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Butyrate induces apoptosis in murine
macrophages via caspase-3, but
independent of autocrine synthesis of
tumor necrosis factor and nitric oxide
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Abstract

We demonstrated that 4 mM butyrate induces apoptosis in murine
peritoneal macrophages in a dose- and time-dependent manner as
indicated by studies of cell viability, flow cytometric analysis of
annexin-V binding, DNA ladder pattern and the determination of
hypodiploid DNA content. The activity of caspase-3 was enhanced
during macrophage apoptosis induced by butyrate and the caspase
inhibitor z-VAD-FMK (100 µM) inhibited the butyrate effect, indicat-
ing the major role of the caspase cascade in the process. The levels of
butyrate-induced apoptosis in macrophages were enhanced by co-
treatment with 1 µg/ml bacterial lipopolysaccharide (LPS). However,
our data indicate that apoptosis induced by butyrate and LPS involves
different mechanisms. Thus, LPS-induced apoptosis was only ob-
served when macrophages were primed with IFN-γ and was partially
dependent on iNOS, TNFR1 and IRF-1 functions as determined in
experiments employing macrophages from various knockout mice. In
contrast, butyrate-induced macrophage apoptosis was highly inde-
pendent of IFN-γ priming and of iNOS, TNFR1 and IRF-1 functions.
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Introduction

Apoptosis is a process of programmed
cell death which is essential in maintaining
homeostasis of mammalian tissues. Apopto-
tic cell death usually occurs in a tightly regu-
lated manner and uses well-conserved ge-
netic mechanisms (1). The cellular processes
leading to apoptosis induction are not com-
pletely understood, but an important event is
the activation of a cascade of cysteine pro-

teases named caspases (2), leading to cleav-
age of specific substrates involved in cell
death. The activation of apoptotic genes will
culminate in morphological and biochemical
changes leading to chromatin condensation
followed by nuclear condensation, DNA frag-
mentation and packing of nuclear fragments
into multiple membrane-enclosed apoptotic
bodies.

Macrophages play an important role in
initiating, maintaining and resolving host in-
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flammatory responses. They are able to di-
rectly kill viruses, bacteria and parasites, to
secrete several immune regulators, to pro-
cess and present antigens, and to act as scav-
enger cells. However, macrophages do not
always play a positive role in the homeosta-
sis of the immune system. Under some cir-
cumstances, macrophages have deleterious
effects on the host. They can be dangerous in
situations of excessive production of free
radicals, lytic enzymes and inflammatory
cytokines (3), which cause extensive local
damage and are responsible for many of the
systemic symptoms associated with acute
and chronic inflammation. If uncontrolled,
macrophage activation can lead to the clini-
cal syndrome of septic shock and to the
death of the host (4,5). Macrophages can
also be deleterious to the organism when
they become foam cells and contribute to the
formation of atherosclerotic lesions. These
dangers suggest that macrophages must be
subjected to strict regulatory control. Apop-
tosis would seem a logical candidate to par-
ticipate in macrophage regulation, as it is
known to regulate other cells in the immune
system such as activated T cells (6,7), B cells
(8,9) and granulocytes (10).

Butyrate is a four-carbon fatty acid nor-
mally produced by bacterial fermentation of
fiber in the intestine of mammals. This small
fatty acid is also well known to have multiple
effects on different malignant or normal cells.
These effects include cell differentiation,
modulation of different gene expression and
inhibition of cell proliferation (11). Butyrate
has been shown to induce apoptosis in many
different cells of the immune system, includ-
ing murine thymocytes, splenic T cells, hu-
man Jurkat T cells (12) and lymphocytic
leukemia cells (13). The mechanisms by
which butyrate induces apoptosis in differ-
ent cell types are not known, but there is
evidence that butyrate cell death induced in
some cancer cells is triggered via activation
of the caspase cascade (14). Butyrate could
be important in the regulation of macro-

phage apoptosis in situations where these
cells are uncontrolled such as in atheroscle-
rotic lesions and in the treatment of some
types of leukemia with chemotherapeutic
drugs. Butyrate control of macrophage ap-
optosis can also be important in bacterial
infections induced by Shigella and Salmo-
nella (15) and in periodontitis (16) since
there is increased apoptosis in cells present
in lesions caused by these bacteria. Since
these bacteria produce butyrate as part of
their metabolism, this substance is an inter-
esting candidate for the modulation of mac-
rophage apoptosis by bacteria at the site of
lesion.

In the present study, we show that bu-
tyrate is capable of inducing apoptosis in
mouse peritoneal macrophages in a dose-
and time-dependent manner. We also show
that the mechanism of induction of apopto-
sis seems to be dependent on caspases, espe-
cially caspase-3, but does not appear to in-
volve the action of tumor necrosis factor α
(TNF-α) or nitric oxide (NO).

Material and Methods

Macrophage culture

C57BL/6 mice, 4 to 6 weeks old, were
provided by the animal house of the Centro
de Pesquisas René Rachou, FIOCRUZ (Belo
Horizonte, MG, Brazil), kept in collective
cages with free access to commercial chow
(Nuvital, Curitiba, PR, Brazil) and water. In
order to obtain inflammatory macrophages,
mice were injected intraperitoneally with 2
ml of 3% thioglycolate medium and perito-
neal exudate cells were collected by lavage
with RPMI 1640 medium (Gibco BRL, Gai-
thersburg, MD, USA) 4 days after injection.
The cells (1 x 106/ml) were cultured in 5 ml
polypropylene tubes in RPMI 1640 medium
containing 100 U/ml penicillin, 100 µg/ml
streptomycin, 2 mM glutamine, and 10%
fetal calf serum that had been inactivated for
30 min at 56ºC. Polypropylene tubes were
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used in some experiments since macrophages
do not attach to these tubes, so that all cells
can be collected and analyzed rather than
only detached cells. The solution of butyric
acid (Sigma, St. Louis, MO, USA) was di-
luted in RPMI 1640 medium and the pH
adjusted to 7.2 with sodium hydroxide. Bu-
tyrate was added to the cultures to final
concentrations of 0, 1, 2, 4 and 8 mM, as
indicated in each experiment. Lipopolysac-
charide (LPS; Sigma) was diluted in RPMI
medium and added to the cultures at a con-
centration of 1 µg/ml at the time of butyrate
addition. Cultures were incubated at 37ºC in
a moist atmosphere of 5% CO2 for the indi-
cated periods of time.

Determination of cell viability

After treatment with butyrate or butyrate
plus LPS, cells were stained with Trypan
blue and the number of live (cells that ex-
clude Trypan blue) or dead (cells that stain
with Trypan blue) cells was counted in a
Neubauer chamber. The values were ad-
justed to percentages. The MTT (3-(4,5-di-
methyl-2-thiazolyl)-2,5-diphenyl tetrazolium
bromide) (Sigma) assay was performed as
described by Jacobson et al. (17). Cells (1 x
105) were cultured on 96-well plates with or
without different concentrations of butyrate
in the presence or absence of LPS. After
24-h treatment, 10 µl of a 5 mg/ml MTT
solution was added to each well. After 4 h of
incubation at 37ºC the formazan precipitates
were solubilized by the addition of 100 µl of
an acid solution of SDS (10% SDS in 0.01 M
HCl) and the plate was incubated overnight
at 37ºC. Absorbance at 570 nm was deter-
mined with a spectrophotometric microplate
reader (SpectraMAX plus, Molecular De-
vices).

DNA isolation

Peritoneal cells (4 x 106) were incubated
with butyrate in the presence or absence of

LPS for the indicated times. The cells were
collected, washed twice with PBS and resus-
pended in hypotonic lysis buffer (0.2% Tri-
ton X-100, 10 mM Tris, 1 mM EDTA, pH
8.0). After 10-min incubation at room tem-
perature (25ºC) the cells were centrifuged at
14,000 rpm for 15 min. The supernatant was
used for DNA electrophoresis.

Electrophoresis

The supernatant obtained as described
for DNA isolation was treated with an equal
volume of absolute isopropyl alcohol and
0.5 M NaCl and stored at -20ºC overnight.
The samples were then centrifuged at 14,000
rpm for 15 min and the pellet was washed
with 100 µl of 70% ethanol and resuspended
in 25 µl TE solution [10 mM Tris-HCl, 1 mM
EDTA, pH 7.4, plus 5 µl of loading buffer
(50% glycerol, 1X Tris-acetate-EDTA, 10%
saturated bromophenol blue, and 1% xylene
cyanol)]. Samples were subjected to hori-
zontal gel electrophoresis on 1.5% agarose
gel containing 0.71 µg ethidium bromide per
ml. The cells were photographed under UV
transillumination using Nucleovision equip-
ment (Nucleotech).

Flow cytometry analysis

The percentage of cells that underwent
necrosis or apoptosis was determined using
simultaneous annexin-V-FITC (Pharmingen,
San Diego, CA, USA) and propidium iodide
(Sigma) staining. The assay was performed
according to manufacturer instructions. Peri-
toneal cells (1 x 106) incubated with butyrate
for 24 h in the presence or absence of LPS
were collected and washed twice with cold
PBS. The cells were then resuspended in
annexin-V-binding buffer (10 mM HEPES/
NaOH, pH 7.4, 140 mM NaCl, and 2.5 mM
CaCl2) and 1 x 105 cells were transferred to
5-ml polystyrene tubes (Becton Dickinson,
New Jersey, NJ, USA). Annexin-V-biotin (5
µl) was added and the cells were incubated
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for 15 min at room temperature (25ºC). The
cells were washed once with annexin-V-
binding buffer and 100 µl of a 50 µg/ml
streptavidin-FITC solution plus 5 µl
propidium iodide were added. The cells were
incubated for 15 min and analyzed by flow
cytometry within 1 h using FACSAdvantage
equipment (Becton Dickinson).

The percentage of cells in the peritoneal
cell population consisting of macrophages
was determined by flow cytometry. After
treatment with or without 4 mM butyrate for
24 h, peritoneal cells (1 x 106) were washed
twice with PBS. Cells were preincubated
with anti-Fc receptor antibody and then
stained with FITC-labeled Mac-1 (Pharmin-
gen), a cell marker specific for granulocytes,
macrophages and natural killer cells or with
FITC-labeled Mac-3 (Pharmingen), a cell
marker specific for activated macrophages
(including thioglycolate-elicited peritoneal
macrophages) for 15 min and washed twice
with PBS. The cells were then incubated
with phycoerythrin-labeled annexin-V (Phar-
mingen) (a marker specific for apoptosis) for
15 min. Cells were washed twice in PBS and
analyzed by flow cytometry using FACS
Advantage equipment (Becton Dickinson).

Hypodiploid DNA was measured by the
method described by Nicoletti et al. (18).
After treatment with the reagents, cells (1 x
106) were centrifuged at 1200 rpm for 10
min and washed twice with cold PBS. The
cell pellet was gently resuspended in 1 ml
hypotonic fluorochrome solution (50 µg/ml
propidium iodide in 0.1% sodium citrate
plus 0.1% Triton X-100) in 5 ml polypropy-
lene tubes (Becton Dickinson). The tubes
were left to stand at 4ºC in the dark over-
night. The cells were analyzed by flow cy-
tometry using FACSAdvantage equipment
(Becton Dickinson).

Measurement of caspase-3 activity

Caspase-3 activity was measured using
the colorimetric CaspACE assay system (Pro-

mega, Madison, WI, USA) following in-
structions provided by the manufacturer.
After treatment with butyrate or butyrate
plus LPS, cells (1 x 107) were washed twice
in ice-cold PBS and resuspended in cell lysis
buffer (provided by the manufacturer) at a
concentration of 108 cells/ml. The cells were
lysed by four cycles of freezing and thawing
and incubated on ice for 15 min. The cell
lysates were centrifuged at 15,000 g for 20
min at 4ºC and the supernatant fraction was
collected and stored at -70ºC until the time
for caspase activity determination. To meas-
ure caspase activity, the concentration of
protein in each sample was determined by
the method of Lowry et al. (19) for protein
quantitation. One hundred µg of total pro-
tein (in a volume of up to 20 µl) from each
sample was added to each well of a 96-well
plate. Then 32 µl of caspase assay buffer
(provided by the manufacturer), 2 µl DMSO
and 10 µl of a 100 mM DTT solution were
added to each well. The final volume was
adjusted to 98 µl and 2 µl of the caspase-3
substrate DEVD-pNA was added to the re-
action. The plate was incubated at 37ºC over-
night. Absorbance at 405 nm was deter-
mined with a spectrophotometric microplate
reader (SpectraMAX plus, Molecular De-
vices).

Determination of TNF-ααααα and nitrite levels in
the supernatants of macrophage cultures

TNF-α was quantified with an ELISA kit
(Duoset kit, Genzyme Diagnostics, Cam-
bridge, MA, USA). Nitrite concentrations in
culture supernatants were assayed by the
Griess reaction (20). Plates were read at 550
nm and NO2 concentration was determined
with reference to a standard curve using
sodium nitrite in culture media.

The caspase inhibition assay was per-
formed using the pancaspase inhibitor z-
VAD-FMK. Cells were preincubated with
the caspase inhibitor at a concentration of 50
µM for 45 min. Butyrate or butyrate plus
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LPS was then added and the cells were incu-
bated for different periods of time and cell
viability was determined by Trypan blue
exclusion.

Statistical analysis

In some experiments apoptosis was a
uniform phenomenon and differences were
evident without statistical analysis. All other
data were analyzed by the Student t-test with
a 5% confidence interval.

Results

Butyrate decreases peritoneal cell viabil-
ity in a dose- and time-dependent manner.
To determine the effects of butyrate on mac-
rophage viability, the cells were treated with
different concentrations of butyrate in the
presence or absence of LPS. Butyrate de-
creased cell viability in a dose-dependent
fashion as shown by the MTT assay (Figure
1A). A decrease was observed at butyrate
concentrations as low as 1 mM. LPS treat-

Figure 1. Cell viability determined in the MTT assay. A, Dose-dependent effect of butyrate on cell viability (left
panel). Peritoneal macrophages were cultured with the indicated concentration of butyrate in the presence
(squares) or absence (circles) of 1 µg/ml LPS for 24 h. Time-dependent effect of butyrate on cell viability (middle
panel). Peritoneal macrophages were treated with 4 mM butyrate in the presence (squares) or absence (circles) of
1 µg/ml LPS for different periods of time. Triangles represent untreated control cells (middle panel). Effect of
different concentrations of LPS with (squares) or without (triangles) butyrate on macrophage viability (right panel).
Peritoneal macrophages were cultured with or without 4 mM butyrate in the presence of 0, 0.1, 1, 10 or 100 µg/ml
LPS. B, Effect of IFN-γ on LPS- or butyrate-induced cell death. Peritoneal macrophages were treated with 4 mM
butyrate, 4 mM butyrate plus 1 µg/ml LPS or 1 µg/ml LPS alone in the presence (hatched bar) or absence (open bar)
of 50 IU/ml IFN-γ for 6, 24 and 48 h. Control represents untreated cells. Results are reported as the mean ± SEM of
five (Figure 1A) and three (Figure 1B) different experiments with duplicate cultures. *P<0.05 compared to the
corresponding negative controls without butyrate. #P<0.05 compared to the butyrate plus LPS-treated group at
each corresponding butyrate concentration or time point. +P<0.05 compared to the corresponding negative
controls with or without IFN-γ. **P<0.05 compared to the group treated with LPS alone (Student t-test). C, control;
But, butyrate.
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ml LPS for different periods of time pre-
sented diminished cell viability already at
12 h after treatment. Treatment with butyrate
plus LPS decreased cell viability 6 h after the
beginning of treatment and this effect was
stronger than that seen with butyrate alone at
all time points. The effect was maximal at
48 h post-treatment with butyrate combined
with LPS. To study the effect of LPS alone
on macrophage viability, the cells were
treated with different concentrations of LPS
for 24 h. Using both the MTT and Trypan
blue exclusion assays (data not shown), LPS
at concentrations as high as 100 µg/ml was
not able to induce cell death in peritoneal
macrophages (Figure 1A, right panel). When
4 mM butyrate was added together with LPS,
a significant decrease in cell viability was
observed at LPS concentrations of 1, 10 and
100 µg/ml.

Previous studies have shown that the com-
bination of LPS and interferon gamma (IFN-
γ) can strongly induce apoptosis in macro-
phages. To confirm these data and also to
test if IFN-γ would also have any effects on
butyrate-induced apoptosis, we treated peri-
toneal macrophages with 4 mM butyrate
alone or with 1 µg/ml LPS in the absence or
presence of IFN-γ (50 IU/ml) for 6, 24 and
48 h. After 6-h treatment, there was no sig-
nificant decrease in cell survival (Figure 1B).
As shown previously by our results, butyrate
caused a significant decrease in cell survival
after 24 and 48 h of incubation and LPS
augmented this effect. IFN-γ had no effect
on butyrate alone or butyrate plus LPS in-
duction of cell death. As mentioned above,
treatment with LPS alone was unable to
induce cell death, but when IFN-γ was added,
a strong decrease in cell survival was seen
after 48 h of treatment (Figure 1B, right
panel).

Butyrate induces apoptosis in peritoneal cells

To determine if the increase in cell death
induced by butyrate treatment was apopto-

Figure 2. A, Effect of butyrate
with or without LPS on DNA
fragmentation. Agarose gel elec-
trophoresis of DNA extracted
from mouse peritoneal macro-
phages treated with 4 mM bu-
tyrate or butyrate plus 1 µg/ml
LPS for 24 h. MW, molecular
weight markers; C, control; But,
butyrate. The figure corresponds
to one of three experiments
yielding similar results. B, Flow
cytometry analysis of the DNA
contents of butyrate or butyrate
plus LPS-treated cells. Peritoneal
macrophages were cultured
with or without 4 mM butyrate
in the presence or absence of 1
µg/ml LPS for 24 h. Macro-
phages were stained with
propidium iodide and DNA con-
tent was analyzed by flow cy-
tometry. Cells containing
subdiploid nuclei are apoptotic
cells. Debris were excluded ac-
cording to forward and side scat-
ter characteristics. The right
peak shows the percentage of
cells with normal diploid DNA
and the left peak shows the per-
centage of apoptotic cells with
subdiploid DNA. The experiment
shown is one of a total of five
independent experiments with
similar results.
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sis, we studied DNA fragmentation in mac-
rophages treated with 4 mM butyrate with or
without LPS for 24 h. DNA fragmentation
was increased in cells treated with butyrate
and butyrate plus LPS as compared to un-
treated control cells (Figure 2A). Cells treated
with butyrate plus LPS showed an additional
increase in DNA fragmentation when com-
pared to cells treated with butyrate alone
(Figure 2A).

To quantify macrophage apoptosis
caused by butyrate or butyrate plus LPS,
the percentage of hypodiploid nuclei (char-
acteristic for apoptotic cell populations)
was measured by flow cytometry. After
24-h treatment with butyrate, 58% of the
cells exhibited subdiploid nuclei, in con-
trast with control cells, that showed 19%

apoptotic cells. The addition of LPS to
butyrate-treated cells significantly in-
creased the number of subdiploid nuclei
(72%) as shown in Figure 2B.

To further examine the effect of butyrate
alone or combined with LPS on induction of
apoptosis in macrophages we analyzed the
early apoptosis event by annexin-V-FITC
and propidium iodide staining. Macrophages
were treated with 4 mM butyrate alone or
with LPS for 24 h. Cells were then stained
with annexin-V and propidium iodide and
analyzed by flow cytometry. After 24-h cul-
ture, 5.38 ± 0.5% of untreated control cells
were in an early stage of apoptosis and 1.98
± 0.33% were late apoptotic or necrotic (Fig-
ure 3A). After treatment with butyrate alone,
43.79 ± 3.74% of the cells were in an early
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Figure 3. A, Butyrate induces
apoptosis in peritoneal macro-
phages. Cells were treated with
4 mM butyrate in the absence or
presence of 1 µg/ml LPS for 24
h. Cells were double stained
with annexin-V-FITC and propi-
dium iodide (PI) and analyzed by
flow cytometry. Annexin-V-, PI-

cells are live cells, annexin-V+,
PI- cells are early apoptotic cells,
and annexin-V+, PI+ cells are late
apoptotic or necrotic cells. Data
represent one of four different
experiments with similar results.
B, Flow cytometry analysis of
the peritoneal cell population.
Peritoneal cells were double
stained with FITC-labeled Mac-1
or FITC-labeled Mac-3 and phy-
coerythrin (PE)-labeled annexin-
V after treatment with 4 mM bu-
tyrate for 24 h. Data represent
one of three different experi-
ments with similar results.
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stage of apoptosis and 12.29 ± 1.61% were
in a late stage of apoptosis or already dead.
These numbers were significantly higher than
those seen in untreated control cells (P<0.05).
The addition of LPS significantly increased
the number of early and late apoptotic cells
(65.57 ± 4.39% and 31.26 ± 2.79%, respec-
tively) when compared to butyrate alone and
to untreated control cells (P<0.05).

To analyze the population of peritoneal

cells that were undergoing apoptosis, we
double stained untreated control or butyrate-
treated cells with phycoerythrin-labeled
annexin-V and with FITC-labeled Mac-1 or
Mac-3 that are cellular markers specific for
monocytes/macrophages. Figure 3B shows
that most untreated and butyrate-treated cells
were positive for Mac-1 and Mac-3, con-
firming that the majority of apoptotic perito-
neal cells were macrophages.

Table 1. Determination of tumor necrosis factor α (TNF-α) and nitric oxide concentrations in the culture supernatants from macrophages treated
with butyrate (4 mM) and/or lipopolysaccharide (LPS) (1 µg/ml) in the presence or absence of interferon γ (IFN-γ) (50 IU/ml).

Without IFN-γ With IFN-γ

6 h 24 h 48 h 6 h 24 h 48 h

TNF-α (pg/ml)
Control 282.4 ± 36.1 372.2 ± 12.9 ND 253.0 ± 45.43 1024.6 ± 72.5 ND
Butyrate 466.4 ± 19.6 448.7 ± 32.4 ND 744.4 ± 14.82 1226.6 ± 45.0 ND
Butyrate + LPS 2435.2 ± 120.3 1550.9 ± 199.4 ND 2066.4 ± 110.41 2842.0 ± 98.5 ND
LPS 2848.7 ± 58.4 2607.0 ± 92.7 ND 2529.4 ± 856.5 4012.3 ± 181.8 ND

Nitric oxide (µM)
Control 2.78 ± 0.16 3.66 ± 0.14 3.87 ± 0.09 6.20 ± 0.00 19.20 ± 2.00 18.20 ± 1.53
Butyrate 2.30 ± 0.21 3.62 ± 0.72 3.14 ± 0.25 3.87 ± 0.33 10.20 ± 0.58 18.20 ± 1.15
Butyrate + LPS 2.97 ± 0.16 2.60 ± 0.50 3.54 ± 0.13 3.87 ± 0.67 10.87 ± 0.33 18.53 ± 0.67
LPS 3.14 ± 0.09 27.17 ± 3.15 33.38 ± 1.19 7.87 ± 0.67 40.87 ± 1.45 61.87 ± 1.45

Results are reported as the mean ± SEM of triplicate wells. ND, not determined.

Figure 4. Caspase-3 is involved
in peritoneal macrophage apop-
tosis. A, Macrophages were cul-
tured without butyrate (filled bar)
or with 4 mM butyrate (open bar)
in the absence or presence of
LPS (hatched bar) (1 µg/ml) for 6
or 24 h. Cell lysates were ana-
lyzed for the presence of cas-
pase-3 activity using a colorimet-
ric substrate (DEVD-pNA). Re-
sults are reported as the mean ±
SEM of three different experi-
ments with duplicate samples.
Different letters indicate signifi-
cantly different values at each
time point (P<0.05). B, Peritoneal
macrophages were cultured with
(circles) or without (triangles) 4
mM butyrate in the presence
(squares) or absence of 1 µg/ml LPS and with (open symbols) or without (filled symbols) the pancaspase inhibitor z-VAD-FMK for different periods of
time. Cell viability was determined by Trypan blue exclusion. Results are reported as the mean ± SEM of five different experiments with duplicate
samples. *P<0.05 compared to the corresponding negative controls without butyrate. #P<0.05 compared to the butyrate plus LPS-treated group at each
time point. +P<0.05 compared to the corresponding group treated with the pancaspase inhibitor, z-VAD-FMK (Student t-test).
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Caspase-3 is involved in peritoneal
macrophage apoptosis

The requirement for caspase-3 activity in
butyrate-induced apoptosis was determined
by its capacity to cleave its substrate Ac-
DEVD-pNA. Caspase-3 activity was in-
creased during apoptosis induced by butyrate
treatment (Figure 4A). Cells treated with
butyrate and LPS showed a significant in-
crease in caspase-3 activity when compared
to untreated control cells and also to bu-
tyrate-treated cells after 6-h treatment. How-
ever, caspase-3 activity was decreased in
these cells after 24-h treatment, reaching
control levels (Figure 4A). This finding may
be explained by the stronger and faster apop-
totic effect seen in butyrate plus LPS-treated
cells. In agreement with this hypothesis, cell
viability and flow cytometry experiments
(Figures 1, 2 and 3) showed that a large
amount of butyrate plus LPS-treated cells
were not viable after 24-h treatment. Thus,
we suggest that activation of caspase-3 initi-
ated earlier in cells treated with butyrate and
LPS, which underwent apoptosis and died
earlier, and caspase activity became unde-
tectable at 24 h post-stimulation. To confirm
the importance of the caspase cascade in
butyrate-induced apoptosis, cells were treated
concomitantly with butyrate (with or with-

out LPS) and the pancaspase inhibitor z-
VAD-FMK for different periods of time.
The results showed that the caspase inhibitor
was capable of inhibiting the effect of bu-
tyrate or of butyrate plus LPS, indicating the
major role of caspases in butyrate-induced
apoptosis in these cells (Figure 4B).

Apoptosis induced by butyrate in peritoneal
macrophages is not dependent on nitric
oxide or TNF-ααααα

TNF and NO have been shown to be
important mediators of apoptosis in cells
treated with LPS and IFN-γ. To investigate
the involvement of TNF and NO in butyrate-
induced apoptosis, we treated peritoneal
macrophages with 4 mM butyrate alone or
with LPS in the presence or absence of
IFN-γ for 6, 24 or 48 h and measured the
production of TNF-α and nitrite in the super-
natant of the macrophage cultures (Table 1).

After 6 and 24 h of treatment a significant
production of TNF-α was observed in mac-
rophages exposed to LPS but not to butyrate.
Cells treated with LPS alone showed a sig-
nificant production of NO 24 and 48 h after
stimulation. Nitrite production was higher at
both times when IFN-γ was added together
with LPS. However, in all cells treated with
butyrate, no matter if LPS or IFN-γ were

Table 2. Percent survival of macrophages from different mouse strains treated with butyrate (4 mM) or
lipopolysaccharide (LPS) (1 µg/ml) plus interferon γ (IFN-γ) (50 IU/ml) for 24 or 48 h.

24 h 48 h

Butyrate LPS + IFN-γ Butyrate LPS + IFN-γ

C57BL/6 75.05 ± 4.96* 78.25 ± 2.36* 64.38 ± 2.76* 56.38 ± 7.10*
iNOS-/- 63.95 ± 4.00* 93.99 ± 3.14+ 49.59 ± 3.37* 79.95 ± 0.59*+

TNFR1-/- 80.22 ± 4.43* 94.55 ± 1.88+ 67.40 ± 1.58* 81.21 ± 2.21*+

IRF1-/- 65.12 ± 5.17* 89.17 ± 4.73+ 64.84 ± 1.53* 102.90 ± 5.94+

Results are reported as the mean ± SEM of four different experiments and are expressed as percent survival
compared to the untreated control group (100%) from the same strain.
*P<0.05 compared to the corresponding untreated control group;
+P<0.05 compared to the corresponding group treated with butyrate alone (Student t-test).
iNOS-/-, TNFR1-/-, IRF-1-/-: mice lacking genes for inducible nitric oxide synthase, type I receptor for tumor
necrosis factor and interferon regulatory factor 1, respectively.
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added, NO production was prevented and
remained at basal levels or even lower dur-
ing 24 or 48 h of treatment.

To investigate the involvement of the
autocrine production of TNF and NO in
butyrate-induced apoptosis, we evaluated the
responsiveness of macrophages derived from
mice lacking genes for inducible NO syn-
thase (iNOS-/-), type I receptor for TNF
(TNFR1-/-), and interferon regulatory factor 1
(IRF-1-/-) with 4 mM butyrate or with LPS
plus IFN-γ for 24 or 48 h. Table 2 shows that
the viability of macrophages from all the
knockout mice was significantly decreased
after treatment with butyrate for 24 or 48 h
when compared to untreated cells. In con-
trast, apoptosis in macrophages stimulated
with LPS plus IFN-γ was mostly reversed in
macrophages from IRF-1-/-, and partially re-
versed in macrophages from iNOS-/- and
TNFR1-/- mice. These results are consistent
with the hypothesis that TNF and NO are
involved in the apoptosis of macrophages
exposed to LPS, but not to butyrate.

Discussion

Apoptosis is a process of programmed
cell death important in many physiological
functions and in the pathogenesis of a vari-
ety of diseases. The processes and molecules
that can elicit activation of the apoptotic
program are diverse. In this study we show
that butyrate is able to induce apoptosis in
peritoneal macrophages in a dose- and time-
dependent manner as demonstrated by the
results of cell viability, flow cytometric anal-
ysis of annexin-V, DNA ladder pattern and
determination of hypodiploid DNA. This
process appears to be dependent on caspase-
3 but, unlike macrophage apoptosis induced
by LPS, is independent of macrophage prim-
ing with IFN-γ and autocrine synthesis of
TNF-α and NO.

The physiologic onset of apoptosis is
strictly regulated by ligand receptor systems
such as Fas ligand/Fas and TNF/TNFR1

(21,22). LPS can induce macrophage pro-
duction of TNF-α that is an important me-
diator of the apoptosis-enhancing effect trig-
gered by LPS (23,24). To initiate apoptosis,
TNF binds to TNFR1 and induces intracellu-
lar signals leading to a caspase cascade that
will result in the transcription of genes con-
trolling the cell cycle and initiation of apop-
tosis (25,26). A recent study by Xaus et al.
(26) showed that LPS-induced apoptosis re-
sults from two independent mechanisms: first
and predominantly, through the autocrine
secretion of TNF-α (early apoptotic events),
and second, through the production of NO
(late phase of apoptosis).

In our experiments, in the absence of
butyrate, LPS concentrations as high as 100
µg/ml did not induce apoptosis in inflamma-
tory macrophages. When IFN-γ was added
concomitantly to LPS, significant cell death
was seen after 48 h of macrophage stimula-
tion. Our study is in agreement with others
(27,28) showing that LPS plus IFN-γ trig-
gers apoptosis in peritoneal macrophages.
IRF-1 is a transcription factor induced by
IFN-γ and is responsible for the activation of
many genes induced by this cytokine. Con-
sistent with the requirement of IFN-γ prim-
ing, our experiments show that apoptosis
induced by IFN-γ and LPS was completely
abolished in macrophages from IRF-1-/-. Our
study confirmed the results showing the de-
pendency of autocrine TNF-α and NO syn-
thesis (26,29) on LPS-induced apoptosis,
since we observed a partial reduction of
apoptosis in macrophages from TNFR1-/- and
iNOS-/- treated with IFN-γ and LPS. In con-
trast, the levels of apoptosis were not af-
fected in macrophages from IRF-1-/-, TNFR1-

/- and iNOS-/- exposed to butyrate.
Consistent with the lack of involvement of

TNFR1 and iNOS on butyrate-induced apop-
tosis, we observed no induction of TNF-α or
NO synthesis by unprimed or IFN-γ-primed
macrophages exposed to butyrate. In fact, bu-
tyrate reduced the production of NO in macro-
phages after 24 and 48 h of treatment with
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LPS. Interestingly, this inhibitory effect of
butyrate was selective for NO and did not
affect TNF-α synthesis by macrophages ex-
posed to LPS. These data agree with those
obtained by Chakravortty et al. (30) who
showed the inhibitory action of butyrate on
LPS-induced NO production in RAW 264.7
murine macrophage cells. In their studies, bu-
tyrate also inhibited the expression of iNOS in
LPS-stimulated RAW cells.

Nevertheless, we found a significant in-
crease in caspase-3 activity in macrophages
treated with butyrate and an even higher
increase in those cells treated with butyrate
plus LPS. To demonstrate the role played by
the caspase cascade, which is known to par-
ticipate in the apoptosis pathway in many
cells, we used the pancaspase inhibitor z-
VAD-FMK. The inhibitor peptide abolished
butyrate-induced apoptosis in the presence
or absence of LPS. These results are consist-
ent with other studies that show caspase-3
involvement in apoptosis induced by sodium
butyrate (31-33) or LPS (34). In all experi-
ments we found that treatment with LPS
potentiates the apoptotic effect caused by
butyrate. Similar results were obtained by
Kurita-Ochiai et al. (34), who demonstrated
that the apoptosis induced by butyrate and
butyrate plus LPS in peripheral blood mono-
nuclear cells was related to an increase in
caspase-3 activity. Thus, butyrate induction
of apoptosis, similar to LPS induction, seems
to involve activation of the caspase pathway
(24,26). Consistent with the different re-
quirements of IRF-1, TNFR1 and iNOS in
macrophage apoptosis induced by LPS and
butyrate, we favor the hypothesis that the
increase in butyrate-induced apoptosis by
LPS is a cumulative effect of two divergent
signaling pathways that culminate in the ac-
tivation of the caspase cascade and apopto-
sis.

The pathways by which sodium butyrate
induces cell arrest or apoptosis in different
cell lines are not well understood. Treatment
with sodium butyrate is known to increase

histone acetylation by inhibiting deacetylases,
leading to core histone hyperacetylation.
However, the molecular process used to
achieve such a regulation still remains unde-
termined. Histone acetylation is a dynamic
process leading to structural changes in the
nucleosome particle and strongly associated
with transcriptional activity (35-37). The
model to explain the link between transcrip-
tional activity and histone acetylation pro-
poses that this core histone covalent modifi-
cation would facilitate the access of specific
regulatory factors to DNA. Moreover, some
of these regulatory factors could act as en-
zymes that acetylate histones (38-40). Cuisset
et al. (35) suggest that a serine-threonine
protein phosphatase activity is essential to
mediate the effects of sodium butyrate on
both gene expression and core histone acety-
lation in HTC cells. Histone hyperacetylation
is then a probable mechanism involved in
butyrate-induced apoptosis.

Caspases and molecules involved in regu-
lation of apoptosis such as Bcl-2 family mem-
bers are thought to be important and essen-
tial to the apoptosis process. Recent studies
have focused on their participation in bu-
tyrate induction of apoptosis (31,32). Al-
though most of the studies about the mechan-
isms of apoptosis induced by sodium bu-
tyrate were performed using colon cancer
cell lines, these could also be the mechan-
isms operating in apoptosis induced by so-
dium butyrate in peritoneal macrophages.

We reported here that butyrate induces
apoptosis in peritoneal macrophages through
a mechanism that is dependent on caspase-3
but independent of NO, TNF-α or IFN-γ.
These findings are interesting as they un-
cover some mechanisms that may or may not
be used by butyrate to induce apoptosis in
macrophages in situations where these cells
are out of control such as in atherosclerotic
lesions and autoimmune disease. Moreover,
the study of butyrate-induced apoptosis in
macrophages is important to explain how
bacteria could induce apoptosis in intestinal
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