechanisms. A
recent study indicates that severe destructive adult periodontitis is a multibacterial infection and that certain combinations
of periodontopathogens, namely, Porphyromonas, Prevotella,
and Fusobacterium spp., seem to be important in the pathogenesis of the disease (44). These bacteria produce an elaborate variety of virulence factors such as proteases, lipopolysaccharides, and fimbriae (43).
The respective metabolisms of these bacteria are also characterized by the production of an identifiable fingerprint of
short-chain fatty acids, which are major by-products of anaerobic metabolism that are released into the microenvironment
at the infection site (16) and can diffuse across biological membranes (40). Previous studies have demonstrated that these
fatty acids exert inhibitory effects on gingival fibroblast proliferation (41), colon cancer cell growth (15), and phagocytosis
(13, 38). Our previous study (23) demonstrated that shortchain fatty acids, especially volatile fatty acids (VFA) present
in the culture filtrates of Porphyromonas gingivalis, Prevotella
loescheii, and Fusobacterium nucleatum, greatly inhibited murine T- and B-cell proliferation and cytokine production by
concanavalin A-stimulated splenic T cells.
Apoptosis, a form of active cell death, plays important roles
in the development and regulation of the immune system (7,
21). Morphological changes at the nuclear level and endonucleolysis are well characterized (7). Pursuing the inhibitory
mechanism of VFA, we found that a representative VFA,
butyric acid, induced cytotoxity and apoptosis in murine thymocytes. In this study, we report that butyric acid induces
apoptosis in murine thymocytes, splenic T cells, and human

MATERIALS AND METHODS
Short-chain fatty acids. Highly purified butyric acid was purchased from Sigma
Chemical Co. (St. Louis, Mo.). Solutions of butyric acid ranging in concentrations from 0.31 to 10 mM were diluted in RPMI 1640 (Gibco Laboratories,
Grand Island, N.Y.) medium and adjusted to pH 7.2 with sodium hydroxide.
Mice. C3H/HeN mice (female, 8 to 9 weeks old) were obtained from Charles
River Breeding Laboratories (Kanagawa, Japan). The mice were maintained in
the Animal Facility of Nihon University School of Dentistry at Matsudo under
standard care and given food and water ad libitum. Mice were used at 9 to 10
weeks of age and were matched by age within each experiment.
T-cell preparation. Spleens and thymocytes were aseptically removed, and
single-cell suspensions were prepared by gently teasing the cells through sterile
stainless steel screens. The thymocyte cell suspension was used directly. Preparations of T cells from mouse spleens were obtained as described previously (24).
Briefly, T-cell-enriched fractions were obtained by passing spleen cells through a
Sephadex G-10 (Pharmacia, Piscataway, N.J.) column followed by panning (45)
cells on plastic petri dishes (15 by 100 mm) coated with rabbit anti-mouse F(ab9)2
immunoglobulin G (Organon Teknika Co., West Chester, Pa.). After incubation
for 90 min at 48C, the nonadherent T-cell-enriched population was recovered
and was usually consisted of more than 95% Thy 1.21 and less than 5% immunoglobulin-positive cells, as determined by immunofluorescence with a FACScan
fluorescence-activated cell sorter (Becton Dickinson and Co., Sunnyvale, Calif.).
Splenic T cells were further incubated with anti-CD4- and anti-CD8-coated
magnetic beads (PerSeptive Diagnostics, Inc. Cambridge, Mass.) and passed on
a magnet for several cycles. Recovered cells obtained by positive magnetic
selection resulted in both enriched CD41 (.98%) and CD81 (.98%) populations by fluorescence-activated cell sorter analysis.
The human T lymphoma cell line Jurkat was kindly provided by FCCH (Fujisaki Cell Center-Hayashibara, Okayama, Japan). These cells were cultured at
378C in a moist atmosphere of 5% CO2 in complete medium consisting of RPMI
1640 supplemented with 10% heat-inactivated fetal calf serum, 2 mM L-glutamine, 100 U of penicillin per ml, 100 mg of streptomycin per ml, and 0.05 mM
2-mercaptoethanol.
Cell proliferation assay and cell viability. As a method of assessing cellular
proliferation following the addition of butyric acid, the colorimetric MTT (3[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl tetrazolium bromide; Sigma Chemical
Co.) assay was performed (20). In viable cells, the mitochondrial enzyme succinate dehydrogenase can metabolize MTT into a formazan dye that absorbs light
at 550 nm. T cells were seeded at a density of 7.0 3 105 cells per well for
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The purpose of this study was to examine the effect of butyric acid, an extracellular metabolite from
periodontopathic bacteria, on apoptosis induction in murine thymocytes, splenic T cells, and human Jurkat T
cells. Butyric acid significantly suppressed T-cell viability in both a concentration- and time-dependent fashion.
The results of DNA fragmentation assay indicated that butyric acid rapidly induced apoptosis in thymocytes
(with 1.25 mM butyric acid and 6 h after treatment) and in splenic T cells and Jurkat cells (with 2.5 mM butyric
acid and 16 h after treatment). Incubation of thymocytes or Jurkat cells with 5 mM butyric acid for 21 h
resulted in the typical ladder pattern of DNA fragmentation. Furthermore, Jurkat cells treated with 5 mM
butyric acid showed the characteristic pattern of apoptotic cells such as chromatin condensation and hypodiploid nuclei. Experiments with fractionated subpopulations of splenic T cells revealed that DNA fragmentation was predominantly observed in CD41 T cells. Butyric acid-induced apoptosis of thymocytes was
decreased by the protein kinase inhibitors H7 and staurosporine. These inhibitors were less effective with
similarly treated splenic T cells and Jurkat cells. These data suggest that butyric acid, one of the volatile fatty
acids produced by periodontopathic bacteria and one that easily penetrates the oral mucosa, can modulate the
immunoregulatory cell population in periodontal tissue by inducing T-cell death through apoptosis.
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RESULTS
Effects of butyric acid on cell proliferation and viability. We
examined the effects of various concentrations of butyric acid
on the proliferative activity and viability of murine thymocytes,
splenic T cells, and human Jurkat T cells. After 21 h of incubation, butyric acid caused a reduction in cell proliferative
activity, as assessed by the colorimetric MTT assay, and in cell
viability, as assessed by trypan blue dye exclusion. These cells
exhibited a marked, dose-dependent response to butyric acid
(Fig. 1). With 5 mM butyric acid, the proliferative responses of
thymocytes, splenic T cells, and Jurkat cells were significantly
suppressed by 70.0, 78.7, and 76.9%, respectively, as assessed
by the MTT assay (Fig. 1A); viability was reduced by 33.1, 41.3,

and 34.3%, respectively, as assessed by the trypan blue assay
(Fig. 1B). These decreases in cell proliferation and viability
prompted us to determine the type of cell death induced by
butyric acid.
DNA fragmentation caused by butyric acid. The induction of
apoptosis by butyric acid was indicated by the colorimetric
DNA fragmentation assay, electrophoresis of the fragmented
DNA, flow cytometric analysis of DNA contents, and nuclear
morphology. When the three types of cells were cultured in the
presence of 0.625 to 5.0 mM butyric acid for 21 h and quantitated by the DNA fragmentation assay, a dose-dependent increase in DNA fragmentation was seen (Fig. 2). Butyric acid
induced a substantial and near-maximal (65% with 5 mM butyric acid) increase in DNA fragmentation (58.6%) for thymocytes at 1.25 mM (P , 0.01). For splenic T cells and Jurkat
cells, 2.5 mM butyric acid increased the amount of DNA fragmentation to 35.0 and 46.0%, respectively (Fig. 2). These results indicate that different degrees of apoptosis induction by
butyric acid depend on the differences in sensitivity of the cell
populations.
In similar experiments, cells were cultured with 5 mM butyric acid and examined for DNA fragmentation at various
times throughout a 21-h time period (Fig. 3). Treatment of
thymocytes with butyric acid for 6 h resulted in a markably
increase in DNA fragmentation. Splenic T cells and Jurkat
cells treated with butyric acid showed an increase in DNA
fragmentation after 6 h of incubation and continued to increase throughout the experiment.
The induction of apoptosis by butyric acid in these cell
populations was further confirmed by electrophoresis of fragmented DNA and nuclear morphology (Fig. 4). Low-molecular-weight DNA fragments extracted from the thymocytes and
Jurkat cells cultured with 5 mM butyric acid for 21 h showed
typical oligonucleosomal ladders (Fig. 4). Negligible cleavage
of DNA into nucleosomal fragments was seen with untreated
thymocytes and Jurkat cells.
When we examined the morphological changes in the nuclei
of 5 mM butyric acid-treated Jurkat cells by DNA staining with
Hoechst 33258, the characteristic features of apoptosis, including condensation and aggregation of chromatin near the nuclear membrane, were observed (Fig. 5B). The DNA content
of butyric acid-treated Jurkat cells, stained by propidium iodide, was also analyzed with a flow cytometer. Apoptoic nuclei
were distinguishable by the hypodiploid DNA contents compared with the diploid DNA contents of normal cells. A single
peak of DNA, indicating diploid DNA content, characterized
untreated Jurkat cells (Fig. 6A). In contrast, the percentage of
Jurkat cells with hypodiploid DNA was increased by treatment
with butyric acid (Fig. 6B). Cell cycle analysis of butyric acidtreated cells revealed a progressive decrease in the percentage
of cells in the S and G1 phases.
In order to investigate which T-cell subpopulation could be
involved in the apoptosis of murine splenic T cells induced by
butyric acid, the T cells were separated by positive selection
into CD41 and CD81 T cells. As shown in Fig. 7, treatment
with 5 mM butyric acid significantly (P , 0.01) increased DNA
fragmentation on unseparated splenic (43.2% 6 4.4%) and
CD41 (68.3% 6 1.2%) T cells compared to untreated splenic
(16.0% 6 1.4%) and CD41 (19.9% 6 1.7%) T cells. In contrast, butyric acid-treated CD81 T cells showed no significant
increase (29.5% 6 1.5%) in DNA fragmentation compared to
untreated CD81 T cells (24.1% 6 1.8%).
Suppression of butyric acid-induced DNA fragmentation by
endonuclease inhibitor. To characterize butyric acid-induced
apoptosis in thymocytes, splenic T cells, and Jurkat cells, we
treated these cells with various doses of ZnCl2, a DNA endo-
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thymocytes and splenic T cells and at a density of 2.0 3 105 cells per well for
Jurkat cells in 0.1 ml of complete medium in flat-bottom 96-well plates. Butyric
acid in RPMI 1640 was added to a final concentration of 0.15 to 5 mM, and each
concentration of butyric acid was tested in quadruplicate. After incubation for
42 h, 20 ml of MTT (5 mg/ml in phosphate-buffered saline [PBS], pH 7.2) was
added to each well. Following 6 h of incubation, the supernatants were decanted,
and the formazan precipitates were solubilized by the addition of 150 ml of 100%
dimethyl sulfoxide (Sigma) and placed on a plate shaker for 10 min. Absorbance
at 550 nm was determined on a Corona MT32 spectrophotometric microplate
reader (Corona Electric Co., Ibaraki, Japan). The absorbance of the untreated
cultures was set at 100%. The mean relative absorbance and the standard error
of the mean were calculated for every concentration of butyric acid tested. Cell
viability was determined by light microscopy after staining with 0.02% trypan
blue (Sigma), and the results are expressed as the percentage of surviving cells.
T-cell culture for apoptosis. T cells were suspended in complete medium. Cells
(4.0 3 106 per well for thymocytes and splenic T cells and 1.0 3 106 per well for
Jurkat cells) were cultured in 24-well tissue culture plates (Falcon, BectonDickinson Labware, Lincoln Park, N.Y.) in the presence or absence of various
concentrations of butyric acid. At the times indicated in the figures, cells were
harvested and centrifuged at 400 3 g for 5 min and washed twice with ice-cold
PBS. Cells were resuspended in 400 ml of hypotonic lysis buffer (0.2% Triton
X-100, 10 mM Tris, 1 mM EDTA; pH 8.0) and centrifuged for 15 min at
13,800 3 g (32). Half the supernatant, containing small DNA fragments, was
subjected to gel electrophoresis, while the other half, as well as the pellet
containing large pieces of DNA and cell debris, was used for the diphenylamine
(DPA) assay (see below).
Gel electrophoresis. One-half of the supernatant was treated with an equal
volume of absolute isopropyl alcohol and 0.5 M NaCl to precipitate the DNA
and stored at 2208C overnight. After centrifugation at 13,800 3 g for 15 min, the
pellet was washed with 200 ml of 70% ethanol and allowed to dry at room
temperature. The DNA was resuspended in 12 ml of TE solution (10 mM
Tris-HCl, 1 mM EDTA; pH 7.4) and 3 ml of loading buffer (50% glycerol, 13
TAE, 10% saturated bromphenol blue, 1% xylene cyanol), incubated at 378C for
20 min, and then electrophoresed on 1.7% agarose gel containing 0.71 mg of
ethidium bromide per ml for 1 h. Gels were photographed by using UV transillumination.
DNA fragmentation assay. The DPA reaction was performed by the method of
Perandones et al. (35). Perchloric acid (0.5 M) was added to the pellets containing uncut DNA (resuspended with 200 ml of hypotonic lysis buffer) and to the
other half of the supernatants containing DNA fragments, and then 2 volumes of
a solution containing 0.088 M DPA, 98% (vol/vol) glacial acetic acid, 1.5%
(vol/vol) sulfuric acid, and 0.5% (vol/vol) of 1.6% acetaldehyde solution was
added. The samples were stored at 48C for 48 h. The colorimetric reaction was
quantitated spectrophotometrically at 575 nm, using a UV spectrophotometer
(UV-160A; Shimazu Co. Ltd., Tokyo, Japan). The percentage of fragmentation
was calculated as the ratio of DNA in the supernatants to the total DNA.
Flow cytometric analysis. Nuclear DNA content was analyzed by flow cytometry (Becton Dickinson, Pont de Claix, France) after propidium iodide staining
by the method described by Nicoletti et al. (33). Cells were pelleted, resuspended
in hypotonic fluorochrome solution (50 mg of propidium iodide per ml in 0.1%
sodium citrate and 0.1% Triton X-100), and kept at 48C in the dark overnight
before the analysis.
Detection of morphological apoptosis. After treatment with reagents, cells
were fixed with 2% glutaraldehyde solution (TA AB Lab., Aldermastone, England) for 1 h and stained with 0.2 mM Hoechst 33258 to visualize the location
of DNA. Cells were examined with a fluorescence microscope (BHT-RFC;
Olympus, Tokyo, Japan) for determination of fragmentation of nuclei and/or
condensation of chromatin.
Reagents. Hoechst 33258 (29-[4-hydroxylphenyl]-5-[4-methyl-1-piperazinyl]2,59-bi-1H-benzimidazole) and staurosporine were purchased from Sigma. H7
(1-[5-isoquinolinesulfonyl)-2-methylpiperazine dihydrochloride) was from Seikagaku Kogyo (Tokyo, Japan).
Statistics. The significance of differences between groups was determined by
Student’s t test.
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nuclease inhibitor. Addition of 1 mM ZnCl2 completely inhibited butyric acid-induced DNA fragmentation in thymocytes,
splenic T cells, and Jurkat cells, and these DNA fragmentations were comparable to that of untreated controls (Table 1).
The addition of ZnCl2 alone had no effect on the viability of
these cells (data not shown).
Effect of protein kinase inhibitor on butyric acid-induced
apoptosis. To further characterize apoptosis in thymocytes,
splenic T cells, and Jurkat cells, we next examined the effect of
protein kinase inhibition on butyric acid-induced apoptosis.
Protein kinase inhibitors H7 (50 mM) and staurosporin (2.5
nM) significantly (P , 0.01) inhibited DNA fragmentation of
butyric acid-treated thymocytes (68.7 to 9.5% for H7 and 68.7
to 21.8% for staurosporine) (Fig. 8). In contrast, H7 was unable to modify the extent of butyric acid-induced apoptosis in
splenic T cells (27.8 to 24.6%), although staurosporine effectively (P , 0.05) inhibited DNA fragmentation of butyric acidtreated splenic T cells (27.8 to 11.6%). With Jurkat cells, H7
and staurosporine slightly decreased DNA fragmentation of
butyric acid-treated cells (54.5 to 43.4% for H7, [P , 0.05] and
54.5 to 32.8% for staurosporine [P , 0.01]).
DISCUSSION
A previous study (23) indicated that a low concentration (2.5
mM) of butyric acid, significantly suppressed T- and B-cell
proliferation and production of cytokines by concanavalin Astimulated murine splenic T helper cells. Since culture filtrates
from P. gingivalis, P. loescheii, and F. nucleatum cells contain
from 13.3 to 26.8 mM of butyric acid (23), the concentration of

butyric acid in subgingival plaque from periodontitis sites
could reach 14.4 to 20 mM (26, 31), and its concentration in
periodontal pockets has been shown to correlate with the severity of periodontal disease (5), it is likely that butyric acid is
a most important virulent factor of these periodontopathogens.
In attempting to determine the mechanism of butyric acidinduced suppression of T- and B-cell responses, we further
examined the capacity of butyric acid to regulate proliferation
and apoptosis of T cells. In the present study, we demonstrated
a time- and dose-dependent suppression of butyric acid on the
viability and induction of apoptosis of murine thymocytes and
splenic T cells and of human Jurkat T cells. The main findings
were as follows. (i) Butyric acid inhibits cell growth and induces apoptosis in mouse immature thymocytes, splenic T
cells, and human Jurkat cells. (ii) Butyric acid-induced apoptosis is endonuclease dependent. (iii) Butyric acid-induced apoptosis in thymocytes is suppressed by protein kinase C (PKC)
inhibitors, but these inhibitors are less effective on the butyric
acid-induced apoptosis of splenic T cells and Jurkat cells.
We have shown that butyric acid-stimulated mouse thymocytes, splenic T cells, and Jurkat cells underwent apoptosis in
vitro, a specific form of programmed cell death characterized
by internucleosomal DNA digestion, revealed by colorimetric
DNA fragmentation assay (Fig. 2 and 3) followed by gel electrophoresis (Fig. 4). Cell death was also associated with chromatin condensation (Fig. 5) and flow cytometric determination
of the proportion of cells with hypodiploid DNA (Fig. 6).
Thymocytes were more sensitive to apoptosis caused by butyric
acid than splenic T cells and Jurkat cells (Fig. 2), suggesting
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FIG. 1. Dose-dependent effects of butyric acid on cell proliferation and viability. Thymocytes (F), splenic T (E), and Jurkat cells (Ç) were cultured with the
indicated concentration of butyric acid for 21 h. Cellular proliferation (A) was determined by MTT assay and expressed as the percentage of the absorbance value
obtained without butyric acid. Cell viability (B) was determined by trypan blue dye exclusion. The data are expressed as the means 6 standard errors from three different
experiments with triplicate cultures.
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centage of apoptotic cells detected by DPA assay. Cell cycle
distribution also changed during incubation: after 16 h of incubation, butyric acid treatment resulted in the degradation of
the cells in the S and G2/M phases of the cell cycle (data not
shown), which means that butyric acid-induced inhibition of
cell growth was correlated to an arrest in the G1 phase of the
cell cycle. However, alterations also were observed in other
phases of the cycle with the passage of incubation time, that is,
after 21 h of incubation, butyric acid induced the degradation
of cells in all phases of the cell cycle. Gorcyzca et al. (17), in an
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FIG. 2. Butyric acid dose-response curves for apoptosis. Thymocytes (F),
splenic T (E), and Jurkat cells (Ç) were cultured with the indicated concentration of butyric acid for 21 h. Harvested cells were assayed by the DPA assay. The
data are expressed as the means 6 standard errors from three different experiments with triplicate cultures. Values that are significantly different from the
values for the respective controls at P , 0.01 (pp) and P , 0.05 (p) are indicated.

that the effect of butyric acid was most pronounced on immature T cells. Glucocorticoids (9), heat (30), irradiation (39),
dioxine (29), and human immunodeficiency virus (4) are
known to induce thymic apoptosis. Immature T cells undergo
intrathymic apoptosis when they encounter antigens, resulting
in clonal deletion before they migrate to the periphery. After
maturation, the same stimulus delivered through the T-cell
receptor–CD3 complex leads to activation instead of apoptosis
(1, 2, 42). Thus, the conventional wisdom is that mature T cells,
having survived negative selection, should be relatively resistant to apoptosis.
Evidence for spontaneous apoptosis in T cells has been
reported (8, 35). Peradone et al. (35) proposed that mature
mouse splenic T cells succumbed to apoptosis when cultured
without stimulus. Cohen and Duke (8) have suggested that the
increase in DNA fragmentation when thymocytes are incubated in the absence of stimuli is probably due to the action of
an endonuclease for which synthesis was induced by corticosterone in the animal before the removal of the thymus. Although in our study, unstimulated normal murine thymocytes,
splenic T cells, and Jurkat cells underwent spontaneous apoptosis when cultured for long periods (Fig. 3), the number of
spontaneously induced apoptotic cells was negligible compared
to that seen after exposure of the cells to butyric acid.
Flow cytometric analysis revealed that maximal DNA degradation appeared to occur 21 h after butyric acid treatment
(Fig. 3), as evidenced by the appearance of DNA with low
fluorescence (Fig. 6). Kinetic studies of flow cytometric cell
cycle analysis of propidium iodide-stained Jurkat cells treated
with 5 mM butyric acid revealed the appearance of a distinct
cell cycle region below the G1 region. This extra “sub-G1” peak
displaying reduced fluorescence of the DNA is likely due to a
reduction in cell volume and nuclear condensation characteristics of apoptotic cells (12). However, as necrotic cells have a
staining pattern similar to that of apoptotic cells with propidium iodide staining, this result may contain a certain
amount of DNA from necrotic cells. Indeed, it is also the
reason why the 82.1% value is so high compared to the per-

FIG. 3. Time course of butyric acid-induced apoptosis. Thymocytes (A),
splenic T cells (B), and Jurkat cells (C) were cultured for the indicated times in
the presence (F) or absence (E) of butyric acid (5 mM). Harvested cells were
assayed by the DPA assay. The data are expressed as the means 6 standard
errors from three different experiments with triplicate cultures. Values that are
significantly different from the values for the respective controls at P , 0.01 (pp)
are indicated.
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extensive survey of the susceptibility of the cell cycle phases to
apoptosis by various agents such as cycloheximide, genistein,
and gamma irradiation, showed that cell death induced by
these agents occurred at different phases of the cell cycle. For
example, cycloheximide and genistein exhibited no specific cell
cycle preference, whereas gamma irradiation induced apoptosis was largely at the G2/M phase. Other reports indicated that
cells in the G1 phase were preferentially affected by glucocorticoid (11), while the fraction of B cells in the S phase was
reduced by lovastatin (36).
The induction of apoptosis by butyric acid has been described before for the human colonic tumor cell (18), Burkitt’s
lymphoma cell (14), and HL-60 myeloblastic cells (6). Although some studies have shown that inhibition of DNA synthesis by butyric sodium salt is associated with a hyperacetylation of histones H3 and H4 due to an n-butyrate-induced
decrease in activity of some histone deacetylase (3, 37), the
mechanism of butyric acid-induced apoptosis is still unknown.
The data presented in this study with cultured thymocytes and
splenic T cells provide the first evidence that butyric acid-

FIG. 5. Fluorescence microscopy appearance of butyric acid-treated Jurkat
cells. Cells from untreated cultures (A) or cultures exposed to 5 mM of butyric
acid (B) for 16 h were stained with Hoechst 33258. Arrows indicate the nuclei
that show chromatin condensation.

FIG. 6. Flow cytometric analysis of the DNA content of Jurkat cells. Jurkat
cells were cultured in the absence (A) or presence (B) of butyric acid (5 mM).
After 21 h of incubation, the number of cells undergoing apoptosis was measured
by staining with propidium iodide and then analyzed by flow cytometry. The
percentages of Jurkat cells with hypodiploid DNA are shown.

induced apoptosis is not limited to leukemic cells but also
occurs in normal systemic cells.
Butyric acid-induced DNA fragmentation was inhibited in
the presence of the endonuclease inhibitor ZnCl2 (Table 1).
The pattern of DNA fragments obtained from butyric acidtreated thymocytes and Jurkat cells (Fig. 4) also suggested that
DNA was being hydrolyzed by an endonuclease with specificity
for the linker regions between nucleosomes. It is possible that
whenever cell death is a physiologically acceptable event, whatever the actual mediator that initiates the process, the final
common pathway may be the activation of an endogenous
endonuclease that breaks DNA down to nonfunctional subunits. In this study, butyric acid-induced apoptosis was predominantly observed in CD41 T cells rather than in CD81 T
cells. The mechanism by which sensitization with butyric acid
primes CD41 T cells for apoptosis is presently unknown. However, since infection with human immunodeficiency virus type
1 (28) and Trypanosoma cruzi (25) induce apoptosis in CD41 T
cells specifically, it seems likely that CD41 T cells are more
sensitive to apoptosis than CD81 T cells. Butyric acid-induced
apoptosis in thymocytes also required protein synthesis as
observed in other cell systems (19, 22). Signal transduction
pathway of apoptosis is known to share common signal trans-
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FIG. 4. Effect of butyric acid on DNA fragmentation. Jurkat cells (A) and
thymocytes (B) were cultured for 0 h (lane 2) or 21 h in the absence (lane 3) or
presence (lane 4) of butyric acid (5 mM). After incubation, DNA was collected
and analyzed by electrophoresis on a 1.7% agarose gel. Lane 1 contains molecular weight markers (HaeIII digested fX174 DNA). Numbers at left indicate size
in base pairs.
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duction pathway. Both PKA-PKC inhibitor, H7 or a PKC inhibitor, staurosporine, inhibited apoptotic changes in thymocytes. However, with splenic T cells and Jurkat cells, H7 or
staurosporine was less effective against butyric acid-induced
apoptosis. This discrepancy between the behavior of thymocytes and of splenic T and Jurkat cells might reflect the differences in the maturity between cells and in the mechanism of
induction of apoptosis. Peradone et al. (35) have indicated that
dexamethasone caused apoptosis in both thymus and spleen T
cells but that only thymocytes revealed a requirement for protein synthesis in dexamethasone-induced death. From these
findings, they have proposed that thymocytes and mature
spleen T cells differ radically in their apoptosis control mechanisms, indicating that a transition in apoptosis regulation
must occur during T-cell development, perhaps as the T cell
evolves from dominant susceptibility to negative selection to
dominant susceptibility to activation. Furthermore, previous
studies indicate that in contrast to what has been observed in
mature thymocytes (34, 46), no requirement for RNA or protein synthesis seems necessary for the apoptotic process in
established cell lines (10, 27). A previous report indicated that

TABLE 1. Effect of endonuclease inhibitor on butyric
acid-induced apoptosis
% DNA fragmentationa
Treatment

None
Butyric acid alone
Butyric acid with:
1 mM ZnCl2
0.5 mM ZnCl2
0.1 mM ZnCl2

Thy

Sp-T

Jurkat

8.2 6 1.1
70.7 6 2.6

7.2 6 0.8
34.0 6 2.8

2.4 6 0.3
53.2 6 2.2

4.8 6 0.6
12.0 6 1.0
60.7 6 3.2

1.6 6 0.2
9.5 6 0.4
28.4 6 2.2

2.7 6 0.4
17.6 6 2.0
48.7 6 3.8

a
Thymocytes (Thy), splenic T cells (Sp-T), and Jurkat cells were treated with
various concentrations of ZnCl2 in the presence of butyric acid (5 mM) for 21 h.
Harvested cells were assayed by DPA assay as described in Materials and Methods. The data are expressed as the means 6 standard errors from three different
experiments with triplicate cultures.

FIG. 8. Effects of PKC inhibitors on butyric acid-induced apoptosis. Thymocytes (A), splenic T cells (B), and Jurkat cells (C) were treated with no stimulus
(N.S.), 5 mM butyric acid (BA), 50 mM H7, 2.5 nM staurosporine (Sta), BA and
H7, and BA and Sta for 21 h. Harvested cells were assayed by the DPA assay.
The data are expressed as the means 6 standard errors from three different
experiments with triplicate cultures. Values that are significantly different from
the values for the respective controls at P , 0.01 (pp) and P , 0.05 (p) are
indicated.

spontaneous apoptosis was increased in splenic T cells by H7
or staurosporine (35). Our data showing that spontaneous apoptosis of splenic T cells increased 7.0 and 1.7% by addition of
H7 and staurosporine, respectively, and that similarly spontaneous apoptosis of Jurkat cells increased 2.0 and 18.0% by
addition of these reagents suggests that the difference in sensitivity of each cell type to the inhibitors also reflects the effect
of PKC inhibitor on butyric acid-induced apoptosis.
In summary, we have reported here that butyric acid induces
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FIG. 7. Butyric acid-induced apoptosis in CD41 T cells. Splenic T cells (Sp-T
cells) were fractionated into CD41 T and CD81 T cells as described in Materials
and Methods. Unseparated splenic T cells, CD41 T cells, and CD81 T cells were
cultured in the absence or presence of butyric acid (BA) (5 mM) for 21 h.
Harvested cells were assayed by the DPA assay. The data are expressed as the
means 6 standard errors from three different experiments with triplicate cultures. Values that are significantly different from the values for the respective
controls at P , 0.01 (pp) are indicated.
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apoptosis in murine thymocytes, splenic T cells, and human
Jurkat cells. This specific form of programmed cell death was
characterized by DNA fragmentation assay, gel electrophoresis, chromatin condensation, and flow cytometric analysis. These data support the hypothesis that activation of apoptosis is at least one essential step in the butyric acid-induced
immunosuppressive pathway and that butyric acid can modulate the immunoregulatory cell population in the periodontal
tissue by inducing T-cell death through apoptosis.
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