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Paeoniflorin Prevents Intestinal Barrier Disruption
and Inhibits Lipopolysaccharide (LPS)-Induced
Inflammation in Caco-2 Cell Monolayers

Xi-Xi Wu,1 Xie-Lin Huang,2 Ru-Ru Chen,1 Tang Li,1 Hua-Jun Ye,1 Wei Xie,1

Zhi-Ming Huang,1,3,5 and Gao-Zhong Cao 3,4,5

Abstract— Inflammatory bowel disease (IBD) in humans is closely related to bacterial
infection and the disruption of the intestinal barrier. Paeoniflorin (PF), a bioactive compound
from Paeonia lactiflora Pallas plants, exerts a potential effect of anti-inflammatory reported
in various researches. However, the effect of PF on intestinal barrier function and its related
mechanisms has not been identified. Here, we investigate the PF potential anti-inflammatory
effect on lipopolysaccharide (LPS)-stimulated human Caco-2 cell monolayers and explore its
underlying keymolecular mechanism. In this context, PF significantly increased TEER value,
decreased intestinal epithelium FITC-dextran flux permeability, and restored the expressions
of occludin, ZO-1, and claudin5 in LPS-induced Caco-2 cell. In vitro, treatment of PF
significantly inhibited LPS-induced expression of cyclooxygenase-2 (COX-2), inducible
nitric oxide synthase (iNOS), tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6),
and matrix metalloproteinase-9 (MMP-9). In addition, we found that PF suppressed nuclear
factor kappa B (NF-κB) signaling via activating the Nrf2/HO-1 signaling pathways in ILPS-
stimulated Caco-2 cells. Our findings indicate that PF has an inhibitory effect on endothelial
injury. Our findings suggested that PF has an anti-inflammatory effect in ILPS-stimulated
Caco-2 cells, which might be a potential therapeutic agent against IBD and intestinal
inflammation.
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INTRODUCTION

The intestinal epithelium separates the intestinal mu-
cosa from the lumen environment, which is consisted of a
continuous proliferating and differentiating intestinal epi-
thelial cells’ (IECs) monolayer [23, 24]. Damage of the
IECs’ tight junction (TJ) barrier due to any pathogens
contributes to the progress of inflammatory bowel disease
(IBD) through increased intestinal permeability [7, 16].
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Thus, it is necessary and particularly important to prevent
gut diseases by maintaining IECs’ proper barrier function
in animals.

TJ proteins are the junctional multiprotein complexes’
most important intercellular junctions of IECs, which seal
the paracellular space among adjacent IECs [28]. TJ pro-
teins regulate water, ion transport, and solutes through the
paracellular pathway and prevention of immunogenic mac-
romolecules [23, 28]. These multiprotein complexes only
allow selective and controlled movements during the pas-
sive permeability process. The TJ proteins’ physiological
functions are maintained by three crucial proteins includ-
ing zonula occludens-1 (ZO-1), occludin, and claudins.
Previous researches have certified that ZO-1 and occludin
upregulation could inhibit the growth of intestinal perme-
ability [1, 25, 33]. Thus, drugs that prevent TJ protein
disruption of ZO-1 and occludin are widely considered an
effective approach for intestinal disorder therapies.

Lipopolysaccharide (LPS) plays a crucial role in caus-
ing intestinal and systemic inflammatory reaction [9, 22].
Previous studies have demonstrated that LPS increases TJ
permeability and disruption of the intestinal TJ barrier [10,
25, 26]. In addition, persistent inflammatory stimulation
induces functional impairment of the intestinal TJ barrier to
further generate pro-inflammatory cytokines which consti-
tute a vicious cycle. Therefore, approaches that can allevi-
ate inflammatory response may present promising strate-
gies to be therapeutic interventions for IBD. Several
in vitro tests have indicated that natural compounds such
as vitamin A could reverse LPS-induced intestinal barrier
damage [9], extracts of Boswellia serrata and Curcuma
longa showed a good protective effect on the intestinal
epithelium, with TEER values increasing compared with
LPS-stimulated cells [6], the fixed combination of
probiot ics and herba l ext rac ts prevented the
inflammation-induced TEER decrease [5], and 6-gingerol
could restore intestinal barrier function and suppress pro-
inflammatory responses [2].

Paeoniflorin (PF, Fig. 1a) is the major bioactive com-
pound isolated from Paeonia lactiflora Pallas, a traditional
Chinese herb [30, 31]. It has been demonstrated to exhibit
anti-inflammatory, antioxidative, and immunomodulatory
effects [8, 12, 19]. However, to date, its anti-inflammatory
effect specifically against intestinal inflammation has not
been identified. The differentiated porcine intestinal epi-
thelial cell line Caco-2 cell is a recognized cellular model
stimulated with relevant cytokines or LPS to explore the
role of the inflammation of intestinal barrier [3]. We used
Caco-2 cells as a cellular model to investigate the protec-
tive effect of PF on intestinal barrier under the LPS-

induced inflammation condition and to explore its under-
lying mechanism.

MATERIALS AND METHODS

Materials

Paeoniflorin was purchased from Solarbio (Beijing,
China). LPSwas derived from Salmonella enterica ser. and
obtained from Sigma-Aldrich (St Louis, MO, USA). Cell
culture mediums containing fetal bovine serum (FBS),
trypsin/EDTA, and antibiotics (penicillin/streptomycin so-
lution) were supplied by GIBCO (Carlsbad, CA, USA).
Antibodies against occludin, Claudin5, and GAPDH were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Anti-HO-1, COX-2, MMP-9, lamin B, and
ZO-1 were supplied by Cell Signaling Technologies (Dan-
vers, MA, USA). Anti-iNOS and Nrf2 were purchased
from Abcam. Anti-NF-κB and iκBα were obtained from
Bioworld (OH, USA). The secondary antibodies conjugat-
ed with goat anti-rabbit IgG and Alexa Fluor® 488 were
obtained from Abcam. All other chemicals were from
Sigma.

Cell Culture

Caco-2 cells were grown in 37 °C with 5% CO2 in
DMEM/F12 medium containing 10% FBS and 1%
penicillin-streptomycin antibiotics. The medium was
changed every 2 days. Cells were starved in serum-free
medium before each experiment for 24 h.

Cell Viability Assay

The PF cytotoxicity to chondrocytes was evaluated
using a CCK-8 assay (Dojindo Co., Japan) according to the
manufacturer’s instructions. Caco-2 cells were seeded in
96-well plates at a density of 2 × 104/well and cultured for
24 h. Then, cells were treated with LPS (10μgmL−1) or PF
at different concentrations of 10, 50, 100, and 150 μM for
24 h and 48 h. Then, 10 μL CCK-8 solution was added to
each plate and further cultured for 2 h; after that, the
absorbance was measured at 450-nm wavelength using a
micro-plate reader. Each experiment was carried out five
times.

Measurement of TEER and Permeability

Transepithelial resistance (TEER) was measured to
assess the barrier integrity of Caco-2 cells. Caco-2 cells
were seeded in a transwell chamber with 4.5-μm pores
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(Costar, NY, USA) that had been placed in a 6-well plate at
a density of 6 × 105 cells/well. Cells were cultured for 7–
9 days in the medium and completely differentiated. TEER
was performed to measure cell monolayer integrity before
and after all treatments. The TEER values were measured
using an ohmmeter with chopstick electrodes (Millipore
ESR-2; Burlington, MA, USA). The data were presented
as unit area resistance calculated by dividing resistance
values by the effective membrane area. Inserts without
cells were used as blanks.

Permeability of the monolayer Caco-2 cell measure-
ments were performed by the flux of FITC-dextran (4 kDa,
Sigma-Aldrich). FITC-dextran (1 mg/mL) was added to
the apical compartment of the insets. After 6 h of incuba-
tion, the basolateral medium aliquots were collected for the
measurement of fluorescence at 480-nm excitation and
520-nm emission wavelengths.

RT-PCR

Total RNAwas isolated using TRIzol reagent on the
basis of the manufacturer’s protocol. Briefly, cDNA was
synthesized from 1000 ng of total RNA (MBI Fermantas,
Germany). The parameters of RT-PCR were 10 min 95 °C,
then 95 °C for 15 s, and 1 min at 60 °C, performed for 40
cycles. The reaction was performed via a CFX96 Real-
Time PCR System (Bio-Rad Laboratories, CA, USA). The
cycle threshold (Ct) values were calculated and normalized
to the level of a housekeeping gene GAPDH. The forward
and reverse primers are shown as follows: TNF-α (F) 5′-
GTCAGATCATCTTCTCGA ACC-3′, (R) 5′-CAGA
TAGATGGGCTCATACC-3 ′; IL-6 (F) 5 ′-GACA
GCCACTCACCTCTTCA - 3 ′ , ( R ) 5 ′ - T TCA
CCAGGCAAGTCTCCTC-3′; COX-2 (F) 5′-GAGA
GATGTATCCTCCCACAGTCA-3 ′ (R) 5 ′-GACC
AGGCACCAGACCAAAG-3′; iNOS (F) 5′-CCTT
ACGAGGCGAAGAAGGACAG-3′, (R) 5′-CAGT
TTGAGAGAGGAGGCTCCG-3′; occludin (F) 5′-GAGT

TGTATCTGTTGTTGT-3′ (R) 5′-TTCGTGGTATAGCA
TTCT-3′; ZO-1 (F) 5′-GGTGAAGTGAAGACAATG-3′,
(R) 5′-GGTAATATGGTGAAGTTAGAG-3′; Claudin-5
(F) 5′-TTAACAGACGGAATGAAGT-3′ (R) 5′-GAAG
CGAAATCCTCAGTC-3′;

Western Blotting

Total proteins were extracted fromCaco-2 cells with a
lysis buffer. Then, the protein concentrations were tested
by using a BCA protein assay kit (Beyotime). Forty mi-
crograms of protein sample was separated by SDS-PAGE
and transferred to a PVDF membrane (Bio-Rad, USA).
After blocking with 5% nonfat milk for 1.5 h, the mem-
brane was incubated with solutions of the appropriate
primary antibodies overnight at 4 °C. Then, incubation
with the respective horseradish peroxidase (HRP)–conju-
gated secondary antibody at room temperature for 2 h.
After washing with TBST 3 times, the blots were visual-
ized via electrochemiluminescence plus reagent
(Invitrogen). Band intensity was quantified using Image
Lab software (Bio-Rad). The experiment was repeated five
times.

Assay of Cell Immunofluorescence

Cells were cultured onto cover slips in a 6-well plate
for 24 h. Then, cells were washed with PBS 3 times and
fixed with 4% paraformaldehyde for 15 min and blocked
with 5% bovine serum albumin in a wet box at 37 °C for
1 h. After cells were rinsed with PBS, the primary antibod-
ies such as occludin (1: 300) and p65 (1: 300) were added
and incubated with the cells in a humidity chamber at 4 °C
overnight. The slides were then rinsed with PBS 3 times,
incubated with Alexa Fluor®594-labeled or Alexa Flu-
or®488-labeled secondary antibodies (1: 500) for 2 h at
room temperature. Then, cell nuclei were stained by DAPI.
Finally, the slides were observed with a fluorescence

Fig. 1. Dose-effect of PF on Caco-2 cells viability. aChemical structure of PF. b, c The cytotoxic effects of PF on the Caco-2 cells’ viability were assessed at
increasing concentrations of PF (0, 10, 50, 100, and 150 μM) for 24 or 48 h by CCK8 assay. The values presented are the means ± S.D. *P < 0.05 vs. control
group, n = 5.
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microscope. Five visual fields of each slides were random-
ly selected microscopic observation.

siRNATransfection

Nrf2 small-interfering RNA (siRNA) was obtained
from Invitrogen (Carlsbad, CA, USA). The Nrf2 siRNA
sequences were as follows: sense strand 5′-GUAAGAAG
CCAGAUGUUAAdUdU-3 ′ . L ipo fec t amine™
RNAiMAX reagent was used to transfect Nrf2 and nega-
tive control (NC) siRNA on the basis of the manufacturer’s
protocol.

Statistical Analysis

Data are expressed as the mean ± SEM. Statis-
tics was analyzed via GraphPad Prism version5
(GraphPad Software, San Diego, CA). One-way
ANOVA followed by Tukey’s test was used to com-
pare differences among each group. Level of signif-
icance was set at p < 0.05.

RESULTS

Dose-Effect of PF on Caco-2 Cell Viability

The chemical structure of PF is shown in Fig.
1a. The cytotoxic effects of PF on the Caco-2 cell

viability were assessed at increasing concentrations of
PF (0, 10, 50, 100, and 150 μM) for 24 or 48 h.
Then, CCK-8 assay was used to detect the cellular
viability.

The results of CCK8 imply that PF decreased cell
viability significantly at 150 μM compared with untreated
cells (P < 0.05) after 48 h of culturing. It suggested that PF
had no cytotoxicity to Caco-2 cells after 24 h or 48 h at
concentrations ≤ 150 μM. Therefore, we used PF with the
doses of 10, 50, and 100 μM in our subsequent
experiments.

PF Inhibits LPS-Induced Inflammation Reaction in
Caco-2 Cells

To explore the PF anti-inflammatory effect on
Caco-2 cells, alterations of IL-6, iNOS, TNF-α, and
COX-2 were examined by RT-PCR or Western blot-
ting. As is shown in Fig. 2a–d, LPS increased the
mRNA levels expression of IL-6, iNOS, TNF-α, and
COX-2, whereas PF reversed these upregulations in a
dose-dependent pattern. We next detected the effect
of PF on COX-2 and iNOS production in protein
level by Western blotting. Results showed that LPS
upregulated the production of iNOS and COX-2 at
protein levels and PF inhibited these increases in a
dose-dependent manner (50 and 100 μM) (Fig. 2e–
g), but no statistical significance was found in the

Fig. 2. PF inhibits LPS-induced inflammation reaction in Caco-2 cells. a–d The mRNA expressions of iNOS, IL-6, COX-2, and TNF-αwere detected using
real-time PCR. e iNOS and COX-2 protein expressions in Caco-2 cells were determined via Western blotting and f, g quantified. The data in the figures
represent mean ± S.D. ##P < 0.01 compared with the control group; *P < 0.05, **P < 0.01 compared with the LPS alone group, n = 5.
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10-μM treatment group. The above data suggest that
PF prominently inhibited the production of LPS-
induced inflammatory cytokines and mediators at
the levels of gene and protein in a concentration-
dependent pattern.

PF Prevents the Loss of TJ Protein in LPS-Induced
Caco-2 Cells

TEER was used to measure the monolayer in-
tegrity of Caco-2 cells. TEER values were assessed
at 12, 24, 36, and 48 h after LPS or PF (100 μM)
administration. As is shown in Fig. 3a, LPS induced
the decrease of TEER dramatically after 24-h treat-
ments, continuing to 48 h after administration. On
the contrary, PF significantly increased TEER value,
suggesting that PF decreased intestinal epithelium

permeability. Moreover, we detected large solutes
permeability of Caco-2 cells by using FITC-dextran
flux experiment. The result showed that the FITC-
dextran concentrations in the basal compartment were
dramatically higher after cell incubation with FITC-
dextran in the LPS group than that the in control
group. PF treatment significantly reduced the leakage
of FITC-dextran induced by LPS stimulation com-
pared with the LPS application group (Fig. 3b).
LPS respectively decreased proteins (Fig. 3c–f). The
treatment of PF restored the expressions of occludin,
ZO-1, and claudin5 (P < 0.05 vs. LPS). In addition,
the result of occludin immunofluorescence analysis
was in accordance with the Western blot results
(Fig. 3g). Altogether, these data suggested that PF
preserved Caco-2 cell integrity by inhibiting the loss
of TJ proteins in LPS-induced Caco-2 cells.

Fig. 3. PF at 100-μM concentration prevents the loss of TJ protein in LPS-induced Caco-2 cells. a TEER values were assessed at 12, 24, 36, and 48 h after
LPS or PF administration. b Caco-2 cell large solute permeability was detected in each group by using FITC-dextran flux experiment. c–f The protein
expressions of occludin, ZO-1, and claudin5 in Caco-2 cells treated as above were detected byWestern blot. The representative occludin was visualized by the
immunofluorescence analysis and DAPI staining of nuclei in Caco-2 cells (scale bar 20 μm). The data in the figures represent mean ± S.D. ##P < 0.01
compared with the control group; *P < 0.05, **P < 0.01 compared with the LPS administration group, n = 5.
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PF Regulates the Intestinal Barrier by Inhibiting LPS-
Induced NF-κB Activation

We next investigated the NF-κB (p65) pathway in
Caco-2 cells by using Western blot analysis. The p65
expression in the nucleus increased and the IκBα expres-
sion in the cytoplasm decreased after LPS stimulation,
whereas the pretreatment of PF (100μM) for 24 h inhibited
significantly the above response (Fig. 4a–d). PF pretreat-
ment also significantly inhibited MMP9 expression in
LPS-induced Caco-2 cells (Fig. 4a, b). These phenomena
were because of the translocation of p65 from the cyto-
plasm to the nuclei. Immunofluorescence staining of p65
was performed to evaluate its translocation. The results
showed that in the control group, p65 mostly localized in
the cytoplasm. p65 staining was intense in the nucleus
following LPS stimulation. PF pretreatment for 24 h dra-
matically inhibited the LPS-induced p65 nuclear translo-
cation, which was in accordance with the Western blotting
result. These results indicated that PF dramatically
inhibited LPS-induced NF-κB activation in Caco-2 cells.

The Effect of PF on the Nrf2/HO-1 Signal Pathway

Nrf2 activation inhibits the inflammatory reaction.
We next assessed Nrf2 and HO-1 protein levels viaWest-
ern blotting. The expression of abundance of Nrf2 and
HO-1 proteins were illustrated in Fig. 5a–c. Results
showed that Nrf2 and HO-1 protein expression increased
following the PF (100 μM) treatment under LPS stimula-
tion. These data suggested that PF enhanced Nrf2 protein
expression. RNA interference (RNAi) against Nrf2 was
performed to further clarify Nrf2/HO-1 signal pathway
mediates PF-induced NF-κB signal inhibition. Western
blot results suggested that the expressions of nuclear Nrf2
andcytoplasmicHO-1were significantly inhibited inLPS
and PF (100 μM) co-treated Caco-2 cells after Nrf2
siRNA transfection (Fig. 5d–f). Furthermore, we exam-
ined the TEERvalues and diffusion of FITC-dextran after
Nrf2 siRNA transfection. As is shown in Fig. 5 g and h,
Nrf2 siRNA abolished the PF-induced increase of TEER
values and the decrease of after the FITC-dextran diffu-
sion in LPS administration group cells.

Fig. 4. PF (100 μM) regulates the intestinal barrier by inhibiting LPS-induced NF-κB activation. The protein expressions of MMP-9, p65 in nuclear, and
IκBα in cytoplasm in Caco-2 cells in each group were a measured by Western blotting, and b–d quantified. Representative micrographs showing
immunofluorescence staining with p65 (green) nuclei are (e) labeled with DAPI in each group. Values represent the mean ± S.D. ##P < 0.01 vs. control
group; *P < 0.05, **P < 0.01 as compared with the cells treated with LPS, n = 5.
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Involvement of the Nrf2/HO-1 Pathway in the Effect of
PF on Regulation of Intestinal Barrier and NF-κB
Activation

As is shown in Fig. 6a–c, the TJ proteins’ protective
effect of PF (100 μM) was significantly inhibited after the
transfection of Nrf2 siRNA under inflammatory condi-
tions. The mRNA expressions of ZO-1, occludin, and
claudin5 were significantly decreased in the Nrf2 siRNA
transfection group compared with the PF treatment group.
On the contrary, expression of nuclear p65 was increased
significantly in the Nrf2 siRNA transfection group, which
suggested that the Nrf2 pathway mediates the inhibition of
NF-κB activation effect of PF on Caco-2 cells under in-
flammatory conditions (Fig. 6d, e). In addition, we detect-
ed the mRNA expressions of IL-6, iNOS, TNF-α, and
COX-2 and found that Nrf2 siRNA transfection abolished
the PF-mediated effect of anti-inflammatory (Fig. 6f–i).

Altogether, these results suggest that the Nrf2 signaling
pathway plays a protective role in PD treatment in IL-1β-
stimulated human OA chondrocytes.

DISCUSSION

IBD, including ulcerative colitis and Crohn’s disease,
is gastrointestinal tract chronic inflammatory disorder char-
acterized by remission and periods, which influence mil-
lions of personal and family life quality in developed
countries all over the world [18]. IBD etiology remains
not yet completely understood, and current treatment is far
from satisfactory, not only showing high ineffectiveness
but also showing serious side effects in a mass of patients
[20, 21]. Therefore, new intervention and therapeutic strat-
egies are needed to handle these inflammatory disorders.

Fig. 5. The effect of PF on the Nrf2/HO-1 signal pathway. a–c Representative Western blots and quantification data of Nrf2 in the nucleus and HO-1 in the
cytoplasm in Caco-2 cells. d, fAfter Nrf2 knockdown, HO-1 in the cytoplasm andNrf2 in the nucleuswere assessed byWestern blotting analysis, **P < 0.01.
g TEER values in each group were assessed at 12, 24, 36, and 48 h. h Caco-2 cells large solute permeability was detected in each group by using FITC-
dextran flux experiment. Values represent the mean ± S.D. ##P < 0.01 vs. LPS group, *P < 0.05, **P < 0.01 as compared with PF at the 100-μM
concentration–treated group, n = 5.
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The previous study has revealed that PF can remark-
ably attenuate inflammatory response in vascular disease
[4]. However, the effect of PF on inflammatory response in
IECs under damage condition remains unknown. Our re-
sults of CCK8 implied that PF decreased cell viability
significantly at 150 μM compared with untreated cells
(P < 0.05) after 48 h of culturing. It suggested that PF had
no cytotoxicity to Caco-2 cells after 24 h or 48 h at
concentrations ≤ 150 μM. Results also showed that PF
inhibited iNOS, and COX-2 increases in a dose-
dependent manner (50 and 100 μM) in LPS stimulation.
Therefore, PF with the doses of 100 μM in our subsequent
experiments was used. The major finding of our study is
that PF attenuates LPS-induced Caco-2 cell inflammatory
reaction and TJ protein disruption by inhibiting the NF-κB
pathway and activating the pathway of Nrf2/HO-1. Most

importantly, the NF-κB inhibition effect of PF was likely
achieved by the Nrf2 activation. The above results suggest
that the use of PF can be a potential anti-inflammatory
agent for the prevention of the context of IBD.

It is widely believed that the destruction of the intes-
tinal epithelial TJ barrier leads to increased intestinal per-
meability and plays a key role in the progress of IBD. TJ
proteins play a critical role in maintaining the intestinal
epithelial barrier function under oxidative stress or inflam-
matory conditions because they mechanically seal the
transparency between IECs [1, 25, 33]. Notably, experi-
mental data of colon biopsies of IBD patients highlighted
an impairment of the intestinal barrier accompanied by a
decreased expression of TJ proteins [11, 32]. These facts
suggest that regulating TJ proteins can promote the integ-
rity of the intestinal barrier and may constitute an effective

Fig. 6. Involvement of the Nrf2/HO-1 pathway in the effect of PF at 100-μMconcentration on regulation of intestinal barrier and NF-κB activation. a–c The
mRNA expressions of occludin, ZO-1, and claudin5 in Caco-2 cells treated as above were detected by RT-PCR after Nrf2 knockdown. d, e p65 in nucleus
was assessed by Western blotting analysis following Nrf2 knockdown. f–i The mRNA expressions of iNOS, IL-6, COX-2, and TNF-α were detected using
real-time PCR in Caco-2 cells treated as above after Nrf2 knockdown. Values represent the averages ± S.D. **P < 0.01, n = 5.
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therapeutic strategy for IBD. In the present study, TEER
and cell monolayer permeability experiments were per-
formed to assess the intestinal barrier function [5]. The
results showed that PF could remarkably increase TEER
value and reduce FITC-dextran flux permeability in LPS-
induced Caco-2 cell inflammatory conditions. We also
found that LPS diminished the key sealing TJ protein
expression, such as ZO-1, occluding, and claudin-5 and
PF inflammation upregulated the level of TJ mRNA and
proteins. Our data suggest that PF may regulate the barrier
function by regulating TJ protein expression.

Numerous evidences have revealed that the NF-κB
pathway plays a critical role in the pathogenesis and pro-
gression of IBD [20, 21]. LPS stimulation triggers IκBα
phosphorylation leading to IκBα degradation, which con-
sequently results in free and translocation of NF-κB from
cytoplasm to nucleus. In the nucleus, p65 upregulates the
transcription of pro-inflammatorymediators and cytokines,
for instance, COX-2, TNF-α, iNOS, and IL-6. iNOS could
catalyze the guanidine nitrogen of L-arginine leading to the
production of NO, which stimulates the secretion ofMMPs
resulting in TJ protein disruption. Previous researches have
demonstrated that PF inhibited vascular inflammatory re-
action by suppressing the TLR-4/NF-κB signaling path-
way and partly blocking the LPS-stimulated endothelial
permeability [29, 30, 34]. The NF-κB signaling pathway

was detected in the present study to illuminate PF mecha-
nism in regulating the intestinal monolayer barrier. The
results showed that LPS-induced NF-κB activation in
Caco-2 cells was inhibited by PF. Moreover, PF reversed
the upregulations of LPS-increased IL-6, iNOS, TNF-α,
and COX-2 expression in a dose-dependent pattern at the
mRNA and protein level.

Several researchers have suggested the activation of
Nrf2 contributes to suppressing the inflammatory pro-
cess in vivo and in vitro models, and the inhibition of
Nrf2 increases the susceptibility to inflammatory disease
[15, 17]. HO-1 is a downstream target protein of Nrf2 and
degrades heme to liberate biliverdin, CO, and ferrous ion
(Fe2+). Previous studies have indicated that the Nrf2/
HO-1 pathway has assumed one of the upstream mole-
cules considered targets for anti-NF-κB-induced inflam-
mation [13, 14, 27]. In the current study, we found that
inflammatory response was obviously inhibited by PF
treatment-induced Nrf2 activation while the TJ proteins
were upregulated under LPS-induced inflammatory con-
ditions. However, the Nrf2-siRNA strongly prevented
the PF-mediated inhibition of the LPS-induced translo-
cation of NF-κB and expression of inflammatory medi-
ators in Caco-2 cells, supporting that PF inhibited the
NF-κB-dependent inflammatory response by activating
the Nrf2/HO-1 pathway. Taken together, the above data

Fig. 7. A model illustration potential molecular mechanism involved in the PF-treated Caco-2 cells.
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reveal that Nrf2/HO-1 is involved in the PF protective
effect on Caco-2 cells.

In conclusion, the current research has exhibited
that PF dramatically decreased the inflammatory re-
sponse and TJ protein destruction induced by LPS by
inhibiting NF-κB activation and stimulating the Nrf2-
dependent HO-1 pathway (Fig. 7) in mouse Caco-2
cells. Overall, these data may contribute to ascertain
the use of PF as a therapeutic strategy for the
inflammation-associated disorder management in
IBD patients.
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