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The results reported here indicate that the short-chain carboxylic acids acetate and propionate stimulate
cytoplasmic calcium mobilization in human polymorphonuclear leukocytes, while butyrate and lactate do not.
Together with the results of previous work, this indicates that there are at least three classes of short-
chain carboxylic acids: those which can alter only cytoplasmic pH (e.g., lactic acid), those which can alter
cytoplasmic pH and actin (e.g., butyric acid), and those which can alter cytoplasmic pH, actin, and calcium
(e.g., acetate and propionate).

Short-chain carboxylic acids (SCCAs) are produced in
millimolar quantities as metabolic by-products of pathogenic
anaerobic bacteria (11). Work from this and other laborato-
ries clearly demonstrates that these SCCAs effect membrane
perturbations, alter cytoplasmic actin, pH, and oxygen me-
tabolism, and can inhibit granulocyte motility (2, 3, 7-9, 15,
17, 18, 21-23, 25-27). Because alterations in cytoplasmic
calcium influence all of the aforementioned cellular effects,
we were interested in determining whether SCCAs can also
affect cytosolic calcium. The effects of four selected SCCAs
(acetate, propionate, butyrate, and lactate) were examined.
Whole blood was obtained from healthy donors by veni-

puncture by using Vacutainer tubes containing 1,500 U of
heparin, and polymorphonuclear leukocytes (PMNs) were
isolated by Mono-Poly resolving medium and Ficoll-Hy-
paque gradient centrifugation at 700 x g for 45 min at 25°C as
previously described (3, 12). The neutrophil layer was re-
moved and resuspended in Ca2+- and Mg2e-free Hanks
balanced salt solution-10 mM HEPES (N-2-hydroxy-
ethylpiperazine-N'-2-ethanesulfonic acid) buffer (CMF-
HBSS + HEPES). The cell suspension was centrifuged at
200 x g for 12 min at 4°C, the erythrocytes were removed by
hypotonic lysis in distilled water, and the neutrophil suspen-
sion was sedimented at 200 x g for 12 min at 4°C. The
neutrophil pellet was resuspended at a concentration of 107
cells/ml in CMF-HBSS + HEPES (pH 7.4). Cell viability
was determined to be >95% by trypan blue exclusion.

Intracellular free calcium concentration was determined
by monitoring the fluorescent indicator Indo-1 AM (10).
Neutrophils (107/ml) in CMF-HBSS + HEPES (pH 7.4) were
incubated with 5 ,uM Indo-1 AM for 15 min at 37°C. The cells
were washed with CMF-HBSS + HEPES and resuspended
at 106/ml in HBSS + HEPES. Neutrophils were placed in a
1-ml cuvette, which was then placed in a spectrofluorometer
(SPF-500 SLM; AMINCO) with stirring and maintained at
37°C. Fluorescence was excited at 355 nm and monitored at
emissions of both 405 and 485 nm. The minimum calcium
ratio following digitonin lysis was determined in the pres-
ence of 10mM EGTA, while the maximum calcium ratio was
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determined in the presence of 1 mM CaCl2. Calcium con-
centration was calculated by using the ratio of fluorescence
at 405 and 485 nm (F4051F485) and a Kd of 250 nM. Experi-
ments were initiated by the addition of formylmethionyl-
leucyl-phenylalanine (fMLP) to HBSS, SCCA-HBSS, or
EGTA-HBSS, pH 7.4. All data are reported as the means +

SEMs of at least three separate experiments. To differentiate
between external calcium entry and internal calcium release,
internal calcium release was determined following external
calcium chelation. This was achieved by including 10 mM
EGTA in the cell suspension 30 s prior to SCCA addition.
Internal calcium release was calculated by subtracting the
initial baseline calcium concentration from the maximal
calcium response. External calcium entry was then deter-
mined by subtracting initial baseline calcium concentration
and internal calcium release from total cytoplasmic calcium
response. To examine the relationship of G proteins and
SCCA-mediated calcium stimulation, neutrophils (5 x 106/
ml) were incubated at 37°C with 500 ng of pertussis toxin
(Sigma) per ml for 2 h. Indo-1 AM (5 ,iM) was added 15 min
before the end of incubation. Neutrophils were then washed
and resuspended in HBSS plus 10mM HEPES. Control cells
were incubated for 2 h at 37°C without any addition. Prelim-
inary experiments examining the effects of SCCA on protein
kinase C utilized the fluorescent probe NBD-phorbol ester
(la, Sa).

Figure 1A displays the dose effect of selected SCCAs on
cytoplasmic calcium. The initial intracellular resting calcium
level was 168 ± 4 nM. The data indicated that acetate and
propionate elicited dose-dependent calcium increases, while
butyrate and lactate elicited no calcium response. The max-
imum acetate- and propionate-induced responses were 473 +
56 and 460 + 55 nM above the baseline level, respectively.
These were 59 and 57%, respectively, of the maximum
response to 10 nM fMLP (804 ± 69 nM) (data not shown).
The half-maximal response occurred at 2.5 mM for both
acetate and propionate. A mixture of the four SCCAs
induced a dose response midway between that of the two
sets of SCCAs. Typical time courses of responses to fMLP,
acetate, and acetate plus butyrate are displayed in Fig. 1B.
Propionate and propionate plus butyrate resulted in similar
time courses (data not shown). The time courses indicated
that fMLP, acetate, acetate plus butyrate, propionate, and
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FIG. 1. (A) SCCA-induced calcium response in neutrophils. Neutrophils were stimulated with increasing concentrations of acetate,

butyrate, lactate, propionate, or a mixture of these four SCCAs. The data indicated that acetate and propionate stimulated a significant
calcium response in a dose-dependent manner, while butyrate and lactate did not. Each point represents the mean of three or four
experiments. (B) Typical time course of PMN calcium mobilization induced by SCCAs and fMLP. Neutrophils were incubated with 5 mM
acetate, an equal mixture of 5 mM acetate and butyrate, or 10 nM fMLP. The data indicated that the timing is similar in the three responses.

fMLP caused the largest calcium mobilization, acetate caused an intermediate mobilization, and butyrate inhibited the acetate-induced
calcium mobilization.

propionate plus butyrate all resulted in similar kinetic re-
sponses, differing only in the magnitudes of their stimulatory
effects.
To identify the SCCA-stimulated calcium source, we

applied the following reasoning. Addition of EGTA to the

suspending buffer chelates extracellular calcium, thereby
eliminating calcium entry. Therefore, in the presence of
EGTA, only internal calcium release was observed. The
results displayed in Fig. 2 indicated that the presence of
EGTA significantly decreased, but did not eliminate the
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FIG. 2. Source of calcium response elicited by SCCA. The graph displays the-calcium response above baseline (168 + 4 nM). The data
indicated that acetate and propionate stimulate approximately two-thirds of the calcium response from internal calcium release and one-third of
the response from entry of external calcium. The maximum cytoplasmic calcium response was determined following the addition of 5 mM SCCA
alone. To determine internal calcium release, EGTAwas added to the suspending buffer 30 s prior to addition of SCCAs. Internal calcium release
was determined by subtracting internal calcium release from total calcium response. Furthermore, while lactate had little effect, butyrate
significantly inhibited acetate- and propionate-induced intra- and extracellular calcium mobilization. Values are means of three experiments.
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FIG. 3. (A) Effect of SCCAs on fMLP-induced calcium mobilization. Neutrophils were incubated with 10 nM fMLP and 5 mM of each

SCCA. The data indicated that all four SCCAs increased the fMLP-induced calcium mobilization. However, only acetate and propionate
significantly increased the calcium response, while butyrate and lactate did not. Finally, a mixture of all four SCCAs increased (but not
significantly) the fMLP-induced calcium response by an amount midway between those induced by acetate and propionate and those induced
by butyrate and lactate. Values are means of three experiments. (B) Effect of pertussis toxin on SCCA- and fMLP-stimulated cytoplasmic
calcium. Neutrophils were incubated with 500 ng of pertussis toxin per ml for 2 h at 37°C in HBSS prior to cell stimulation. Controls were

incubated with HBSS alone. The calcium response is displayed in comparison to that of the control fMLP-stimulated cells. These results
indicated that both the fMLP- and SCCA-mediated calcium responses were significantly inhibited by pertussis toxin.

acetate- and propionate-stimulated cytoplasmic calcium re-

sponse (decreases were 38.1% + 3.2% and 39.1% ± 5.8% for
acetate and propionate, respectively [both P < 0.01 com-

pared with the effect of acetate or propionate alone). This
indicated that both acetate and propionate elicited significant
calcium increases of external and internal origin and that
slightly more than one-third of the calcium came from
extracellular entry. To determine whether lactate and bu-
tyrate inhibited entry of extracellular calcium, intracellular
calcium release, or both, we carried out the following
experiments. Butyrate or lactate was added to acetate or

propionate in the presence or absence of EGTA. In the
presence of butyrate and EGTA, the acetate- and propion-
ate-stimulated calcium responses were significantly de-
creased by 70.8% ± 5.4% and 70.9% ± 6.0%, respectively (P
< 0.01 compared with the effect of acetate or propionate
alone). These values were also significant (P < 0.05) com-

pared with those obtained by the addition of EGTA to
acetate or propionate. In contrast, lactate and EGTA plus
either acetate or propionate significantly reduced the cal-
cium response (46.7% ± 2.7% and 43.3% ± 4.4%, respec-
tively; however, P > 0.05 compared with the effect ofEGTA
alone). These results indicated that acetate and propionate
stimulated increases in cytoplasmic calcium from both intra-
and extracellular sources. They also indicated that butyrate
(but not lactate) inhibited both intracellular release and
extracellular entry of calcium stimulated by acetate. In
contrast, butyrate inhibited only internal calcium release
stimulated by propionate.
We next examined the effect of SCCA on fMLP-induced

calcium response. Figure 3A displays the results of these
experiments. Acetate and propionate significantly increased

the fMLP-mediated calcium response by 79.0% 10.0% and
59.0% + 11.4%, respectively (P < 0.01 and P < 0.05,
respectively, compared with the effects of fMLP alone
(percent increase = {[(RfMLP + RSCCA) - RfMLP]/RfMLp} X

100, where R is the elicited calcium response). In contrast,
butyrate and lactate increased the fMLP-stimulated calcium
response by 12.5% + 5.0% and 0.8% + 7.0%, respectively,
which was not statistically significant (both P > 0.05). The
effect of the SCCA mixture was midway between that of
calcium-releasing SCCAs and that of the non-calcium-releas-
ing SCCAs (35.5% + 10.5%) (P > 0.05). It is interesting that
the combined calcium response elicited by the mixture of
acetate and fMLP or the mixture of propionate and fMLP is
greater than the effect calculated from the mathematical
addition of the calcium responses elicited by acetate plus
fMLP (39.9% + 10%) and by propionate plus fMLP (31.7%
+ 9.6% increase above fMLP alone). These results indicated
that both acetate and propionate synergistically enhanced
the fMLP-mediated calcium response.
These results present an apparent paradox. The work

described here indicated that propionate significantly en-
hanced fMLP-induced calcium mobilization. In contrast, our

previous work (3) indicated that propionate significantly
inhibited fMLP-stimulated cytoskeletal actin oscillations and
cell polarization. Furthermore, this propionate-mediated ac-
tin effect was inhibited by pertussis toxin. We therefore
examined the effect of pertussis toxin on SCCA-mediated
calcium mobilization. The results displayed in Fig. 3B indi-
cate that pertussis toxin significantly inhibited both fMLP-
and SCCA-stimulated calcium mobilization to approxi-
mately 25% of that stimulated by fMLP alone. This suggests
that acetate and propionate operate through G proteins.

A
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Because of the similarity of the SCCA-mediated responses
to those elicited by fMLP, we examined the effect of SCCA
on protein kinase C. Preliminary results indicated that lac-
tate and butyrate had little effect on baseline protein kinase
C activity. However, acetate and propionate stimulated
protein kinase C activity to levels approximating that
achieved by fMLP (data not shown).
The results of these studies provide three novel findings.

First, some (e.g., acetate and propionate) but not all (e.g.,
butyrate and lactate) SCCAs can stimulate cytoplasmic
calcium increases from both internal and external sources.
Second, butyrate can partially inhibit this calcium response.
Third, acetate and propionate, but not butyrate or lactate,
can act in synergy with fMLP to increase cytoplasmic
calcium. Because alterations in cytoplasmic calcium are
crucial for cell function (13, 14, 16, 20), these results,
together with our previous work (3, 15), have two broad
implications regarding SCCAs. First, they call into question
the use of some SCCAs as pure hydrogen ionophores for the
specific and isolated purpose of altering cytoplasmic pH (4).
Conversely, the results also indicate that lactate may be a
good SCCA for this specific purpose (3, 15). Second, they
begin to suggest mechanisms whereby some SCCAs can
alter polymorphonuclear leukocyte functional capacity. For
example, by activating calcium release, acetate and propi-
onate may prime polymorphonuclear leukocytes for some
functions, such as the generation of H202 (18, 26). However,
in stimulating alterations in cytoplasmic pH, actin, and
calcium, acetate and propionate may also inhibit or alter
other polymorphonuclear leukocyte functions, such as
chemotaxis and phagocytosis (2, 3, 8, 9).

Regarding the site of SCCA-mediated action, we noted
that EGTA decreased but did not eliminate acetate- and
propionate-stimulated calcium mobilization. Therefore, this
cytoplasmic calcium increase derived from both intra- and
extracellular sources. Interestingly, while butyrate inhibited
acetate- and propionate-induced calcium mobilization, it did
not inhibit fMLP-stimulated calcium responses. Conversely,
acetate and propionate significantly enhanced fMLP-induced
calcium mobilization. These findings support the concept
that the site of SCCA effect is downstream from the fMLP
receptor (3, 17). This is supported by the observation that
pertussis toxin inhibits SCCA-mediated calcium mobiliza-
tion. The results also suggest that SCCAs utilize similar
mechanisms to stimulate increases in cytoplasmic calcium
and that these mechanisms may be both similar to and
distinct from those utilized by fMLP.

Finally, the current data, together with previous work (3,
15), suggest that there are at least three classes of SCCAs.
The first class is typified by lactate, which can stimulate
cytoplasmic pH oscillation but is not sufficient to mobilize
cytoplasmic actin or calcium. The second class is typified by
butyrate, which can stimulate both cytoplasmic actin and pH
oscillation but is not sufficient to mobilize cytoplasmic
calcium. The third class is typified by acetate and propio-
nate, which can stimulate oscillations of pH, actin, and
calcium. These results also support the concept that alter-
ations in cytoplasmic pH, actin, and calcium can occur
independently of one another (1, 3, 6, 18, 24).

This work was supported by NIH grants DE08415 and DE04881.

REFERENCES
1. Al-Mohanna, F. A., and M. B. Hallett. 1990. Actin polymeriza-

tion in neutrophils is triggered without a requirement for rise in
cytoplasmic Ca2". Biochem. J. 266:669-674.

la.Balazs, M., J. Szollosi, W. C. Lee, R. P. Haugland, A. P.
Guzikowski, M. J. Fuilwyler, S. Damjanovick, B. G. Feuerstein,
and H. A. Pershadsingh. 1991. Fluorescent tetradecanoylphor-
bol acetate: a novel probe of phorbol ester binding domains. J.
Cell. Biochem. 46:266-276.

2. Botta, G. A., C. Eftimiadi, M. Tonetti, T. J. M. van Steenbergen,
and J. de Graaff. 1985. Influence of volatile fatty acids on human
granulocyte chemotaxis. FEMS Microbiol. Lett. 27:69-72.

3. Brunkhorst, B. A., E. Kraus, M. Coppi, M. Budnick, and R.
Niederman. 1992. Propionate induces polymorphonuclear leu-
kocyte activation and inhibits formylmethionyl-leucyl-phenylal-
anine-stimulated activation. Infect. Immun. 60:2957-2968.

4. Busa, W. B., and R. Nuccitelli. 1984. Metabolic regulation via
intra-cellular pH. Am. J. Physiol. 246:R409-R438.

5. Cassimeris, L., and S. H. Zigmond. 1990. Chemoattractant
stimulation of polymorphonuclear leukocyte locomotion.
Semin. Cell Biol. 1:125-134.

5a.Dougherty, R. W., and J. E. Niedel. 1986. Cystolic calcium
regulates phorbol diester binding affinity in intact phagocytes. J.
Biol. Chem. 261:4097-4100.

6. Downey, G. P., C. K. Chan, S. Trudel, and S. Grinstein. 1990.
Actin assembly in electropermeabilized neutrophils: role of
intracellular calcium. J. Cell Biol. 110:1975-1982.

7. Eftimiadi, C., E. Buzzi, M. Tonetti, P. Buffa, D. Buffa, T. J. M.
van Steenbergen, J. de Graaff, and G. A. Botta. 1987. Short
chain fatty acids produced by anaerobic bacteria alter the
physiological response of human neutrophils to chemotactic
peptide. J. Infect. Dis. 14:43-53.

8. Eftimiadi, C., M. Tonetti, A. Cavallero, 0. Sacco, and G. A.
Rossi. 1990. Short chain fatty acids produced by anaerobic
bacteria inhibit phagocytosis by human lung phagocytes. J.
Infect. Dis. 161:138-141.

9. Faucher, N., and P. H. Naccache. 1987. Relationship between
pH, sodium and shape changes in chemotactic factor-stimulated
human neutrophils. J. Cell. Physiol. 132:483-491.

9a.Goldman, D. W., F. H. Chang, L. A. Gifford, E. J. Goetzl, and
H. R. Bourne. 1985. Pertussis toxin inhibition of chemotactic
factor-induced calcium mobilization and function in human
polymorphonuclear leukocytes. J. Exp. Med. 162:145-156.

10. Grynkiewicz, G., M. Poenie, and R. Y. Tsien. 1985. A new
generation of Ca2+ indicators with greatly improved fluores-
cence properties. J. Biol. Chem. 260:3440-3450.

11. Holdeman, L. V., E. P. Cato, and W. C. E. Moore (ed.). 1977.
Anaerobe laboratory manual, 4th ed. Virginia Polytechnic In-
stitute and State University, Blacksburg.

12. Kalmer, J. R., R. Arnold, M. L. Warbington, and L. Gardener.
1988. Superior leukocyte separation with a discontinuous one-
step Ficoll-Hypaque gradient for the isolation of human neutro-
phils. J. Immunol. Meth. 110:275-281.

13. Korchak, H. M., L. B. Vosshall, K. A. Haines, C. Wilkenfeld,
K. F. Lundquist, and G. Weissmann. 1988. Activation of the
neutrophil by calcium-mobilizing ligands II: correlation of cal-
cium diacyl glycerol and phosphatidic acid generation with
superoxide anion generation. J. Biol. Chem. 263:11098-11105.

14. Korchak, H. M., L. B. Vosshall, G. Zagon, P. Ljubich, A. M.
Rich, and G. Weissmann. 1988. Activation of the neutrophil by
calcium-mobilizing ligands. I. A chemotactic peptide and the
lectin concanavalin A stimulate superoxide anion generation but
elicit different calcium movements and phosphoinositide remod-
eling. J. Biol. Chem. 263:11090-11097.

15. Kraus, E., and R. Niederman. 1990. Change in neutrophil
right-angle light scatter can occur independently of alterations in
cytoskeletal actin. Cytometry 11:272-282.

16. Krause, K.-H., K. P. Campbell, M. J. Welsh, and D. P. Lew.
1990. The calcium signal and neutrophil activation. Clin. Bio-
chem. 23:159-166.

17. Naccache, P. H., N. Faucher, A. C. Caon, and S. R. McColl.
1988. Propionic acid-induced calcium mobilization in human
neutrophils. J. Cell. Physiol. 136:118-124.

18. Naccache, P. H., S. Therrien, A. C. Caon, N. Liao, C. Gilbert,
and S. R. McColl. 1989. Chemoattractant-induced cytoplasmic
pH change and cytoskeletal reorganization in human neutro-
phils: relationship to the stimulated calcium transients and

INFEcr. IMMUN.



VOL. 60, 1992 NOTES 5311

oxidative burst. J. Immunol. 142:2438-2444.
19. Omann, G. M., R. A. Allen, B. M. Bokach, R. G. Painter, A. E.

Traynor, and L. A. Sklar. 1987. Signal transduction and cyto-
skeletal activation in the neutrophil. Physiol. Rev. 67:285-322.

20. Penanin, A., and R. Snyderman. 1988. Analysis of calcium
homeostasis in activated human polymorphonuclear leuko-
cytes: evidence for two distinct mechanisms for lowering cyto-
solic calcium. J. Biol. Chem. 264:1005-1009.

21. Rotstein, 0. D., P. E. Nasmith, and S. Grinstein. 1987. The
Bacteroides by-product succinic acid inhibits neutrophil respi-
ratory burst by reducing intracellular pH. Infect. Immun. 55:
864-870.

22. Rotstein, 0. D., T. L. Pruett, V. D. Fiegel, R. D. Nelson, and R.
Simmons. 1985. Succinic acid, a metabolic by-product of Bac-
teroides species, inhibits polymorphonuclear leukocyte func-
tion. Infect. Immun. 48:402-408.

23. Rotstein, 0. D., T. Vittorini, J. Kao, M. I. McBurney, P. E.
Nasmith, and S. Grinstein. 1989. A soluble Bacteroides by-

product impairs phagocytic killing of Escherichia coli by neu-
trophils. Infect. Immun. 57:745-753.

24. Sha'afi, R. I., J. Shefcyk, R. Yassin, T. F. P. Molskd, M. Volpi,
P. H. Naccache, J. R. White, M. B. Feinstein, and E. L. Becker.
1986. Is a rise in intra-cellular concentration of free calcium
necessary or sufficient for stimulated cytoskeletal-associated
actin? J. Cell Biol. 102:1459-1463.

25. Tonetti, M., M. Budnick, and R. Niederman. 1990. Receptor-
stimulated polymerization requires cytoplasmic acidification in
human PMNs. Biochem. Biophys. Acta 1054:154-158.

26. Tonetti, M., A. Cavallero, G. A. Botta, R. Niederman, and C.
Eftimiadi. 1991. Intracellular pH regulates the production of
different oxygen metabolites in neutrophils: effects of organic
acids produced by anaerobic bacteria. J. Leukocyte Biol. 49:
180-188.

27. Yuli, I., and A. Oplatka. 1987. Cytosolic acidification as an early
transductory signal of human neutrophil chemotaxis. Science
235:340-342.


