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  Abstract   The aim of the study was to investigate the potential anti-in fl ammatory effects in 
 experimental allergic asthma of natural polyphenolic compounds or their single major components. 
The experiment was performed after 21-days sensitization of guinea pigs with ovalbumin suspension. 
Changes in airway reactivity after the long-term treatment with the polyphenolic compounds Provinol 
and Flavin-7 and their single major components quercetin and resveratrol during were assessed using 
a whole body plethysmography. Reactivity of tracheal smooth muscle was studied  in vitro  in response 
to cumulative doses of the bronchoconstrictive mediators histamine and acetylcholine. Furthermore, 
concentrations of the in fl ammatory cytokines IL-4 and IL-5 were measured in bronchoalveolar lavage 
 fl uid. The results demonstrate signi fi cant anti-in fl ammatory effects of Provinol and Flavin-7 exerted 
in the airways. In contrast, chronic treatment with quercetin and resveratrol, single components of the 
two polyphenols, did not show such activity. We conclude that polyphenolic compounds are more 
effective in the anti-in fl ammatory effects in the airways than their separate components.  

  Keywords   Allergic in fl ammation  •  Airway hyperreactivity  •  Asthma  •  Polyphenols  •  Quercetin  
•  Resveratrol  •  In fl ammatory cytokines    

    12.1   Introduction 

 Allergic asthma is a chronic in fl ammatory disorder of airways in which many in fl ammatory cells, 
airways structural cellular elements, and in fl ammatory mediators play a role in the induction of air-
ways hyperreactivity and bronchoconstriction. The early allergic response occurring within seconds 
to minutes of allergen exposure is manifested with bronchoconstriction, edema in the airways and 
mucin hypersecretion induced by in fl ammatory mediators of mast cells (histamine, prostaglandin D2, 
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and leukotriene C4). The late-phase allergic reaction related to activation of in fl ammatory cells (mast 
cells, T cells, eosinophils, and neutrophils), in fl ammatory cell recruitment in the lungs, airway hyper-
reactivity, and production of IgE might occurs a few hours later (Galli et al.  2008  ) . T h 1/T h 2 imbalance 
with a predominance of T h 2 in fl ammatory cytokines such as IL-4, IL-5, IL-9, and IL-13 is a conse-
quence of allergen challenge. In the presence of IL-4 and IL-13, and co-stimulatory molecules (CD40 
and CD80 or CD86) B lymphocytes undergo a class switch to produce IgE antibodies (Lebman and 
Coffman  1988 ; Van der Pouw Kraan et al.  1998  ) . Higher expression of IL-5 is associated with eosino-
phil-mediated in fl ammation in the airways (Shi et al.  1998  ) . IL-9 enhances proliferation of mast cells 
(Temann et al.  1998  ) . 

 Recently, there has been a great deal of interest in polyphenols due to their bene fi cial pulmonary 
actions both in animals and humans. These natural substances are present in all plants. They are gen-
erally divided into two main categories:  fl avonoids (anthocyanins and anthoxanthins) and non-
 fl avonoids like stilbenes, phenolic acids, and tannins. Polyphenolic natural products exhibit a wide 
range of biological and pharmacological properties. On the basis of many experimental studies, it has 
been accepted that polyphenols have anti-in fl ammatory, bronchodilator, antioxidant, and expectorant 
effects in the airways (   Lee et al.  2009 ; Gilani et al.  2006 ; Brozmanova et al.  2007 ; Moon et al.  2008 ; 
Park et al.  2009  ) . They are able to suppress allergen-induced in fl ammatory cell in fi ltration during the 
late-phase of allergic reaction, to reduce levels of in fl ammatory cytokines IL-4, IL-5 and IL-13 in 
plasma and bronchoalveolar lavage  fl uid (BALF), to decrease serum IgE levels, and to inhibit hista-
mine release from mast cells during both early and late phase of allergic reaction, which all results in 
their anti-in fl ammatory effects in airways (Jung et al.  2007 ; Hurst et al.  2010 ; Iwamura et al.  2010  ) . 

 The aim of our study was to assess changes in respiratory defence re fl exes during experimental 
allergic in fl ammation in the airways in response to treatment with selected polyphenols. The study 
was designed to evaluate the potential anti-in fl ammatory effects of polyphenols by the use of  in vivo  
and  in vitro  methods; the latter analyzing the in fl ammatory cytokines IL-4 and IL-5 in BALF. In the 
study we used the phenolic compounds Provinol and Flavin-7, as well as their separable major com-
ponents quercetin and resveratrol. 

 Provinol as an alcohol-free red wine extract which contains more than 95% of polyphenols. 
We took interest in this compound due to its reported vasorelaxant effect on arterial smooth muscle 
(Andriambeloson et al.  1997  ) . Flavin-7, in turn, is able to relax the tracheal smooth muscle of healthy 
animals and possesses antioxidant properties in airways (Brozmanova et al.  2007 ; Szentmiklósi  2003  ) . 
We were also interested in the antiasthmatic effects of the  fl avonol quercetin and the stilbene resvera-
trol which belong to the main polyphenolic components of Provinol and Flavin-7.  

    12.2   Methods 

    12.2.1   Experimental Protocol 

 The study protocol was approved by a local Ethics Committee of Jessenius Faculty of Medicine, 
Comenius University in Martin, Slovakia. Male Trik guinea pigs were used in our experiment (250–
300 g). They were randomly divided into three main groups each consisting of ten animals: control 
(n = 10) – treated for 21 days only with saline, sensitized with the allergen ovalbumin (OVA) for 
21 days, and POVA, FOVA, KOVA or ROVA – groups of guinea pigs sensitized for 21 days with OVA 
and simultaneously treated with Provinol (20 mg kg −1  per day); Flavin-7 (2 ml kg −1  per day); quercetin 
(20 mg kg −1  per day), or resveratrol (10 mg kg −1  per day), respectively. Polyphenols were administered 
for 21 days daily orally simultaneously with sensitization of guinea pigs. Evaluating the chronic 
anti-in fl ammatory effect of polyphenols was performed on the 21st day of animal sensitization.  
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    12.2.2   Materials 

 Provinol (dry powder of red wine polyphenolic compounds) was provided by D. Ageron (Société 
Francaise de Distillerie, Vallont Pont d’Arc, France). Provinol is a mixture of proanthocyanidins, total 
anthocyanins, free anthocyanins, catechins, phenolic acids and  fl avonols. Flavin-7 is a concentrated 
fruit extract (red grape, blackberry, black cherry, black currant, elderberry, blackthorn, and plum) 
riched on bio fl avonoids and stilbene resveratrol. Flavin-7 was a gift from Vita Crystal Slovakia 
(Slovakia). Quercetin, resveratrol, ovalbumin (egg albumin grade V), histamine hydrochloride, ace-
tylcholine and other chemicals were purchased from Sigma Aldrich (Taufkirchen, Germany) and 
aluminium hydroxide from AFT (Bratislava, Slovakia). RayBio® mouse IL-4 and IL-5 ELISA kits 
were purchased from BioTech X-ray (St.Louis, MO). 

 The composition of Provinol was (in mg g −1  dry powder): proanthocyanins 480, total anthocyanins 
61, free anthocyanins 19, catechin 38, hydroxycinnamic acid 18, and  fl avonols 14. The composition 
of Flavin-7 was: total polyphenols 220 mg of which 170 mg  fl avonoids (myricetin, quercetin, kaemp-
ferol, isorhamnetine, (+)-catechin, (−)-epicatechin, malvidin-3-glucoside, chrysin, galangin, apigenin, 
 fi zetin and luteolin) and resveratrol 0.17 mg in 10 ml of this product.  

    12.2.3   Sensitization of Guinea Pigs 

 The intermittent exposure to allergen (suspension of 5 mg ovalbumin and 100 mg aluminium 
hydroxide) took 21 days. The suspension (0.5 ml) was injected both subcutaneously and intraperito-
nealy on the 1st day, subsequently either subcutaneosuly or intraperitonealy again during 2 weeks. 1% 
ovalbumin was nebulizated by guinea pigs for 1–3 min last week.  

    12.2.4   Assessment of Airways Reactivity 

 Changes in speci fi c airway resistance of sensitized guinea pigs were induced by inhaling histamine 
(10 −4  mol l −1 ) for 2 min during  in vivo  conditions. A non-invasive technique for the measurement of 
these changes was conducted in a whole-body plethysmography after the long-term administration of 
polyphenols (Provinol, Flavin-7, quercetin, and resveratrol). 

 Changes in force of tracheal smooth muscle contraction evoked by cumulative doses (10 −8 –
10 −3  mol l −1 ) of histamine and acetylcholine were analyzed during  in vitro  conditions. These 
bronchoconstrictor mediators were added into the organ bath with Krebs-Henseleit solution 
(in mmol l −1 : NaCl 110.0; KCl 4.80; CaCl 

2
  2.35; MgSO 

4
  1.20; KH 

2
 PO 

4
  1.20; NaHCO 

3
  25.0; 

glucose 10.0). The amplitude of tracheal smooth muscle contraction (mN) after the long-term 
administration of polyphenols to sensitized animals was monitored.  

    12.2.5   Assessment of Airways In fl ammation 

 Levels of in fl ammatory cytokines IL-4 and IL-5 were analyzed in BALF of the left lung. The lavage 
was performed twice with sterile isotonic saline solution (37°C; 10 ml kg −1 ) using a tracheal cannula. 
The supernatant of BALF after centrifugation (1,500 rpm for 10 min) was used for immunological 
analysis of cytokine concentrations using commercially available ELISA kits (RayBiotech, Inc). 
The minimum detection levels for each cytokine was <5 pg ml −1 .  
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    12.2.6   Statistical Data Analysis 

 The values for bronchial hyperreactivity and in fl ammatory cytokines in BALF were expressed as 
means±SE. ANOVA was performed to test for any differences in the mean values between groups. 
p < 0.05 was considered to be statistically signi fi cant.   

    12.3   Results 

 On the 21st day of animal sensitization, the experiments focused on the assessment of airway reactivity 
and allergic in fl ammation and the effects on them of the long-term administration of the antioxidants. 
Allergen-induced bronchial hyperreactivity resulted in an increase in speci fi c airways resistance in 
response to histamine  in vivo  and in amplitude of tracheal smooth muscle contraction in response to 
both histamine and acetylcholine  in vitro . There were also signi fi cant elevations in the in fl ammatory 
cytokines IL-4 and IL-5 in BALF. 

 The polyphenolic compounds Provinol and Flavin-7 signi fi cantly reduced both airway reactivity 
(Fig.  12.1a ) and tracheal smooth muscle contraction evoked by both histamine and acetylcholine 
(Fig.  12.2a ). The single components of these compounds quercetin and resveratrol had only mild, 
insigni fi cant bronchodilator effects (Fig.  12.1b ). Incubation of tracheal smooth muscle with quercetin 
reduced the amplitude of contraction in response to histamine and to higher concentrations of acetyl-
choline (10 −5 –10 −3  mol l −1 ). Resveratrol failed to reduce contraction of tracheal smooth muscle 
provoked by both histamine and acetylcholine in sensitized guinea pigs (Fig.  12.2b ).   

 Likewise, the polyphenolic Provinol and Flavin-7 effectively reduced the levels of IL-4 and IL-5 
in BALF of sensitized animals, while quercetin and resveratrol failed to cause appreciable changes in 
these in fl ammatory cytokines (Fig.  12.3 ).   

  Fig. 12.1     Speci fi c airway resistance after chronic administration of polyphenols in guinea pigs . ( a ) Provinol and 
Flavin-7 and ( b ) quercetin and resveratrol. Control – non-sensitized    guinea pigs treated for 21 days with saline; OVA 
– guinea pigs sensitized for 21 days with ovalbumin (OVA); Polyphenol – guinea pigs sensitized with OVA for 21 days 
and simultaneously treated with Provinol (20 mg kg −1  per day) and Flavin-7 (2 ml kg −1  per day) or quercetin (20 mg kg −1  
per day) and resveratrol (10 mg kg −1  per day). Data are means±SE, n = 10;  ××× p < 0.001 compared with the control group; 
**p < 0.01 and ***p < 0.001 compared with the OVA group       
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    12.4   Discussion 

 Treatment strategy of bronchial asthma is aimed at reducing airways hyperresponsiveness and allergic 
in fl ammation, the main features of asthma. Natural substances are less harmful to human health and 
have fewer unwanted effects compared with bronchodilators or corticosteroids. Recently, such 
compounds have become research objects in in fl ammatory disorders. 

  Fig. 12.2     Amplitude of tracheal smooth muscle contraction evoked by histamine  10 −8 –10 −3  mol l −1  after chronic 
administration of ( a ) Provinol and Flavin-7 and ( b ) quercetin and resveratrol. Control – non-sensitizated guinea pigs 
treated for 21 days with saline; OVA –guinea pigs sensitized for 21 days with ovalbumin (OVA); POVA – guinea 
pigs sensitized with OVA for 21 days and simultaneously treated with Provinol (20 mg kg −1  per day); FOVA – guinea 
pigs sensitized OVA for 21 days and simultaneously treated with Flavin-7 (2 ml kg −1  per day); KOVA – guinea pigs 
sensitized with OVA for 21 days and simultaneously treated with quercetin (20 mg kg −1  per day), and ROVA – guinea 
pigs sensitized with OVA for 21 days and simultaneously treated with resveratrol (10 mg kg -1  per day). Data are 
means±SE; n = 10;  × p < 0.05,  ×× p < 0.01, and  ××× p < 0.001 compared with the control group; *p < 0.05, **p < 0.01, 
***p < 0.001 compared with the OVA group       

  Fig. 12.3     In fl ammatory cytokine IL-5 in bronchoalveolar lavage  fl uid (  BALF  )  after chronic administration of 
polyphenols: Provinol, Flavin-7, quercetin, and resveratrol. Control – guinea pigs treated for 21 days with saline; 
OVA – guinea pigs sensitized for 21 days with ovalbumin; polyphenol – guinea pigs sensitized for 21 days with OVA and 
simultaneously treated with Provinol (20 mg kg −1  per day), Flavin-7 (2 ml kg -1  per day), quercetin (20 mg kg −1  per day), 
or resveratrol (10 mg kg −1  per day). Data are means±SE; n = 10;  × p < 0.05 and  ×× p < 0.01 compared with the control 
group; **p < 0.01 compared with the OVA group       
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 In the present study we assessed the effects of selected polyphenols on airway hyperresponsiveness 
and in fl ammation in experimentally evoked allergic asthma. The polyphenolic compounds Provinol 
and Flavin-7 effectively reduced bronchial hyperreactivity and contractile responses of tracheal 
smooth muscle to bronchoconstrictive mediators. Zenebe et al.  (  2003  )  have found similar biologi-
cal effects of Provinol on vascular smooth muscle. This polyphenolic compound of red wine produces 
endothelium-dependent relaxation as a result of enhanced nitric oxide (NO) synthesis. In our previous 
study, we have also shown that the relaxant effect of Provinol in the airways is partially mediated 
through NO metabolism (Joskova et al.  2009  ) . With regard to Flavin-7, Szentmiklósi  (  2003  )  has 
reported the compound’s bronchodilator activity in healthy animals. On the other hand, the broncho-
dilating and anti-in fl ammatory effects of quercetin and resveratrol, single components of the two 
polyphenols outlined above were not con fi rmed in the present study. The latter negative result is diver-
gent with a number of experimental studies which have shown potential bene fi ts of quercetin in regard 
to the limitation of allergic in fl ammation in the airways. In those studies, however, quercetin was 
administered for a much shorter time or in much higher doses (Nanua et al.  2006 ; Jung et al.  2007 ; 
Moon et al.  2008 ; Park et al.  2009 ; Rogerio et al.  2010  ) . Quercetin and its metabolites preferentially 
accumulate in the rat lungs (de Boer et al.  2005  ) , which is in accord with its local protective action 
against experimentally-induced lung  fi brosis in rats (El-Sayed and Rizk  2009  ) . The present study 
failed to con fi rm the bene fi cial effect of quercetin in the bronchial allergic condition. One reason of 
the negative  fi nding could be dif fi cult or reduced solubility of quercetin (Ferry et al.  1996 ; Kim et al. 
 2009  ) . Concerning resveratol, the lack of an effect could be due to too small a dose we employed, as 
doses three times higher apparently are able to exert an effect on the airways (Lee et al.  2009  ) . In the 
present study we chose to use a moderate dose of resveratrol, although higher doses might be justi fi ed 
in view of its oxidative degradation  in vitro  in the presence of bicarbonate ions (Yang et al.  2010  ) . 

 Allergen administration induces early and late allergic reactions in which many in fl ammatory 
cytokines play a role. IL-4 mediates induction of the IgE isotype switch and its secretion by 
B-lymphocytes (Lebman and Coffman  1988  ) , expression of vascular cell adhesion molecule-1 
(VCAM-1) on vascular endothelium (Iademarco et al.  1995  ) , migration of eosinophils through 
endothelium, mucus induction, and differentiation of T helper type 2 lymphocytes and their recruit-
ment to the lungs (Cohn et al.  1997  ) . IL-5 promotes activation of B-lymphocytes resulting in enhanced 
serum antibody levels and eosinophil number in the blood and their in fi ltration into the lungs 
(Shi et al.  1998  ) . In the present study we con fi rmed that both polyphenols Provinol and Flavin-7, but 
not their separable components quercetin and resveratrol, reduced the levels of in fl ammatory cytok-
ines IL-4 and IL-5 in BALF of sensitized guinea pigs. In contrast, some other studies have found that 
the separable components of polyphenols may suppress allergic in fl ammation in airways due to a 
reduction in proin fl ammatory cytokines (Park et al.  2007,   2009  ) . It is therefore a reasonable assump-
tion that the  fi nal effect of polyphenolic compounds is a result of mutual interactions among their 
separable components. The latter components if applied alone may require much higher doses for the 
biological effect to show up. That assumption is in line with the studies in which the antioxidant 
effects of a mixture of  fl avonoids were produced (Kühnau  1976  ) , while  fl avonoid monomers did not 
induce the biological response (Fitzpatrick et al.  1993  ) . 

 In conclusion, the results of our experiments point to the appreciable anti-in fl ammatory effects of 
the polyphenolic compounds Provinol and Flavin-7 in experimental asthma. Such compounds are 
more effective than their separable components. Natural polyphenols may become useful ancillary 
therapy in the management of asthma.      
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