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Clostridium difficile

(C. difficile) toxin A is known to cause acute gut inflammation in humans and ani-

mals by triggering cytoskeletal disorganization in gut epithelial cells. In human colonocytes, toxin A
blocks microtubule assembly by directly increasing the enzymatic activity of histone deacetylase-6
(HDAC-6), a tubulin-specific deacetylase, thereby markedly decreasing tubulin acetylation, which is
essential for microtubule assembly. Microtubule assembly dysfunction-associated alterations (i.e., toxin
A-exposed gut epithelial cells) are believed to trigger barrier dysfunction and gut inflammation
downstream. We recently showed that potassium acetate blocked toxin A-induced microtubule dis-
assembly by inhibiting HDAC-6. Herein, we tested whether acetic acid (AA), another small acetyl resi-
due-containing agent, could block toxin A-induced tubulin deacetylation and subsequent microtubule
assembly. Our results revealed that AA treatment increased tubulin acetylation and enhanced micro-
tubule assembly in an HT29 human colonocyte cell line. AA also clearly increased tubulin acetylation
in murine colonic explants. Interestingly, the AA treatment also alleviated toxin A-induced tubulin de-
acetylation and microtubule disassembly, and MTT assays revealed that AA reduced toxin A-induced
cell toxicity. Collectively, these results suggest that AA can block the ability of toxin A to cause micro-
tubule disassembly-triggered cytoskeletal disorganization by blocking toxin A-mediated deacetylation

of tubulin.
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ol gstE FEH A, 24, MTT (3-[4,5- dlmethyl -thia-
zole-2-yl] -2,5-diphenyl-tetrazolium bromide) dye - Santa
Cruz AHCA, USA)9} Sigma Aldrich Ak(St. Louis, Mo, USA)
AA Z2k Fefskel Arg-stgiTh.
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Az oA 43 M EFQ] HT29%= ATCC AH(American Type
Culture Collection, Manassas, VA, USA)ol| 4| £ 19k o v
McCoy’s 5A ¥l A (Invitrogen, Carlsbad, CA)°ll 10% FCS (fetal
calf serum, Invitrogen, USA)$}t 1% penicillin-streptomycin
(Gibco, Gland Island, NY)& #7138t 37°C, 5% CO, vl 47|
ol A ) g3k S TH[25].

Immunoblot analysis
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New England Biolabs A}2] LumiGlo reagents ©]&-3}¢f A
< 5% T chemiluminescence image analyzer (Fusion FX;
Vilber Lourmat, Germany)& ©]8-3}o] o] v| 2] 5}3} ] oh[27].
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Bio- Rad, Canada)g ©| &3t &4 33 TH22].
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Statistical analysis
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Fig. 1. Acetic acid increases the acetylation of a-tubulin in hu-
man colonocytes. A. HT29 human colonocytes were in-
cubated with acetic acid (AA, 5 mM) for the indicated
durations. Cell lysates were subjected to 10% poly-
acrylamide gel electrophoresis, and blots were probed
with antibodies against acetylated a-tubulin and B-actin.
The presented results are representative of three in-
dependent experiments. B. HT29 cells were incubated
with 0, 0.01, 0.1, 1, 5, and 10 mM AA for 5 hr. C. Cells
were incubated with AA (0, 1, 5, 15, 30, and 50 mM)
for 48 hr. Cell viability was measured by MTT assay
and is expressed as a percentage of the results from un-
treated controls. The bars represent the mean + SE of
three experiments performed in triplicate. D. Mouse co-
lonic explants were incubated with medium (con) or AA
(50 and 500 mM) for 5 hr, and the level of acetylated
tubulin in colonic epithelial cells was measured by im-
munoblot analysis. The presented results are representa-
tive of three independent experiments.
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Fig. 2. AA increases microtubule assembly in human colono-
cytes. HT29 human colonocytes were grown on cover-
slips, incubated with medium without (con) or with AA
(5 mM) for 24 hr, fixed, and immunostained with an
anti-acetylated a-tubulin antibody. Microtubule organ-
ization was visualized by confocal microscopy (left lanes
show 2D images; right lanes show 3D images composed
of 20 sections). The results shown are representative of
three independent experiments.
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Fig. 3. AA recovers toxin A-induced a-tubulin deacetylation and
microtubule disassembly. A. HT29 cells were incubated
with 5 mM AA for 1 hr and then exposed to toxin A
5 hr. Cell lysates were subjected to 10% polyacrylamide
gel electrophoresis, and blots were probed with anti-
bodies against acetylated a-tubulin and B-actin. The pre-
sented results are representative of three independent
experiments. B. HT29 cells were grown on coverslips,
pretreated with AA (5 mM) for 1 hr, incubated with me-
dium (con), toxin A (3 nM, TxA), or toxin A plus AA
(TxA + AA) for 24 hr, and then immunostained with
anti-acetylated a-tubulin. The presented results are rep-
resentative of three independent experiments.
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Fig. 4. AA recovers toxin A-induced cell toxicity in human colo-
nocytes. HT29 colonocytes were incubated with 5 mM
AA for 1 hr and exposed to toxin A for 48 hr. Cell via-
bility was measured by MTT assay and is expressed as
a percentage of the results from untreated controls. The
bars represent the mean + SE of three experiments per-
formed in triplicate.

2.24]. el EAAT} s AET T
A

e Aol AZEAS AUFE BE FUNA 98N 4
& 78 A2 Aol B F Ytk o8 HYPLE ATA T
MAL# 2YE FAATE 2o BAAY AZEHE 3

AA71EA s AT ol & e, HT29 Al 2o 245 mM)
£ 1N B¢ A AN b FAAG nM)E 4843 A A3}
1L MTT assay S 3ot Al Z54E B7Het T Fig. 400 A

Ag, BAAE AT Az tsf FF XSS
oF7] 8k A Th(~40%). 2 24HE A ME A= BAA
of g AEZA ] FostA 3 EHS FAdATH~5%). I
= 25kl og mAl A A £3lo] FAAT} ob7stE AlE
A ARES ARHOE AP £ LSS BET
S7HA ATl olatE EA A 93 n] A Mol A
549 7o Ao BiEo] i3, 14, 16]. AT %
of 93 mALR Y ZE7t SAA gF AE=AH
% o] B EAZS FAstAT o= FAA 7 A

A FEgANA v AE B3 Ao A A A=
EO%EH%‘#%M %%ﬁgi%uﬂ a9
Z3E 24 e SAA7} °mo}L NEZ
s

G AZEAL FoaA AATOA 2L BT

At 7
A

S m

cﬂ
SH%

S
o oo dlo it m{o

¢}

ol o3

10.

11.

12.

13.

14.

15.

Journal of Life Science 2018, Vol. 28. No. 8 889

References

. Alger, ]. R. and Prestegard, ]. H. 1979. Nuclear magnetic

resonance study of acetic acid permeation of large uni-
lamellar vesicle membranes. Biophys. ]. 28, 1-13.

. Arregui, L. C,, Munoz-Fontela, C., Serrano, S., Barasoain,

I. and Guinea, A. 2002. Direct visualization of the micro-
tubular cytoskeleton of ciliated protozoa with a fluorescent
taxoid. |. Eukaryot. Microbiol. 49, 312-318.

. Bicek, A. D., Tuzel, E, Demtchouk,A., Uppalapati, M.,

Hancock, W. O., Kroll, D. M. and Odde, D. J. 2009.
Anterograde microtubule transport drives microtubule
bending in LLC-PK1 epithelial cells. Mol. Biol. Cell 20, 2943-
2953.

. Finnie, . A, Dwarakanath, A. D., Taylor, B. A. and Rhodes,

J. M. 1995. Colonic mucin synthesis is increased by sodium
butyrate. Gut 36, 93-99.

. Haggarty, S. ., Koeller, K. M., Wong, ]J. C., Grozinger, C.

M. and Schreiber, S. L. 2003. Domain-selective small-mole-
cule inhibitor of histone deacetylase 6 (HDAC6)-mediated
tubulin deacetylation. Proc. Natl. Acad. Sci. USA. 100, 4389-
4394,

. Han, Y., Malak, H., Chaudhary, A. G., Chordia, M. D,

Kingston, D. G. and Bane, S. 1998. Distances between the
paclitaxel, colchicine, and exchangeable GTP binding sites
on tubulin. Biochemistry 37, 6636-6644.

. He, D.,, Hagen, S. ], Pothoulakis, C., Chen, M., Medina,

N. D., Warny, M. and LaMont, J. T. 2000. Clostridium difficile
toxin A causes early damage to mitochondria in cultured
cells. Gastroenterology 119, 139-150.

. Hecht, G., Pothoulakis, C., LaMont, J. T. and Madara, J. L.

1988. Clostridium difficile toxin A perturbs cytoskeletal struc-
ture and tight junction permeability of cultured human in-
testinal epithelial monolayers. ]. Clin. Invest. 82, 1516-1524.

. Henriques, B., Florin, I. and Thelestam, M. 1987. Cellular

internalisation of Clostridium difficile toxin A. Microb. Pathog.
2, 455-463.

Ho, J. G., Greco, A., Rupnik, M. and Ng, K. K. 2005. Crystal
structure of receptor-binding C-terminal repeats from
Clostridium difficile toxin A. Proc. Natl. Acad. Sci. USA. 102,
18373-18378.

Hou, J. K., Abraham, B. and El-Serag, H. Dietary intake and
risk of developing inflammatory bowel disease: a systematic
review of the literature. Am. |. Gastroenterol. 106, 563-573.
Ishiguro, K., Ando, T., Maeda, O., Watanabe, O. and Goto,
H. Suppressive action of acetate on interleukin-8 production
via tubulin-alpha acetylation. Immunol. Cell Biol. 92, 624-630.
Just, L, Fritz, G., Aktories, K., Giry, M., Popoff, M. R,
Boquet, P., Hegenbarth, S. and von Eichel-Streiber, C. 199%4.
Clostridium difficile toxin B acts on the GTP-binding protein
Rho. J. Biol. Chem. 269, 10706-10712.

Just, 1., Selzer, ]., von Eichel-Streiber, C. and Aktories, K.
1995. The low molecular mass GIP-binding protein Rho is
affected by toxin A from Clostridium difficile. ]. Clin. Invest.
95, 1026-1031.

Just, 1., Selzer, J., Wilm, M., von Eichel-Streiber, C., Mann,



890

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

BBULRIX| 2018, Vol. 28. No. 8

M. and Aktories, K. 1995. Glucosylation of Rho proteins by
Clostridium difficile toxin B. Nature 375, 500-503.

Just, I, Wilm, M., Selzer, J., Rex, G., von Eichel-Streiber, C.,
Mann, M. and Aktories, K. 1995. The enterotoxin from Clos-
tridium difficile (ToxA) monoglucosylates the Rho proteins.
J. Biol. Chem. 270, 13932-13936.

Kelly, C. P. and LaMont, J. T. 1998. Clostridium difficile
infection. Annu. Rev. Med. 49, 375-390.

Kelly, C. P. and LaMont, J. T. 2008. Clostridium difficile--more
difficult than ever. N. Engl. . Med. 359, 1932-1940.
Kelly, C. P., Pothoulakis, C. and LaMont, J. T. 1994. Clostri-
dium difficile colitis. N. Engl. ]. Med. 330, 257-262.

Kim, C. H., Park, J. and Kim, M. Gut microbiota-derived
short-chain Fatty acids, T cells, and inflammation. Immune.
Netw. 14, 277-288.

Kim, D. H, Hwang, J. S, Lee, I. H,, Nam, S. T., Hong, J.,
Zhang, P, Lu, L. F, Lee, ], Seok, H., Pothoulakis, C.,
Lamont, J. T. and Kim, H. The insect peptide CopA3 in-
creases colonic epithelial cell proliferation and mucosal bar-
rier function to prevent inflammatory responses in the gut.
J. Biol. Chem. 291, 3209-3223.

Kim, H., Kokkotou, E., Na, X., Rhee, S. H., Moyer, M. P.,
Pothoulakis, C. and Lamont, J. T. 2005. Clostridium difficile
toxin A-induced colonocyte apoptosis involves p53-depend-
ent p21(WAF1/CIP1) induction via p38 mitogen-activated
protein kinase. Gastroenterology 129, 1875-1888.

Kim, H., Rhee, S. H., Kokkotou, E., Na, X., Savidge, T.,
Moyer, M. P., Pothoulakis, C. and LaMont, J. T. 2005.
Clostridium difficile toxin A regulates inducible cyclooxyge-
nase-2 and prostaglandin E2 synthesis in colonocytes via
reactive oxygen species and activation of p38 MAPK. ]. Biol.
Chem. 280, 21237-21245.

Kim, H., Rhee, S. H., Pothoulakis, C. and Lamont, J. T. 2007.
Inflammation and apoptosis in Clostridium difficile enteritis
is mediated by PGE2 up-regulation of Fas ligand. Gastroen-
terology 133, 875-886.

Lu, L. F, Kim, D. H,, Lee, . H., Hong, J., Zhang, P., Yoon,
L. N., Hwang, J. S. and Kim, H. Potassium acetate blocks

26.

27.

28.

29.

30.

31.

32.

33.

Clostridium difficile toxin A-induced microtubule disassembly
by directly inhibiting histone deacetylase 6, thereby amelio-
rating inflammatory responses in the gut. ]. Microbiol.
Biotechnol. 26, 693-699.

Maduzia, D., Matuszyk, A., Ceranowicz, D., Warzecha, Z.,
Ceranowicz, P., Fyderek, K., Galazka, K. and Dembinski,
A. The influence of pretreatment with ghrelin on the devel-
opment of acetic-acid-induced colitis in rats. ]. Physiol.
Pharmacol. 66, 875-885.

Na, X,, Zhao, D., Koon, H. W,, Kim, H., Husmark, ], Moyer,
M. P., Pothoulakis, C. and LaMont, J. T. 2005. Clostridium
difficile toxin B activates the EGF receptor and the ERK/
MAP kinase pathway in human colonocytes. Gastroenterology
128, 1002-1011.

Nam, H. ], Kang, ]. K, Kim, S. K., Ahn, K. ],, Seok, H,,
Park, S. J., Chang, ]. S., Pothoulakis, C., Lamont, J. T. and
Kim, H. Clostridium difficile toxin A decreases acetylation of
tubulin, leading to microtubule depolymerization through
activation of histone deacetylase 6, and this mediates acute
inflammation. ]. Biol. Chem. 285, 32888-32896.

Ogawa, N, Satsu, H., Watanabe, H., Fukaya, M., Tsukamoto,
Y., Miyamoto, Y. and Shimizu, M. 2000. Acetic acid sup-
presses the increase in disaccharidase activity that occurs
during culture of caco-2 cells. J. Nutr. 130, 507-513.
Ouyang, B. and Howard, B. ]. 2009. The monohydrate and
dihydrate of acetic acid: a high-resolution microwave spec-
troscopic study. Phys. Chem. Chem. Phys. 11, 366-373.
Pothoulakis, C. and Lamont, ]. T. 2001. Microbes and micro-
bial toxins: paradigms for microbial-mucosal interactions II.
The integrated response of the intestine to Clostridium diffi-
cile toxins. Am. . Physiol. Gastrointest. Liver Physiol. 280,
G178-183.

Southwood, C. M., Peppi, M., Dryden, S., Tainsky, M. A.
and Gow, A. 2007. Microtubule deacetylases, SirT2 and
HDACS, in the nervous system. Neurochen. Res. 32, 187-195.
Topping, D. L. and Clifton, P. M. 2001. Short-chain fatty
acids and human colonic function: roles of resistant starch
and nonstarch polysaccharides. Physiol. Rev. 81, 1031-1064.



Journal of Life Science 2018, Vol. 28. No. 8

Z5: C. difficile S10| 0P7|ol= CHEATIME O|M22 HE0| CHE =MO| oM &5
ROILt-H =*
(A3t #H3p7)sohs Aty Y33ty
743 124 t A ¢ (Pseudomembranous colitis)> C. difficile Al <o] £H 5‘}% SAAG o3 frEe AR ¢
B4 Stk SAA o7 et FuA L] BHIe 4ot By dlos dHA o AT g7l st FA
A UAAIAHE & HDAC-69 A& ¥4 %%ﬂﬂ gopA st & e ALz dYA Yo FEd

pANe)

3 F7}
AHESE SALE % HHS 2este AT AIAES G0
SAEe] 247154 9 Aol AsjBekn U
59U oA Uss HAAT B34S 58A s
ATAAE B/ E EFSHE £ 8 30T FGTEY 24E 4§l FUAY AXZHE A=A
D74 ST A NI AL 24 AT FED BuAY AYHE Fo3A FAAAL E
AYTAL & I ALS FAHHE 5] NP ARG 2L FAA °
g EY

i
lo
.

=2 m o
oz T
021
>~

891



