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Increasing evidence suggests that environmental and dietary factors can affect intestinal epithelial
integrity leading to gut permeability and bacterial translocation. Intestinal barrier dysfunction is a
pathogenic process associated with many chronic disorders. Acrolein is an environmental and dietary
pollutant and a lipid-derived endogenous metabolite. The impact of acrolein on the intestine has not
been investigated before and is evaluated in this study, both in vitro and in vivo. Our data demonstrate
that oral acrolein exposure in mice caused damage to the intestinal epithelial barrier, resulting in
increased permeability and subsequently translocation of bacterial endotoxin-lipopolysaccharide into
the blood. Similar results were seen in vitro using established Caco-2 cell monolayers wherein acrolein
decreased barrier function and increased permeability. Acrolein also caused the down-regulation and/or
redistribution of three representative tight junction proteins (ie, zonula occludens-1, Occludin, Claudin1) that critically regulate epithelial paracellular permeability. In addition, acrolein induced endoplasmic
reticulum stress-mediated death of epithelial cells, which is an important mechanism contributing to
intestinal barrier damage/dysfunction, and gut permeability. Overall, we demonstrate that exposure to
acrolein affects the intestinal epithelium by decrease/redistribution of tight junction proteins and
endoplasmic reticulum stress-mediated epithelial cell death, thereby resulting in loss of barrier integrity
and function. Our ﬁndings highlight the adverse consequences of environmental and dietary pollutants
on intestinal barrier integrity/function with relevance to gut permeability and the development of
disease. (Am J Pathol 2017, 187: 2686e2697; https://doi.org/10.1016/j.ajpath.2017.08.015)

It is increasingly clear from clinical and experimental evidence
that intestinal epithelial barrier dysfunction (leaky gut) can
predispose to or enhance a variety of chronic inﬂammatory intestinal and nonintestinal disorders, such as diabetes, inﬂammatory bowel disease (IBD), alcoholic liver disease, and
autoimmune diseases, and so forth.1e3 Intestinal epithelial barrier function is critical for selective gut permeability that limits
the entry of bacteria and pathologic bacterial components (eg,
lipopolysaccharide; LPS) into the bloodstream, which, in turn,
can trigger inﬂammatory responses and cause tissue injury. Intestinal barrier function is maintained primarily by a monolayer
of epithelial cells sealed together by intercellular junction complexes.4,5 Intestinal epithelial homeostasis is established by an

equilibrium between cell proliferation and cell death, and dysregulated or excessive epithelial cell death greatly impairs barrier
integrity.6 Increased epithelial cell apoptosis is suggested to play
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a pathogenic role in human IBD, including Crohn disease and
ulcerative colitis.7e9 The epithelial tight junctions that control
paracellular permeability are complex structures composed of
the tight junction proteins (TJPs), such as transmembrane proteins (eg, occludin and claudins), and peripheral membrane
proteins [eg, zonula occludens-1 (ZO-1)]. The localization and
interactions of TJPs are critical in maintaining intestinal barrier
integrity; hence, alterations in TJPs are associated with changes
in intestinal permeability.
Studies show that environmental pollutants,10 cigarette
smoking,11,12 and dietary factors10 can notably alter intestinal
permeability in association with various diseases. Acrolein, a
reactive unsaturated aldehyde, is a common combustion-derived
environmental pollutant and a main component of cigarette
smoke.13 In addition, certain food substances are estimated to be
important sources of acrolein; these include fried potato chips or
French fries, donuts, wine, whiskey, and cheese.14 Because
acrolein is a product of lipid peroxidation and glucose oxidation,
high concentrations are generated by cooking, frying, and reheating of fats, oils, and sugars.15 Hence, fried fatty foods and
charred meats represent signiﬁcant dietary acrolein sources,
which may be underestimated.16 The maximal daily human
consumption of unsaturated aldehydes such as acrolein is estimated to be nearly 5 mg/kg.17 Oral intake of acrolein can disrupt
hepatic/metabolic and cardiovascular functions in mice17e19;
however, although ingested acrolein is highly likely to affect the
gastrointestinal system, its effects on the intestine have not been
investigated. Our study shows that at concentrations comparable
with human consumption, acrolein acts as a pathologic factor
and impairs intestinal barrier function leading to enhanced gut
permeability through mechanisms involving dysregulation of
intestinal TJPs and epithelial cell death.

ME). They were maintained at 24 C with a 12 hours:12 hours
light/dark cycle and had free access to normal chow diet and tap
water for 5 days before the start of the experiment. Acrolein (5
mg/kg body weight) was administered by three consecutive oral
gavages, separated by a time interval of 12 hours between each
gavage; mice in the control group were given water by gavage in
place of acrolein.

Materials and Methods

Mice were orally exposed to acrolein (or water as control) as
described above. Three hours after the last gavage, mice were
orally given ﬂuorescein isothiocyanateedextran with average
molecular weight of 3000 to 5000 Da (FD-4; Sigma-Aldrich) in
saline (500 mg/kg body weight, 125 mg/mL).21 After 3 hours,
animals were euthanized, and serum was isolated. The serum
was analyzed for FD-4 concentration using a ﬂuorescence
spectrophotometer at an excitation wavelength of 485 nm and an
emission wavelength of 530 nm.

Reagents
Chemicals, acrolein, and b-actin antibody were purchased
from Sigma-Aldrich (St. Louis, MO). Cell culture supplies and
antibodies for Claudin-1, Occludin, and ZO-1 were obtained
from Invitrogen (Carlsbad, CA). Acrolein Nε-(3-formyl-3,4dehydropiperidino) (FDP)-lysine antibody was purchased
from Abcam (Cambridge, MA), and antibodies for activating
transcription factor-3 (ATF3), activating transcription factor-4
(ATF4), CCAAT/enhancer-binding protein homologous protein (CHOP), protein kinase RNA-like endoplasmic reticulum
kinase (PERK), phospho-PERK, and caspase-3 were from Cell
Signaling Technology, Inc. (Beverly, MA).

Animal Studies
All experimental protocols were conducted under approval from
the University of Louisville Institutional Animal Care and Use
Committee in accordance with the NIH Ofﬁce of Laboratory
Animal Welfare Guidelines. Male C57BL/6J mice (10 weeks of
age) were obtained from The Jackson Laboratories (Bar Harbor,
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Cell Culture
Caco-2 cells (human colon carcinoma cells) were obtained from
ATCC (Manassas, VA) and were cultured in Eagle’s minimal
essential medium supplemented with 100 U/mL penicillin, 100
mg/mL streptomycin, and 10% fetal bovine serum at 37 C in a
5% CO2 environment. To establish the in vitro model of the
intestinal epithelial monolayer, Caco-2 cells were grown on
commercial cell culture Transwell inserts (membrane area 0.33
cm2, pore size 0.4 mm; Corning, Corning, NY) for 21 days,
during which time they undergo a process of spontaneous differentiation in culture and fully differentiate into mature enterocytes that simulate the intestinal epithelial cell barrier.20 A
stable measurement of transepithelial electrical resistance
(TEER) over 3 days was used as an indicator of a wellestablished differentiated Caco-2 cell monolayer.

TEER
Intestinal epithelial barrier integrity of established Caco-2
monolayers was assessed by measuring TEER with an epithelial volt ohmmeter (World Precision Instruments, Sarasota, FL).20

In Vivo Intestinal Permeability Assay

In Vitro Barrier Permeability Assay
For intestinal epithelial barrier permeability assessment, FD4 was added to the apical side of the Caco-2 monolayer
Transwell inserts and incubated for 30 minutes. FD-4 leakage
into the basal medium was measured with the use of a
microplate ﬂuorescence reader with an excitation wavelength
of 485 nm and an emission wavelength of 530 nm.22

Serum Endotoxin Assay
To assess intestinal permeability and translocation of bacterial
products in vivo, LPS levels were determined in mouse sera
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samples with the use of the limulus amoebocyte lysate assay
(QCL-1000; Whittaker Bio Inc., Walkersville, MD). Endotoxin
concentrations were expressed in endotoxin units per milliliter.

Serum IFABP Assay
To assess intestinal epithelial cell damage, serum levels of
intestinal fatty acid binding protein (IFABP) were measured
by enzyme-linked immunosorbent assay (Aviva Systems,
San Diego, CA) in accordance with the manufacturer’s instructions. Serum was diluted 1:4 and added to a 96-well
plate precoated with an antibody speciﬁc for IFABP.
The absorbance levels were measured immediately using
a microplate spectrophotometer at 450 nm.

Acrolein Adducts Assay
Ileum sections (5 mmol/L thick) and Caco-2 cells grown on
Transwells were ﬁxed, stained with polyclonal rabbit antibodies
speciﬁc for acrolein FDP-lysine adducts, and examined by light
microscopy. Quantiﬁcation was done with the use of the MetaMorph Microscopy Automation and Image Analysis Software
version 6.1 (Molecular Devices, Sunnyvale, CA) by calculating
percentage of positive (based on the average intensity of the
ﬁeld-of-view) microscope ﬁelds from 10 images per sample.23

Cell Viability-MTT Assay
Cell survival/cell death was measured in treated cells by the
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay as described.24

Cell Death by TUNEL Staining
Cell death was assessed by terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay with the
use of the ApopTag Peroxidase in situ Apoptosis Detection
kit (Chemicon, Temecula, CA).

Flow Cytometric Analysis
For analysis of early apoptosis, after treatment Caco-2 cells were
harvested using TrypLE (Thermo-Fisher Scientiﬁc, Waltham,
MA), resuspended in binding buffer, and stained with Annexin
V and 7-aminoactinomycin D (7-AAD; BD Biosciences, San
Jose, CA). With the assay for cellular reactive oxygen species
(ROS), Caco-2 cells were treated with or without 20 mm of
acrolein for 24 hours. After washing, 10 mm of cell permeant
reagent 20 ,70 -dichloroﬂuorescein diacetate (DCFDA; SigmaAldrich) was added into wells and incubated at 37 C for 30
minutes. DCF ﬂuorescence was monitored by ﬂuorescence
microscopy or ﬂow cytometry. Flow cytometry was conducted
using a FACSCanto II instrument, and data were analyzed with
the use of CellQuest Pro software version 5.1 (BD Biosciences).
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Western Blot Analysis
Equivalent amounts of protein from ileum or cell extracts were
analyzed by standard Western blot techniques by using speciﬁc
commercial antibodies. Proteins were visualized with the use of
enhanced chemiluminescence (GE Healthcare, Piscataway, NJ)
and quantiﬁed by densitometry using ImageJ software Java
platform version 6 (NIH, Bethesda, MD). Blots were reprobed
with antibody to b-actin to ensure equivalent loading. The
density ratio of each band compared with its corresponding
b-actin band was determined and normalized to the control
value, which was set to 1.

RNA Isolation and Real-Time Quantitative PCR Analysis
Total RNA was isolated by using TRIzol (Invitrogen) and
subjected to real-time quantitative PCR with SYBR green I dye
reagent and speciﬁc primers (designed using Primer-BLAST
version 2.3.0; National Center for Biotechnology Information,
NIH) with an ABI prism 7500 system (Applied Biosystems,
Foster City, CA). Dissociation curve analysis was performed to
conﬁrm primer speciﬁcity, and relative mRNA expression was
calculated by using the DDCt method from duplicate samples
after normalization to b-actin.

Histopathologic Analysis
Ileum sections were stained with hematoxylin and eosin for
histologic observation under an Olympus (Orangeburg, NY)
BX41 light microscope. Five mice per group were analyzed,
and 15 well-oriented villus-crypt junctions from 3 microscopy ﬁelds for each mouse were counted. Measurements of
villi length and crypt depth from ileum of acrolein-treated or
control mice were performed with the use of ImageJ. Ratios
of villus height to crypt depth are presented.25

Confocal Immunoﬂuorescence Analysis
Ileum sections were ﬁxed in 10% buffered formalin for 24
hours and embedded in parafﬁn and subsequently were
deparafﬁnized for immunodetection. Caco-2 cell monolayers
were grown on culture slides, and after treatments cells were
ﬁxed and processed for immunodetection. Tissue sections or
cell-slides were incubated with polyclonal rabbit antibodies
speciﬁc for Claudin-1, Occludin, or ZO-1 (Invitrogen) overnight at 4 C, followed by incubation of ﬂuorescein
isothiocyanateeconjugated antibody from Invitrogen for 30
minutes at room temperature. Images were examined on a
Nikon (Melville, NY) A1R-A1 confocal microscope equipped
with a digital image analysis system (Pixera, San Diego, CA).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
version 5.01 for Windows (GraphPad Software, Inc., La Jolla,
CA). Data were analyzed by unpaired analysis of variance with
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Figure 1 Effect of oral acrolein gavage on acrolein-protein adduct accumulation, histopathologic ﬁndings, intestinal epithelial injury, and gut permeability in mice. Mice were exposed to acrolein by oral gavage (5 mg/kg, three times, separated by 12 hours). Serum and ileum samples were collected and
processed as described in Materials and Methods. A: Accumulation of acrolein-protein adducts (seen as brown pigmentation) in the ileum of mice by
immunohistochemistry using speciﬁc Nε-(3-formyl-3,4-dehydropiperidino) (FDP)-lysine antibodies. Graph shows the quantiﬁcation of acrolein adducts using
the MetaMorph Microscopy Automation and Image Analysis Software by calculating the percentage of positive (based on the average intensity of the ﬁeld-ofview) microscope ﬁelds. B: Typical micrographs for ileum histologic examination with hematoxylin and eosin (H&E) staining and observation under an Olympus
BX41 light microscope. Measurements of villi length and crypt depth from ileum of acrolein-treated or control mice were performed with ImageJ software.
Graph shows the ratios of villus height to crypt depth. C: Serum levels of intestinal fatty acid binding protein (IFABP; pg/mL). D: In vivo intestinal permeability
assay measured serum levels of ﬂuorescein isothiocyanate (FITC)edextran (FD-4; mg/mL) 3 hours after FD-4 oral administration. E: Serum levels of endotoxinlipopolysaccharide, endotoxin units per mL (EU/mL). F: Correlation between serum levels of endotoxin and IFABP in mice by Pearson’s correlation analysis.
Data are expressed as means  SEM. n Z 10 images per ileum (AeE); n Z 5 mice (A and B); n Z 6 mice (CeE). *P < 0.05, **P < 0.01, and ***P < 0.001
versus control (analysis of variance, Bonferroni test). Original magniﬁcation: 20 (A and B). A, acrolein; C, control.

Bonferroni posttest analysis. Differences were considered statistically signiﬁcant for P < 0.05.

Results
This study documented the effects of acrolein on intestinal
epithelial barrier permeability, both in vitro and in vivo. The
route of exposure was chosen as ingestion because high
levels of acrolein exposure in humans are likely through
food substances,17 and dietary acrolein was highly likely to
affect the intestinal barrier. Human exposure to acrolein by
dietary consumption was estimated to be as much as 5 mg/
kg; this level has demonstrated systemic effects in the liver
and the cardiovascular system.17 In this study, the impact of
this dose of acrolein on intestinal barrier function was
examined after oral acrolein exposure to mice via oral
gavage.

Effects of Acrolein Exposure in Mice on Intestinal
Accumulation of Acrolein Adducted Proteins and Ileum
Morphologic Structure
Initially it was to be determined whether oral acrolein was
absorbed into the intestine. It was difﬁcult to quantify free
acrolein. However, acrolein reacted with cellular proteins to
form adducts (eg, FDP-lysine) that could then be assessed.23
The formation of acrolein adducts after oral acrolein

The American Journal of Pathology

-

ajp.amjpathol.org

exposure was examined in the mouse ileum, because the
ileum was particularly susceptible to injury after consumption of substances such as alcohol.3,26 Acrolein exposure
increased the intestinal accumulation of acrolein-protein
adducts (Figure 1A), with statistically signiﬁcant differences on quantiﬁcation. Adducts accumulation was seen
primarily in the villi in epithelial cells and the lamina
propria and in parts of the submucosa. Ileum morphologic
structure (examined by histologic staining with hematoxylin
and eosin) showed that acrolein exposure did not cause
overt intestinal damage (Figure 1B). Further, to determine
subtle changes in intestinal integrity by acrolein, 15 welloriented villus-crypt junctions for each ileum from 5 mice
per group were measured. Although there was minimal
change in the villi height, acrolein exposure resulted in an
increase in crypt depth and, subsequently, a signiﬁcant
decrease in the ratio of villus height to crypt depth
(Figure 1B); such changes have been shown to be associated
with intestinal barrier dysfunction caused by alcohol
consumption.25

Oral Acrolein Exposure in Mice Leads to Intestinal
Epithelial Cell Damage, Increased Permeability, and
Translocation of Bacterial Products
To determine the functional consequence of oral acrolein
exposure, the intestinal integrity and permeability in
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Figure 2 Acrolein exposure disrupts barrier function of Caco-2 cell monolayers and increases permeability. A: Time-dependent establishment of Caco-2
monolayer barrier was monitored from day 1 to day 21 and assayed by transepithelial electrical resistance (TEER) measurements. B: Effect of acrolein on
Caco-2 cell viability. Caco-2 cells were treated with various concentrations of acrolein (5 to 30 mmol/L) for 6 (left) and 24 (right) hours, and cell viability was
determined by the MTT assay. C: Accumulation of acrolein-protein adducts by immunocytochemistry using speciﬁc Nε-(3-formyl-3,4-dehydropiperidino) (FDP)lysine antibodies and quantiﬁcation of acrolein adducts in Caco-2 cells treated with 20 mmol/L acrolein for 24 hours. D: Effect of acrolein exposure (2.5 to 20
mmol/L, 6 hours) on TEER. E: Permeability of ﬂuorescein isothiocyanateedextran (FD-4) dye in response to acrolein (2.5 to 20 mmol/L, 24 hours). F: Dose- (10,
20, and 30 mmol/L) and time- (6, 12, and 24 hours) dependent effects of acrolein on barrier permeability to FD-4 dye. Data are expressed as means  SEM.
n Z 10 images per sample; n Z 3 (AeF). *P < 0.05, **P < 0.01, and ***P < 0.001 versus control at the corresponding time point (analysis of variance,
Bonferroni test). Original magniﬁcation, 40. A, acrolein; C, control.

acrolein-fed mice were assessed. IFABP was exclusively
expressed by enterocytes of the small bowel mucosa and
was released into the circulation after enterocyte damage; it
was an accepted marker for intestinal epithelial barrier
damage.27e30 A signiﬁcant approximately threefold increase
in the serum levels of IFABP was seen in acrolein-fed mice
(Figure 1C), indicating that epithelial cells are damaged/
ruptured by acrolein. This damage led to an increase in
intestinal permeability which was measured directly by the
in vivo intestinal FD-4 permeability assay. Serum levels of
FD-4 were signiﬁcantly elevated (3 hours after FD-4) in
acrolein-fed mice compared with control mice (Figure 1D).
Under normal circumstances with an intact intestinal barrier,
only miniscule amounts of LPS entered into circulation
from the intestinal lumen. Increased gut permeability caused
more LPS to be translocated across the gut barrier; this
increased serum/plasma LPS was a well-accepted marker of
intestinal permeability and bacterial translocation.31,32 In
parallel with the elevated IFABP, serum endotoxin concentration was measured and found to be signiﬁcantly
elevated (almost threefold) in the acrolein-fed animals
(Figure 1E). Correlation analysis revealed that there was a
strong positive correlation (Pearson’s correlation coefﬁcient,
r Z 0.625, P Z 0.013) between serum levels of IFABP and
LPS (Figure 1F), indicating that acrolein-induced damage to
the intestinal epithelium promoted barrier dysfunction
leading to permeability and translocation of bacterial
products.
To further investigate the mechanisms underlying
acrolein-induced intestinal barrier dysfunction, the Caco-2
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cell line was used as an additional model system (in vitro),
along with the oral acrolein exposure in mice (in vivo).
Caco-2 monolayers represented a reliable and well-accepted
model that simulated the intestinal epithelial barrier for
barrier function and permeability studies.22,33,34

Acrolein Exposure Impairs Intestinal Barrier Function
of Caco-2 Cell Monolayers
Initially, the establishment and barrier integrity of the Caco2 monolayers grown in culture was conﬁrmed (Figure 2A).
TEER increased signiﬁcantly starting from day 7 after
seeding and continued to rise until day 18, when it stabilized
above 1000 U/cm2. All subsequent experiments were conducted on established Caco-2 monolayers (TEER of >1000
U/cm2). The effects of increasing concentrations of acrolein
were examined on the viability of Caco-2 by using the MTT
assay. From the cytotoxicity of acrolein in other cells,13 -2
cell monolayers were exposed to varying concentrations of
acrolein (5 to 30 mmol/L) for 6 and 24 hours and measured
cell survival. Minimal loss of survival was observed from
5 mmol/L through 25 mmol/L at both time points, and a
signiﬁcant (>40%) cell death was seen at 30 mmol/L at 24
hours (Figure 2B), showing that higher concentrations of
acrolein are cytotoxic. Further, similar to the in vivo data,
increased accumulation of acrolein-adducted proteins was
seen in Caco-2 cells exposed for 24 hours to acrolein at a
noncytotoxic concentration (20 mmol/L), with statistically
signiﬁcant differences on quantiﬁcation, compared with
control cells (Figure 2C).

ajp.amjpathol.org

-

The American Journal of Pathology

Acrolein Causes Intestinal Permeability

A
TJP mRNA
(fold induction)

ZO-1

B

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

Total
C

Occludin

Further, permeability of FD-4 dye was found to increase
signiﬁcantly over time from 6 to 24 hours at both noncytotoxic (10 and 20 mmol/L) and cytotoxic (30 mmol/L)
acrolein concentrations (Figure 2F). These data suggested
that the changes in epithelial barrier function and permeability at lower noncytotoxic levels were independent of
acrolein cytotoxicity and that mechanisms other than cell
death may be involved.

Cld1
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***

* ***
***
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***
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A10 A20 C A10 A20
ZO-1
β-actin
Occludin
β-actin
Claudin-1
β-actin

1 1.38 1.14 1 2.48 5.19 ZO-1/β-actin
1 1.44 0.48 1 3.01 4.84 Occludin/β-actin
1 1.12 0.93 1 1.74 2.65 Claudin/β-actin
Figure 3

Acrolein exposure leads to down-regulation and redistribution
of tight junction protein (TJP) in Caco-2 cells. A: Zonula occludens (ZO)-1
(black), Occludin (white), and Claudin-1 (Cld1; gray) mRNA levels at 24
hours in Caco-2 cells, with or without acrolein exposure (10, 20, and 30
mmol/L). B: Total and soluble (nonmembrane associated) protein levels of
ZO-1, Occludin, and Claudin-1 in untreated or acrolein-treated Caco-2 cells
at 24 hours by Western blot analysis. Blots were reprobed with antibody to
b-actin to ensure equivalent loading. Numbers represent mean densitometry ratios; the density ratio of each band compared with its corresponding
b-actin band was determined and normalized to the control value, which
was set to 1. Data are expressed as means  SEM. n Z 3. *P < 0.05,
**P < 0.01, and ***P < 0.001 versus control (analysis of variance, Bonferroni test). A, acrolein; C, control (A10, A20, A30 mmol/L).

Then the impact of acrolein on barrier integrity and
permeability were examined in vitro. Epithelial barrier
integrity was measured by using the TEER assay,35 and
paracellular barrier permeability was assessed by the FD-4
leakage assay.22 Acrolein exposure of Caco-2 monolayers
at low, noncytotoxic concentrations resulted in a doserelated decrease in TEER, with no effects at 2.5 or 5
mmol/L, a slight downward trend at 10 mmol/L, and a statistically signiﬁcant decrease at 15 and 20 mmol/L
(Figure 2D). Consistent with these results, the paracellular
permeability of FD-4 was signiﬁcantly increased by acrolein, starting from 10 mmol/L (Figure 2E), showing that low,
noncytotoxic levels of acrolein caused barrier permeability.
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Acrolein Exposure Leads to Down-Regulation and
Cellular Redistribution of TJP
Because increased permeability caused by acrolein may
result from disruption of the tight junctions that critically
regulated paracellular permeability and barrier function, we
examined the expression (mRNA and protein levels) of
three key TJPs (ZO-1, Claudin-1, and Occludin), which are
disturbed/affected by factors such as alcohol and inﬂammatory cytokines/chemokines.36e38 Our data demonstrated
that acrolein signiﬁcantly down-regulated mRNA levels of
ZO-1, Occludin, and Claudin-1 in Caco-2 cells (Figure 3A).
The total TJP protein levels showed variable changes in
response to acrolein; all three proteins were slightly elevated
at 10 mmol/L acrolein. At 20 mmol/L acrolein, Occludin was
markedly down-regulated to <50%, and Claudin-1 was
slightly reduced. However, ZO-1 was slightly increased at
both concentrations (Figure 3B). In addition to total protein
levels, the cellular location and membrane association were
critical for TJP function, and any alterations in localization
could greatly affect barrier permeability; hence, the localization of TJPs was also determined. Therefore, the partitioning and relative levels of TJPs were examined in the
membrane-associated and the nonmembrane associated
(soluble) protein fractions by Western blot analysis. Acrolein treatment resulted in a dramatic increase in the soluble
levels of all three TJPs, indicating that their membrane association was signiﬁcantly disrupted by acrolein
(Figure 3B). No changes were seen in the membrane-bound
levels (not shown).
To further support these ﬁndings, ZO-1, Claudin-1, and
Occludin were examined by immunoﬂuorescence staining
to assess TJP localization in whole cells rather than
extracted proteins. In untreated cells, a continuous regular
pattern of ZO-1 was seen at the cell borders surrounding the
plasma membrane that constituted the cellecell junctions
between adjacent epithelial cells (Figure 4A). In contrast,
compared with the continuous and organized pattern in
untreated cells, acrolein-treated cells displayed an uneven
(rufﬂed) distribution, which was decreased/discontinuous at
some locations, with random clumping at others
(Figure 4A). A similar pattern was seen examining Occludin, with occludin primarily at the plasma membrane in
control cells. On acrolein exposure, the protein was displaced from the plasma membrane and was diffused
throughout the cytoplasm (Figure 4A). Unlike the deﬁned
distribution of ZO-1 and Occludin, Claudin-1 exhibited a
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Figure 4 Localization of zonula occludens
(ZO)-1, Occludin, and Claudin-1 after acrolein
exposure in vitro and in vivo. A: Immunoﬂuorescence staining of ZO-1 (left column), Occludin
(middle column), and Claudin-1 (right column) in
Caco-2 cells. B: ZO-1, Occludin, and Claudin-1
visualized by immunoﬂuorescence staining in
sections of mouse ileum. Green indicates ZO-1
(left column), Occludin (middle column), or
Claudin-1 (right column); blue, DAPI counterstaining of the nuclei. Images were examined with
a Nikon A1R-A1 confocal microscope equipped
with a digital image analysis system (Pixera, San
Diego, CA). n  3 images per tissue section and 5
mice per experimental group. Original magniﬁcation, 40. A, acrolein; C, control (20 mmol/L).

diffuse pattern throughout the cell, and the overall ﬂuorescence intensity of Claudin-1 was reduced in the acroleintreated cells, suggesting a decrease in total Claudin-1
protein (Figure 4A).
The effects of oral acrolein exposure was also examined
on intestinal TJPs in the ileum of mice. Unlike Caco-2 cells,
TJP mRNA and protein levels did not differ signiﬁcantly in
the ileum of acrolein-fed animals (not shown). The distribution and localization of ZO-1, Occludin, and Claudin-1 in
mice ileum were examined by confocal microscopy. ZO-1
exhibited a punctate pattern that was ordered and uniform in
control mice; in contrast, the acrolein-fed animals showed
disorganized and random ZO-1 staining (Figure 4B).
In control mice, Occludin and Claudin-1 were located
primarily at the superﬁcial layer of the ileal mucosa
consistent with epithelial TJP distribution. In the acrolein
group, the staining patterns were largely similar, except for a
slight thinning and discontinuity of the epithelial border.
Notably, the staining intensity in acrolein-fed mice was
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signiﬁcantly lower for both proteins compared with the
control group, suggesting that the overall levels of Occludin
and Claudin-1 may be decreased (Figure 4B). These data
showed that acrolein exposure, both in vitro and in vivo, led
to either down-regulation and/or redistribution of ZO-1,
Claudin-1, and Occludin, thereby enhancing permeability.

Effects of Acrolein Exposure on Intestinal Epithelial
Cell Death
Our in vitro data showed that acrolein exposure had dosedependent effects on cell viability, with signiﬁcant cytotoxicity at 30 mmol/L concentration (Figure 2B). Epithelial
cell death was known to be a signiﬁcant mechanism that
contributed to intestinal barrier dysfunction/permeability,
and increased apoptosis has been reported in animals and
humans in association with increased intestinal permeability
and disease pathogenesis.7e9,39 Accordingly, the in vivo
effect of oral acrolein exposure on epithelial cell death was
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Figure 5 Acrolein exposure causes intestinal
epithelial cell apoptosis. A: Cell apoptosis in ileum
of mice by deoxynucleotidyl transferase dUTP nickend labeling (TUNEL) staining. Graph shows
quantiﬁcation of apoptosis by counting TUNELpositive cells in crypts and villi with ImageJ. B:
Flow cytometric analysis of acrolein-induced early
apoptosis in Caco-2 cells stained with Annexin V
and 7-aminoactinomycin D (7-AAD). Histogram of
Annexin V ﬂuorescence intensity in untreated
control or acrolein-exposed cells (left panel). Dot
plots denoting single-positive and double-positive
cells in control group (middle panel) or acrolein
treatment group (right panel). C: Detection of
activated caspase-3 by Western blot analysis in the
ileum of acrolein-exposed or control mice. Blots
were stripped and reprobed with a b-actin antibody as loading control. Graph represents the
density ratios of each band compared with its
corresponding b-actin. Data are expressed as
means  SEM. n Z 15 microscopy ﬁelds and 5
mice per group (A); n Z 3 (C). *P < 0.05 and
**P < 0.01 versus control by analysis of variance,
Bonferroni test. Original magniﬁcation: 20
(A, top row); 40 (A, bottom row). A, acrolein;
C, control.

examined in mice. Acrolein exposure resulted in an increase
in TUNEL-positive cells in the ileum of acrolein-fed mice
compared with controls; cell death was predominantly seen
in the villi and was less prevalent in the crypt regions.
Quantiﬁcation showed that TUNEL-positive cells were
increased by acrolein by approximately ﬁvefold in the villi
and twofold in the crypts (Figure 5A). Further, acroleinexposed Caco-2 cells were analyzed by ﬂow cytometry
using Annexin V (marker of early apoptosis) and 7-AAD
(marker of cell death/necrosis). Acrolein exposure caused
a major shift in the Annexin V ﬂuorescence intensity
(Figure 5B). Double staining with Annexin V and 7-AAD
showed that, compared with untreated control cells, acrolein exposure increased the population of cells undergoing
early apoptosis (Annexin V positive and 7-AAD negative)
from 5.8% to 52.9%. An increase (from 1.6% to 15.5%) was
also seen in the double-positive population (Annexin V
positive and 7-AAD positive) that may represent cells undergoing late-stage apoptosis or necroptosis (Figure 5B). In
addition, the proteolytic activation of caspase-3, a hallmark

The American Journal of Pathology

-

ajp.amjpathol.org

of cells undergoing apoptosis, was assessed by Western blot
analysis. Oral acrolein exposure led to caspase 3 activation
as seen by the twofold increase in cleaved caspase 3 in mice
ileum (Figure 5C), suggesting that acrolein caused apoptotic
cell death in intestinal epithelial cells.
To further characterize acrolein-induced cell death,
oxidative stress and ER stress were assessed, both of which
are known to be caused by acrolein exposure and can, in
turn, cause cell death.24 Accordingly, oxidative stress in
Caco-2 cells was measured by using the cell-permeant dye,
DCFDA, which has commonly been used as an indicator for
ROS. The nonﬂuorescent DCFDA underwent oxidation by
ROS and was converted into the highly ﬂuorescent DCF.
Acrolein exposure induced a signiﬁcant increase in ROS
generation in Caco-2 cells, reﬂected by increased DCF
ﬂuorescence as measured by immunoﬂuorescence microscopy and ﬂow cytometry (Figure 6A).
Recent evidence suggested that ER stress was a main
feature in intestinal cell dysfunction and death, both
of which contributed to inﬂammation and disease
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Figure 6 Acrolein exposure causes intestinal oxidative stress and endoplasmic reticulum (ER) stress. A: 20 ,70 -Dichloroﬂuorescein (DCF) ﬂuorescence in
Caco-2 cells incubated with DCF diacetate (DCFDA). Representative microscopy images of control (left panel) and acrolein-exposed (middle panel) Caco-2
cells. Flow cytometric analysis showing DCF ﬂuorescence intensity (right panel) of control and acrolein-exposed Caco-2 cells. B: Expression of ER stressrelated proteins phospho protein kinase RNA-like endoplasmic reticulum kinase (p-PERK), ATF3, ATF4, and CCAAT/enhancer-binding protein homologous
protein (CHOP) in the ileum of control and oral acrolein-exposed mice by Western blot analysis. Blots were reprobed with antibody to b-actin to ensure
equivalent loading. Graph represents the optical density ratios of each band compared with its corresponding b-actin band. Data are expressed as
means  SEM. n Z 3 (B). *P < 0.05 and ***P < 0.001 versus control (analysis of variance, Bonferroni test). Original magniﬁcation, 20. A, acrolein; ACR,
acrolein; C, control (20 mmol/L).

pathogenesis.40e42 Moreover, studies by us and others have
shown that acrolein could trigger ER stress, leading to
acrolein-induced apoptosis in several cell types, including
hepatocytes,24 human A549 lung cells,43 and mouse lung
epithelial cells,44 as well as in vivo in mice lungs.45 In this
study, the activation of ER stress was examined in the ileum
of acrolein-fed mice. The activation/expression (protein
levels) of a panel of hallmark genes known to be involved in
the ER stress response was measured by Western blot
analysis (Figure 6B). Acrolein gavage resulted in the activation by phosphorylation of the upstream signaling protein
PERK, which was the key initiator of one of three major ER
stress signaling cascades. Acrolein-induced phospho-activation of PERK resulted in the subsequent up-regulation of
the ER stress-associated transcription factors, ATF3 and
ATF4, by sixfold and fourfold, respectively. A key target of
the transcription factor ATF4 was the proapoptotic protein
CHOP (also called DDIT or GADD 153), which activated
death pathways leading to ER-dependent cell apoptosis.46,47
Exposure to oral acrolein caused a signiﬁcant up-regulation
(more than ﬁvefold) of CHOP compared with control mice
(Figure 6B). The data showed that acrolein exposure
resulted in increased oxidative stress and ER stressmediated CHOP up-regulation, leading to intestinal epithelial cell apoptosis.

Our results demonstrate that oral acrolein exposure causes
loss of integrity of the intestinal epithelium, leading to
impaired barrier function and gut permeability both in vitro
and in vivo. Our data deﬁne critical mechanistic interactions
between the intestine and dietary factors and show that
foods rich in acrolein (or oxidized fats) could disrupt intestinal barrier function and enhance gut permeability.
Indeed, the consumption of diets high in fat (good substrate
for acrolein generation) is known to affect intestinal barrier
function and to enhance IBD.48,49 Because diet can also
cause major pathogenic alterations in gut microbiota that
lead to dysbiosis, it will be interesting to determine whether
acrolein also alters the intestinal microbial composition and
changes the ratios of beneﬁcial and pathogenic microorganisms. Several proteins, such as Occludin, Claudins, and
ZOs, help maintain the structure/integrity of intestinal tight
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ACROLEIN
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ER stress & apoptosis

Discussion
Experimental and clinical evidence shows that damaged
intestinal epithelial integrity and barrier dysfunction are
the two fundamental causes of increased intestinal
permeability and translocation of bacteria/bacterial products.
Environmental and dietary factors are known to inﬂuence gut
permeability, and epidemiologic studies reveal an association
between these factors and intestinal diseases such as IBD,
appendicitis, and irritable bowel syndrome. This study examined the intestinal impact of acrolein, which is an environmental/
dietary pollutant and an endogenous cellular metabolite.
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Epithelial barrier dysfunction
INTESTINAL PERMEABILITY

Figure 7 Schematic shows that acrolein impairs intestinal epithelial
barrier function and causes permeability. Acrolein exposures may be
exogenous through diet or environment or endogenous by cellular metabolism and lipid peroxidation. Intestinal barrier dysfunction caused by
acrolein may be more subtle by alterations of tight junction proteins (TJPs)
or more profound by epithelial cell death. ER, endoplasmic reticulum.
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junctions. Previous studies have indicated that alterations in
ZO-1 and Claudin-1 are associated with increased intestinal
permeability and a higher susceptibility to alcoholic liver
disease3,26,50 and intestinal ischemia-reperfusion injury.51
Similarly, our study shows that acrolein exposure resulted
in down-regulation and/or redistribution of ZO-1, Claudin1, and Occludin, suggesting that these TJPs are critical in
acrolein-induced gut barrier dysfunction. Further, our study
demonstrates the importance of the level and appropriate
localization of these TJPs in maintaining epithelial barrier
integrity. Both epithelial and endothelial barriers are maintained by tight monolayers of polarized cells that form a
defensive barricade against toxicants and pathophysiological insults. Inhaled acrolein is known to impair lung
epithelial barrier function and to induce epithelial cell death
that leads to lung injury.52 Our ﬁndings emphasize the
possibility that acrolein may have toxic effects on the
epithelial and endothelial barriers in many organ systems
that maintain selective permeability. Relevant to this,
increased acrolein levels are associated with certain neurologic diseases such as Parkinson and Alzheimer.53,54
Several mechanisms that cause dysregulation of TJPs
have been described in the literature.55,56 Myosin light chain
kinase (MLCK) is a key regulator of intestinal tight junction
dysfunction in inﬂammatory conditions, particularly in
response to cytokines such as tumor necrosis factor-a. The
regulation of MLCK is complex and involves activation of
upstream mitogen-activated protein kinases, transcriptional
and post-translational alterations of MLCK, and various
splice variants (short and long). Our data demonstrate that
acrolein exposure results in the buildup of acrolein adducts
concomitant with TJP disruption and increased barrier
permeability in cultured cells and mice. It is known that
acrolein adduction of proteins leads to changes in their posttranslational modiﬁcations and alteration of function.13 The
intestinal effects of acrolein may be direct, by adduction
with TJPs, thereby changing their structure/function/localization, or the effects may be indirect. Both cytoplasmic and
nuclear acrolein adduct accumulation was seen; adduction
of nuclear proteins (eg, transcription factors and chromatin
modiﬁers) can elicit major alterations in the expression of
TJPs and other genes. The detailed mechanisms by which
acrolein causes alterations in TJPs and barrier dysfunction
are currently under investigation in our laboratory.
The paracellular pathway involving TJPs, even when
disrupted, is not capable of transporting large molecules and
bacteria. For translocation of bacteria, other routes must be
invoked such as epithelial gaps created by dying/apoptotic
enterocytes. Indeed, our study shows that acrolein not only
causes TJP disruption but also activates epithelial cell death
in cultured cells and mice. Acrolein exposure increased
cellular ROS, which is known to contribute to cell death. In
addition, acrolein exposure up-regulated ER stressassociated proteins ATF3, ATF4 and pro-apoptotic CHOP,
leading to apoptosis in the intestinal epithelial cells. Further,
the robust positive correlation between serum IFABP and
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endotoxin strongly suggests that epithelial cell damage may
be a causal factor in acrolein-induced intestinal permeability. Acrolein-induced cell death appeared to be primarily
apoptotic as seen by caspase-3 cleavage and Annexin V
ﬂow cytometry; however, other forms of cell death such as
necroptosis and necrosis may occur concurrently. Indeed,
we have shown previously in hepatic cells that acrolein
induces both apoptosis and necrosis in a time- and dosedependent manner.24 Our data demonstrate that apoptotic
death of intestinal epithelial cells is a predominant feature of
dietary acrolein-induced intestinal barrier dysfunction and
resultant permeability. Thus, increased acrolein exposures
may alter the steady-state intestinal epithelial homeostasis
and may allow translocation of both bacterial products/
toxins and even bacteria, leading to consequent systemic
inﬂammation and tissue injury.
From our ﬁndings, the prevention of excessive intestinal
acrolein exposure and consequent gut permeability may be of
clinical importance. Acrolein scavengers have been used to
attenuate acrolein-induced injury in other cell types and organs.57,58 Scavengers such as hydralazine and phenelzine, and
antioxidants (eg, N-acetyl cysteine and 2-mercaptoethane sulfonate Na), which have shown protection against acrolein
cytotoxicity, are potential candidates to be tested. From our
ﬁnding that ER stress-mediated apoptosis is an underlying
mechanism of acrolein-induced barrier dysfunction, it will be
interesting to test the protective effects of inhibitors of ER stress,
such as 4-phenylbutyrate that is known to prevent acrolein
cytotoxicity in hepatocytes.24 Further studies to investigate
therapeutic strategies that prevent or protect against acroleininduced intestinal dysfunction and injury are needed.
It is difﬁcult to correlate in vitro acrolein concentrations with
in vivo oral exposure. The amount of acrolein in food that can be
absorbed in vivo does not necessarily correspond to the concentrations of exposure that affect cells in culture. Published
estimates suggest that daily consumption of unsaturated aldehydes is nearly 5 mg/kg17; hence, we used this acrolein dose in
mice. Acrolein concentrations used in vitro on other cell types
range from 0.5 to 200 mmol/L.13 In this study, we chose to test
the effects of both cytotoxic and noncytotoxic doses of acrolein
in vitro. Our data suggest that acrolein has dose-dependent effects on the intestine and that acrolein levels control the
magnitude and mechanisms of gut barrier dysfunction. Note that
acrolein is also generated endogenously by cellular metabolism
of polyamines and amino acids and by lipid peroxidation, all of
which are enhanced with high-fat diet, obesity, alcohol abuse, or
cigarette smoking.54,59e61 The endogenous generation of acrolein may synergize with exogenous acrolein exposures from
environmental or dietary sources to further increase intestinal
permeability.
This study provides novel insights into the intestinal effects of
acrolein. However, the results obtained from this study of oral
acrolein exposure in mice may not directly translate to humans.
Moreover, the toxic effects of acrolein may depend largely on
how rapidly and extensively it is metabolized, based on the
metabolic capacity and enzyme systems. Thus, human
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susceptibility to acrolein-induced intestinal barrier dysfunction
may be different from mice, but the underlying mechanisms may
be similar. In addition, factors such as age, sex, and genetic
polymorphisms may be relevant co-modiﬁers. Further epidemiologic, clinical, and experimental studies are needed to
adequately address these issues.

Conclusions
We have identiﬁed that acrolein has an impact on the intestinal epithelial barrier that involves decrease/redistribution and discontinuous localization of TJPs and epithelial
cell apoptosis, resulting in loss of integrity of the epithelial
cell monolayer and permeability (Figure 7). Our ﬁndings
highlight the consequences of acrolein consumption/exposure on the intestinal microenvironment. Overall, our results
indicate that exposure to acrolein contributes to intestinal
barrier dysfunction and gut permeability and consequent
systemic bacterial translocation, thereby leading to
enhanced inﬂammation, injury, and susceptibility to disease.
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