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Abstract

Oxidative stress plays an important role in the development of various human diseases. Aqueous

chamomile extract is used as herbal medicine, in the form of tea, demonstrated to possess

antiinflammatory and antioxidant properties. We demonstrate the cytoprotective effects of

chamomile on hydrogen peroxide (H2O2)-induced cellular damage in macrophage RAW 264.7

cells. Pretreatment of cells with chamomile markedly attenuated H2O2-induced cell viability loss

in a dose-dependent manner. The mechanisms by which chamomile-protected macrophages from

oxidative stress was through the induction of several antioxidant enzymes including NAD

(P)H:quinone oxidoreductase, superoxide dismutase, and catalase and increase nuclear

accumulation of the transcription factor Nrf2 and its binding to antioxidant response elements.

Furthermore, chamomile dose-dependently reduced H2O2-mediated increase in the intracellular

levels of reactive oxygen species. Our results, for the first time, demonstrate that chamomile has

protective effects against oxidative stress and might be beneficial to provide defense against

cellular damage.
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INTRODUCTION

Oxidative stress-induced cellular damage caused by reactive oxygen species (ROS) has been

implicated in the aging process and remains a major factor in the development of various
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human diseases including diabetes, liver diseases, neurodegenerative disorders,

cardiovascular diseases, and cancer (Cooke et al., 1997; Farinati et al., 1998). Dietary

antioxidants have been considered as an attractive strategy to prevent or attenuate the

progression of diseases caused by oxidative stress. Chamomile (Matricaria chamomilla) has

been used for centuries in many human cultures to treat various inflammatory conditions

such as eczema, ulcers, gout, neuralgia, and rheumatic pains (Rombi, 1993; Tyler, 1993;

Bhaskaran et al., 2010). Recent studies have demonstrated its hypocholesteroemic,

antiparasitic, antiaging, and anticancer properties, supporting its longstanding traditional use

for treating various human ailments (Lee and Shibamoto, 2002; Babenko and Shakhova,

2006; Srivastava and Gupta, 2009). Dried flowers of chamomile are used in the preparation

of tea, which is consumed at a rate of more than a million cups per day (Speisky et al.,

2006). The beneficial effects of chamomile are related to the presence of several flavonoid

constituents and the core structure consists of either flavone (apigenin and luteolin) or

flavonol derivatives (quercetin and patuletin). These occur in various forms such as

aglycoglycoside, monoglycoside, and diglycoside and/or acyl derivatives. This plant also

contains high levels of polyphenolic compounds such as coumarins and hydroxycoumarins.

Other principal components are essential oils such as terpenoids, α-bisabolol and its oxides,

azulenes including chalmuzene, and acetylene derivatives (McKay and Blumberg, 2006).

Chamomile is one of the richest sources of dietary antioxidants. The coumarins and

flavonoids are soluble in hot water and, ingested as tea, provide suppressive effects on

diabetic complications and oxidative damage to skins, membranes, proteins, and DNA (Paya

et al., 1992; Kaneko et al., 2007). However, the mechanisms of antioxidant effects of

chamomile have not been elucidated.

Antioxidants exert their effects via directly scavenging ROS and/or indirectly enhancing the

endogenous antioxidant defense system (Jackson et al., 2002). Several genes encoding

antioxidant phase II enzymes are coordinately induced upon exposure to electrophiles and

ROS (Itoh et al., 2004). Antioxidant response element (ARE), a cis-acting regulatory

element present in the promoter region of the genes encoding antioxidant proteins such as

heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase (NQO1), and glutathione S-

transferase are involved in the detoxification and elimination of reactive oxidants and

electrophilic agents through conjugative reactions and by enhancing cellular antioxidant

capacity (Ishii et al., 2000; Jang et al., 2009). Central to the antioxidant phase II gene

response is the Nrf2–Keap1 transcription system. Under basal conditions, Nrf2 is

sequestered in the cytoplasm as an inactive complex with the repressor Kelch-like ECH-

associated protein 1 (Keap1). The release of Nrf2 from its repressor is most likely to be

achieved by alterations in Keap1 structure. Keap1 contains several reactive cysteine residues

that function as sensors of cellular redox changes results in disruption of Nrf2–Keap1

complex that facilitates the translocation of Nrf2 into the nucleus, where it induces the

transcription of phase II detoxifying genes by binding to the antioxidant responsive element

ARE sequences (Motohashi and Yamamoto, 2004; Jang et al., 2009). Because of the

potential role of Nrf2–Keap1 pathway in inducing antioxidant proteins and protecting the

cells against oxidative damage, there is mounting interest to determine whether chamomile

could activate this pathway. In this study, we used RAW 264.7 macrophages to investigate
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whether chamomile activates Nrf2 signaling and increases the antioxidant phase II enzyme

proteins, protecting the cells from oxidative stress.

MATERIALS AND METHODS

Materials

Commercially available dry chamomile (M. chamomilla) flower of Egyptian origin was

purchased from Bec’s Tea Nirvana, Cleveland, OH, USA. The voucher specimen was

recorded and stored in our laboratory. Cell culture medium, Dulbecco’s modified essential

medium (Hyclone, Fisher Scientific; PA, USA), fetal bovine serum, penicillin–streptomycin

cocktail, and phosphate buffer saline were purchased from Cellgro Mediatech, Inc.

(Herndon, VA, USA). Hydrogen peroxide (H2O2) and apigenin 7-O-glucoside (>95% pure)

were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies for anti-Nrf2

(sc-722), anti-Keap1 (sc-33569), anti-superoxide dismutase (SOD) (sc-11407), anti-catalase

(CAT) (sc-69762), anti-NQO1 (sc-25591), and anti-β-actin (sc-47778) were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA, USA), and anti-histone 3 (05-928) was

purchased from Upstate Cell Signaling solutions (Billerica, MA, USA). Secondary

antibodies for mouse and rabbit (horseradish peroxidase conjugates) were purchased from

Santa Cruz Biotechnology (Santa Cruz, CA, USA). Enhanced chemiluminescence kit (ECL)

for chemiluminescence was purchased from GE Healthcare Biosciences (Piscataway, NJ,

USA). All reagents used in the experiments were of analytical reagent grade or HPLC grade

where applicable.

Preparation of extracts

Dry chamomile flowers were weighed and crushed to powder with a marble pestle and

mortar, and a 5% w/v suspension was prepared in a flask by adding hot boiled water. The

flask was then placed on a shaker for 4 h, and the temperature was maintained at 37 °C.

After shaking, the flask was brought to room temperature and the suspension was filtered

through a series of Whatman filters and finally passed through 0.22-micron filter (Millipore,

Billerica, MA, USA). The filtered aqueous extract was freeze-dried and stored at −20 °C

until use. For cell culture studies, the dried material from aqueous extract was weighed and

dissolved in culture medium to achieve desired concentration.

HPLC analysis

Aqueous chamomile extract was analyzed on an Agilent 1200 HPLC system (Agilent

Technologies, Santa Clara, CA, USA) with the use of a C-18 column. The mobile phase

consisted of acetonitrile and water as the isocratic solvent (30:70, v/v) maintained at a flow

rate of 1 mL/min with an injection volume of 5 μL and a run time of 8 min. Data were

collected at 335 nm (λmax for the majority of the apigenin glucosides).

Mass spectrometric analysis

Electrospray ionization tandem mass spectrometry was used to identify apigenin and its

derivatives in HPLC fractions. In brief, HPLC fractions were dissolved in 50% methanol

and introduced onto a Quattro Ultima triple-quadruple mass spectrometer (Micromass, Inc.,

Beverly, MA, USA) at a rate of 50 μL/min and analyzed using electrospray ionization in
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both negative and positive ion modes. Apigenin and its derivatives were identified using

both full and product scans. The capillary and cone voltages were set at 3.5 kV and 50 V,

respectively. The desolvation and cone temperatures were set at 250 and 120 °C,

respectively. The nitrogen gas flow rates for desolvation and cone were 600 and 80 L/h,

respectively. Collision-induced dissociation was achieved using argon gas.

Cell culture

Murine RAW 264.7 macrophages were obtained from the American Type Culture

Collection (Manassas, VA, USA) and grown in appropriate culture conditions. Cells were

cultured in Dulbecco’s modified essential medium with 10% heat-inactivated fetal bovine

serum, 100 μg/mL penicillin–streptomycin (Invitrogen, Carlsbad, CA, USA), and

maintained in an incubator with a humidified atmosphere of 95% air and 5% CO2 at 37 °C

as previously described (Bhaskaran et al., 2010).

Cell viability assay

The effect of chamomile on the viability of cells was determined by 3-[4, 5-

dimethylthiazol-2-yl]-2, 5-diphenyl tetrazoliumbromide (MTT) assay. Briefly, the cells were

plated at 1 × 104 cells per well in 200 μL of complete culture medium containing 5–80

μg/mL concentrations of freeze-dried aqueous extract in 96-well micro titer plates. The

concentration of DMSO remained within maximum permissible concentration of 0.1% in

both control and treated samples. Each concentration of chamomile was repeated in 10

wells. After incubation for desired times at 37 °C in a humidified incubator, cell viability

was determined. A 50-μL MTT (5 mg/mL in phosphate buffered saline stock, diluted to

working strength 1 mg/mL with media) was added to each well and incubated for 2 h after

which the plate was centrifuged at 600 g for 5 min at 4 °C. The MTT solution was removed

from the wells by aspiration. After careful removal of the medium, 0.1 mL of buffered

DMSO was added to each well, and plates were shaken. The absorbance was recorded on a

microplate reader at the wavelength of 540 nm. The effect of chamomile on growth

inhibition was assessed as percent cell viability where vehicle-treated cells were taken as

100% viable. The doses of chamomile used for other experiments ranged from 5 to 40

μg/mL.

Intracellular reactive oxygen species assay

Oxidative damage of cells was performed using hydrogen peroxide. Oxidative stress of the

cells was determined using the fluorescent probe 2′7′-dichlorofluorescein diacetate (DCF-

DA). Briefly, RAW 264.7 cells (1×105/plate) were suspended in a 96-well microplate

treated with a various concentrations of chamomile extract, with and without H2O2 (50 μM)

and further incubated according to the specified time course at 37 °C. At the end of the

oxidation treatment, cells were incubated with 10 μM of fluorescent probe DCF-DA for

20min at 37 °C. The fluorescence intensity was measured using FluoStar Omega

Spectrophotometer (BMG Labtech; NC, USA) at excitation and emission wavelengths of

485 and 560 nm, respectively.
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Measurement of NQO1 activity in RAW 264.7 cells

The NQO1 activity in RAW 264.7 was determined using dichloroindophenol (DCIP) as the

two-electron acceptor, as previously described (Zhu et al., 2007). Briefly, the reaction

mixture containing 50 mM Tris–HCl, pH 7.5, 0.08% Triton X-100, 0.25 mM NADPH, 80

μM 2,6-dichloroindophenol (DCIP) in the presence or absence of 60 μM dicumarol, a potent

inhibitor of NQO1, and the two-electron reduction of DCIP was monitored at 600 nm, 25 °C

for 3 min. The dicumarol inhibition of cellular NQO1 activity was calculated using the

extinction coefficient of 21.0 mM−1 cm−1 and expressed as nanomoles of DCIP reduced per

minute per milligram of cellular protein.

Measurement of superoxide dismutase activity in RAW 264.7 cells

Total SOD activity in RAW 264.7 was determined by Superoxide dismutase assay kit

(Cayman Chemical Cat# 70600; MI, USA). The enzyme activity was assessed using the

manufacturer’s protocol. The sample total SOD activity was calculated using a concurrently

run SOD (Sigma-Aldrich) standard curve and expressed as units per milligram of cellular

protein.

Measurement of catalase activity in RAW 264.7 cells

The CAT activity in RAW 264.7 cells was measured according to the Catalase assay kit

(Cayman Chemical Cat# 707002; MI, USA). The enzyme activity was assessed using the

manufacturer’s protocol. The cellular CAT activity was expressed as micromoles of H2O2

consumed per minute per milligram of cellular protein.

Western blot analysis

Macrophages, grown in 6-well plates to confluence, were incubated with or without H2O2 in

the absence or presence of aqueous chamomile extract. Cells were washed with ice-cold

PBS and stored at −70° until further analysis. Frozen plates were put on ice, and cells were

lysed in 1% Triton X-100, 0.15 M NaCl, and 10 mM Tris–HCl pH 7.4 for 30 min. Lysates

were homogenized through a 22 G needle and centrifuged at 10,000 g for 10 min at 4 °C.

The supernatants were collected, and protein was measured by the method according to

Bradford assay (Bradford, 1976). Cell lysates, containing equal amounts of protein, were

boiled in SDS sample buffer for 5 min before running on a 10% SDS–polyacrylamide gel.

Proteins were transferred to polyvinylidene fluoride membranes (Invitrogen, Carlsbad, CA,

USA). Membranes were blocked with 5% fat-free dry milk in TBS-T pH 8.0 (Tris-buffered

saline [50mM Tris, pH 8.0, 150 mM NaCl] with 0.1% Tween 20) and then incubated with

primary antibodies at appropriate dilutions overnight at 4°C. After washing, the membrane

was incubated with secondary antibody IgG:horseradish peroxidase conjugate and the

enhanced chemiluminescence system (ECL™, Amersham Pharmacia Biotech; NJ, USA).

Signal intensities were evaluated by densitometric analysis (Kodak Digital Science™ Image

Station 2000R Life Science Products; NY, USA).

Electrophoretic mobility shift assay

Electrophoretic mobility shift assay (EMSA) for Nrf2 was performed in the nuclear fraction

of RAW 264.7 macrophages incubated for 16 h with or without various concentrations of
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chamomile and H2O2 (50 μM) using Lightshift™ Chemiluminiscent EMSA kit (Pierce

Biotechnology, Rockford, IL, USA) following manufacturer’s protocol as previously

described (Shukla et al., 2004). The DNA probes used were Nrf2 oligonucleotides as

forward (5′-CAC GAG CTG CCG GCG CTG TCC ACA TC-3′) and reverse (5′-GAT

GTG GAC AGC GCC GGC AGC TCG TG-3′).

Statistical analysis

The enzyme estimations and cell viability assay were performed in triplicate. All

experiments were repeated at least twice. Results are expressed as mean values ±SD.

Statistical comparisons were made by ANOVA followed by a Dunnett’s multiple

comparison test. p-values <0.05 were considered significant.

RESULTS

First, we analyzed for constituents present in the aqueous chamomile extract. Reports

demonstrate that aqueous standardized extract of chamomile flowers contains various

flavonoids including apigenin, quercetin, and patuletin as glucosides and various acetylated

derivatives (Svehliková et al., 2004). We performed an HPLC scan at wavelengths ranging

from 200 to 590 nm to determine various constituents present in the chamomile extract.

Altogether, a total of 10 peaks were recorded in aqueous chamomile extract during the

scanning process, most of which correspond to water soluble flavonoids (data not shown).

The identified two major peaks with retention times of 1.15 min (27.7%) and 1.52 min

(63.3%) and other minor peaks that together constitute 9% of the total flavonoids. MS–MS

confirmation of these two peaks in the aqueous chamomile extract preparation corresponded

to apigenin 7-O-glucoside (63.3%) and apigenin 7-O-neohespridoside (27.7%), respectively

(Supplemental Figure 1).

Next, we determined the cell viability after exposure of RAW 264.7 macrophages with

H2O2 and aqueous chamomile extract. H2O2 is a stable agent and causes oxidative stress and

DNA damage resulting in decreased cell viability and induction of apoptosis in many

different cell types (Halliwell and Aruoma, 1991; Wijeratne et al., 2005; Yoshikawa et al.,

2006). Exposure to H2O2 for 6 h caused a concentration-dependent decrease in cell viability,

which ranges from 82% at 50 μM to 8% at the maximum dose of 800 μM, respectively (Fig.

1A). Next, we determined the effect of chamomile on cell viability. Exposure of cells to

chamomile for 24 h caused a modest decrease in cell viability, which ranges from 0.1% to

3.5% between the doses 5–40 μg/mL; 10.1% at the highest dose of 80 μg/mL (Fig. 1B).

Therefore, for further studies, we elected to work on the 5–40 μg/mL, which causes

minimum inhibition of cell viability.

In the next set of experiments, we sought to determine the protective effect of chamomile in

reversing the decrease in cell viability caused by H2O2. As shown in Figure 2A, RAW 264.7

macrophages were exposed to 5–40 μg/mL concentration of aqueous chamomile extract for

16 h prior to 50–200 μM doses of H2O2 exposure. Pretreatment of cells with 5–40 μg/mL

chamomile caused a significant increase in cell viability with 19–30% increase at 50μM

H2O2; 33–53% at 100 μM H2O2 and 157–375% at 200μM H2O2, compared with the H2O2-

treated cells. We also measured the generation of ROS after H2O2 exposure to RAW 264.7
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macrophages (Fig. 2B). Exposure of cells with H2O2 caused a significant increase in ROS

generation as measured by the addition of DCF-DA in the culture medium, which converts

to highly fluorescent dichlorofluorescein in the presence of intracellular ROS. Pretreatment

of cells with 5–40 μg/mL doses of chamomile caused a decrease in ROS generation with 89–

46% decrease at 50 μM H2O2; 16–51% at 100 μM H2O2 and 33–30% at 200 μM H2O2,

compared with the H2O2-treated cells (Fig. 2B). The effect of chamomile was also

confirmed by the morphological observations. There was a significant injury in RAW 264.7

macrophages after treatment with 50 μM H2O2 for 6 h, including the disappearance of

cellular process, shrinkage of the cell and the nucleus as well as condensation of nuclear

chromatin, nuclear blebbing consistent with apoptosis. Chamomile pretreatment with 20

μg/mL for 16h to these cells markedly reduced H2O2-mediated cellular damage (Fig. 2C).

To verify the effect of chamomile on the induction of phase II genes, we selected the typical

phase 2 enzymes: NQO1, SOD, and CAT, which catalyze the detoxification of electrophiles.

RAW 264.7 macrophages incubated with chamomile modified the activity of antioxidant

enzymes compared with untreated controls. Exposure of cells with 10–40 μg/mL chamomile

resulted in 1.74-fold to 1.96-fold increase in NQO1, 1.22-fold to 1.45-fold increases in SOD

and 1.4-fold to 1.8-fold increases in CAT, respectively. Furthermore, treatment of cells with

50 μM H2O2 prior to chamomile treatment resulted in further increase in NQO1 (1.88-fold

to 4.24-fold) and CAT (2.44-fold to 3.12-fold) activity; whereas a decrease in SOD activity

was observed (1.1-fold to 0.98-fold) after treatment with H2O2 (Fig. 3A). In agreement with

the results of the enzyme activity determinations, chamomile-alone treatment resulted in

dose-dependent increase in the protein expression of NQO1, SOD, and CAT, compared with

the untreated controls. Similar effects were noted as of enzyme activity after treatment of

cells with chamomile followed by H2O2 treatment (Fig. 3B).

Because Nrf2 is a major transcription factor involved in the cellular protection against

oxidative stress through ARE-mediated induction of phase 2 antioxidant enzymes, we

therefore measured the levels of Nrf2. Under resting condition, Nrf2 is sequestered in the

cytosol by Keap1, and chamomile treatment to RAW 264.7 macrophages resulted in

significant increase of Nrf2 and Keap1 in the cytosol. Treatment of cells with H2O2 after

chamomile pretreatment resulted in further increase in Keap1 in the cytosol, whereas Nrf2

levels tend to decrease in the cytosolic fraction (Fig. 4A). Chamomile treatment significantly

enhanced the nuclear accumulation of Nrf2 in a dose-dependent manner and obtained the

highest induction at 20–40 μg/mL doses of chamomile. Treatment with H2O2 further

increased the nuclear accumulation of Nrf2 (Fig. 4B). These results suggest that chamomile

stimulate Nrf2-mediated ARE activation by enhancing the nuclear accumulation of Nrf2

protein.

To further confirm Nrf2-mediated ARE gene regulation, an EMSA was performed using an

oligonucleotide containing a consensus of Nrf2 binding sequence in the nuclear fraction

prepared after H2O2 challenge and chamomile pretreatment. A strong Nrf2 band was

observed in response to chamomile treatment, which was further increased with H2O2

treatment (Fig. 4C). These results demonstrate that chamomile-activated ARE response

elements through Nrf2 activation and subsequent binding, which might account for the

increase in antioxidant enzyme offering protection against H2O2-mediated cellular damage.
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DISCUSSION

Studies have shown that oxidative stress is a major cause of cellular damage and has been

implicated in several human diseases including cancer (Valko et al., 2007). ROS such as

H2O2, superoxide anion ), and hydroxyl radical (OH−) readily damage biomolecules,

which leads to cellular mutation or cell death via apoptosis or necrosis. Therefore, removal

of excess ROS or suppression of their generation by antioxidants may be effective in

preventing oxidative damage or cell death. Considerable efforts have been made by

researchers to search for natural agents with antioxidant properties. Chamomile has been

used to treat various inflammatory and immune-regulated disorders and might possess

antioxidant potential as well. We explored the molecular mechanism underlying antioxidant

potential of chamomile to protect against H2O2-mediated cellular damage using murine

RAW 264.7 macrophages. For the first time, we demonstrate that chamomile increases

phase II enzymes through Nrf2 activation.

Macrophages are widely distributed cells found in mammalian tissues and are well known

for their role in both innate and adaptive immunity (Yan and Hansson, 2007). Macrophages

also play important role in other physiological processes, and its dysfunction has been

implicated in many pathophysiological process including inflammatory disorders,

neurodegeneration, atherosclerosis, and cancer (Shibata and Glass, 2009). Macrophages are

critical targets of oxidative stress and demonstrate rapid response through loss of viability

culminating in apoptotic and necrotic cell death. In this study, H2O2 has been used as an

inducer of oxidative stress in in vitro model (Satoh et al., 1996). Exposure of H2O2 to

cultured cells result in alterations in intracellular redox status and generation of hydroxyl

and peroxyl radicals, which cause damage to membranes and biomolecules resulting in

dose-dependent loss of cell viability (Zhang et al., 2007). However, pretreatment with

various concentrations (5–40 μg/mL) of chamomile greatly reduced ROS generation and

loss of cell viability, which was further confirmed by morphological observations. These

results indicated that chamomile did significantly protect RAW 264.7 macrophages from

H2O2-induced cytotoxicity.

It is well known that antioxidant defense enzymes play pivotal roles in preventing cellular

damage. Our results demonstrate that chamomile caused increase in the enzyme activity and

protein expression of NQO1, SOD, and CAT in RAW 264.7 macrophages alone and also

after H2O2 exposure, although without any effect observed on SOD levels. Interestingly, the

effects of chamomile on SOD expression seem to be selective after H2O2 exposure. Because

in our studies we have determined the levels of Cu/Zn-SOD and not Mn-SOD, it is possible

that chamomile might increase the levels of Mn-SOD and not Cu/Zn-SOD after H2O2

exposure. However, additional studies are needed to explore the mechanism(s) of SOD

regulation by chamomile.

A number of studies demonstrate that Nrf2 is a critical transcription factor in regulating the

expression of a variety of cytoprotective genes encoding for antioxidants and phase II

enzymes. Under basal conditions, Nrf2 is sequestered in the cytoplasm by actin-binding

protein Keap1 and rapidly undergoes ubiquitin-mediated proteasomal degradation assisted

by Keap1 as an adaptor for Cul3-based E3 ligase (Zhang, 2006). Keap1 possess abundant-
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free cysteine residue (25 cysteine), which makes it an ideal redox-sensing partner. Exposure

of cells to chemopreventive agents and/or oxidative stress result in phosphorylation (by

upstream kinases) and/or redox modification of Nrf2/Keap1 complex leading to dissociation

of Keap1 and subsequent nuclear translocation of Nrf2 (Huang et al., 2000; Nguyen et al.,

2003; Giudice and Montella, 2006). In the nucleus, Nrf2 forms a heterodimer with small

Maf proteins and activates the transcription of antioxidant genes via ARE. In the present

study, chamomile caused dissociation of Keap1 and increased nuclear accumulation of Nrf2

and its binding to ARE presumably serves to enhance the expression of various phase II

antioxidant enzymes. Whether chamomile results in posttranslational modification of these

proteins by various upstream kinases remains to be elucidated.

Aqueous chamomile extract contains a mixture of various polyphenols and essential oils,

which has been used as folk medicine for centuries (Srivastava and Gupta, 2007). These

include therapeutically active compound class, namely, sesquiterpenes, flavonoids,

coumarins, and polyacetylenes. Some major bioactive phenolic compounds present in

chamomile extract are herniarin and umbelliferone (coumarin), chlorogenic acid and caffeic

acid (phenylpropanoids), apigenin, apigenin-7-O-glucoside, luteolin and luteolin-7-O-

glucoside (flavones), quercetin and rutin (flavonols), and naringenin (flavanone). It is well

established that phenolic compounds are potent inhibitors of oxidative damage and H2O2

detoxification due to the availability of phenolic hydrogen (Rice-Evans et al., 1996).

Chamomile extract is a naturally occurring mixture of polyphenols, which contributes to its

potent antioxidant activity. The dose used in cell culture study is physiologically attainable

in humans. Chamomile use in the form of tea might be enough to induce the expression of

phase II antioxidant enzymes, which would likely contribute to the beneficial effects of this

readily available dietary agent. In summary, our studies demonstrate that chamomile elicits

antioxidant potential through induction of phase II enzymes through Nrf2–Keap1 signaling

pathway as a means to provide protection against cellular damage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ARE antioxidant response element

CAT catalase

DCF-DA dichlorofluorescein diacetate

EMSA electrophoretic mobility shift assay

HPLC high performance liquid chromatography
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Keap1 Kelch-like ECH-associated protein 1

NADPH nicotinamide adenine dinucleotide phosphate-oxidase

NQO1 NAD(P)H dehydrogenase (quinone 1)

H2O2 hydrogen peroxide

ROS reactive oxygen species

Nrf2 nuclear factor (erythroid-derived 2)-like 2

SOD superoxide dismutase
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Figure 1.
Cell viability assay. (A) Concentration-dependent effect of H2O2 on cell viability for 6 h as

determined by MTT assay; (B) cell viability assay by MTT after treatment with chamomile

at 0, 5, 10, 20, 40, and 80 μg/mL for 24 h in RAW 264.7 macrophage cells. Data shown are

representative of three independent experiments. Mean ±SD; *p <0.05 and **p <0.001

represent significant differences as compared with the control group. The details are

described in the Materials and methods section.
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Figure 2.
Effect of chamomile on cell viability and ROS generation with H2O2 in RAW 264.7 cells.

(A) Cell viability assay with MTT on RAW 264.7 cells treated with chamomile at

concentrations 0–40 μg/mL for 16 h and further challenged with H2O2 at 50, 100, and 200

μM for 6 h; (B) ROS assay with DCF-DA on RAW 264.7 cells treated with chamomile at

concentrations 0–40 μg/mL for 16 h and further challenged with H2O2 at 50, 100, and 200

μM for 6 h; (C) photographs of RAW 264.7 macrophages (subpanel a–d) showing cells after

treatment with 50 μM H2O2 for 6 h, 20 μg/mL chamomile for 16 h alone and chamomile

with H2O2. The bars represent mean ± SD of at least three independent experiments each

performed in triplicate, *p <0.05 and **p <0.001 represent significant differences as

compared with the chamomile and H2O2 treated group. ¶p <0.05 and #p <0.001 represent

significant differences as compared with the H2O2 model group. The details are described in

the Materials and methods section.
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Figure 3.
Effect of chamomile on antioxidants enzyme activity and their respective protein expression.

(A) NQO1, SOD, and CAT enzymes activity after treating the RAW 264.7 macrophages

with chamomile at 0, 10, 20, and 40 μg/mL with and without H2O2. The bars represent mean

±SD of at least three independent experiments each performed in triplicate, *p <0.05 and

**p <0.001 represent significant differences as compared with the chamomile and

H2O2treated group. #p <0.001 represent significant differences as compared with the H2O2

model group. (B) Protein expression of the phase 2 antioxidants when RAW 264.7

macrophages treated with chamomile at 0, 10, 20, and 40 μg/mL for 16 h without H2O2 and

chamomile for 16 h with H2O2 for 6 h. The numeric value below each band represents

intensity performed by densitometric analysis normalized to the loading control, β-actin.

The details are described in the Materials and methods section.
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Figure 4.
Effect of chamomile on Nrf2/Keap1 expression in RAW 264.7 macrophages. (A) Western

blot for cytosolic Nrf2 and Keap1 protein expression, and (B) nuclear expression of Nrf2 in

RAW 264.7 macrophages stimulated with chamomile 0, 10, 20, and 40 μg/mL for 16h

without H2O2 and chamomile for 16h with H2O2 for 6hrs as indicated. (C) EMSA assay.

EMSA was performed to determine the effect of chamomile on the nuclear translocation of

Nrf2 dimers and their binding to the DNA. Controls: #1 Biotin-EBNA control DNA, #2

Biotin-EBNA control DNA+EBNA extract, #3 Biotin-EBNA control DNA+EBNA extract

+20-fold molar excess of unlabeled EBNA DNA. The details of the treatment have been

described in the Materials and methods section.
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