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ABSTRACT
Measures for protecting against PM2.5 (particulate matter with
aerodynamic diameters ≤2.5 µm), which exacerbates respiratory
diseases, have not been established. The present study
investigated the effects of extracts of curry powder and its
components on pro-inflammatory responses, extracellular and
intracellular reactive oxygen species (ROS) production, induced by
the PM2.5 component, DEP (diesel exhaust particles). Airway
epithelial cells were exposed to DEP in the presence of curry
powder, or its major and/or anti-inflammatory components, clove
and turmeric. Curry powder, clove, and turmeric inhibited DEP-
induced IL-6 release and extracellular ROS; in the absence of clove
and turmeric, these effects of curry powder were mild but similar.
Among the other curry spices, cinnamon decreased IL-6 and
extracellular ROS, and coriander decreased IL-6 alone. This is the
first report on the protective effects of extracts of curry powder
and its components, against PM2.5-induced airway inflammation,
which may be partly through inhibition of extracellular ROS.
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1. Introduction

Particulate matter with aerodynamic diameters ≤2.5 µm (PM2.5) is generated by anthropo-
genic activities, such as combustion of coal and other fossil fuels, and increases the health
risk, especially in Asian countries (Cohen et al., 2017). Human exposure to PM2.5 occurs
through inhalation, and its small size allows deep penetration into the respiratory tract.
Some of the components of PM2.5 are known to contain hazardous substances, which
can cause exacerbation of respiratory diseases such as asthma and chronic obstructive pul-
monary disease (COPD) by disruption of the respiratory system (Schwarze et al., 2006).

The diesel exhaust particle (DEP), a representative component of PM2.5, is reported to
affect respiratory inflammation. In previous in vivo studies on mice, DEP increased the
number of inflammatory cells in bronchial alveolar lavage fluids (Ichinose, Furuyama, &
Sagai, 1995), and enhanced the antigen-induced airway inflammation and local cytokine
expression (Takano et al., 1997). In previous in vitro studies, DEP induced pro-inflamma-
tory response via interleukin (IL)-6 release from human bronchial epithelial cells (Steeren-
berg et al., 1998), and increased oxidative stress in human airway epithelial cells, which can
cause pro-inflammatory responses (Baulig et al., 2003; Li, Wang, Oberley, Sempf, & Nel,
2002). Therefore, DEP induces airway inflammation via cytokine release and reactive
oxygen species (ROS) production from airway epithelial cells and can affect the respiratory
diseases. It is hard to avoid invasion of PM2.5 into body due to the small size; however,
measures against human health risks after inhalation of PM2.5 are effective. The
effective measures are required to protect against cytokine release and ROS production.

“Curry” is a popular food in Asian countries and can be easily ingested on a daily basis.
Epidemiological studies have shown that curry consumption improves cognitive perform-
ance of non-demented elderly Asians (Ng et al., 2006) and that consumption of a single
serving of curry improves postprandial endothelial function in healthy male subjects
(Nakayama et al., 2014). Efficacy of curry on respiratory system is known: it has been reported
to improve pulmonary function in Asian elderly adults. Especially, forced expiratory volume
in one second (FEV1) and FEV1/forced vital capacity (FVC) in smokers who consume curry
were substantially higher than those in smokers who do not consume curry (Ng, Niti, Yap, &
Tan, 2012). Therefore, curry powder possibly protects against respiratory degeneration after
inhalation of PM2.5. Although the components of curry powder such as clove and turmeric
are reported to have anti-inflammatory and anti-oxidative effects (Bachiega, de Sousa, Bastos,
& Sforcin, 2012; Klawitter et al., 2012; Koo, Lee, Chung,Ko,&Kim, 2004; Yadav&Bhatnagar,
2007), there are few studies on the effects of curry powder itself.

In the present study, we investigated whether extracts of curry powder and its components
protect against PM2.5-induced airway inflammation.Wemeasured this based on IL-6 release
from human airway epithelial cells, and extracellular and intracellular ROS production after
exposure to DEP in the presence and absence of extracts of curry powder or the components.

2. Materials and methods

2.1. Cell culture

The BEAS-2B cell line, which is derived from human bronchial epithelial cells and is trans-
formed by an adenovirus (12-SV40 hybrid virus), was purchased from European Collec-
tion of Cell Cultures (Salisbury, Wiltshire, UK). Airway epithelial cells were seeded in 96-
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well or 12-well collagen I coated plates and incubated for 72 h to reach semi-confluence in
a serum free-medium, LHC-9 (Life technologies, Carlsbad, CA, USA), at 37°C in a
humidified atmosphere containing 5% CO2.

2.2. Preparation of DEP and extracts of curry powder and its components

DEP was collected as described previously (Nakamura et al., 2012). Briefly, DEP was col-
lected at the National Institute for Environmental Studies (Tsukuba, Ibaraki, Japan). An 8
L-diesel engine (J08C, Hino Motors, Tokyo) that was not fitted with after-treatment
devices was powered under steady-state conditions (speed = 2000rpm; engine torque =
0 Nm; diesel fuel = JIS No. 2) for 5 h. Particles were electrostatically (−27 kVolts) collected
at a distance of ≈10 m from the engine onto dichloromethane washed gold discs at a flow
rate of 20 L/min using a SSPM-100 sampler (Shimadzu, Kyoto, Japan). The DEP suspen-
sion was sonicated with an ultrasonic disrupter (UD-201, Tomy Seiko, Tokyo, Japan).

Powdered curry and the all components (clove, turmeric, ginger, black pepper, chenpi,
cumin, coriander, fenugreek, cardamom, nutmeg, fennel, and cinnamon) were provided
by House Foods Corporation (Yotsukaido, Chiba, Japan). Ten gram each of powdered
curry and its components were extracted overnight with 50 mL of acetone. Acetone
soluble fractions were centrifuged at 1,670 ×g for 10 min. The supernatants were passed
through filters (Advantec No. 5B, Toyo Roshi Kaisha, Ltd., Tokyo, Japan), and the resul-
tant crude extracts were evaporated at 30°C and then dried under a gentle stream of nitro-
gen gas. Blank was also prepared in the same manner. The dried extracts were resuspended
in ethanol to give a final concentration of 200 mg/mL and stored at −80°C until assay.

2.3. Experimental protocol

After airway epithelial cells were grown to semi-confluence in LHC-9, cells were exposed
to DEP in the presence and absence of each extract for 6 or 24 h. Cytokine production, cell
viability, extracellular and intracellular ROS were examined using enzyme-linked immu-
nosorbent assay (ELISA), Water Soluble Tetrazolium Salts (WST-1) assay, and a CM-
H2DCFDA fluorescent probe, respectively.

2.4. Cytokine in the culture supernatants

After exposure to DEP, in the presence and absence of each extract for 24 h, the medium
was harvested and centrifuged at 400 g for 5 min to remove the floating cells. The final
supernatants were stored at −80°C until analysis. The level of IL-6 (Thermo Scientific,
Waltham, MA, USA) in the culture supernatants was measured by ELISA according to
the manufacturer’s instructions. Absorbance was measured using iMarkMicroplate Absor-
bance Reader (Bio-Rad Laboratories) at a wavelength of 450 nm and a reference wave-
length of 550 nm. The detection limit of IL-6 was <1.5 pg/mL.

2.5. Cell viability

After exposure to DEP, in the presence and absence of each extract for 24 h, cell viability
was measured by WST-1 assay using Premix WST-1 Cell Proliferation Assay System
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(TaKaRa Bio Inc., Shiga, Japan). In brief, 7 μL of WST-1 reagent was added to each well of
the 96-well plate (the volume of WST-1 reagent was 1/10 of original culture medium) and
mixed well by gently rocking the plate. Then the airway epithelial cells were incubated at
37°C for 3 h; absorbance was measured using iMarkMicroplate Absorbance Reader (Bio-
Rad Laboratories, Hercules, CA, USA) at a wavelength of 450 nm and a reference wave-
length of 630 nm. Results were expressed as the percentage of viable cells, compared to
untreated cells (vehicle).

2.6. ROS generation

We used a fluorescent probe, 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein
diacetate, acetyl ester (CM-H2DCFDA), to measure the production of intracellular and
extracellular ROS. For measuring intracellular ROS, the cells were incubated with 5 μM
of CM-H2DCFDA for 30 min after exposure to DEP, in the presence or absence of
each extract for 3 h, which allowed the dye to enter the cells. The cells were then
washed to remove the extracellular dye, and were exposed to DEP, in the presence or
absence of each extract again. The fluorescence intensity during 0–3 h (excitation at
485 nm, emission at 530 nm) was measured.

For measuring extracellular ROS, 1 mM CM-H2DCFDA was hydrolyzed with 0.01 M
NaOH at 37°C under protection from light for 30 min, to react with ROS under cell-
free conditions. In the presence or absence of each extract, DEP was mixed with 5 μM
of CM-H2DCFDA. The fluorescence intensity during 0–3 h (excitation at 485 nm, emis-
sion at 530 nm) was measured.

2.7. Statistical analysis

Data are presented as mean ± standard error of the mean (SEM) for each experimental
group (n = 3−4). Differences among groups were analyzed using the Tukey multiple com-
parison test (Excel Statistics 2012, Social Survey Research Information, Tokyo). A p-value
<0.05 was accepted as significant.

3. Results

3.1. Effects of curry powder, clove, and turmeric extracts on DEP-induced pro-
inflammatory responses and cellular viability of human airway epithelial cells

To evaluate whether extract of curry powder has protective effect against DEP-induced
pro-inflammatory responses in airway epithelial cells, we examined IL-6 release and cell
viability after 24-h exposure.

Exposure to DEP resulted in a significant increase in IL-6 release, compared to that in the
vehicle. Curry powder, clove, and turmeric significantly attenuated the IL-6 release caused
by DEP (Figure 1). The level of efficiency was in order of turmeric>curry powder>clove.

At a dose of 75 µg/mL, DEP significantly decreased the viability of airway epithelial
cells. Exposure to DEP in the presence of curry powder, clove, and turmeric extracts
showed similar viability, however, DEP in the presence of clove and turmeric extracts
slightly decreased the cell viability compared to DEP alone (Figure 2).
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3.2. Effects of curry powder, clove, and turmeric extracts on DEP-induced ROS
generation

3.2.1. Extracellular ROS
Exposure to DEP increased ROS production, compared to that of the vehicle. Curry
powder, clove, and turmeric significantly decreased DEP-induced ROS (Figure 3(A)). Tur-
meric showed the highest level of efficiency. At a dose of 10 µg/mL, curry powder and
clove showed similar inhibitory responses.

Figure 1. Effects of curry powder, clove, and turmeric extracts on DEP-induced IL-6 release in human
airway epithelial cells. Cells were exposed to the indicated concentrations of DEP and each extract for
24 h. IL-6 release was measured by ELISA. Data are represented as mean ± SE of three individual cul-
tures. **p < 0.01, versus vehicle; ##p < 0.01, versus DEP; §§ p < 0.01, vs each other.

Figure 2. Effects of curry powder, clove, and turmeric extracts on DEP-induced viability of human
airway epithelial cells. Cells were exposed to the indicated concentrations of DEP and each extract
for 24 h. Viability was measured by WST-1 assay. Data are represented as mean ± SE of four individual
cultures. **p < 0.01, versus vehicle; ##p < 0.01, versus DEP.
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3.2.2. Intracellular ROS
We examined ROS generation after 6-h exposure to DEP; it increased ROS generation,
compared to that of the vehicle. Only clove extract significantly attenuated the DEP-
induced ROS (Figure 3(B)).

Figure 3. Effects of curry powder, clove, and turmeric extracts on DEP-induced extracellular (A) and
intracellular (B) ROS. The extracellular levels of ROS were measured after exposure to DEP and each
extract reacted with CM-H2DCFDA fluorescent probe for 3 h. Cells were exposed to DEP and each
extract, and intracellular levels of ROS after 6 h exposure were also measured. Data are represented
as mean ± SE of four individual cultures. **p < 0.01, versus vehicle; ##p < 0.01, versus DEP; §§ p <
0.01, vs each other.
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3.3. Effects of curry powder extract on DEP-induced pro-inflammatory response
and ROS generation in human airway epithelial cells, in the absence of clove and
turmeric

To identify the effects of spices, except clove and turmeric, we examined the effect of curry
powder extract on DEP-induced IL-6 release and ROS generation, in absence of clove and
turmeric. Curry powder, in the absence of clove and turmeric, mildly but similarly attenu-
ated the IL-6 release and extracellular ROS generation induced by DEP (Figure 4(A, B))
and we observed a decrease of approximately 0.9 times in IL-6 release and 0.7 times in
ROS level, compared to curry powder in the presence of clove and turmeric.

Curry powder includes a variety of spices such as ginger, black pepper, chenpi, cumin,
coriander, fenugreek, cardamom, nutmeg, fennel, and cinnamon. We examined the effects
of extracts of these spices on DEP-induced IL-6 releases and ROS generation. Among
them, coriander and cinnamon significantly attenuated the DEP-induced IL-6 release
(Figure 5). Cinnamon decreased extracellular DEP-induced ROS generation, whereas cor-
iander did not (Figure 6).

4. Discussion

In the present study, we determined the effects of extracts of curry powder and its com-
ponents on DEP-induced respiratory dysfunction. Clove and turmeric are known to have

Figure 4. Effects of curry powder extract on DEP-induced IL-6 release (A) and extracellular ROS (B) in
the absence of clove and turmeric. Cells were exposed to the indicated concentrations of DEP and
extract for 24 h. IL-6 release was measured by ELISA. The extracellular levels of ROS were measured
after DEP and extract reacted with CM-H2DCFDA fluorescent probe for 3 h. Data are represented as
mean ± SE of three or four individual cultures. **p < 0.01, *p < 0.05, versus vehicle; ##p < 0.01, #p <
0.05, versus DEP.
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Figure 5. Effects of various extracts of curry powder components on DEP-induced IL-6 release in human
airway epithelial cells. Cells were exposed to the indicated concentrations of DEP and each extract for
24 h. IL-6 release was measured by ELISA. Data are represented as mean ± SE of three individual cul-
tures. **p < 0.01, *p < 0.05, versus vehicle; ##p < 0.01, #p < 0.05, versus DEP.

Figure 6. Effects of coriander or cinnamon extract on DEP-induced extracellular ROS. The extracellular
level of ROS was measured after DEP and each extract reacted with CM-H2DCFDA fluorescent probe for
3 h. Data are represented as mean ± SE of four individual cultures. **p < 0.01, versus vehicle; ##p < 0.01,
versus DEP.
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anti-inflammatory and anti-oxidative effects (Bachiega et al., 2012; Klawitter et al., 2012;
Koo et al., 2004; Yadav & Bhatnagar, 2007), and they are ingredients of curry powder.
Therefore, the effects of curry powder were compared to those of clove and turmeric.
We demonstrated that DEP affected cell viability and elevated IL-6 release from airway
epithelial cells and that curry powder, and clove and turmeric, attenuated DEP-induced
pro-inflammatory responses and extracellular ROS production. Similarly, in the absence
of clove and turmeric, curry powder attenuated DEP-induced pro-inflammatory responses
and extracellular ROS. Cinnamon significantly attenuated both of them, whereas corian-
der decreased only pro-inflammatory responses.

For the first time, we found that curry powder extract can attenuate DEP-induced
airway inflammation. Airway epithelial cells are the sources of pro-inflammatory cyto-
kines such as IL-6, which is induced in response to environmental insults and plays an
important role during the inflammation of the respiratory system by stimulating lympho-
cytes and up-regulating mucin secretion (Chen et al., 2003; Thacker, 2006). Various air
pollutants including diesel exhaust particles, ambient PM2.5, extracted PM2.5, and
Asian sand dust particles, stimulate IL-6 releases from airway epithelial cells (Honda
et al., 2014, 2017; Onishi et al., 2018; Steerenberg et al., 1998). Previous studies have
reported that food components such as curcumin from turmeric, rosmarinic acid from
Lamiaceae herbs, proanthocyanidins from cacao, emodin from the Chinese herb, Radix
et Rhizoma Rhei, decreased DEP-induced pro-inflammatory responses, such as IL-6,
TNF-α, IL-1β, or ICAM-1 release (Nemmar, Al-Salam, Yuvaraju, Beegam, & Ali, 2015;
Nemmar, Subramaniyan, & Ali, 2012; Sanbongi et al., 2003; Yasuda et al., 2008).
Eugenol in clove has also been reported to inhibit DEP-induced pulmonary inflammation,
which is characterized by higher polymorphonuclear cell infiltration and alveolar collapse
(Zin et al., 2012). Although previous studies have focused on the pure chemicals present in
foods, for the first time we identified the effect of curry powder as mixture of various food
components against DEP, and found that the inhibition of IL-6 release does not come
from cytotoxicity of spices because DEP in the presence of spices showed similar viability
compared to DEP alone (Figure 2).

As the mechanisms by which curry powder extract attenuated DEP-induced IL-6
releases are unknown, the present study suggested that curry powder can scavenge extra-
cellular ROS. DEP has a carbon core to which organic chemical components, including
polycyclic aromatic hydrocarbons (PAHs), and metals are adsorbed (Berube et al.,
1999). These chemicals produce extra- and intracellular ROS. Baulig et al. (2003) have
reported that the antioxidants, mannitol, and N-acetylcysteine (NAC) reduce ROS pro-
duction that is induced by organic extracts of DEP (OE-DEP) in human airway epithelial
cells. Mannitol and NAC are known to be extracellular and intracellular antioxidants,
respectively. For example, carbon black as the carbon core of DEP has produced ROS
both in non-biological systems and in cell lines (Diabaté, Bergfeldt, Plaumann, Ubel, &
Weiss, 2011). Quinone derivatives in DEP have been reported to be responsible for the
production of free radicals under the cell-free conditions (Valavanidis, Fiotakis, Vlaho-
gianni, Papadimitriou, & Pantikaki, 2006), and to be involved in indirect free radical pro-
duction associated with the activity of enzymes like NADPH-cytochrome P-450 reductase
in the cells (Kumagai et al., 1997). Benzo(a)pyrene, as a PAH, has induced oxidative stress
through the aryl hydrocarbon receptor signaling pathway in human keratinocytes (Tsuji
et al., 2011). Metals such as Pt and Cr have been shown to induce ROS in the airway
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epithelial cells (Schmid, Zimmermann, Krug, & Sures, 2007). Based on the present study,
curry powder extract decreased the DEP-induced exogenous ROS. In brief, curry powder
can be effective against the chemicals adsorbed to DEP, which have the ability to produce
free radicals directly under cell-free conditions.

Curry powder is a mixture of cloves, turmeric, and other spices. Eugenol in clove and
curcumin in turmeric are well known for their anti-inflammatory and anti-oxidative
effects (Srinivasan, 2014). Furthermore, clove and/or turmeric extract has also decreased
LPS- or IL-1β-induced IL-6 level (Bachiega et al., 2012; Klawitter et al., 2012) and oxidative
stress (Koo et al., 2004; Yadav & Bhatnagar, 2007), which is in accordance with the present
study. Interestingly, in the absence of clove and turmeric, curry powder extract also had
inhibitory efficiency against DEP-induced pro-inflammatory response and extracellular
ROS. There is a possibility that the other spices or the synergistic effect caused by
various spices in curry powder extract contributed to the anti-inflammatory and anti-oxi-
dative effects.

Because of examination of the effects of other spices, for the first time we found that
cinnamon and/or coriander extracts significantly attenuated the DEP-induced IL-6
release. To our knowledge, no other reports show that the extracts of cinnamon and/or
coriander decrease PM2.5-induced pro-inflammatory responses. Previous studies have
indicated that cinnamon and/or coriander extracts attenuate LPS-induced pro-inflamma-
tory responses (Chao et al., 2005; Wu et al., 2010) and that they protect against carbon
tetrachloride- (Moselhy & Ali, 2009; Sreelatha, Padma, & Umadevi, 2009), bisphenol A-
and octylphenol- (Morgan, El-Ballal, El-Bialy, & El-Borai, 2014), titanium dioxide nano-
particles- (Shakeel et al., 2018), thioacetamide- (Moustafa, Ali, Moselhey, Tousson, & El-
Said, 2014), and lead-induced toxicity (Velaga, Yallapragada, Williams, Rajanna, & Bet-
taiya, 2014) via their anti-oxidative effect. Our findings proved that protection against
DEP-induced toxicity can also be added to the list of efficacies of cinnamon and/or cor-
iander. The present study showed that cinnamon extract decreases extracellular ROS pro-
duction induced by DEP, in the same way as the curry powder extract did, whereas
coriander did not. Therefore, coriander may decrease pro-inflammatory response via
other mechanisms but not by targeting ROS.

Among the 12 spices (clove, turmeric, ginger, black pepper, chenpi, cumin, coriander,
fenugreek, cardamom, nutmeg, fennel, and cinnamon), clove, turmeric, cinnamon, and
coriander showed anti-inflammatory responses. The complex mixture of spices in curry
powder may exert synergistic effects. For example, cinnamaldehyde from cinnamon
trees with eugenol from clove has shown excellent antifungal properties (Yen & Chang,
2008). In addition, Resveratrol from grapes, which is known to have anti-inflammatory
efficacy, and the mono-carbonyl analogs of curcumin (MCAs) hybrids have effectively
inhibited the LPS-induced production of IL-6 and TNF-α in macrophages (Pan et al.,
2017). Dimethoxycurcumin, a curcumin analogue, shows a more potent anticancer
activity than curcumin via inhibition of cell proliferation and induction of apoptosis
(Tamvakopoulos et al., 2007). A new chemical substance, as a complex, reacts with the
various cell surfaces or intracellular molecules and then inhibits IL-6 release induced by
DEP. Even if the components are ineffective by themselves, they may show anti-inflamma-
tory effect as a combination.

In conclusion, curry powder extract inhibited the effects of DEP, which include inflam-
matory responses via IL-6 release from airway epithelial cells. Cinnamon and coriander
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with clove and turmeric or in synergy with various spices present in curry powder extract
may be responsible for the anti-inflammatory effect of curry powder extract. These pro-
tective effects may be partly through inhibition of extracellular ROS production
induced by DEP. These results show that curry can protect against PM2.5-induced exacer-
bation of respiratory diseases. Further investigation is necessary to elucidate its benefits.
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