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2016.—Association between circulating lipopolysaccharide (LPS)
and metabolic diseases (such as type 2 diabetes and atherosclerosis)
has shifted the focus from high-fat high-cholesterol containing West-
ern-type diet (WD)-induced changes in gut microbiota per se to
release of gut bacteria-derived products (e.g., LPS) into circulation
due to intestinal barrier dysfunction as the possible mechanism for the
chronic inflammatory state underlying the development of these
diseases. We demonstrated earlier that oral supplementation with
curcumin attenuates WD-induced development of type 2 diabetes and
atherosclerosis. Poor bioavailability of curcumin has precluded the
establishment of a causal relationship between oral supplementation
and it is in vivo effects. We hypothesized that curcumin attenuates
WD-induced chronic inflammation and associated metabolic diseases
by modulating the function of intestinal epithelial cells (IECs) and the
intestinal barrier function. The objective of the present study was to
delineate the underlying mechanisms. The human IEC lines Caco-2
and HT-29 were used for these studies and modulation of direct as
well as indirect effects of LPS on intracellular signaling as well as
tight junctions were examined. Pretreatment with curcumin signifi-
cantly attenuated LPS-induced secretion of master cytokine IL-1(
from IECs and macrophages. Furthermore, curcumin also reduced
IL-1B-induced activation of p38 MAPK in IECs and subsequent
increase in expression of myosin light chain kinase involved in the
phosphorylation of tight junction proteins and ensuing disruption of
their normal arrangement. The major site of action of curcumin is,
therefore, likely the IECs and the intestinal barrier, and by reducing
intestinal barrier dysfunction, curcumin modulates chronic inflamma-
tory diseases despite poor bioavailability.

chronic inflammatory metabolic diseases; intestinal epithelial cell
inflammation; tight junction proteins

IN ADDITION TO Western diet (WD)-induced dyslipidemia, chronic
inflammatory state is increasingly being recognized as an impor-
tant contributor to the development of metabolic diseases such
as type 2 diabetes and atherosclerosis. The mechanisms under-
lying the development of this chronic inflammation are poorly
defined and whether WD feeding directly contributes to this
process is not known. The observed increase in circulating LPS
following WD feeding has shifted the focus from WD-induced
changes in gut microbiota per se to release of gut bacteria-
derived products into circulation as the possible mechanism for
the chronic inflammatory state underlying the development of
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these diseases. In human studies, the plasma LPS concen-
tration is positively correlated with visceral fat volume and
indexes of insulin resistance such as homeostasis model
assessment-insulin resistance (HOMA-IR) or HbAlc (24,
25). In a healthy intestine, the translocation of LPS from the
gut lumen into the circulation is restricted by the intestinal
epithelial barrier. However, disruption of this intestinal
barrier function leads to an increase in systemic LPS levels.
We and others have reported an increase in circulating LPS
levels in response to WD feeding due to an increase in
intestinal permeability (8, 12).

Intestinal barrier can be visualized as composed of four
different “layers” namely, /) intestinal alkaline phosphatase
that dephosphorylates and detoxifies LPS; 2) mucin layer that
limits the direct interaction between gut bacteria and the
intestinal epithelial cells; 3) The tight junctions of the intestinal
epithelial cell layer; and 4) the antibacterial proteins secreted
by the Paneth cells into the lumen. Modulation of one or more
of these layers to improve intestinal barrier function is likely to
limit the generation or translocation of gut bacteria-derived
LPS into the systemic circulation. Although the effects of WD
in modulating the diversity of gut bacteria are well character-
ized (4, 26), the mechanism(s) by which it increases intestinal
permeability is not known. We earlier reported a WD-induced
decrease in intestinal alkaline phosphatase activity (12) indi-
cating the disruption of this first layer of the intestinal barrier
by WD that results in effectively increasing the luminal LPS
concentration.

Luminal LPS not only activates the intestinal epithelial cells
(IECs) but also activates intestinal macrophages that “survey”
the intestinal lumen and constitute the intestinal innate immune
system (6). IECs as well as macrophages secrete proinflamma-
tory cytokines when activated by LPS, e.g., interleukin-13
(IL-1B), that can further activate these cells and perpetuate
inflammatory responses as well as intracellular signaling. IL-
1B-dependent activation of p38 MAP kinase and subsequent
activation of myosin light chain kinase (MLCK) leading to
phosphorylation of myosin light chains result in disruption of
intestinal tight junctions and an increase in intestinal permea-
bility emphasizing the importance of understanding the pro-
cesses that regulate luminal LPS or LPS-induced IL-13 pro-
duction as well as strategies to modulate them.

We have earlier demonstrated that oral supplementation with
curcumin significantly increased the activity of intestinal alka-
line phosphatase and reduced the levels of plasma LPS in
WD-fed mice demonstrating its protective effects against WD-
induced disruption of intestinal barrier function (12). Curcumin
is reported to exert potent anti-inflammatory effects in vitro,

http://www.ajpcell.org

Downloaded from journals.physiology.org/journal/ajpcell (087.177.046.052) on January 30, 2025.


http://doi.org/10.1152/ajpcell.00235.2016.
http://doi.org/10.1152/ajpcell.00235.2016.
mailto:shobha@vcu.edu

CURCUMIN IMPROVES INTESTINAL BARRIER FUNCTION

but its poor bioavailability has raised doubts about a causal
relationship between oral supplementation and the in vivo
effects. Based on our data demonstrating significant improve-
ment of intestinal barrier function by curcumin, it is hypothe-
sized that curcumin attenuates WD-induced chronic inflamma-
tion and associated metabolic diseases by modulating the
function of IECs and the objective of the present study was to
delineate the underlying mechanisms. The data presented here
demonstrate that curcumin attenuates activation of IECs as
well as macrophages resulting in decreased secretion of IL-1f3.
Reduced intracellular IL-1p signaling and subsequent reduc-
tion in disruption of tight junctions represent the mechanisms
underlying the beneficial effects of oral curcumin, despite its
poor bioavailability.

MATERIALS AND METHODS

Two human colon carcinoma cell lines (Caco-2 and HT-29), model
cell systems for IECs used in these studies, were obtained from ATCC
and maintained in DMEM supplemented with 20% fetal bovine
serum. Lipopolysaccharide (LPS) from Escherichia coli (055:B5) and
curcumin were purchased from Sigma-Aldrich. The MAPK p38
inhibitor SB203580 was purchased from Cell Signaling. Primary
antibodies were either from Cell Signaling (JNK, 9252; p-JNK, 9251;
Erk1/2, 4695; p-Erk1/2, 4370; p38, 9212; p-p38, 9216; and p-MKP1
2857) or from Santa Cruz Biotechnology (ZO-1, sc-10804; claudin-1,
sc-17658 and sc-22932, MKP1, and sc-370) or Invitrogen (claudin-7,
34-9100) and were used at dilutions recommended by the manufac-
turer. Secondary antibodies for Western blot analyses were from LICOR.
Biotinylated secondary antibodies as well as NeutrAvidin-conjugated
AlexaFluors were from Pierce/ThermoFisher. Ready-go-set ELISA
kit for measuring human IL-13, IL-10, and IL-6 were from Af-
fymetrix-eBiosciences. Optimized Tagman gene expression assay Kits
for IL-1 (Hs00174097_ml), IL-6 (Hs00985639_ml), IL-10
(Hs00961622_m1), and MLCK (Hs00364926_m1) were obtained
from Applied Biosciences (ThermoFisher), and qPCR conditions
recommended by the manufacturer were used to determine the respec-
tive mRNA levels and normalized to 3-actin (4326315E) serving as
the housekeeping gene.

Secretion of IL-1B. IECs, PMA-differentiated human THP1 mac-
rophages (29), or thioglycolate-elicited mouse peritoneal macro-
phages (isolated using Institutional Animal Care and Use Committee
approved protocol and as described before; Ref. 28) were pretreated
with curcumin (5 wM) for 48 h and then primed with LPS (1 pg/ml)
overnight. Inflammasome was activated (second signal) either by
nigericin (20 pM, 20 min) or ALUM (200 pg/ml). Conditioned
medium was collected after 6 h and secreted IL-13 was measured by
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ELISA. To assess the effects on the expression of cytokines (IL-1(3,
IL-6, and IL-10), total RNA was extracted from the cells following
exposure to LPS and mRNA levels determined by real-time PCR and
normalized to -actin using Tagman assays.

Intracellular IL-1[3 signaling. IECs were pretreated with curcumin
(5 wM) for 48 h and then activated by incubation with IL-13 (10
ng/ml, 10 min). Where indicated, cells were treated for 1 h with
SB203580 (10 wM), before the addition of IL-1@. Total protein
lysates were prepared and the level of p38, INK, or Erk1/2 phosphor-
ylation was assessed by Western blotting. The membranes were
stripped and probed for total p38, JNK, or Erk1/2 protein for normal-
ization. For measurement of MLCK expression, total RNA was
prepared from the cells and MLCK mRNA levels determined by
real-time RT-PCR and normalized to 3-actin using optimized Tagman
assays.

Immunocytochemistry. IECs were plated in four-well chamber
slides and treated with LPS (1 pg/ml) or IL-1 (10 ng/ml) with or
without pretreatment with curcumin (5 puM). Cells were fixed in 4%
buffered formalin for 1 h, permeabilized with Triton X-100 (0.1% in
cold PBS for 3 min on ice), blocked in 1% BSA for 1 h and then
incubated overnight with primary antibody (ZO-1, sc-17658 or clau-
din-1, sc-17658 or sc-22932 or claudin-7, 34-9100) at dilutions
recommended by the manufacturer. Specific staining was detected
using biotinylated secondary antibody and NeutrAvidin-conjugated
AlexaFluors. Actin filaments were stained using phalloidin and im-
ages were acquired using Carl Zeiss inverted fluorescence microscope
fitted with a digital camera.

Translocation of mannitol. Effect of curcumin on translocation of
[*H]mannitol was determined as described earlier (12). In brief,
Caco-2 cells were plated on polycarbonate Transwells at 1 X 10°
cells/cm? and cultured for 21 days. Before the start of the experiment
the transepithelial electrical resistance (TEER) was measured and
cultures displaying a TEER between 300 and 400 Q/cm? were
considered suitable for the study. Cells were pretreated with 5 pM
curcumin (in DMSO) for 24 h, either from the apical or from the
basolateral side before being stimulated with IL-1$3 (10 ng/ml) from
the apical side only. After a wash in HBBS, 0.5 ml [*H]mannitol (0.5
mCi/ml HBSS) was added to the apical side. Medium (50 pl, in
duplicate) was collected from the basolateral side at 2 and 4 h and
associated radioactivity determined.

RESULTS

Curcumin attenuates LPS-induced secretion of IL-1B3 from
IECs. In vivo, IECs as well as intestinal macrophages are
continually exposed to gut bacteria-derived LPS and secrete
proinflammatory cytokine IL-1f that in turn can potentiate

Fig. 1. Curcumin attenuates IL-1(3 produc-
tion from IECs. A: confluent Caco-2 mono-
layers were pretreated with curcumin (C; 5
M) for 48 h and then primed with LPS (L;
1 pg/ml) overnight. Inflammasome was ac-
tivated (second signal) by nigericin (N; 20
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lected after 6 h and secreted IL-1 was
measured by ELISA. Data (means = SD, n =
* 3) are presented as percent control where
control represents cells treated with LPS
alone. B: total RNA was extracted from
confluent monolayers of Caco-2 cells with or
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Fig. 2. Effects of curcumin on expression of
IL-6 and IL-10. A: confluent Caco-2 mono-
layers were pretreated with curcumin (C; 5
M) for 48 h and then primed with LPS (L;
1 pg/ml) overnight. Total RNA was ex-
tracted and IL-6 as well as IL-10 expression
was determined by real-time RT-PCR. Data
(relative expression, normalized to [-actin)
are presented (means = SD, n = 3). *P <
0.05; ns, nonsignificant difference. B: con-
fluent Caco-2 monolayers were pretreated
with curcumin (C; 5 wM) for 48 h and then
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proinflammatory signaling in these cells. IEC inflammation is
central to increasing intestinal permeability and we have earlier
demonstrated a twofold increase in the secretion of intestinal
alkaline phosphatase (IAP) by oral supplementation with cur-
cumin (12); IAP dephosphorylates/detoxifies LPS thereby re-
ducing its proinflammatory effects on IECs. In the present
study, we examined the effect of curcumin on LPS-induced
secretion of IL-1 from IECs. As shown in Fig. 1, pretreatment
of Caco-2 cells with curcumin significantly reduced LPS-
induced secretion of IL-1p (Fig. 1A) as well as expression of
IL-1B mRNA expression (Fig. 1B); nigericin was used as the
second signal to activate inflammasome and processing of
pro-IL-1f required for its secretion (10).

To determine whether exposure to LPS affects the expres-
sion of other cytokines, mRNA levels of IL-6 and IL-10 were
monitored. While no significant change in the expression of
IL-6 was observed, exposure to LPS significantly reduced the
expression of IL-10 (Fig. 2A). Consistent with its anti-inflam-
matory role, pretreatment with curcumin attenuated the LPS-
induced decrease in IL-10 expression (Fig. 2A). Secretion of
IL-6 into the culture medium was, similarly, not affected by
LPS exposure (Fig. 2B); IL-10 could not be detected in the
culture medium by the commercially available ELISA kits with
lowest detection limits in the picogram range indicating low
levels of IL-10 secretion by IECs.

Curcumin reduces IL-1 secretion from macrophages. In
addition to IECs, intestinal macrophages are also exposed to
gut bacteria-derived LPS and activated macrophages contribute

A
Fig. 3. Curcumin attenuates LPS-induced 5000
IL-1B production from macrophages: PMA- = 4000
differentiated human THP1 macrophages £
(A) or thioglycolate-elicited mouse perito- 3 3000
neal macrophages (B) were pretreated with Q. J
curcumin (5 pM) for 48 h and then primed Z 400+
with LPS (50 ng/ml) overnight. Inflam- <=
masome was activated (second signal) either _'| 200-
by nigericin (N; 20 pM, 20 min) or by
ALUM (A; 200 pg/ml) Conditioned medium

o
I

was collected after 6 h and secreted IL-1p
measured by ELISA. Data (means = SD, n =
6) are presented as IL-13 (pg/ml). *P < 0.05.
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to the perpetuation of inflammatory processes by secreting
IL-1B. The direct effects of curcumin on secretion of IL-13
from human THP1 as well as mouse peritoneal macrophages
were examined in response to stimulation with LPS; nige-
ricin or ALUM were used as the second signals (10). While
stimulation of LPS-primed cells with nigericin led to sig-
nificantly higher secretion of IL-1 compared with LPS +
ALUM, curcumin significantly attenuated IL-1f secretion
under both conditions in human THP1 macrophages (Fig.
3A) and mouse peritoneal macrophages (Fig. 3B). These
data demonstrate that in addition to reducing the potency of
luminal LPS by increasing IAP activity in vivo, curcumin
effectively reduces the perpetuation of LPS-induced IEC
inflammation by reducing IL-1f production from IECs as
well as macrophages.

Curcumin reduces IL-1B-induced activation of p38 MAPK.
Proinflammatory signaling in IECs is mediated by activation of
MAPK and exposure to IL-13 has been shown to increase the
activation of p38 MAPK (2). To examine whether in addition
to reducing LPS-induced IL-1 production from IECs (Fig. 1)
or intestinal macrophages as shown (Fig. 3), curcumin also
modulates inflammatory signaling in IECs by affecting
activation of p38 MAPK, IECs namely Caco-2 or HT-29
cells were exposed to IL-1 with or without pretreatment
with curcumin. As shown in Fig. 4, exposure to IL-1p
increased phosphorylation/activation of p38 MAPK. Pre-
treatment with curcumin significantly attenuated this effect
and effect of curcumin was comparable to the bona fide p38
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MAPK inhibitor SB203580 demonstrating curcumin-depen-
dent reduction in intracellular IL-1f3 signaling. The levels of
intracellular phosphorylated p38 MAPK are regulated by a
balance between IL-1 signaling and MKP-1-mediated de-
phosphorylation. Pretreatment of IECs with curcumin did
not affect the expression/phosphorylation of MKP-1 (Fig. 5)
indicating that the observed effects of curcumin on attenu-
ating phospho-p38 levels may not involve MKP-1-mediated
dephosphorylation. Curcumin did not affect the activation/
phosphorylation of other MAPKs, namely Erk1/2 and JNK
(Fig. 5).

Curcumin reduces MLCK expression in IECs. Myosin light
chain phosphorylation mediated by MLCK is critical to the
pathophysiological regulation of intestinal barrier function (9).
Activation of p38 MAPK leads to increased expression of
MLCK and likely represents the mechanism underlying the
p38 MAPK-dependent disruption of intestinal barrier function
(3). In addition to decreasing p38 phosphorylation, whether
pretreatment with curcumin also affects MLCK expression was
examined in IECs. MLCK expression was significantly re-
duced with curcumin pretreatment (Fig. 6). More importantly,
curcumin-mediated decrease in MLCK expression was similar
to that seen with the p38 MAPK inhibitor SB203580. Taken
together with our earlier demonstration that curcumin increases
IAP activity in vivo and the data shown in Fig. 1, these data
demonstrate that curcumin can effectively attenuate intestinal
inflammation by acting at multiple levels, namely, detoxifica-
tion of LPS, attenuation of IL-1f production, decrease in
IL-1B-induced proinflammatory signaling in IECs, and re-
duced expression of MLCK.

Curcumin prevents disruption of the organization of tight
Jjunction proteins. In addition to appropriate expression, proper
organization of the tight junction proteins (e.g., zona oc-
cludens, ZO-1, and claudins) is critical for the maintenance of
an intact intestinal permeability barrier. The proposed model
includes binding of ZO-1, 2, and 3 with membrane associated
claudin-1 and anchoring of this complex by intracellular actin
filaments (27). We examined the effects of curcumin on LPS-
mediated disruption of the organization of tight junction pro-
teins in Caco-2 cells. As expected, exposure to LPS alters the
organization of ZO-1, claudin-1, and claudin-7 on the cell
surface (Fig. 7). It should be pointed out that in Caco-2 cells
ZO0-1 is also present in the nucleus in addition to being
associated with plasma membrane (13). Under normal condi-
tions (no treatment), actin filaments are present in a lattice-like
formation within the cells and facilitate the anchoring of
occludin-ZO-1 complexes. Exposure to LPS alters this actin
filament arrangement as seen in Fig. 7, bottom. Pretreatment
with curcumin, prevents this LPS-induced disorganization of
Z0-1, claudin-1, claudin-7, as well as actin filaments. Similar
effects were also noted in the other IEC cell line, HT-29 (data
not shown). These data suggest that the observed improvement
in intestinal permeability as well as permeability of Caco-2 cell
monolayers by curcumin (12) is plausibly facilitated by cur-
cumin-mediated maintenance of tight junction protein organi-
zation.

As shown above, curcumin also attenuates LPS-induced
IL-1B secretion as well as the downstream proinflammatory
signaling. The effects of curcumin pretreatment on IL-1(3-
induced changes in organization of tight junction proteins
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Fig. 5. Curcumin does not affect IL-1B-induced activation of Erk1/2 or JNK.
IECs (Caco-2 or HT-29) were pretreated with curcumin (C, 5 wM) for 48 h and
then activated by incubation with IL-1 (10 ng/ml, 10 min). Total protein
lysates were prepared and the level of phosphorylated as well as total Erk1/2
(A), INK (B), and MKP-1 (C) was assessed by Western blotting.

were also examined. Similar to the effects seen with LPS,
exposure to IL-1P altered the surface expression of ZO-1,
claudin-1, and claudin-7 as well as the intracellular organi-
zation of actin filaments (Fig. 8). Pretreatment with cur-
cumin reduced IL-1B3-induced disruption of the organization
of tight junction proteins and actin filaments. Taken to-
gether, these data demonstrate that curcumin protects
against the direct effects of LPS on the organization of tight
junction proteins as well as similar indirect effects via
attenuation of IL-1( secretion.

Curcumin attenuates IL-1B-induced paracellular transport.
Since paracellular transport will be the final physiological
effect of intracellular IL-13 signaling and the downstream
effects on expression/organization of tight junction proteins,
the effects of curcumin on paracellular transport of [*H]man-
nitol across polarized Caco-2 cell monolayers was monitored.
In accordance with the effects of curcumin in reducing IL-1(3
mediated signaling and disruption of tight junction protein
organization, treatment of monolayers by curcumin from the
apical side significantly attenuated IL-1B-induced paracellular
transport of [*H]mannitol (Fig. 9). These data are consistent
with the observed curcumin-mediated protection of intestinal
barrier function resulting in reduced translocation of luminal
LPS to systemic circulation in WD-fed mice (11). In contrast,
no significant effect was noted when cells were pretreated with
curcumin from the basolateral side.

DISCUSSION

Chronic inflammation underlies the development of WD-
induced metabolic diseases including diabetes or atherosclero-
sis and evidence is increasingly accumulating that translocation
of gut bacteria-derived endotoxin LPS underlies the perpetua-
tion of this chronic inflammatory state (7). Furthermore, con-
tinuous infusion of low dose LPS recapitulates the disease

CURCUMIN IMPROVES INTESTINAL BARRIER FUNCTION

phenotype associated with the WD-induced chronic inflamma-
tory state and interactions between LPS-activated macrophages
and metabolic cells such as adipocytes are thought to underlie
the observed effects (19). The translocation of luminal gut
bacteria-derived LPS to systemic circulation is restricted by an
intact intestinal barrier and translocation of LPS can only occur
when this barrier is disrupted. The data presented herein
demonstrate that LPS initiates proinflammatory signaling in
IECs leading to perpetuation of inflammation and resulting in
the disruption of intestinal tight junctions. More importantly
curcumin attenuates this inflammatory pathway by its action at
multiple steps.

The mechanisms underlying the potent beneficial effects of
curcumin including attenuation of inflammation have largely
been evaluated by in vitro cell culture-based studies. However,
orally administered curcumin is very poorly absorbed; with a
detection limit of 1 pg/ml, no curcumin was detected following
oral supplementation with 12 g of curcumin (16) hindering the
establishment of a causal relationship between oral curcumin
and the observed in vivo anti-inflammatory or anticancer ef-
fects. Earlier studies from our laboratory demonstrated the
potent effects of oral supplementation with curcumin on the
development of WD-induced glucose intolerance and ath-
erosclerosis (12). Furthermore, curcumin supplementation
attenuated WD-induced increase in plasma LPS levels by
not only increasing the activity of intestinal alkaline phos-
phatase that detoxifies LPS in the gut lumen but also by
improving intestinal barrier function. The data presented
herein establishes the intracellular mechanisms by which
curcumin improves the intestinal barrier. It is noteworthy
that basolateral exposure to curcumin did not affect IL-13-
induced changes in paracellular transport of mannitol con-
sistent with the differences in the physiological responses by
exposure from apical and basolateral surface of IECs (1,
14). Since curcumin is very poorly absorbed resulting in
limited basolateral exposure, these data further suggest that
apical or luminal exposure to curcumin might underlie its
observed effects on improvement of intestinal barrier func-
tion by oral administration (12).

While direct contact between luminal bacteria and IECs is
restricted by the presence of a firmly attached mucin layer,
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Fig. 6. Curcumin attenuates expression of MLCK in IECs. Total RNA was
extracted from confluent monolayers of Caco-2 or HT-29 cells with or without
treatment with curcumin (5 wM) for 48 h and MLCK expression was deter-
mined by real-time RT-PCR. Data (means = SD; n = 3) are presented as
MLCK expression relative to B-actin. *P < 0.05.
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bacteria-derived LPS not only can activate IECs but also the
surveying intestinal macrophages leading to the production of
proinflammatory mediators such as IL-1(3. Mucosal balance
between IL-1$ and IL-1Ra regulates inflammatory bowel dis-
eases in humans (5) and animals (18). Activity of SHIP that
reduces expression of IL-1f is reduced in Crohn’s disease
patients (20) underscoring the importance of tight regulation of
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Fig. 7. Curcumin prevents LPS-induced disruption of
the organization of tight junction proteins. Confluent
monolayers of Caco-2 cells were pretreated with cur-
cumin (5 pM) for 48 h and then exposed to LPS
overnight. After fixation, distribution of ZO-1, claudin-1,
claudin-7, and actin was assessed by immunocytochemis-
try as described under MATERIALS AND METHODS. Images
were acquired under identical exposures and represen-
tative images are presented. Scale bar, 20 pwm.

intestinal IL-13 production and also identifying interventions
to attenuate IL-1f production associated with these inflamma-
tory diseases. Curcumin treatment significantly reduces the
expression and secretion of IL-1@ by IECs (Fig. 1) and in-
creases the expression of anti-inflammatory IL-10 (Fig. 2). It is
noteworthy that oral curcumin is currently being considered as
a therapeutic agent for inflammatory bowel disease (23).

Fig. 8. Curcumin prevents IL-1B-induced disruption of
the organization of tight junction proteins. Confluent
monolayers of Caco-2 cells were pretreated with cur-
cumin (5 wM) for 48 h and then exposed to IL-1$ (10
ng/ml) overnight. After fixation, distribution of ZO-1,
claudin-1, claudin-7, and actin was assessed by immu-
nocytochemistry as described under MATERIALS AND
METHODS. Images were acquired under identical expo-
sures and representative images are presented. Scale
bar, 20 pm.
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While defining the causal relationship between curcumin
exposure of IECs and inflammatory bowel diseases is
straightforward and is not affected by the issue of poor
bioavailability, the beneficial systemic effects are difficult to
define. Considerable efforts are currently being directed to
increasing the bioavailability of curcumin with the under-
lying rationale of increasing the effective concentration of
curcumin at the site of action (2, 11, 17, 21). By modulating
the inflammatory signaling in the intestine, both at the level
of IECs as well as intestinal macrophages, curcumin mod-
ulates the translocation of gut bacteria-derived LPS into
systemic circulation by attenuating the disruption of the
intestinal barrier function. Intracellular IL-1 signaling re-
sulting in p38 MAPK activation, increased MLCK expres-
sion and final alteration in the expression/organization of
tight junction proteins is established as the pathway under-
lying inflammation-induced disruption of intestinal barrier
function. The data presented herein demonstrate that expo-
sure to curcumin attenuated this pathway at multiple steps
providing direct evidence for curcumin mediated protection
of inflammation-induced disruption of intestinal barrier
function. Although not monitored in the present study,
curcumin has also been shown to inhibit IL-1 signaling by
blocking IRAK recruitment in murine thymoma cells (15).
In contrast to the observed lack of effects on MKP-1 in the
current study, Song et al. (22) reported activation of MKP-1
by intragastric administration of curcumin in a rat enteritis
model.

Collectively, acting on multiple steps of the pathway
leading from luminal LPS to changes in the expression
and/or organization of tight junction proteins (Fig. 10),
curcumin is expected to not only reduce local inflammation
in the gut, but by altering intestinal barrier function it will
also reduce systemic inflammation triggered by the release
of LPS into circulation. These studies, therefore, provide
evidence that despite poor absorption and low bioavailabil-
ity, oral curcumin likely mediates its anti-inflammatory (and
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Fig. 9. Apical treatment with curcumin attenuates IL-1B-induced paracellular
transport. Fully differentiated Caco-2 cell monolayers in Transwell inserts
were pretreated overnight with curcumin (10 wM) either from the apical side
[+IL-1b+C(A)] or basolateral side [+IL-1b+C(B)] followed by exposure to
IL-1B (10 ng/ml). Following a wash with HBBS, [*H]mannitol was then added
to the apical side and its transport (expressed as dpm, means = SE; n = 6) to
the bottom chamber was monitored at indicated time points. *P < 0.05; NS,
not significant.
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Fig. 10. Proposed sites of action of curcumin in attenuating disruption of
intestinal epithelial barrier function. LPS is continually being produced in the
intestinal lumen by the gut bacteria and an intact intestinal epithelial barrier
restricts the translocation of this luminal LPS to systemic circulation. Luminal
LPS not only activates IECs but also stimulates intestinal macrophages to
produce IL-1 that can in turn activate these cells and initiate proinflammatory
signaling by increasing p38 MAPK phosphorylation and an increase in MLCK
expression. The final result is disruption of intestinal tight junctions,
resulting in an increase in intestinal permeability. These processes are,
therefore, tightly regulated under normal physiological conditions. High-
fat-, high-cholesterol-containing Western-type diet (WD) increases intes-
tinal permeability, leading to increase in plasma LPS levels. The data
presented herein identify the multiple steps that are modulated by curcumin
and provide the mechanism by which oral supplementation with curcumin
decreases systemic inflammation.
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inflammation-dependent downstream effects) by its local
action in the gut.
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