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Abstract: Piceatannol (PCT), an anti-colitic natural product, undergoes extensive Phase II 

hepatic metabolism, resulting in very low bioavailability. We investigated whether colon-targeted 

delivery of PCT could enhance anti-colitic effects and how therapeutic enhancement occurred at 

the molecular level. Molecular effects of PCT were examined in human colon carcinoma cells 

and inflamed colons. The anti-colitic effects of PCT in a colon-targeted capsule (colon-targeted 

PCT) were compared with PCT in a gelatin capsule (conventional PCT) in a trinitrobenzene 

sulfonic acid-induced rat colitis model. Colon-targeted PCT elicited greatly enhanced recovery 

of the colonic inflammation. In HCT116 cells, PCT inhibited nuclear factor kappaB while acti-

vating anti-colitic transcription factors, nuclear factor-erythroid 2 (NF-E2) p45-related factor 2, 

and hypoxia-inducible factor-1. Colon-targeted PCT, but not conventional PCT, modulated 

production of the target gene products of the transcription factors in the inflamed colonic tissues. 

Rectal administration of PCT, which simulates the therapeutic action of colon-targeted PCT, 

also ameliorated rat colitis and reproduced the molecular effects in the inflamed colonic tissues. 

Colon-targeted delivery increased therapeutic efficacy of PCT against colitis, likely resulting 

from multitargeted effects exerted by colon-targeted PCT. The drug delivery technique may be 

useful for therapeutic optimization of anti-colitic lead compounds including natural products.
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Introduction
Inflammatory bowel disease (IBD), such as ulcerative colitis and Crohn’s disease, is a 

chronic relapsing idiopathic disease.1 Conventional therapies for ulcerative colitis and 

Crohn’s disease include aminosalicylates, corticosteroids, thiopurines, methotrexate, 

and antitumor necrosis factor agents.2,3 Most patients require lifelong medication yet 

experience frequent relapses due to therapeutic imperfectness and possible unpleasant 

adverse effects of the conventional therapies.4 Therefore, development of a new drug 

with improved therapeutic outcome is warranted.

Some transcription factors such as nuclear factor kappaB (NFκB), nuclear factor-

erythroid 2 (NF-E2) p45-related factor 2 (Nrf2), and hypoxia-inducible factor-1 (HIF-1) 

have pathophysiological roles in the progression of IBD.5–7 In the inflammatory state, 

NFκB, a central regulator involved in immunity and inflammation, is activated, which 

is believed to recruit immune cells and induce inflammatory reactions in the large 

intestine.5 On the other hand, HIF-1α, a master regulator of oxygen homeostasis, and 

Nrf2, a regulator in cytoprotection against inflammation as well as oxidative and elec-

trophilic stresses, are likely to exert protective roles against intestinal inflammation.7–9 
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In fact, functional or genetic loss of the transcription factors 

through intestinal epithelium-targeted expression of mutant 

HIF-1α or Nrf2 knockout increases susceptibility to murine 

experimental colitis.6,7 Consistent with these findings, chemi-

cal or biological activators of the transcription factors have 

beneficial effects on experimental colitis.8,10

Piceatannol (PCT) is a trans-3,4,3′,5′-tetrahydroxystilbene 

first isolated from the seeds of Euphorbia lagascae.11 At the 

molecular level, PCT modulates the activity of some transcrip-

tion factors including NFκB,12,13 Nrf2,14 and HIF-1α.15 These 

molecular effects of PCT suggest that PCT may be beneficial 

in the treatment of gut inflammation. In fact, PCT shows a posi-

tive effect on experimental colitis upon oral administration at 

a dose of 10 mg/kg.16,17 However, recent reports dealing with 

pharmacokinetics of PCT analogs suggest that the pharma-

cological effect of PCT could be enhanced by improving its 

therapeutic bioavailability. PCT administered orally extensively 

undergoes Phase II hepatic metabolism such as glucuronidation 

and sulfation, resulting in very low bioavailability.18

Colon-specific drug delivery is an effective strategy to 

increase the therapeutic bioavailability of a drug at the large 

intestine, thereby conferring therapeutic advantages for treat-

ment of colonic diseases such as IBD. Therefore, this drug 

delivery technique is applied for anti-inflammatory drugs 

such as 5-aminosalicylic acid and glucocorticoids.19 In this 

study, colon-targeted PCT was prepared in our laboratory 

and administered orally to colitic rats; its anti-colitic activity 

was then evaluated and compared with conventional PCT. In 

addition, potential molecular mechanisms for the therapeutic 

effects of colon-targeted PCT were explored.

Materials and methods
Chemicals and animals
PCT was obtained from Tokyo Chemical Industry (Tokyo, 

Japan). Trinitrobenzene sulfonic acid (TNBS) was purchased 

from Sigma Chemical Co. (Perth, Australia). All other chemi-

cals were reagent-grade, commercially available products. 

Ten-week-old male male Sprague Dawley rats (Samtako Bio 

Korea, Osan-si, Republic of Korea) were housed in the uni-

versity animal facility with controlled temperature, humidity, 

and dark/light cycle. The animal protocol used in this study 

has been reviewed and approved by the Pusan National 

University-Institutional Animal Care and Use Committee 

based on their ethical procedures and scientific care.

Cell culture and transient transfection
Human colon carcinoma cells HCT116 and murine mac-

rophages RAW 264.7 cells were grown in Dulbecco’s 

Modified Eagle’s Medium (HyClone, South Logan, UT, 

USA) supplemented with 10% fetal bovine serum (HyClone) 

and penicillin/streptomycin (HyClone). Cell transfection 

was performed as described previously.20 Cells were lysed 

for 24 hours (for Nrf2-responsive luciferase) or 6 hours (for 

NFκB-responsive luciferase) after treatment with reagents 

at the indicated concentrations in the figure legends and 

luciferase activities were measured and normalized to CMV 

Renilla luciferase activities using a Dual Luciferase reporter 

assay kit (Promega Corporation, Fitchburg, WI, USA). Nrf2 

knockdown (shHCT116) and control (scHCT116) HCT116 

cell lines were established as reported previously.21

Immunoblot analysis
Cells were lysed and nuclear and cytosolic extracts were 

prepared as described22 and tissue total lysates were prepared 

using the inflamed distal colon.20 Protein concentrations 

in the lysates were determined by the bicinchoninic acid 

assay. Cell or tissue extracts were subjected to Western blot 

analysis.20 Nrf2, p65, and HIF-1α were detected in nuclear 

extracts (30–40 µg) using monoclonal anti-Nrf2 (Abcam, 

Cambridge, MA, USA), p65 (Santa Cruz Biotechnology 

Inc., Dallas, TX, USA), and HIF-1α (BD Biosciences, San 

Jose, CA, USA) antibodies, and hemeoxygenase-1 (HO-1) 

protein was detected in whole cell (30–40 µg) or tissue lysates 

(30–40 µg) using monoclonal anti-HO-1, COX-2, and iNOS 

antibodies (Santa Cruz Biotechnology). Secondary antibodies 

(Santa Cruz Biotechnology) for each primary antibody were 

used at a dilution of 1:2,000. SuperSignal chemiluminescence 

substrate (Pierce, Rockford, IL, USA) was used for visual-

izing signals. Experiments were performed in duplicate and 

normalized with antibodies to topoisomerase II (Santa Cruz 

Biotechnology) for transcription factors and to α-tubulin 

(Santa Cruz Biotechnology) for HO-1, COX-2, and iNOS.

Induction and evaluation of TNBS-
induced colitis
Colonic inflammation was induced by intracolonic instil-

lation of TNBS as described previously.20 A gross colonic 

damage score was calculated according to the criteria set 

forth previously.23,24 The modified scoring system is shown 

in Figure S1. The colonic damage score was assessed by 

four observers blinded to the treatment. Myeloperoxidase 

activity, an inflammatory indicator of colitis, was measured 

in the distal colon (5 cm) as described previously.25 To assess 

recovery of colonic injury, colonic tissue sections were 

subjected to hematoxylin-eosin (H&E) staining as described 

previously.26
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Preparation of colon-targeted PCT and 
oral and rectal administration
A colon-specific polymer was prepared in our laboratory as 

described previously.27 Rodent capsules (Φ 2.65×4.3 mm,  

Qualicaps, Yamatokoriyama, Japan) were trimmed down to 

its half size and filled with PCT. The capsules were coated 

with the colon-specific polymer and EUDRAGIT® S 100  

(Röhm Pharma GmbH, Darmstadt, Germany).26 Rats, starv-

ing for 24 hours except for water, were anesthetized with 

diethyl ether. A colon-targeted capsule filled with PCT  

(10 mg/kg, colon-targeted PCT) or uncoated capsule filled 

with PCT (10 mg/kg, conventional PCT) was administered 

to rats by gavage 3 days after induction of colitis. For intra-

colonic treatment with PCT, a rubber catheter (OD, 2 mm) 

was inserted rectally into the colon of rats lightly anesthetized 

with diethyl ether and PCT (100 µM in 0.5 mL phosphate-

buffered saline [PBS]) or PBS (0.5 mL) was instilled into 

the colon via the rubber cannula 3 days after induction of 

colitis. Rats were medicated once a day and were sacrificed 

6 days later.

ELISA of CINC-3, VEGF, and IL-8
The inflamed distal colon was removed, mixed with pH 6 

potassium phosphate buffer, homogenized, and centrifuged 

at 2,500× g (4°C for 3 minutes) and 10,000× g (4°C for 

10 minutes). Cytokine-induced neutrophil chemoattractant-3 

(CINC-3) and vascular endothelial growth factor (VEGF) 

were measured in the supernatants using enzyme-linked 

immunosorbent assay (ELISA) kits (R&D Systems, 

Minneapolis, MN, USA). Interleukin-8 (IL-8) in the cell 

culture supernatants were measured using an ELISA kit 

(R&D Systems) according to manufacturer’s instruction.

Data analysis
Results are expressed as mean ± standard error of the mean 

(SEM). One-way analysis of variance (ANOVA) followed 

by Tukey’s HSD test was used for testing the differences 

between data. Differences with P,0.05 were considered 

significant. PASW statistics 18 (IBM SPSS, Chicago, IL, 

USA) was used for the statistical analysis.

Results
Colon-targeted delivery of PCT 
substantially enhances the anti-colitic 
activity in TNBS-induced rat colitis
PCT elicits an anti-inflammatory effect in experimental 

colitis models.16,17 Since colon-specific drug delivery tends 

to enhance therapeutic effect of the drug against colonic dis-

eases such as IBD,19 PCT was prepared to be colon-specific 

by loading it in a colon-targeted capsule (colon-targeted 

PCT) that was then administered orally to TNBS-induced 

colitis rats. As a control, PCT in a gelatin capsule (con-

ventional PCT) was subjected to the same experiments. As 

shown in Figure 1A, colon-targeted PCT healed the injury 

induced by TNBS much more effectively than conventional 

PCT. Photos of the colonic tissues are shown in Figure S2. 

Consistent with CDS results, colon-targeted PCT lowered 

myeloperoxidase activity to a greater extent than conven-

tional PCT (Figure 1B). H&E staining was also performed 

to examine injury healing. Colon-targeted PCT induced 

Figure 1 Colon-targeted piceatannol (CT-PCT) enhances anti-colitic activity of piceatannol.
Notes: CT-PCT (10 mg/kg) or conventional piceatannol (CV-PCT, 10 mg/kg) was administrated orally to TNBS-induced colitis rats once a day for 6 days 72 hours after 
induction of colitis. (A) Colonic damage score (CDS) was assigned for each rat by four independent observers who were blind to the experimental condition according to 
the modified CDS scoring system. *P,0.005 vs control; #P,0.01. (B) MPO activity was measured in the distal colon segment (4 cm) of rats. *P,0.001 vs control; #P,0.001. 
The data in (A) and (B) represent mean ± SEM (n=4–5).
Abbreviations: TNBS, trinitrobenzene sulfonic acid; MPO, myeloperoxidase; SEM, standard error of the mean.
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greater recovery of the inflamed colons than conventional 

PCT (Figure S3).

PCT modulates the activities of 
transcription factors involved in the 
progression of gut inflammation
To investigate the molecular mechanisms underlying the anti-

colitic activity of colon-targeted PCT, we examined whether 

PCT could modulate the activities of transcription factors 

involved in regulation of gut inflammation, HIF-1, Nrf2, and 

NFκB, in human colon carcinoma cells. While activation 

of Nrf2 and HIF-1α is beneficial to experimental colitis,8,10 

NFκB inhibition ameliorates intestinal inflammation.5 PCT 

activation of HIF-1 in colon carcinoma HCT116 cells has 

been demonstrated,15 and PCT activation of an ulcer healing 

pathway HIF-1–VEGF is shown in Figure S4. We examined 

whether PCT modulated Nrf2 and NFκB activity in colon 

carcinoma cells. HCT116 cells were transfected with luciferase 

plasmids responsive to each transcription factor and then 

treated with PCT. As shown in Figure 2A, PCT induced Nrf2-

dependent luciferase activities but inhibited tumor necrosis fac-

tor (TNF) induction of NFκB-dependent luciferase activity. To 

confirm PCT modulation of the transcription factor activities, 

the nuclear accumulation of the transcription factors – repre-

senting transcription factor activation – was monitored after 

treatment with PCT. As shown in Figure 2B, in parallel with 

the results of luciferase experiments, PCT promoted nuclear 

accumulation of Nrf2 while preventing nuclear accumulation 

of p65 by TNF-α. To assess whether PCT modulation of the 

transcription factor activities was relevant to the anti-colitic 

effect of the natural product, induction of target gene prod-

ucts was monitored following treatment with PCT in cells. 

The target gene products were HO-1 (a target gene of Nrf2 

involved in anti-inflammatory and cytoprotective activity) and 

IL-8, COX-2 and iNOS (target genes of NFκB involved in gut 

inflammation). Simultaneously, to verify that the induction 

of the gene products was dependent on the corresponding 

transcription factors, cells stably transfected with Nrf2 shRNA 

were incubated with PCT, and the levels of the target gene 

products were monitored. As shown in Figure 2C–E, PCT 

promoted induction of HO-1, which was diminished substan-

tially in cells transfected with Nrf2 shRNA (Figure 2C), and 

suppressed TNF secretion of IL-8 in HCT116 cells (Figure 2D) 

and lipopolysaccharide (LPS) induction of COX-2 and iNOS 

in RAW264.7 cells (Figure 2E). TNF induction of IL-8 secre-

tion and LPS induction of COX-2 and iNOS in each cell line 

are dependent on NFκB.26 Finally, to examine whether the 

cellular effects were relevant to the anti-colitic effects of colon-

targeted PCT, the target gene products of the transcription 

factors were monitored in the inflamed colonic tissues after 

the oral administration of colon-targeted PCT or conven-

tional PCT. As shown in Figure 3A–C, colon-targeted PCT 

increased the level of VEGF (Figure 3A) while decreasing the 

levels of CINC-3 (Figure 3B), COX-2 and iNOS (Figure 3C).  

In contrast, conventional PCT did not significantly modulate 

the levels of the target genes in the inflamed colonic tissue. 

Compared with TNBS control, colon-targeted PCT marginally 

elevated HO-1 level (Figure 3D).

α

α

κ

Figure 2 (Continued)
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Figure 2 Piceatannol modulates activities of NFκB and Nrf2.
Notes: (A) Cells were transfected with Nrf2-responsive reporter gene plasmid and subsequently treated with PCT for the indicated times (left panel). The same experiment 
was performed with NFκB-responsive reporter gene plasmid in the presence of TNF-α (right panel). Luciferase activity was measured and normalized to CMV Renilla 
luciferase activity. **P,0.001 and *P,0.01 vs control (Nrf2 activity), *P,0.01 and **P,0.001 vs TNF-α only (NFκB activity). (B) Human colon carcinoma HCT116 cells 
were treated with PCT in the presence of TNF-α (10 ng/mL) for the indicated times and lysed to obtain nuclear extracts. Level of p65 in the nuclear extracts was examined 
by Western blot. The same experiment was performed without TNF-α (10 ng/mL) (right panel) and Nrf2 level was monitored by Western blot (left panel). (C) Control 
HCT116 cells were pretreated with various concentrations of PCT for 4 hours. Levels of HO-1 were monitored in the cell lysates. The same experiment was performed 
in Nrf2-knockdown HCT116 cells. (D) HCT116 cells were pretreated with various concentrations of PCT for 1 hour followed by stimulation with TNF-α (10 ng/mL)  
for 6 hours. Levels of IL-8 were monitored in the supernatants. The same experiment was performed with a specific NFκB inhibitor CTP-NBD (200 µM). ***P,0.005 vs 
TNF-α only. (E) RAW264.7 cells were pretreated with various concentrations of PCT for 1 hour followed by stimulation with LPS (1 µg/mL) for 4 hours. Levels of iNOS 
and COX-2 protein were monitored in the whole cell lysates. The same experiment was performed with a specific NFκB inhibitor CTP-NBD (200 µM). The data in (A) and 
(D) are mean ± SEM (n=3).
Abbreviations: PCT, piceatannol; Nrf2, p45-related factor 2; NFκB, nuclear factor kappaB; HO-1, hemeoxygenase-1; TNF-α, tumor necrosois factor; CTP-NBD, cytoplasmic 
transduction peptide-NEMO binding domain peptide; LPS, lipopolysaccharide; SEM, standard error of the mean; IL-8, interleukin-8; Topo II, Topoisomerase II.

α

α

α

Intracolonic treatment with PCT elicits 
anti-colitic effects and reproduces the 
molecular effects in the inflamed colon
PCT delivered specifically to the large intestine (colon-targeted 

PCT) should act locally at the inflamed colon. To examine 

whether colon-targeted PCT exerted anti-colitic effects via 

local action, PCT (100 µM in 0.5 mL PBS) was administered 

rectally to rats with TNBS-induced colitis once a day for 

6 days, beginning 3 days after inflammation induction. 

The concentration of PCT was decided based on previous 

papers demonstrating that oral administration of colon-

targeted celecoxib or quercetin at the same dose (10 mg/kg) 

renders colonic concentrations of the compounds of more 

than 100 µM.28,29 As shown in Figure 4A and B, rectally 
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Figure 3 Colon-targeted piceatannol (CT-PCT) modulates production of VEGF and proinflammatory gene products in the inflamed colon.
Notes: CT-PCT 10 (mg/kg) or conventional piceatannol (CV-PCT, 10 mg/kg) was administered orally to TNBS-induced colitis rats once a day for 6 days. The levels of the 
inflammatory mediators, HO-1, and VEGF were measured in the homogenates of the distal colon. (A) The levels of VEGF were measured using an ELISA kit. *P,0.01 vs 
TNBS control. (B) The levels of CINC-3 were measured using an ELISA kit. *P,0.001 vs TNBS control. (C) The levels of COX-2 and iNOS protein were determined by 
Western blot analysis. (D) The level of HO-1 was determined by Western blot analysis. α-Tubulin was used as a loading control in (C) and (D). The data in (A) and (B) 
represent mean ± SEM (n=4–5).
Abbreviations: VEGF, vascular endothelial growth factor; TNBS, trinitrobenzene sulfonic acid; HO-1, hemeoxygenase-1; ELISA, enzyme-linked immunosorbent assay;  
SEM, standard error of the mean; CINC-3, cytokine-induced neutrophil chemoattractant-3.

administered PCT improved the indicators of colonic injury, 

CDS (Figure 4A), myeloperoxidase (Figure 4B) and H&E 

staining (Figure S5). To verify that the therapeutic effect of 

rectal PCT occurred via the same molecular mechanisms, the 

target gene products were monitored in the inflamed colon. 

Like colon-targeted PCT, rectal PCT attenuated the levels 

of NFκB target gene products, CINC-3 (Figure 4C), COX-2, 

and iNOS-1 (Figure 4D), while elevating the levels of an 

HIF-1 target gene product, VEGF (Figure 4E). The level 

of HO-1 did not increase compared with the TNBS control 

(data not shown). This in vivo outcome for HO-1 induction 

was in contrast with cellular effects of PCT. Since caffeic 

acid phenethyl ester, a catechol-bearing compound, induces 

Nrf2 activation in cells but requires oxidation (inflammation) 

of the catechol moiety for effective activation of Nrf2 in the 

colonic tissues,20 PCT, which also has a catechol moiety, 

may act as caffeic acid phenethyl ester. To test this, PCT was 

administered rectally the third day after inflammation induc-

tion, when the colonic inflammation was still in its prime, 

and HO-1 was detected in the inflamed colonic tissue 4 and 

8 hours after PCT administration. As shown in Figure 4F, 

consistent with the previous observation,20 PCT induction 

of HO-1 was clear.

Discussion
In this study, the anti-inflammatory activity of colon-targeted 

PCT was evaluated and compared with conventional PCT. In 

addition, potential molecular mechanisms for amelioration of 

rat colitis by colon-targeted PCT were investigated. Our data 

demonstrate that colon-targeted PCT was much more effective 

than conventional PCT in mitigating rat colitis, and colon-

targeted PCT may enhance the therapeutic effects by interven-

ing in multiple pathways through modulation of activities of 

transcription factors implicated in IBD pathogenesis.
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Figure 4 Intracolonic treatment with PCT elicits anti-colitic effects and reproduces the molecular effects in the inflamed colon.
Notes: PCT (100 µM in 0.5 mL PBS) was administrated rectally to TNBS-induced colitis rats once a day for 6 days, 72 hours after induction of colitis. (A) CDS was assigned 
for each rat by four independent observers who were blind to the experimental condition according to the modified CDS scoring system. *P,0.05 vs TNBS control. (B) 
MPO activity was measured in the distal colon segment (4 cm) of rats. *P,0.001 vs TNBS control. (C) The levels of CINC-3 were measured using an ELISA kit. *P,0.001 vs 
TNBS control. (D) The levels of COX-2 and iNOS protein were determined by Western blot. (E) The levels of VEGF were measured using an ELISA kit. *P,0.05 vs TNBS 
control. (F) The level of HO-1 in the inflamed distal colons was analyzed by Western blot 4 and 8 hours after the first rectal administration of PCT (100 µM in 0.5 mL PBS). 
The data in (A–C), and (E) represent mean ± SEM (n=4–5).
Abbreviations: PCT, piceatannol; TNBS, trinitrobenzene sulfonic acid; CDS, colonic damage score; CINC-3, cytokine-induced neutrophil chemoattractant-3;  
MPO, myeloperoxidase; ELISA, enzyme-linked immunosorbent assay; HO-1, hemeoxygenase-1; SEM, standard error of the mean.

α

α

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


Drug Design, Development and Therapy 2015:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4254

Yum et al

Consistent with our hypothesis that colon-targeted PCT 

can improve the therapeutic activity of conventional PCT 

against experimental colitis, colon-targeted PCT showed 

enhanced anti-inflammatory effects in the rat colitis com-

pared with conventional PCT. We suggest that the therapeutic 

superiority is due to increased therapeutic concentration at the 

inflamed site by colonic delivery of PCT, which may change 

the anti-colitic pharmacology of PCT. This argument is 

based on the following observations: PCT modulated activi-

ties of transcription factors, Nrf2, HIF-1, and NFκB in the 

concentration range of 10–50 µM, which could be achieved 

with colon-targeted PCT but not conventional PCT.28,29 Oral 

administration of conventional PCT (10 mg/kg) renders the 

plasma concentration of PCT to reach 1 µM at most.18 Indeed, 

in contrast with conventional PCT, colon-targeted PCT sig-

nificantly modulated the levels of the target gene products in 

the inflamed colonic tissues, which was reproduced by rectal 

administration of PCT, simulating a therapeutic situation of 

colon-targeted PCT. Thus, colon-targeted PCT may act as a 

multitargeted therapeutic agent against experimental colitis; 

colon-targeted PCT not only inhibited NFκB to suppress 

inflammatory responses but also activated HIF-1 and Nrf2 

to enhance the intestinal barrier function and ulcer healing 

activity.

Our data showing that conventional PCT (10 mg/kg) had 

no significant anti-colitic effects, which are not consistent 

with previous papers demonstrating anti-colitic effects of 

PCT in dextran sulfate sodium-induced colitis.16,17 Although 

we do not have a good explanation on this therapeutic dis-

crepancy, it may be due to species difference. Dextran sulfate 

sodium-induced mouse colitis model was used to investigate 

anti-colitic effects of PCT while TNBS-induced rat colitis 

model was employed in this study. The metabolisms that 

inactivate PCT may take place in the animals at different 

rates, probably resulting in variation in therapeutic activity 

of PCT.

In line with a previous paper demonstrating that caffeic 

acid phenethyl ester, a catecholic natural product, effectively 

activates the Nrf2–HO-1 pathway in the inflamed colon but 

not in the normal colon,20 HO-1 induction by PCT did not 

occur in the colon where inflammation was alleviated. Like 

caffeic acid phenethyl ester, oxidation of the catechol in PCT 

to its electrophilic quinone, a typical activator of Nrf2, may 

occur more efficiently in inflammation. In the resolved phase 

of inflammation, PCT may not affect Nrf2–HO-1 pathway as 

much as in the early phase of inflammation. Although we did 

not examine inflammation-dependent effects on PCT modu-

lation of other transcription factors, PCT effects on HIF-1 and 

NFκB may also be subject to such change. This argument is 

based on recent papers demonstrating that oxidation of the 

catechol in PCT is involved in PCT inhibition of NFκB,13 

while the catechol moiety is required for activation of 

HIF-1.15 It would be intriguing to examine the inflammation-

dependent change in the PCT pharmacology, which should 

affect the therapeutic outcome against colitis.

Generally, multitargeted therapy improves efficacy 

compared with mono-targeted therapy.30 Simultaneously, 

it is more likely that a multitargeted drug, a promiscuous 

ligand, acts on off-target(s) leading to side effects.30 Thus, 

it is important to consider the target selectivity of the multi-

targeted drug. To minimize the risk of side effects, the target 

selectivity can be improved by manipulating the pharmaco-

dynamic (drug–target interaction) or pharmacokinetic prop-

erties of the drug. Colon-specific drug delivery modulates 

pharmacokinetics of a drug by limiting the distribution of 

the drug at the target site, consequently leading to reduced 

systemic side effects.19 In this sense, colon-targeted PCT 

should have toxicological advantages over conventional PCT 

as well as therapeutic superiority.

In conclusion, PCT has the potential to be developed as 

a multitargeted drug for treatment of IBD, and adoption of 

colon-specific drug delivery should confer therapeutic and 

toxicological advantages on PCT, facilitating anti-IBD drug 

development from the lead, PCT.
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Supplementary materials

Figure S2 Photos of the luminal and serosal sides of colonic tissues.
Abbreviations: CV-PCT, conventional piceatannol; CT-PCT, colon-targeted piceatannol; TNBS, trinitrobenzene sulfonic acid.

Figure S1 Modified scoring system.

The modified scoring system is: 0, normal appearance; 1, localized hyperemia but no ulcer; 2, linear 
ulcers without significant inflammation; 3, 2–4 cm site of inflammation and ulceration without scab; 
4, serosal adhesion to other organs, 2–4 cm site of inflammation and ulceration with scab; 5, stric-
ture, serosal adhesion involving several bowel loops, >4 cm site of inflammation and ulceration with 
scab.

Figure S3 H&E staining of colonic tissues.
Abbreviations: H&E, hematoxylin-eosin; CV-PCT, conventional piceatannol; CT-PCT, colon-targeted piceatannol; TNBS, trinitrobenzene sulfonic acid.
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Figure S4 PCT activates the HIF-1–VEGF pathway.
Notes: (A) Human colon carcinoma HCT116 cells were treated with PCT for 4 hours and lysed to obtain nuclear extracts. HIF-1α levels in the nuclear extracts were 
examined by Western blot. (B) Chemically synthesized double-stranded siRNA-specific for HIF-1α (HIF-1α siRNA, HS) was transfected (200 nmol/L) using DharmaFECT 
reagent. A nontargeting siRNA (NS) sequence was used as a nonspecific control. One day post-transfection, cells were treated with PCT (50 µM) for 4 hours and lysed to 
obtain nuclear extracts. HIF-1α levels in the nuclear extracts were examined by Western blot. (C) One day post-transfection with HIF-1α siRNA (HS) or nontargeting siRNA 
(NS), HCT116 cells were treated with PCT (50 µM) for 10 hours and VEGF in the cell culture supernatants were analyzed. The data are mean ± SEM. (n=3). ****P,0.001 vs 
control, #P,0.05 (one-way ANOVA). Republished with permission of Elsevier, from Yum S, Doh HJ, Hong S, et al. Piceatannol, a hydroxystilbene natural product, stabilizes 
HIF-1alpha protein by inhibiting HIF prolyl hydroxylase. Eur J Pharmacol. 2013;699(1–3):124–131; permission conveyed through Copyright Clearance Center, Inc.1

Abbreviations: PCT, piceatannol; HIF-1, hypoxia-inducible factor-1; VEGF, vascular endothelial growth factor; HS, HIF-1α siRNA; NS, nontargeting siRNA; SEM, standard 
error of the mean; ANOVA, analysis of variance; Topo II, Topoisomerase II.
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Figure S5 Rectal administration of PCT ameliorates TNBS-induced rat colitis.
Notes: (A) Photos of the luminal and serosal sides of colonic tissues. (B) H&E staining of colonic tissues.
Abbreviations: CV-PCT, conventional piceatannol; CT-PCT, colon-targeted piceatannol; TNBS, trinitrobenzene sulfonic acid; H&E, hematoxylin-eosin.
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