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Abstract

Flavonoids are polyphenolic compounds that are widespread in nature, and consumed as part of the human diet in significant amounts.

The aim of the present study was to test the intestinal anti-inflammatory activity of apigenin K, a soluble form of apigenin, in two models

of rat colitis, namely the trinitrobenzenesulfonic acid (TNBS) model and the dextran sulphate sodium (DSS) model. Apigenin K (1, 3 and

10 mg/kg; by the oral route; n 4–6 per group) was administered as a pre-treatment to rats with TNBS and DSS colitis, and colonic status was

checked by macroscopic and biochemical examination. Apigenin K pre-treatment resulted in the amelioration of morphological signs and

biochemical markers in the TNBS model. The results demonstrated a reduction in the inflamed area, as well as lower values of score and

colonic weight:length ratio compared with the TNBS group. Myeloperoxidase (MPO) activity was reduced by 30 % (P,0·05). Moreover,

apigenin K pre-treatment ameliorated morphological signs and biochemical markers in the DSS model. Thus, macroscopic damage was

significantly reduced and the colonic weight:length ratio was lowered by approximately 10 %, while colonic MPO and alkaline phosphatase

activities were decreased by 35 and 21 %, respectively (P,0·05). Apigenin K pre-treatment also tended to normalise the expression of a

number of colonic inflammatory markers (e.g. TNF-a, transforming growth factor-b, IL-6, intercellular adhesion molecule 1 or chemokine

(C–C motif) ligand 2). In conclusion, apigenin K is found to have anti-inflammatory effects in two preclinical models of inflammatory

bowel disease.
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Flavonoids constitute the largest class of dietary phyto-

chemicals, which exhibit several well-documented biological

and pharmacological activities including modulation of

cell proliferation, differentiation and apoptosis, and

modulation of inflammation, angiogenesis and metastasis

development(1,2). Because of these activities, flavonoids are

considered putative nutraceuticals that may help prevent

and/or treat cancer and chronic inflammatory conditions

such as inflammatory bowel disease (IBD)(3). Among flavo-

noids, the flavone apigenin (40,5,7-trihydroxyflavone) has

been shown to inhibit cell growth, sensitise cells to apoptosis,

and inhibit the development of metastatic disease in murine

cells, as it is a promising molecule for cancer prevention

and treatment(4–7).

Although it is found in many fruits, vegetables and herbs, the

amount of its presence varies, ranging from 302 mg/100 g in

parsley to 0·38 mg/100 g in lettuce. In addition to parsley,

the richest natural sources are celery, herbs such as rosemary,

oregano, thyme, basil and coriander, chamomile, cloves,

lemon balm, artichokes, spinach, peppermint, red wine and

liquorice. This flavonoid has also attracted attention, thanks

to its anti-inflammatory activities both in vitro (4,6,8,9) and

in vivo (5,7,10,11). Nevertheless, little attention has been paid

to the anti-inflammatory effects of apigenin on colitis(11).

IBD, including ulcerative colitis and Crohn’s disease, is a

chronic, relapsing and remitting inflammatory condition of

the gut. Crohn’s disease can affect any part of the gastro-

intestinal tract, from the mouth to the anus, although the

majority of the cases involve the terminal ileum and proximal

colon. In contrast, ulcerative colitis is restricted to the colon

and rectum. Both are characterised by a pronounced
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infiltration of neutrophils into colonic lesions, accompanied

by epithelial cell damage and ulceration.

The exact pathogenesis of IBD is poorly understood;

however, infection, environmental factors, heredity and

immunological abnormalities have often been proposed as

possible causes(12). Because of the limited understanding of

the aetiopathogenesis of IBD, treatment is largely unspecific,

i.e. based on targeting the inflammation rather than any

precipitating factor.

Most of the current therapies for IBD involve treatment with

glucocorticosteroids, 5-aminosalicylic acid and immuno-

suppressive drugs. Although many types of treatment for IBD

have been proposed and clinically applied, additional

preventive or therapeutic approaches are needed, because

many patients either do not respond to the options currently

available or suffer significant side effects, thereby precluding

their continued use.

Phytochemical compounds such as flavonoids are considered

basically safe, sustainable and practical. Furthermore, a change

in dietary habits has been proposed as primary therapy for

IBD(13). Flavonoids are quickly and extensively metabolised

after absorption, resulting in limited bioavailability of the

untransformed polyphenol, although the metabolites may, in

some cases, become reactivated at target sites(14). Apigenin K

has been designed as a form of apigenin, with improved water

solubility (1·5 mg/ml in water compared with virtually zero

solubility for apigenin; Fig. 1), in an attempt to enhance

absorption. Therefore, apigenin K may be particularly suited

to dampening intestinal inflammation.

Much of the current knowledge about IBD has been derived

from research carried out on animal models of the disease.

Ideally, such models should closely resemble Crohn’s disease

and ulcerative colitis in order to investigate the molecular and

cellular mechanisms of inflammation and immunological

disorders, and to test potential therapeutic agents. However,

there is no such model currently available. Instead, there are

a variety of models that not only share a number of the charac-

teristics of ‘human’ IBD, but also exhibit clear differences.

Among these animal models, trinitrobenzenesulfonic acid

(TNBS)- and dextran sulphate sodium (DSS)-induced colitis

in rodents are the most widely used models for the study of

IBD(15). The TNBS experimental model exhibits many

symptoms similar to those seen in human Crohn’s disease,

such as transmural oedema and inflammation(16), while the

DSS model exhibits many symptoms similar to those seen in

human ulcerative colitis, including diarrhoea, bloody faeces,

body-weight loss or mucosal ulceration(17). Therefore, these

two models are thought to be reliable when studying the patho-

genesis of IBD and testing drugs for treatment.

Based on the above-mentioned findings, we set out to test

the hypothesis that apigenin exerts a protective effect on intes-

tinal inflammation, using a soluble form of the flavonoid with

a well-defined composition, namely apigenin K. Since a single

model of colitis does not resemble all the features of human

IBD, we used two different models, namely TNBS- and

DSS-induced colitis, to strengthen the value of our findings.

Materials and methods

Chemicals

All reagents and primers were obtained from Sigma, unless

otherwise indicated. Budesonide was purchased from Molekula

Limited. Retrotranscription iScripte cDNA Synthesis kits and

GoTaq qPCR Master Mix were obtained from Bio-Rad and Pro-

mega, respectively. The Dynabeads mRNA Purification Kit was

obtained from Ambion by Life Technologies. Apigenin K was

supplied by Bioiberica.

Animals

Female Wistar rats (175–225g) obtained from Harlan were

housed in makrolon cages and maintained in air-conditioned

animal quarters with a 12h light–12h dark cycle. They were

provided with free access to tap water and a standard chow

diet (Panlab A04; Panlab). The present study was carried out in

accordance with the European Union’s Directive for the

Protection of Vertebrate Animals used for Experimental and

other Scientific Purposes (86/609/EEC), and was approved by

the Ethical Committee of the University of Granada (reference

no. 770).

Induction of colitis and experimental design

A total of three separate experiments were carried out (Fig. 2) .

In Expt 1, TNBS colitis was induced(18). Briefly, the experimental

rats were fasted overnight and anaesthetised with isoflurane,

and were then given 10 mg TNBS dissolved in 0·25 ml of

50 % ethanol (v/v) by means of a Teflon cannula, inserted 8 cm

into the anus. They were kept in a head-down position for

an additional 30 s, and returned to their cages. They were then

randomly assigned to six different groups, namely control

(n 4), TNBS (n 6), budesonide (2 mg/kg, n 4) and apigenin K

at three different doses (1, 3 or 10 mg/kg each, in 1 % methyl-

cellulose as the vehicle, n 4 per group) administered orally via

a gastroesophageal catheter.

All groups received the TNBS challenge except the control

group, which was administered a saline enema. All treatments

started 2 d before colitis induction, and were maintained until

the animals were killed, after 7 d. The budesonide group

received 2 mg/kg of the corticoid by the oral route. The control

and TNBS groups were administered the vehicle only. Food,

water intake and body weight were measured daily.

OK

OK

O

OOH

Fig. 1. Structure of apigenin K.
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In Expt 2, TNBS colitis was induced in a fashion similar to

the aforementioned approach, but in this case, rats were

randomly assigned to four different groups, namely control

(n 4), TNBS (n 6), budesonide (2 mg/kg, n 4) and apigenin

K at a dose of 3 mg/kg in 1 % methylcellulose (n 4). All

groups received the TNBS challenge, except the control

group, which was administered a saline enema. Treatments

started 2 d before colitis induction, and were maintained

until the animals were killed, 7 d after induction. The budeso-

nide group received 2 mg/kg of the corticoid by the oral route.

The control and TNBS groups were administered the vehicle

only. Food, water intake and body weight were measured

daily. Expt 2 was carried out both for confirmation purposes

and to obtain samples for PCR analysis.

In Expt 3, DSS colitis was induced as described previously

in the literature(19). DSS was obtained from MP Biomedicals

and was added to drinking-water for 9 d at a concentration

of 4 % (w/v). The status of the rats was monitored through a

general examination, and specifically by using the disease

activity index (DAI), a combined score for weight loss, diar-

rhoea and haematochezia, which are the three main signs of

pathology in this model(20). Rats were randomly assigned to

three different groups. The control group (n 6) did not receive

DSS, and was administered 1 % methylcellulose daily by

means of a gastroesophageal catheter. The remaining rats

drank DSS-supplemented water, and received orally either

3 mg/kg of apigenin K (apigenin K group, n 6) or vehicle

(1 % methylcellulose, DSS group, n 6). Treatment started 2 d

before DSS supplementation, and was maintained until rats

were killed by cervical dislocation, 9 d after DSS was started.

Assessment of colonic damage

In all the three experiments, after the animals were killed, the

status of the large intestine was assessed, as described

previously(18). Briefly, the large intestine was opened longi-

tudinally and scored for visible damage on a 0–25 scale by

an observer unaware of the treatment, according to the criteria

detailed in the aforementioned work, including hyperaemia,

fibrosis, thickening and ulceration(18). Colonic myeloperoxi-

dase (MPO) and alkaline phosphatase (AP) activities were

measured spectrophotometrically, as described previously(21).

In brief, MPO was extracted with hexadecyl trimethyl

ammonium bromide and three freeze–thaw cycles with

sonication, and measured as a peroxidase enzymatic activity

using 0·0005 % H2O2 and 0·168 mg/ml of o-dianisidine as the

substrate. AP was quantified using disodium nitrophenylpho-

sphate (5·5mM) as the substrate in a 50mM-glycine buffer with

0·5mM-MgCl2 (pH 10·5). MPO and AP are expressed as mU/mg

protein and U/mg protein, respectively (1U ¼ 1mmol/min of

substrate converted). In addition, the sensitivity of AP to the

specific inhibitor levamisole was assessed in vitro.

Analysis of gene expression by quantitative RT-PCR
analysis

Total RNA was obtained by the TRIzol method (Invitrogen),

1mg was retrotranscribed and specific RNA sequences were

amplified with a Bio-Rad CFX Connect real-time PCR device

using the following primers: AGC TGG GTG CTG GCA TTC

TC/TCC TGC AAC AGT TGG GCT TAT C (Def1; defensin 1);

TGA TGT GTC TCC TGC TTC TAG CCT/AGC ACC TCA ATG

TCG TCT TAT GGC (Il-17c); TGC CCT CAG TTT GTG CAG

AA/GCC CAC CCT TAT CAC CAA C (S100a8; S100 calcium

binding protein (calgranulin A)); GCT CTG GTC TTC TGG

AGT TCC G/TTG GAT GGT CTT GGT CCT TGA CC (Il-6);

GTC GTA GCA AAC CAC CAA/GCT GAC TTT CTC CTG

GTA TG (Tnf-a); TCG GCT GGA GAA CTA CAA/CTG AAG

TCC TTA GGG TTG ATG (Mcp1; monocyte chemotactic pro-

tein 1 (Ccl2; chemokine (C–C motif) ligand 2)); GTC AAA

CGG GAG ATG AAT GG/TCT TCC TCT GGC GGT AAT AG

(Icam1; intercellular adhesion molecule 1); CGA TGT GGA

TGC GTT TCA/CAC ACA TTC CTC ACC CTA AC (Cxcl1;

(a)

Control

TNBS

Bude 2 mg/kg

Apik 1 mg/kg

Apik 3 mg/kg

Apik 10 mg/kg

(b)

Control

Bude 2 mg/kg

Apik 3 mg/kg

(c)

Control

DSS

Apik 3 mg/kg

Day

–2 –1 0 1 2 3 4 5 6 7

Day

–2 –1 0 1 2 3 4 5 6 7

Day

–2 –1 0 1 2 3 4 5 6 7 8 9

TNBS

Fig. 2. Experimental design. (a) Expt 1 was a dose-finding pilot study.

(b) Expt 2 was intended to explore further the effect of the dose selected.

Both experiments were carried out in the rat trinitrobenzenesulfonic acid

(TNBS) model. (c) Expt 3 tested the same apigenin K (ApiK) dose (3 mg/kg)

in dextran sulphate sodium (DSS) colitis. Treatment for the control and

TNBS/DSS groups was vehicle (1 % methylcellulose). DSS was continued

from day 0 to day 9. Bude, budesonide. , Treatment administration; , TNBS

induction; , DSS induction.

C. Mascaraque et al.620

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114514004292  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114514004292


C–X–C motif chemokine 1 (growth-regulated oncogene a;

GRO-a)); AAT GAC CTG TTC TTT GAG GCT G/CGA GAT

GCT GCT GTG AGA TTT (Il-1b); TGG ACT CTG AGC CGC

AAT GAG G/GAC GCA TGG CGG ACA ATA GAG G (Il-17);

GGT GAC TTG CGA GCC TGT GTG/CCC AGC AGG AAA

GCA GAC TCG (Tlr2; Toll-like receptor 2); CGT GGC TTC

TAG TGC TGA CG/ACT GGC GAG CCT TAG TTT G (Tgf-b;

transforming growth factor-b); CCC AGG AAA GAC AGC AAC

CTT/CTG CTT GGC AGT GCT TGA GAA (Foxp3; forkhead

box P3); CCA TTG GAG GGC AAG TCT GGT G/CGC CGG

TCC AAG AAT TTC ACC (18S; 18S ribosomal RNA); GTC GGT

GTG AAC GGA TTT/ATG GGT TTC CCG TTG ATG (GAPDH;

glyceraldehyde-3-phosphate dehydrogenase). Because DSS is

a potent inhibitor of real-time quantitative PCR amplification,

and interferes with tissue-specific gene expression analysis in

DSS-exposed rats, we overcame this problem by further purify-

ing DSS-exposed RNA(22). Oligodeoxythymidine purification of

mRNA was performed using the Invitrogen Dynabeads mRNA

Purification Kit. Results are expressed as 22DDC t , with 18S as

the reference gene in the TNBS-induced experiment and

GAPDH in the DSS-induced experiment.

Statistical analyses

Results are expressed as means with their standard errors. Data

were analysed by one-way ANOVA and post hoc least significant

difference tests, except when the necessary conditions

(i.e. normal distribution and equal variance) were not fulfilled,

in which case a non-parametric Kruskal–Wallis ANOVA was

applied. Logarithmic transformation was applied to the PCR

data before statistical analyses. All the analyses were carried out

with the SigmaStat program (Jandel), with the exception of DAI

data, which were analysed by repeated measurements using

NCSS (NCSS-LLC). No significant treatment £ time interaction

was noted in this case. Statistical significance was set at P,0·05.

Results

Effects of apigenin K on trinitrobenzenesulfonic
acid-induced colitis

Todetermine theoptimal anti-inflammatorydose,wecarriedout

an initial experiment in which the flavonoid was administered to

rats at doses of 1, 3 and 10 mg/kg per d, before colitis induction

by TNBS. As expected, administration of TNBS induced a severe

inflammatory response in the large intestine, characterised by

mucosal erosions, epithelial necrosis, submucosal fibrosis and

oedema, resulting in a marked increase in the colonic damage

score (Table 1). TNBS colitis was also characterised by anorexia

and weight loss, augmented colonic damage extension and an

increase in the colonic weight:length ratio (Table 1). Macro-

scopic evaluation of colitic rats treated with apigenin K revealed

that the colonic weight:length ratio was not significantly differ-

ent from that of the control group, with all the three doses

assayed. Nor were colonic damage extension data significantly

different from those of the control group, except in the case of

the lowest dose (Table 1). In both cases, there was no significant

reduction compared with the TNBS group, possibly due to the

small size of the experimental groups. However, there was no

effect on the colonic damage score.

TNBS colitis was associated with a significant increase in MPO

and AP activities, both of which are biochemical parameters

of inflammation (Table 1). Furthermore, the sensitivity of AP

activity to the specific inhibitor levamisole in vitro was also

heightened, consistent with a change in isoform expressed in

the inflamed intestine, as described in the literature(23). Similar

to the aforementioned data, these parameters showed inter-

mediate values between those of the control group and of the

TNBS group, and were not significantly different from either

(Table 1). Notably, MPO and AP activities were 33–39 and

21–36 % lower in the TNBS group than in the groups treated

with 3 or 10 mg/kg of apigenin K, respectively. There was no

effect on body-weight loss or food intake.

In contrast, budesonide – a corticoid with predominantly

local action, used as a positive control for colitic therapy in the

present study – inhibited colonic thickening significantly and

effectively, but was, in other respects, largely comparable with

apigenin K (Table 1). Thus, damage extension and score, MPO

and AP activities, and sensitivity to levamisole were generally

similar to those obtained with apigenin K, especially at the

dose of 3 mg/kg. However, budesonide produced significant

body wasting compared with the TNBS group (Table 1), without

changes in food intake, and a 25 % mortality rate (one-fourth)

compared with 0 % in the TNBS group (Fisher’s exact test, NS).

Table 1. Effects of different doses of apigenin K (ApiK) on body-weight gain, food intake, macroscopic and biochemical parameters in rat
trinitrobenzenesulfonic acid (TNBS) colitis (Expt 1)

(Mean values with their standard errors, n 4–6)

Parameters Control TNBS Bude 2 mg/kg ApiK 1 mg/kg ApiK 3 mg/kg ApiK 10 mg/kg Pooled SEM

Body-weight gain (%) 12·9 25·9† 218·2*† 24·3† 23·9† 22·7† 8·0
Food intake (g/rat per d) 23·2 10·8† 9·1† 12·5† 12·5† 10·6† 7·7
Damage score (a.u.) – 11·5† 6·2† 8·9† 8·3† 10·3† 5·4
Colon weight:length ratio (mg/cm) 66·7 230·5† 73·1* 166·1 170·8 192·1 98·9
Damage extension (cm) – 2·9† 1·7 2·6† 1·8 2·0 1·7
Colonic MPO activity (mU/mg protein) 0·0 9·8† 5·6 7·9 6·1 6·7 36·2
Colonic AP activity (U/mg protein)‡ 33·6 132·6† 105·3 180·3† 104·9 84·5 53·6
AP sensitivity to levamisole (%) 14·8 64·9† 47·1 47·3 27·9 46·9 26·9

Bude, budesonide; a.u., arbitrary units; MPO, myeloperoxidase; AP, alkaline phosphatase.
* Mean value was significantly different from that of the TNBS group (P,0·05).
† Mean value was significantly different from that of the control group (P,0·05).
‡ 1 U ¼ 1mmol/min.
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The results of Expt 1 suggest that apigenin K at 3 mg/kg may

be the most efficient dose for reducing colitis-related inflam-

mation. Therefore, we selected this dose for further testing in

Expt 2. This was aimed at confirming therapeutic efficacy, and

providing samples for the purpose of undertaking further

analyses. As in Expt 1, pre-treatment with apigenin K at

3 mg/kg resulted in a significant reduction of the inflamed

area, as well as lower values of score and colonic weight:length

ratio (P.0·05; Table 2). Apigenin K pre-treatment was asso-

ciated with body-weight gain and food intake values close to

those of the non-colitic control group. Colonic MPO activity

was 30 % lower than that in the TNBS group, although this did

not reach statistical significance (Fig. 3). A marginal effect was

also apparent on AP activity. Budesonide was markedly less

effective in Expt 2 than in Expt 1, especially with regard to the

weight:length ratio that was unchanged, while it produced a

similar wasting effect in the two experiments (Table 2; Fig. 3).

To test the effect of apigenin K at 3 mg/kg on the expression

of different genes, colonic mRNA was extracted and studied

by quantitative RT-PCR. Since monocytes are attracted to the

inflammatory site, CCL2/MCP1 was measured as a marker of

monocyte infiltration, together with ICAM1, an intracellular

adhesion molecule useful in leucocyte transmigration; IL-1b,

a widely known activator of macrophages and a lymphocyte

mitogen; IL-6, a pro-inflammatory cytokine produced by

these two cell types; and TNF-a, chiefly produced by activated

macrophages. The expression of Mcp1, Icam1, Il-1b, Tnf-a

and Il-6 was significantly increased after the administration

of TNBS (Fig. 4). After treatment with apigenin K, the

expression of Mcp1 and Icam1 was found to be significantly

down-regulated when compared with the TNBS group

(Fig. 4). In accordance with these results, the expression of

Il-1b, Tnf-a and Il-6 was also decreased, and was not found

to be significantly different from the expression of the

control group, indicating a lower degree of macrophage/

lymphocyte infiltration/activation (Fig. 4).

Because manoeuvres leading to increased differentiation of

regulatory T cells have been shown to have anti-inflammatory

effects(24–26), the expression of Tgf-b and Foxp3 was studied.

TGF-b is a multifunctional peptide that controls the prolife-

ration and differentiation of multiple cells, and is a necessary

factor for the induction of Foxp3 expression in regulatory

T cells. The present results show a significant up-regulation

of Foxp3 expression in the TNBS group, with no significant

change in TGF-b. Pre-treatment with apigenin K resulted in

values similar to those in the control group, but did not reach

statistical significance, compared with the TNBS group (Fig. 4).

The expression of Tlr2, which plays a fundamental role

in pathogen recognition and activation of innate immunity,

Table 2. Effects of apigenin K (ApiK) at the dose of 3 mg/kg on body-weight gain, food intake and macroscopic
damage parameters in rat trinitrobenzenesulfonic acid (TNBS) colitis (Expt 2)

(Mean values with their standard errors, n 4–6)

Parameters Control TNBS Bude 2 mg/kg ApiK 3 mg/kg Pooled SEM

Body-weight gain (%) 4·7 21·5 29·4† 3·3 4·9
Food intake (g/rat per d) 15·8 10·7 8·7 12·9 5·9
Damage score (a.u.) – 8·6† 7·0† 5·8† 2·8
Damage extension (cm) – 3·2† 2·6† 0·8*† 1·0
Colon weight:length ratio (mg/cm) 67·2 187·2† 182·6† 164·0† 46·0

Bude, budesonide; a.u., arbitrary units.
* Mean value was significantly different from that of the TNBS group (P,0·05).
† Mean value was significantly different from that of the control group (P,0·05).
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Fig. 3. Effects of apigenin K (ApiK) on colonic (a) myeloperoxidase (MPO)

and (b) alkaline phosphatase (AP) activities in rat trinitrobenzenesulfonic acid

(TNBS) colitis. Rats with TNBS colitis were treated with ApiK or budesonide

as described in the ‘Materials and methods’ section. (c) In vitro sensitivity of

AP activity to the specific inhibitor levamisole. 1 U ¼ 1mmol/min. Values are

means (n 4–6), with their standard errors represented by vertical bars.

* Mean value was significantly different from that of the control group

(P,0·05).
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showed a high, but not significant, up-regulation in the TNBS

group that was reduced by apigenin K, but, again, not signifi-

cantly (Fig. 4). The expression of other inflammatory markers

such as Il-17, Il-17c, Def1 and Cxcl1 were also analysed, but

no significant differences were found with apigenin K pre-

treatment (Fig. 4).

Effects of apigenin K on dextran sulphate
sodium-induced colitis

It was demonstrated earlier that apigenin K played a protec-

tive role in the TNBS-induced colitis model. For this reason,

we decided to confirm the anti-inflammatory effects of api-

genin K in a different model of colitis. Supplementation of

drinking-water with DSS caused significant colonic damage,

as reflected by the increased DAI, beginning day 5 after DSS

induction (Fig. 5), and the augmented colonic damage score

and weight:length ratio (Table 3). Pre-treatment of rats with

3 mg/kg of apigenin K daily attenuated DSS-induced colitis,

as evidenced by a significantly lower DAI from day 6 onwards

(Fig. 5), a lower colonic damage score and a higher body-

weight gain (Table 3). In addition, DSS-treated rats exhibited

anorexia, which was improved in the apigenin K group com-

pared with the control group (Table 3). However, the colonic

weight:length ratio was not significantly improved (Table 3).

Colonic MPO and AP activities and sensitivity to levamisole

were significantly greater in the DSS group than in the control

group (Fig. 6). Pre-treatment with apigenin K at 3 mg/kg

reduced MPO activity by 35 % and colonic AP activity by

21 %, with a similar effect on its sensitivity to levamisole,

compared with the DSS group (P.0·05; Fig. 6).

In the DSS group, there was a general increase in the

colonic mRNA levels of several inflammatory parameters, such

as Il-17, Il-6, Ccl-2, Tnf-a, Icam1, Il-17c, Cxcl1, Foxp3, Il-1b,

Tlr2 and Tgf-b, of which the last three reached statistical signifi-

cance (Fig. 7). Rats treated with apigenin K showed a trend

towards normalisation of a number of these parameters, but

a significant effect was observed only for Il-1b (Fig. 7).

Discussion

Based on the amelioration of various general and biochemical

parameters, our data demonstrate that apigenin K, a soluble

derivative of apigenin, is efficacious in TNBS and DSS colitis,

the two most widely used models of IBD. Apigenin has been

shown to exert significant immunomodulatory actions in vitro,

notably on monocytes, dendritic cells, lymphocytes, endothelial

and intestinal epithelial cells. These actions involve, in part,

the inhibition of the NF-kB pathway. One mechanism proposed

in the literature is related to changes in p50/p65 phosphory-

lation and blockade of inhibitor of kB kinase (IKK)-g(27), and

inhibition of inhibitor of kB-a phosphorylation(28). The inhi-

bition of monocyte activation probably underlies the beneficial

effect of apigenin on lipopolysaccharide-induced shock in

mice(27). In EL4 T lymphoma and primary lymph node cells,

apigenin has been found to inhibit nuclear factor of activated

T-cells (NFAT) DNA binding, resulting in lower IL-4 release(29);

reduce T-cell proliferation and activation(30,31); and exhibit

cytotoxic/apoptotic effects in rat splenocytes(32). In Mode-K

intestinal epithelial cells, apigenin inhibits IP-10 (CXCL10)

secretion via the blockade of Akt(33).

Thus, apigenin appears to exert generally anti-inflammatory

effects. However, all in vitro actions documented for apigenin

are obviously a direct effect (i.e. exerted by apigenin itself),

and it is important not to assume that they do occur

necessarily in vivo. Indeed, oral bioavailability of apigenin is

very low, as is the case with most flavonoids(34–37), so that

in vitro actions may not translate easily into clinically relevant

anti-inflammatory effects. In this regard, apigenin K was

developed as an apigenin derivative with improved aqueous
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RT-PCR. Values are means (n 4–6), with their standard errors represented

by vertical bars. * Mean value was significantly different from that of the

TNBS group (P,0·05). † Mean value was significantly different from that of

the control ( ) group (P,0·05). Foxp3, forkhead box P3; Tlr2, Toll-like

receptor 2; Tgf-b, transforming growth factor-b; S100a8, S100 calcium-bind-

ing protein A8; Def1, defensin 1; Ccl2, chemokine (C–C motif) ligand 2;

Icam1, intercellular adhesion molecule 1; Cxcl1, chemokine (C–X–C motif)

ligand 1.

6

5

4

3

2

1

0

–1
1 2 3 4 5

Time (d)

D
is

ea
se

 a
ct

iv
it

y 
in

d
ex

 (
a.

u
.)

6

† †

†

†

**
*

*

7 8 9

Fig. 5. Effects of apigenin K ( ) on the disease activity index in rat dextran

sulphate sodium (DSS, ) colitis. Rats with DSS colitis were treated with

apigenin K as described in the ‘Materials and methods’ section. Data were

analysed by repeated-measures ANOVA with Fisher’s least significant differ-

ence tests. No significant treatment £ time interactions were detected.

Values are means (n 4–6), with their standard errors represented by vertical

bars. * Mean value was significantly different from that of the trinitrobenzene-

sulfonic acid group (P,0·05). † Mean value was significantly different from

that of the control ( ) group (P,0·05). a.u., Arbitrary units.

Effects of apigenin K in colitis 623

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114514004292  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114514004292


solubility, aiming at an increased bioavailability. In so far as

the colonic anti-inflammatory effect of apigenin depends on

absorption, the use of apigenin K may present obvious advan-

tages compared with the parent compound. However, it

should be noted that the exact tissue targets of apigenin, or

other flavonoids, are not clearly defined.

Apigenin, as such, has been shown to have beneficial effects

in the acetic acid model of colitis(11). This is an acute model with

little involvement of immune mechanisms, which is thought to

be produced by alteration of the intracellular pH at the epithelial

level, resulting in coagulative necrosis of the epithelium and

mucosa. This model is used chiefly for screening purposes,

but, otherwise, more relevant IBD models such as TNBS or

DSS colitis, among others, are preferred.

Apigenin was found in that study to offer protection at 5mg/kg

by the oral route, evidenced by a lower colonic damage

score, MPO activity and malondialdehyde level (an index of

oxidative stress). This dose is comparable to that used with

other flavonoids, tested for intestinal anti-inflammatory activity

in vivo, for instance quercitrin, rutin, diosmin, hesperidin or

morin(1,38,39). Therefore, we initially assayed three doses of

apigenin K of the same magnitude, namely 1, 3 and 10 mg/kg

(semi-logarithmic progression), in the TNBS model. The effect

on colonic damage score and extension, weight:length ratio,

MPO and AP activities indicates that the 3 mg/kg dose is superior

to 1 mg/kg, but the 10 mg/kg dose is equivalent to 3 mg/kg; that

is, the dose–response curve flattens out at 3 mg/kg. Therefore,

we selected this dose to carry out additional measurements by

quantitative RT-PCR, and also for testing in the DSS model. It

is important to note that the effects of apigenin K on TNBS colitis

were largely comparable with those of budesonide, one of the

drugs currently used in the management of IBD, while it did

not cause body-weight loss.

Apigenin K had a broad impact on the expression of

inflammatory markers in the colonic mucosa in both models

of colitis. This is relevant because there is no ideal model of

IBD(40), and each model can only reproduce certain aspects of

the human disease, and not others. Thus, clinical efficacy is

expected to correlate best with bioactivity established in more

than one model. While the inflammatory parameters affected in

TNBS and DSS largely overlap with those of the present study, it

is interesting to note the distinct effect of DSS colitis on IL-17C

and, to a lesser extent, on CXCL1, both of which are cytokines

of predominant or exclusive epithelial origin(41,42). In terms of

differential effects of apigenin K on TNBS colitis, the colonic

weight:length ratio and damage (necrosis) extension were major

targets, while it had no effect on the damage score or body

weight. However, in DSS colitis, apigenin K had a marked effect

on body-weight gain/DAI, food intake and colonic damage

score, with little change in the colonic weight:length ratio.
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Fig. 6. Effects of apigenin K (ApiK) on colonic (a) myeloperoxidase (MPO)

and (b) alkaline phosphatase (AP) activities in rat dextran sulphate sodium

(DSS) colitis. Rats with DSS colitis were treated with ApiK as described in

the ‘Materials and methods’ section. (c) In vitro sensitivity of AP activity to

the specific inhibitor levamisole. 1 U ¼ 1mmol/min. MPO data were analysed

by Kruskal–Wallis ANOVA. Values are means (n 4–6), with their standard

errors represented by vertical bars. * Mean value was significantly different

from that of the control group (P,0·05).

Table 3. Effects of apigenin K (ApiK) on body-weight gain and macroscopic damage
parameters in rat dextran sulphate sodium (DSS) colitis (Expt 3)

(Mean values with their standard errors, n 6)

Parameters Control DSS ApiK 3 mg/kg Pooled SEM

Body-weight gain (%) 11·1 2·2† 7·0 3·6
Food intake (g/rat per d) 16·5 14·6† 16·8* 1·3
Damage score (a.u.) – 2·2† 0·5* 0·8
Colon weight:length ratio (mg/cm) 67·0 100·0† 90·5† 12·6

a.u., Arbitrary units.
* Mean value was significantly different from that of the TNBS group (P,0·05).
† Mean value was significantly different from that of the control group (P,0·05).
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Some of these differences may be related to the higher

severity of TNBS v. DSS colitis in the present study, although

these were more qualitative than quantitative, and, therefore,

do not explain the results. Instead, the distinct aetiopathogenic

characteristics of the two models used may underlie these

differences. TNBS acts as a hapten, reacting with proteins in

the intestinal mucosa to yield immunogens that, in turn,

elicit a T helper 1 response(43). This can be reproduced

in vivo by directly injecting TNBS into the mucosa(43), but

normally a 50 % ethanol solution is used as a vehicle for

TNBS to serve as a barrier breaker(16,44). Although ethanol

evokes colonic inflammation by itself, the reaction is short-

lived, and there are no immunological mechanisms involved.

In addition, TNBS may induce oxidative stress, which can

contribute to colitis(45).

Conversely, DSS induces inflammation by a mechanism

that involves epithelial disruption by a direct action on entero-

cytes(15). Altered permeability augments the exposure of

mucosal immunocompetent cells to bacterial antigens and

viable micro-organisms, resulting in a secondary inflammatory

reaction. The fact that damage score is significantly improved

by apigenin K in DSS, but not in TNBS, colitis is consistent

with an important effect of the flavonoid compound on

epithelial cells. This is also consistent with the up-regulation

of Il-17c in DSS, but not in TNBS, colitis and its amelioration

by apigenin K. Similarly, the markedly higher increase

observed in DSS colitis compared with TNBS colitis may

reflect a higher impact on the epithelium in the former

model. In contrast, subepithelial actions may be more relevant

to the beneficial effect on TNBS colitis. The known effects of

apigenin on monocytes and lymphocytes probably account

for much of the anti-inflammatory effect observed in both

the models, and they explain the inhibition of cytokines

derived from these cell types such as IL-6 or TNF-a. However,

the mechanism may be more complex, as suggested, for

instance by the apparent lack of effect on CXCL1, which,

indeed, may even be viewed as being up-regulated by

apigenin K. In this regard, apigenin K shows promising

activity against experimental colitis, and may be clinically

helpful in the future as a functional food, but further

experimentation is warranted.
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Effects of flavonoids on gastrointestinal disorders. In Studies
in Natural Products Chemistry Bioactive Natural Products
(Part F), pp. 565–604 [R Atta Ur, editor]. Amsterdam: Elsevier
Science Publishers.

4. Wang Y, Xu YS, Yin LH, et al. (2013) Synergistic anti-glioma
effect of hydroxygenkwanin and apigenin in vitro. Chem
Biol Interact 206, 346–355.

5. Mafuvadze B, Cook M, Xu Z, et al. (2013) Effects of dietary
apigenin on tumor latency, incidence and multiplicity in a
medroxyprogesterone acetate-accelerated 7,12-dimethyl-
benz(a)anthracene-induced breast cancer model. Nutr
Cancer 65, 1184–1191.

6. Shao H, Jing K, Mahmoud E, et al. (2013) Apigenin sensitizes
colon cancer cells to antitumor activity of ABT-263. Mol
Cancer Ther 12, 2640–2650.

7. Shukla S, Bhaskaran N, Babcook MA, et al. (2014) Apigenin
inhibits prostate cancer progression in TRAMP mice via

60

50

40

30

20

Fo
ld

 c
h

an
g

e 
re

la
ti

ve
 t

o
th

e 
co

n
tr

o
l g

ro
u

p

10 †

†

†

†

*
0

Il-
1β

Il-
6

Tlr2
Tgf-β

S10
0a

8
Il-

17
Def

1
Il-

17
c

Ccl2

Ica
m

1
Tnf-α

Cxc
l1

Fo
xp

3

Fig. 7. Effects of apigenin K (ApiK, ) on the colonic expression of inflam-

matory markers in rat dextran sulphate sodium (DSS, ) colitis. Rats with

DSS colitis were treated with ApiK as described in the ‘Materials and

methods’ section, and inflammatory markers were measured by quantitative

RT-PCR. Values are means (n 4–6), with their standard errors represented

by vertical bars. * Mean value was significantly different from that of the

trinitrobenzenesulfonic acid group (P,0·05). † Mean value was significantly

different from that of the control ( ) group (P,0·05). Foxp3, forkhead box

P3; Tlr2, Toll-like receptor 2; Tgf-b, transforming growth factor-b; S100a8,

S100 calcium-binding protein A8; Def1, defensin 1; Ccl2, chemokine

(C–C motif) ligand 2; Icam1, intercellular adhesion molecule 1; Cxcl1,

chemokine (C–X–C motif) ligand 1.

Effects of apigenin K in colitis 625

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114514004292  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114514004292


targeting PI3K/Akt/FoxO pathway. Carcinogenesis 35,
452–460.

8. Wang YC & Huang KM (2013) In vitro anti-inflammatory
effect of apigenin in the Helicobacter pylori-infected gastric
adenocarcinoma cells. Food Chem Toxicol 53, 376–383.

9. Hoensch H & Oertel R (2012) Anti-inflammatory effects of
tea-flavonoids. Dtsch Med Wochenschr 137, 2738–2740.

10. Man MQ, Hupe M, Sun R, et al. (2012) Topical apigenin
alleviates cutaneous inflammation in murine models. Evid
Based Complement Alternat Med 2012, 912028.

11. Ganjare AB, Nirmal SA & Patil AN (2011) Use of apigenin
from Cordia dichotoma in the treatment of colitis.
Fitoterapia 82, 1052–1056.

12. Abraham C & Cho JH (2009) Inflammatory bowel disease.
N Engl J Med 361, 2066–2078.

13. Gassull MA (2004) Review Article: the role of nutrition in
the treatment of inflammatory bowel disease. Aliment
Pharmacol Ther 20, Suppl. 4, 79–83.

14. Kawai Y, Nishikawa T, Shiba Y, et al. (2008) Macrophage as a
target of quercetin glucuronides in human atherosclerotic
arteries: implication in the anti-atherosclerotic mechanism
of dietary flavonoids. J Biol Chem 283, 9424–9434.

15. Wirtz S, Neufert C, Weigmann B, et al. (2007) Chemically
induced mouse models of intestinal inflammation. Nat
Protoc 2, 541–546.

16. Morris GP, Beck PL, Herridge MS, et al. (1989) Hapten-
induced model of chronic inflammation and ulceration in
the rat colon. Gastroenterology 96, 795–803.

17. Cooper HS, Murthy SN, Shah RS, et al. (1993) Clinicopatho-
logic study of dextran sulfate sodium experimental murine
colitis. Lab Invest 69, 238–249.

18. Daddaoua A, Puerta V, Zarzuelo A, et al. (2005) Bovine
glycomacropeptide is anti-inflammatory in rats with
hapten-induced colitis. J Nutr 135, 1164–1170.

19. Lopez-Posadas R, Requena P, Gonzalez R, et al. (2010)
Bovine glycomacropeptide has intestinal antiinflammatory
effects in rats with dextran sulfate-induced colitis. J Nutr
140, 2014–2019.

20. Ito R, Kita M, Shin-Ya M, et al. (2008) Involvement of IL-17A
in the pathogenesis of DSS-induced colitis in mice. Biochem
Biophys Res Commun 377, 12–16.

21. Sanchez de Medina F, Martinez-Augustin O, Gonzalez R, et al.
(2004) Induction of alkaline phosphatase in the inflamed
intestine: a novel pharmacological target for inflammatory
bowel disease. Biochem Pharmacol 68, 2317–2326.

22. Kerr TA, Ciorba MA, Matsumoto H, et al. (2012) Dextran
sodium sulfate inhibition of real-time polymerase chain
reaction amplification: a poly-A purification solution.
Inflamm Bowel Dis 18, 344–348.

23. Lopez-Posadas R, Gonzalez R, Ballester I, et al. (2011)
Tissue-nonspecific alkaline phosphatase is activated in
enterocytes by oxidative stress via changes in glycosylation.
Inflamm Bowel Dis 17, 543–556.

24. Park Y, Jin HS, Lopez J, et al. (2013) TSC1 regulates the
balance between effector and regulatory T cells. J Clin
Invest 123, 5165–5178.

25. Li L, Liu S, Xu Y, et al. (2013) Human umbilical cord-derived
mesenchymal stem cells downregulate inflammatory
responses by shifting the Treg/Th17 profile in experimental
colitis. Pharmacology 92, 257–264.

26. Furusawa Y, Obata Y, Fukuda S, et al. (2013) Commensal
microbe-derived butyrate induces the differentiation of
colonic regulatory T cells. Nature 504, 446–450.

27. Nicholas C, Batra S, Vargo MA, et al. (2007) Apigenin blocks
lipopolysaccharide-induced lethality in vivo and proinflam-
matory cytokines expression by inactivating NF-kB through

the suppression of p65 phosphorylation. J Immunol 179,
7121–7127.

28. Comalada M, Ballester I, Bailon E, et al. (2006) Inhibition of
pro-inflammatory markers in primary bone marrow-derived
mouse macrophages by naturally occurring flavonoids:
analysis of the structure–activity relationship. Biochem
Pharmacol 72, 1010–1021.

29. Park J, Kim SH & Kim TS (2006) Inhibition of interleukin-4
production in activated T cells via down-regulation of
NF-AT DNA binding activity by apigenin, a flavonoid present
in dietary plants. Immunol Lett 103, 108–114.

30. Yin Y, Gong FY, Wu XX, et al. (2008) Anti-inflammatory and
immunosuppressive effect of flavones isolated from
Artemisia vestita. J Ethnopharmacol 120, 1–6.

31. Liang ZD, Zeng YY, Huang XY, et al. (2008) Effect of
apigenin on proliferation, cell cycle and apoptosis of
mouse T cells in vitro. Xi Bao Yu Fen Zi Mian Yi Xue Za
Zhi 24, 337–340.

32. López-Posadas R, Ballester I, Abadı́a A, et al. (2008) Effect of
flavonoids on rat splenocytes, a structure–activity relation-
ship study. Biochem Pharmacol 76, 495–506.

33. Ruiz PA & Haller D (2006) Functional diversity of flavonoids
in the inhibition of the proinflammatory NF-kB, IRF, and Akt
signaling pathways in murine intestinal epithelial cells. J Nutr
136, 664–671.

34. Walle T (2004) Absorption and metabolism of flavonoids.
Free Radic Biol Med 36, 829–837.

35. Manach C & Donovan JL (2004) Pharmacokinetics and
metabolism of dietary flavonoids in humans. Free Radic
Res 38, 771–785.

36. Williamson G & Manach C (2005) Bioavailability and
bioefficacy of polyphenols in humans. II. Review of 93 inter-
vention studies. Am J Clin Nutr 81, 243S–255S.

37. Manach C, Williamson G, Morand C, et al. (2005)
Bioavailability and bioefficacy of polyphenols in humans.
I. Review of 97 bioavailability studies. Am J Clin Nutr 81,
230S–242S.

38. Crespo ME, Galvez J, Cruz T, et al. (1999) Anti-inflammatory
activity of diosmin and hesperidin in rat colitis induced by
TNBS. Planta Med 65, 651–653.

39. Ocete MA, Galvez J, Crespo ME, et al. (1998) Effects of
morin on an experimental model of acute colitis in rats.
Pharmacology 57, 261–270.

40. Koboziev I, Karlsson F, Zhang S, et al. (2011) Pharmacological
intervention studies using mouse models of the inflammatory
bowel diseases: translating preclinical data into new drug
therapies. Inflamm Bowel Dis 17, 1229–1245.

41. Reynolds JM, Martinez GJ, Nallaparaju KC, et al. (2012)
Cutting edge: regulation of intestinal inflammation and
barrier function by IL-17C. J Immunol 189, 4226–4230.

42. Egesten A, Eliasson M, Olin AI, et al. (2007) The proinflam-
matory CXC-chemokines GRO-alpha/CXCL1 and MIG/
CXCL9 are concomitantly expressed in ulcerative colitis
and decrease during treatment with topical corticosteroids.
Int J Colorectal Dis 22, 1421–1427.

43. Allgayer H, Deschryver K & Stenson WF (1989) Treatment
with 16,160-dimethyl prostaglandin E2 before and after
induction of colitis with trinitrobenzenesulfonic acid in rats
decreases inflammation. Gastroenterology 96, 1290–1300.

44. Martinez-Augustin O, Merlos M, Zarzuelo A, et al. (2008)
Disturbances in metabolic, transport and structural genes in
experimental colonic inflammation in the rat: a longitudinal
genomic analysis. BMC Genomics 9, 490.

45. Grisham MB, Volkmer C, Tso P, et al. (1991) Metabolism of
trinitrobenzene sulfonic acid by the rat colon produces
reactive oxygen species. Gastroenterology 101, 540–547.

C. Mascaraque et al.626

B
ri
ti
sh

Jo
u
rn
al

o
f
N
u
tr
it
io
n

https://doi.org/10.1017/S0007114514004292  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114514004292

