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Abstract

Short-chain fatty acids (SCFAs) have been shown to promote intestinal barrier function, but their protective effects against
ethanol-induced intestinal injury and underlying mechanisms remain essentially unknown. The aim of the study was to
analyze the influence of SCFAs on ethanol-induced barrier dysfunction and to examine the role of AMP-activated protein
kinase (AMPK) as a possible mechanism using Caco-2 monolayers. The monolayers were treated apically with butyrate (2,
10, or 20 mmol/L), propionate (4, 20, or 40 mmol/L), or acetate (8, 40, or 80 mmol/L) for 1 h before ethanol (40 mmol/L) for
3 h. Barrier function was analyzed by measurement of transepithelial resistance and permeation of fluorescein isothiocyanate-
labeled dextran. Distribution of the tight junction (TJ) proteins zona occludens-1, occludin, and filamentous-actin (F-actin)
was examined by immunofluorescence. Metabolic stress was determined by measuring oxidative stress, mitochondrial
function, and ATP using dichlorofluorescein diacetate, dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide, and biolumi-
nescence assay, respectively. AMPK was knocked down by small interfering RNA (siRNA), and its activity was assessed
by a cell-based ELISA. Exposure to ethanol significantly impaired barrier function compared with controls (P < 0.0001),
disrupted TJ and F-actin cytoskeleton integrity, and induced metabolic stress. However, pretreatment with 2 mmol/L
butyrate, 4 mmol/L propionate, and 8 mmol/L acetate significantly alleviated the ethanol-induced barrier dysfunction, TJ
and F-actin disruption, and metabolic stress compared with ethanol-exposed monolayers (P < 0.0001). The promoting
effects on barrier function were abolished by inhibiting AMPK using either compound C or siRNA. These observations
indicate that SCFAs exhibit protective effects against ethanol-induced barrier disruption via AMPK activation, suggesting
a potential for SCFAs as prophylactic and/or therapeutic factors against ethanol-induced gut leakiness. J. Nutr. 143:
1872-1881, 2013.

Introduction

Alcohol (or ethanol) is widely consumed and associated with de-
velopment of chronic liver disease and gastrointestinal cancers (1).
Experimental and clinical studies have demonstrated that etha-
nol is able to induce loss of tight junction (T])” integrity (2—4),

" Supported by Top Institute Food and Nutrition.

2 Author disclosures: E. E. Elamin, A. A. Masclee, J. Dekker, H.-J. Pieters, and
D. M. Jonkers, no conflicts of interest.

7 Abbreviations used: AICAR, aminoimidazole-4-carboxamide riboside; ALD,
alcoholic liver disease; AMPK, AMP-activated protein kinase; Cc, compound C;
DCF-DA, 2',7'-dichlorodihydrofluorescein diacetate; F-actin, filamentous actin;
FITC-D4, fluorescein isothiocyanate-labeled dextran 4 kDa; MTT, 3-(4.5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; pAMPK-a2, phosphory-
lated AMP-activated protein kinase-a2; ROS, reactive oxygen species; RT, room
temperature; siRNA, small interfering RNA; TEER, transepithelial electrical
resistance; TJ, tight junction; ZO-1, zona occludens-1.

* To whom correspondence should be addressed. E-mail: elhaseen.elamin@
maastrichtuniversity.nl.

leading to intestinal barrier dysfunction with subsequent trans-
location of luminal substances, such as bacterial endotoxins into
the portal circulation and consequently liver injury (5-7). Ethanol-
induced barrier dysfunction is considered to play a crucial role in
the pathogenesis of alcoholic liver disease (ALD) (8,9) and can
increase susceptibility to carcinogens (10). Because currently no
effective therapy is available for ALD other than abstinence,
restoring intestinal barrier integrity could be of distinctive value
in preventing and/or treating ethanol-induced gut leakiness.

In the past decade, considerable research has been rekindled
in prebiotics and their beneficial effects on intestinal health.
SCFAs (<C8:0), including butyrate (C4:0), propionate (C3:0),
and acetate (C2:0), are generated by bacterial fermentation of
undigested carbohydrates, specifically resistant starches and di-
etary fiber, in the large intestine (11,12). Depending on diet and
gut microbiota composition, intestinal concentrations can range
from 60 mmol/L to 130 to 150 mmol/L (13), with butyrate,
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propionate, and acetate in nearly constant molar ratios of 15:25:60,
respectively (14). SCFAs have been demonstrated to exert many
beneficial effects on intestinal epithelium, including inhibition of
inflammation (15,16), modulation of oxidative stress (17), and
prevention of colon carcinogenesis (18,19). Furthermore, an
improved barrier function by SCFAs has been reported in vitro
(20,21), ex vivo (22), and in animal studies (23). Mechanistic
studies of the colon adenocarcinoma cell line Caco-2 have
shown that butyrate enhances epithelial integrity by facilitating
TJ assembly via increased activation of a number of cell signal-
ing pathways, including AMP-activated protein kinase (AMPK)
(24). AMPK plays a major role in cellular energy homeostasis
and exerts cytoprotection under stressful conditions, such as
hypoxia, ischemia, and oxidative stress (25).

Ethanol is a potent metabolic stressor and decreases cellular
ATP production (26), which can be through modulation of AMPK,
thereby contributing to increased intestinal permeability. However,
the direct effects of the SCFAs, including butyrate, propionate, and
acetate, on ethanol-induced barrier dysfunction and their possible
mechanisms are essentially unknown. Therefore, we aimed to
evaluate the potentially preventive effects of SCFAs on ethanol-
induced TJ disruption in Caco-2 monolayers and to investigate
involvement of metabolic stress and AMPK activation.

Materials and Methods

Cell line and culture conditions. Caco-2 cells (American Type Culture
Collection; passage 39-48) were maintained in DMEM (Lonza Benelux)
containing 4.5 g/L glucose and 0.29 g/L L-glutamine. The medium was
supplemented with 10% (v:v) fetal calf serum (Invitrogen), 1% non-
essential amino acids (Invitrogen), and 1% antibiotic/antimycotic
mixture [10,000 U of penicillin, 10,000 ug of streptomycin, and 25 ug
of amphotericin B per mL (Invitrogen)] at 37°C and in a 95% ait/5%
CO, atmosphere.

Transepithelial electrical resistance measurement. Caco-2 cells
were grown for 21 d on collagen-coated permeable polycarbonate filters
with a surface area of 0.33 cm? and 0.4 wm pore size (Costar). After
developing transepithelial electrical resistance (TEER) > 600 Q-cm?,
monolayers were exposed from the basal side to 40 mmol/L ethanol for
3 h in medium with or without luminal pretreatment with butyrate (2, 10,
20 mmol/L; Sigma-Aldrich), propionate (4, 20, 40 mmol/L; Sigma-
Aldrich), or acetate (8, 40, 80 mmol/L; Sigma-Aldrich) solutions in
medium with pH values ranging from 7.73 to 8.98 during incubation for
1 h. Because ethanol is volatile at 37°C, ethanol solutions were prepared at
4°C before the final working concentration and thereby counteracting
evaporation. Next, Caco-2 monolayers were exposed in partly plastic
tape-sealed plates, and ethanol in medium was replaced each hour to
compensate for evaporation. In some experiments, monolayers were
incubated with 0.01 mmol/L [6-(4-[2- pi peridin-1-yl-ethoxy]-phenyl)]
3-pyridin-4-yl-pyrazolo (1,5-a)pyrimidine (Sigma-Aldrich), a specific in-
hibitor of AMPK [known as compound C (Cc¢)] or 0.5 mmol/L 5-
aminoimidazole-4-carboxamide riboside (AICAR; Sigma-Aldrich), an
AMPK activator (27) for 1 h. TEER of epithelial monolayers (Q) was
measured after 60 or 180 min by an Epithelial Voltohmmeter (World
Precision Instruments) in each insert and multiplied by the membrane
surface area (0.33 cm?), corrected by subtracting background resistance
of the blank membrane (no cells; ~30 Q-cm?). Data were collected from
duplicate inserts per treatment in 3 experiments and expressed as
percentage of basal TEER obtained before treatment.

Determination of the paracellular permeability. Caco-2 cell mono-
layers were grown on Trans-well plates and treated as described above.
By the end of TEER measurements, 1 g/L fluorescein isothiocyanate-
labeled dextran 4 kDa (FITC-D4; Sigma-Aldrich) was added to the apical
compartment and incubated for 1 h at 37°C. Then, 50 uL of medium
from the apical and basal compartments were collected in 96-well plates,

and FITC-D4 was measured spectrophotometrically at an excitation
wavelength of 498 nm and an emission wavelength of 540 nm. Mono-
layer permeability was quantified as percentage of FITC-D4 permeating
from the apical to the basal compartment.

Immunofluorescent analysis of zona occludens-1, occludin, and
filamentous-actin localization. After incubation with ethanol with
or without previous SCFA incubation, Caco-2 monolayers were fixed
on the inserts for 10 min with 4% (wt:v) paraformaldehyde and per-
meabilized with 0.1% (v:v) Triton X-100 in PBS at room temperature
(RT) for 40 min. Subsequently, mouse anti-zona occludens-1 (ZO-1;
catalog #33-9100; Zymed Laboratories), rabbit anti-occludin (catalog
#71-1500; Zymed Laboratories) (both 1:100 dilution in 3% wt:v BSA in
PBS, pH 7.4), and Texas Red-X phalloidin (1:500 dilution in PBS, pH
7.4; catalog #T7471; Invitrogen) were used for immunofluorescent
staining of ZO-1, occludin, and filamentous actin (F-actin),
respectively, as described previously (3).

Determination of cellular F-actin contents. The relative content of
F-actin was determined by a fluorescent phalloidin-binding assay as de-
scribed previously (28). Briefly, Caco-2 cells grown on 96-well plates
(Corning) were rinsed with PBS and then incubated with medium only, as
well as ethanol (40 mmol/L) in medium for 3 h or after previous
incubation with butyrate (2 mmol/L), propionate (4 mmol/L), or acetate
(8 mmol/L) for 1 h. Next, the cells were fixed with acetone/methanol
(1:1), and then actin was stained with rhodamine—phalloidin (1:500;
catalog #R4135; Invitrogen) diluted in PBS for 20 min. Stained cells were
extracted with 200 uL of methanol and measured spectrophotometri-
cally at excitation and emission wavelengths of 545 and 578 nm,
respectively.

Detection of reactive oxygen species. Generation of H,O, was
monitored by using 2’,7’-dichlorodihydrofluorescein diacetate (DCF-
DA; Sigma-Aldrich), which is nonfluorescent unless oxidized intracellu-
larly by reactive oxygen species (ROS). Briefly, Caco-2 cells were
cultured in 96-well plates and were loaded with 100 uM DCF-DA for
1 h at 37°C. Then, cells were exposed to 40 mmol/L ethanol for 3 h
with or without previous treatment with 2 mmol/L butyrate, 4 mmol/L
propionate, or 8 mmol/L acetate for 1 h. Medium-only and 40 mmol/L
H,O,-treated cells were used as control conditions. Caco-2 cells were
then washed twice in HBSS buffer, and the fluorescence was measured
spectrophotometrically at excitation and emission wavelengths of 485
and 540 nm, respectively.

Assessment of mitochondrial function. Mitochondrial function was
assessed using 3-(4.5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT; Sigma-Aldrich) that is cleaved into insoluble formazan by
active mitochondrial succinate dehydrogenases in living cells (29). Briefly,
Caco-2 cells were cultured in 96-well plates and exposed to either 40 mmol/L
ethanol in medium for 3 h or after previous treatment with 2 mmol/L
butyrate, 4 mmol/L propionate, or 8 mmol/L acetate for 1 h. Medium
only and 40 mmol/L H,O, were used as negative and positive controls,
respectively. The cells were washed with PBS and incubated with 5 g/L
MTT in PBS, 200 uL/well for another 3 h at 37°C. Then, the solution
was aspirated, and the insoluble formazan product was solubilized with
0.1 mol/L HCl in isopropanol (100 uL/well) and incubated at RT for 30
min. The optical density was measured at a wavelength of 560 nm.
Values are presented as percentage of medium-only-treated cells.

Luminescent ATP assay. The amount of ATP produced by metabolically
active cells was quantified based on the luciferase reaction (CellTiter-Glo
Luminescent Cell Viability Assay; Promega). Briefly, Caco-2 cells were
cultured in 96-well plates and exposed to 40 mmol/L ethanol in medium or
after treatment for 3 h with 2 mmol/L butyrate, 4 mmol/L propionate, or
8 mmol/L acetate for 3 h. Then, plates were equilibrated at RT for 30 min.
Thereafter, 100 wL of the assay reagent was added to each well. Medium only
and 40 mmol/L H,O, were used as negative and positive controls,
respectively. Plates were placed on an orbital shaker for 2 min to induce cell
lysis and then were incubated at RT for 10 min to stabilize the luminescent
signal. The luminescence was measured spectrophotometrically. Intracellular
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ATP was calculated from the luminescent values and presented as percentage
of the medium-only-treated cells.

Assessment of AMPK activity. The activity of AMPK was assessed
using a cell-based ELISA (RayBio cell-based protein phosphorylation
ELISA kit; RayBiotech) according to the instructions of the manufac-
turer. Briefly, Caco-2 cells (20 X 10°) were seeded in 96-well plates and
incubated overnight at 37°C and 5% CO,. Then, they were exposed to
medium only as control and 40 mmol/L ethanol in medium for 3 h or
after previous treatment with 2 mmol/L butyrate, 4 mmol/L propionate,
or 8 mmol/L acetate for 1 h. Cells exposed to 0.01 mmol/L Cc (Sigma-
Aldrich) and 0.5 mmol/L AICAR (Sigma-Aldrich) were used as negative
and positive controls, respectively. After washing with PBS, 100 uL of
fixative solution was added to each well and incubated for 20 min at RT
with shaking. Then the plate was incubated with a quenching buffer for
20 min at RT. After that, a blocking solution was added, and the plate
was incubated for 1 h at 37°C. Next, the plate was washed 3 times, and
50 uL of either rabbit anti-AMPK-«2 (catalog #2532L; Cell Signaling
Technology) or rabbit anti-phosphorylated AMPK-a2 (pAMPK-a2; catalog
#2535L, Cell Signaling Technology; Thr172, 1:100 dilution in the
blocking solution, Cell Signaling Technology) was added and incubated
for 1 h at RT with shaking. Next, 50 uL. of HRP-conjugated mouse anti-
rabbit IgG (1:100 dilution in the blocking solution; Dako Netherlands)
was added and incubated for 1 h at RT. After washing 3 times, 100 uL of
3,3, 5, 5 -tetramethylbenzidine was added to each well and incubated
for 30 min with shaking at RT in the dark. Finally, 50 uL stop solution
(2N H,S0,4) was added, and the optical density was read at an excitation
wavelength of 450 nm.

Transfection of cells with AMPK small interfering RNA. Caco-2
(10° cells) at ~50% confluency were transfected with specific small
interfering RNA (siRNA) targeting the mRNA encoding AMPK-a2
(Cell Signaling Technology) or control nonspecific siRNA (Santa Cruz
Biotechnology), using Accell siRNA reagents (Dharmacon, Thermo Fisher
Scientific), according to the protocol of the manufacturer. Briefly, 10% cells
grown on either 96-well plates or 8-well chambers and 10° cells grown on
transwell inserts (Costar) were incubated in serum- and antibiotic-free
medium for 24 h. Then, cells were transfected with 50 nmol/mL of either
AMPK-a2 siRNA or control nonspecific siRNA in Accell siRNA delivery
medium (Dharmacon Thermo Fisher Scientific), gently shaken, and
incubated at 37°C for 48 h and replaced thereafter with Accell delivery
media. Cell-based ELISA assay with rabbit anti-AMPK-a2 (Cell Signal-
ing Technology) was performed to monitor the efficiency of AMPK-a2
knockdown. In preliminary experiments, use of nonspecific siRNA
resulted in no change in the cellular content of total AMPK-a2 or in the
amount of pAMPK-a2 after AICAR exposure, and the transfection after
48 h was found to have 76% efficiency. The optimal concentration of
siRNA was 50 pmol/mL because higher concentrations resulted in cell
death. Finally, cells were treated with medium only, butyrate, propio-
nate, and acetate, AICAR for 1 h, with or without ethanol exposure for
another 3 h, followed by assessment of paracellular permeability.

Statistical analyses. Data are expressed as means = SDs of triplicate
experiments. One-factor ANOVA and when appropriate, Student’s t test
and 2-factor ANOVA were used for statistical analysis. Groups were
compared by Tukey’s post hoc test, considering a P value <0.05 as
statistically significant. All data analyses were conducted with a
GraphPad Prism software package (GraphPad Software).

Results

Effects of SCFAs on barrier function in Caco-2 cell mono-
layers. Caco-2 monolayers were treated with various concentra-
tions of SCFAs to evaluate their effects on paracellular barrier
function. Incubation with 2 mmol/L butyrate, 4 mmol/L propi-
onate, or 8 mmol/L acetate led to a significant increase in TEER
and a decrease in FITC-D4 permeation in Caco-2 monolayers
(compared with controls, P < 0.05; Fig. 1A, B). No significant
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differences were found for the other concentrations, apart from
80 mmol/L acetate, which significantly decreased TEER and
increased FITC-D4 permeation (P < 0.05; Fig. 1A, B). The pH of
each SCFA at the indicated concentrations measured by using a
pH meter had no effect on Caco-2 monolayer permeability, apart
from 80 mmol/L acetate (pH 8.47; data not shown). Subsequent
experiments were performed using butyrate, propionate, and
acetate at concentrations of 2, 4, and 8 mmol/L, respectively.

AMPK activation is involved in the regulation by SCFAs
of the barrier function. To study the involvement of AMPK, we
examined the phosphorylation status of AMPK-a2 after stimula-
tion with SCFAs. As shown in Figure 2A, the ratio of phosphorylated-
to-total AMPK-a2 (pAMPK/total) increased significantly after
treatment with butyrate, propionate, acetate, or AICAR (differ-
ent from control, P < 0.05). Pretreatment with 0.01 mmol/L Cc
significantly decreased pAMPK-a2/total ratios (different from
treatment with butyrate, propionate, acetate, or AICAR, P < 0.05;
Fig. 2A). Incubation with 2 mmol/L butyrate, 4 mmol/L
propionate, or 8 mmol/L acetate, as well as with AICAR, also
led to a significant increase in TEER (different from control,
P < 0.05; Fig. 2B) and a significant decrease in FITC-D4
permeation (different from control, P < 0.05; Fig. 2C). These
effects on TEER and FITC-D4 permeation were significantly
abolished by pretreatment with Cc (different from treatment
with butyrate, propionate, acetate, or AICAR, P < 0.05; Fig.
2B, C), respectively.

Effect of SCFAs on ethanol-induced changes in permea-
bility. To establish whether SCFAs have potential to prevent
ethanol-induced disruption of epithelial barrier function, the
effects of butyrate, propionate, and acetate on the increase of
intestinal epithelial T] permeability induced by ethanol were
investigated. Exposure to 40 mmol/L ethanol for 3 h significantly
decreased TEER and increased FITC-D4 permeation of Caco-2
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FIGURE 1 Effects of butyrate, propionate, and acetate on barrier func-
tion in Caco-2 cell monolayers. A, Percentage of basal TEER. B, Percentage
of FITC-D4 permeation. Values are means = SDs, n = 9. *Significantly
different from Ctr, P < 0.05. Ctr, control; FITC-D4, fluorescein isothiocyanate-
labeled dextran 4 kDa; TEER, transepithelial electrical resistance.
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FIGURE 2 Effects of butyrate, propionate, acetate, and 5-AICAR (0.5
mmol/L) on AMPK activity and barrier function in Caco-2 cell monolayers
with or without pretreatment with Cc (0.01 mmol/L). A, AMPK activity
expressed as ratio of pAMPK-to-total protein (total AMPK). B, Per-
centage of TEER (R"). C, Percentage of FITC-D4 permeation. Values
are means = SDs, n = 3. *Significantly different from Ctr, P < 0.05;
Add#+gignificantly different from butyrate, propionate, acetate, and
AICAR, respectively, P < 0.05. AICAR, aminoimidazole-4-carboxamide
riboside; AMPK, AMP-activated protein kinase; Cc, compound C; Ctr,
control; FITC-D4, fluorescein isothiocyanate-labeled dextran 4 kDa;
PAMPK, phosphorylated AMP-activated protein kinase-«; TEER, trans-
epithelial electrical resistance.

monolayers compared with medium-treated controls (P < 0.05;
Fig. 3A, B). Pretreatment with 2 mmol/L butyrate, 4 mmol/L
propionate, or 8 mmol/L acetate for 1 h significantly prevented
this drop in TEER and significantly decreased FITC-D4 permeation
(different from treatment with ethanol, P < 0.05; Fig. 3A, B).

Effect of SCFAs on ethanol-induced changes in TJ proteins.
In the absence of any treatment, microscopic analysis of immuno-
fluorescently labeled ZO-1 and occludin showed that the dis-
tribution of ZO-1 was localized mainly in cell boundaries, was
tightly arranged with sharp, continuous smooth edges, and showed
a typical “chicken-wire” shape without abnormalities (Fig. 3C).
Similarly, occludin was sharply localized around cell borders
colocalizing with ZO-1 (Fig. 3C). Exposure to 40 mmol/L ethanol
disrupted both ZO-1 and occludin networks and resulted in loss
of colocalization and apparent gap formation between the cells (Fig.
3C, arrowheads). Pretreatment with butyrate, propionate, or ace-
tate attenuated the changes induced by ethanol exposure (Fig. 3C).

Effects of SCFAs on ethanol-induced changes in F-actin
organization and content. Because T] disassembly can be
induced by remodeling of perijunctional actin filaments, we next
investigated whether the SCFAs can prevent changes in actin
cytoskeleton junctions in ethanol-treated intestinal epithelial
cells. Figure 3D shows that, under control conditions, apical
F-actin microfilaments were assembled into a prominent peri-
junctional F-actin belt that encircled cell borders. Compared
with controls, after ethanol exposure, the apical F-actin micro-
filaments were markedly disorganized, in which the perijunc-
tional actin belt was transformed into an array of disordered
filaments and stress fiber-like bundles (Fig. 3D, arrowheads).
Such effects were attenuated by pretreatment with the SCFAs
(Fig. 3D). In addition, exposure to ethanol as well as to the
positive control H,O,; resulted in a significant increase in the
intracellular F-actin content (different from control, P < 0.05;
Fig. 3E). Pretreatment with SCFAs significantly reduced F-actin
protein levels (different from treatment with ethanol, P < 0.05;
Fig. 3E).

Effects of SCFAs on ethanol-induced cell metabolic stress.
To evaluate the protective effects of SCFAs against ethanol-
induced cellular metabolic stress, ROS production, mitochon-
drial function, and intracellular ATP levels were assessed.
Exposure to 40 mmol/L ethanol or the positive control H,O,
significantly increased intracellular ROS generation and de-
creased mitochondrial function and ATP levels (different from
negative controls, P < 0.05; Fig. 4A-C). However, pretreatment
of Caco-2 monolayers with 2 mmol/L butyrate, 4 mmol/L
propionate, or 8 mmol/L acetate significantly prevented this
ethanol-induced metabolic stress (different from treatment with
ethanol, P < 0.05; Fig. 4A-C).

Effects of AMPK inhibition on SCFA-promoting effects on
barrier function. To determine whether AMPK is involved in
the promotion of barrier function by SCFAs in ethanol-treated
monolayers, the effects of the SCFAs on ethanol-induced TEER
decrease and FITC-D4 permeation in Caco-2 cell monolayers
were compared with ethanol in medium, in the absence or pre-
sence of 0.01 mmol/L Cc. Incubation with 40 mmol/L ethanol
for 3 h led to a significant decrease in TEER and an increase in
FITC-D4 permeation (different from control, P < 0.05; Fig. 5A, B,
respectively). Pretreatment with 2 mmol/L butyrate, 4 mmol/L
propionate, or 8 mmol/L acetate for 1 h significantly increased
TEER values and decreased FITC-D4 permeation (different
from ethanol, P < 0.05; Fig. SA, B, respectively). These obser-
vations were significantly abolished by treatment with Cc (dif-
ferent from exposure to ethanol after pretreatment with SCFAs,
P < 0.05; Fig. 5A, B, respectively). To complement the above
observations, AMPK was knocked down by transfecting cells
with specific siRNA targeting AMPK-a2. AMPK-a2 protein
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oxygen species generation expressed as percentage of medium only-
treated control. Mitochondrial function (B) and intracellular ATP levels
(C). Values are presented as means = SDs of 3 independent
experiments. *Significantly different from Ctr, P < 0.05; *significantly
different from 40 mmol/L ethanol, P < 0.05. Ctr, control; DCF, 2',7'-
dichlorodihydrofluorescein diacetate; EtOH, ethanol; MTT, 3-(4.5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

level was significantly reduced (76%) by specific siRNA trans-
fection (P < 0.01; Fig. 6A). Compared with monolayers trans-
fected with nonspecific siRNA, knockdown of AMPK-a2 with
specific siRNA significantly abolished the ability of butyrate,
propionate, and acetate (all P < 0.01) to mitigate the ethanol-
induced TEER decrease (Fig. 6B-D, respectively). Furthermore,
siRNA specific for AMPK-a2, but not control siRNA, also
significantly dampened the ability of butyrate, propionate, and
acetate (all P < 0.01) to alleviate the ethanol-induced FITC-D4
permeation (Fig. 6E-G, respectively).

Discussion

The present study demonstrates that butyrate, propionate, and
acetate attenuate ethanol-induced intestinal epithelial T] barrier

dysfunction in Caco-2 monolayers. SCFAs did also partially
prevent the displacement of TJ proteins and stress-fiber forma-
tion as well as the ethanol-induced cellular oxidative and meta-
bolic stress. We found that this beneficial effect of SCFAs was
mediated by the activation of the AMPK pathway.

In the current study, we found that incubation of intestinal
Caco-2 cells with 40 mmol/L ethanol increased monolayer per-
meability, altered morphologic appearance of the TJ, and in-
creased F-actin protein expression. The concentration of ethanol
used in our study is not cytotoxic as shown previously that
ethanol at a concentration of 0.2% v:v (~40 mmol/L), which
can be achieved in blood after moderate (2—4 drinks; 1 standard
drink, ~14 g of ethanol) consumption (30,31), can disrupt
epithelial TJ integrity in a Caco-2 3-dimensional cell culture
model without compromising cell viability (3). Our findings are
also in agreement with previous observations by others showing
that ethanol can disrupt the T]J integrity, resulting in increased
paracellular permeability (30,32-34).

Cellular metabolic stress, including increase in oxidative
stress and decrease in ATP production, is suggested to be in-
volved in loss of TJ integrity (35). Here, we present evidence that
ethanol not only disrupts paracellular permeability but also

FITC-D4 (% permeation)

FIGURE 5 Effects of AMPK inhibition by Cc on SCFA-promoted
effects on barrier function in Caco-2 monolayers treated with 0.01
mmol/L Cc in the presence or absence of EtOH for 3 h. Effects of
butyrate, propionate, or acetate on ethanol-induced decrease in
transepithelial electrical resistance (RY) (A) and increase in fluorescein
isothiocyanate-labeled dextran 4 kDa (FITC-D4) permeation (B) were
evaluated. Values are presented as means = SDs, n = 6. *Significantly
different from Ctr, P < 0.05; #signiﬂcantly different from ethanol, P < 0.05;
A4d+gignificantly different from ethanol after pretreatment with
butyrate, propionate, and acetate, respectively, P < 0.05. AMPK,
AMP-activated protein kinase; Cc, compound C; Ctr, control; EGTA,
ethylene glycol tetraacetic acid; EtOH, ethanol.
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FIGURE 6 Effects of AMPK-a2 knockdown on SCFA-promoted effects on barrier function in ethanol-treated monolayers after transfection of
AMPK-a2 with either specific siRNA or NS-RNA. (A) AMPK protein levels, values are means * SDs, n = 3. *Significantly different from the value
for NS-RNA, P < 0.01. Percentage of basal TEER measured after treatment with ethanol in medium with or without pretreatment with butyrate
(B), propionate (O), and acetate (D). Values are means + SDs, n = 3. *P < 0.05 vs. corresponding ethanol-exposed monolayers; #P < 0.01 vs.
corresponding NS-RNA. Percentage of FITC-D4 permeation measured after 3 h of exposure to ethanol in medium with or without pretreatment
with butyrate (E), propionate (F), and acetate (G). Values are means + SDs, n = 3. *P < 0.05 vs. ethanol-exposed monolayers; #P < 0.05 vs.
corresponding NS-RNA. AMPK, AMP-activated protein kinase; FITC-D4, fluorescein isothiocyanate-labeled dextran 4 kDa; NS-RNA, nonspecific

RNA; siRNA, small interfering RNA; TEER, transepithelial electrical resistance.
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induces an increase in ROS generation, mitochondrial dysfunc-
tion, and a decrease in intracellular ATP levels. Our data are in
line with numerous studies documenting that ROS and nitrogen
oxygen species generation can induce oxidation and nitration of
cytoskeletal proteins, respectively, with subsequent increase in
intestinal permeability (2,36-38). Although not tested in this
study, the potential mechanisms of ethanol-induced ROS gen-
eration are most likely to involve a number of ROS-related
pathways. Previously, it has been demonstrated that activation
of intestinal inducible nitric oxide synthase (2), cytochrome-
P450 2E1 (31), and xanthine oxidase (39) mediates ethanol-
induced ROS production and, consequently, barrier dysfunction.
In the current investigation, we demonstrated that SCFAs
protected intestinal monolayers against ethanol and restored
normal barrier function. Our data support observations in vitro
and in animals that SCFAs can enhance intestinal barrier func-
tion (22,24,40). The SCFA concentrations used in the present
study were based on those found in the intestinal lumen after
dietary fiber supplementation (41) and taking into account the
relative molar ratios (14). Furthermore, Suzuki et al. (22) have
shown that butyrate, propionate, and acetate at concentrations
similar to those we used are able to promote epithelial barrier
function in rat large intestine. Interestingly, in our study, treat-
ment with 80 mmol/L acetate (pH 8.47) significantly increased
permeability via mechanisms independent of the pH, indicating
its potential cytotoxicity. Previously, exposure to acetate > 12.5
mmol/L for 72 h was shown to compromise human gastric
epithelial cell viability (42). The discrepancy with our data from
40 mmol/L acetate can be explained by differences in cell type
and duration of exposure. Because osmolality can also be in-
volved in the effects of 40 and 80 mmol/L acetate, only the
8 mmol/L concentration was used in additional analyses.

The ethanol-induced abnormal localization of TJs, disor-
ganization, and increase in F-actin protein levels could par-
tially be prevented by SCFAs, suggesting that the facilitating
effects of the SCFAs on barrier function may involve reorgani-
zation of F-actin and, indirectly, assembly of the TJs. These
findings are akin to previous data demonstrating that butyrate
can attenuate deoxycholic acid-induced actin cytoskeleton
remodeling and actin stress in colonic epithelial cells (43).
Furthermore, SCFAs have been reported to enhance the intes-
tinal barrier by stabilizing TJ integrity (24). We speculate that
the attenuating effects of SCFAs on ethanol-induced barrier
dysfunction in Caco-2 monolayers might be attributable to
SCFA-facilitated F-actin ring reorganization and a decrease of
stress-fiber formation.

Using concentrations comparable with those used in our study,
it has been reported that butyrate (C4:0), propionate (C3:0), and
acetate (C2:0) can enhance TEER in Caco-2 monolayers (22,
44). However, the effects propionate and acetate on barrier
function were observed with higher concentrations when com-
pared with butyrate, indicating that chain length may determine
bioactivity of the SCFAs. Increasing carbon chain length has also
been shown to influence the potential effects of SCFAs with re-
gard to, for example, inflammation, carcinogenesis, and barrier
function (45). This may partially be related to the ability of
SCFAs to cross cell membranes because of the reduced lipid
solubility with decreasing chain length (46).

In this study, ethanol induced oxidative stress in Caco-2 cells,
and SCFAs were able to inhibit ethanol-induced ROS genera-
tion. These findings are in line with previously reported data
on the antioxidant potential of SCFAs (17). Increased ROS
production and consequently impaired mitochondrial function
may cause ATP depletion, a factor that can further contribute to

barrier dysfunction (35,47). We also demonstrated that SCFAs
can attenuate and prevent ethanol-induced mitochondrial dys-
function and ATP depletion, indicating the potential capacity of
SCFAs to protect the intestinal epithelial cells from ethanol-
mediated cell metabolic stress. In line with these findings, buty-
rate has been shown previously to increase ATP stores in Caco-2
cells (48). Particularly intriguing are the recent observations in a
rat model of ALD, showing that oats supplementation attenu-
ates ethanol-induced intestinal hyperpermeability and alcoholic
steatohepatitis (49) via antioxidant mechanisms. These obser-
vations raise the possibility that SCFAs, as produced from fibers
as in oats, could protect the intestinal epithelium against ethanol-
induced gut leakiness, endotoxemia, and subsequent liver injury
in humans.

Because SCFAs constitute a major energy source in the colon
and ethanol can interfere with ATP production (50), the role of
AMPK activation in effects of SCFAs on ethanol-induced barrier
dysfunction has been explored. This serine/threonine protein
kinase is activated during cellular stress, resulting in elevation of
intracellular ATP (51). In addition, AMPK has been shown to
modulate the TJ integrity in Madin-Darby canine kidney cell
monolayers (52,53). Our data revealed that the SCFAs can in-
duce AMPK activation (phosphorylation) in a magnitude com-
parable with the effects of AICAR, which has been found
previously to promote epithelial barrier function through AMPK
activation (52). Pretreatment with Cc inhibited the SCFA-
induced AMPK activation and abolished the ability of the SCFAs
to improve the barrier function, indicating involvement of AMPK.
Furthermore, using siRNA targeting AMPK under the same
conditions supported the role of AMPK as a regulatory protein
of intestinal barrier protection by SCFAs. Our data confirm
previous reports demonstrating that AMPK activity is required
for butyrate-facilitated TJ] assembly (24) and provides new
evidence that AMPK activation is also required for the promot-
ing effects of propionate and acetate on barrier function. Be-
cause the inhibitory effect of knockdown of AMPK on barrier
function was partial, alternative mechanisms underlying the
SCFA promotive effects have to be considered.

The Caco-2 cell monolayer model is widely used to assess
effects of ethanol and its metabolites, such as acetaldehyde, on
intestinal permeability (2,3,32,54-56), but it has some limita-
tions. For instance, other cells involved in intestinal epithelium
homeostasis, including goblet and immune cells, were not taken
into account. Therefore, additional in vitro experiments using
coculture models and in vivo interventional studies with, for
example, fermentable fibers, should evaluate the effects of SCFAs,
separately or in combination, on ethanol as well as its other
metabolites, including acetaldehyde, on intestinal epithelial bar-
rier function. In addition, using intestinal cells in a coculture model
will be a useful tool to examine effects of SCFAs on acetaldehyde-
induced carcinogenesis.

In summary, the present study provides evidence that SCFAs
can attenuate ethanol-induced intestinal barrier dysfunction
and metabolic stress with possible underlying mechanisms,
including facilitation of the T] assembly and F-actin cortical
ring rearrangement. Furthermore, the positive effects of SCFAs
on barrier function seem to involve, at least in part, AMPK
activation. Because increased intestinal permeability can be
associated with inflammatory bowel disease and ALD, eluci-
dation of the exact mechanisms underlying these beneficial
effects may form a basis for the design of therapeutic or pre-
ventive in vivo strategies, enabling SCFAs as potential nutrients
to treat and/or prevent ethanol-induced intestinal barrier
dysfunction.
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