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Abstract

The generation of oxidative stress by ambient air pollution particles contributes to the 

development of allergic sensitization and asthma, as demonstrated by intranasal challenge with 

well-characterized diesel exhaust particle (DEP) suspensions in humans. This effect is due to 

the presence of redox active organic chemicals in DEP, and can be suppressed by antioxidants 

and inducers of phase II enzymes in animals. In this communication, we determined whether 

the administration of a standardized broccoli sprout extract (BSE), which contains a reproducible 

amount of the sulforaphane (SFN) precursor, glucoraphanin, could be used to suppress the nasal 

inflammatory response in human subjects challenged with 300 μg of an aqueous DEP suspension 

(equivalent to daily PM exposure levels on a Los Angeles freeway). SFN is capable of inducing 

an antioxidant and phase II response via activation of the nuclear transcription factor (erythroid-

derived 2)-like 2 (Nrf2). Previous studies have shown that 70–90% SFN delivered by BSE is 

absorbed, metabolized, and excreted in humans. An initial intranasal challenge with DEP in 29 

human subjects was used to characterize the magnitude of the inflammatory response. Following 

a 4 week washout, a BSE that delivers a reproducible and standardized dose of 100 μmol SFN 

in mango juice was administered daily for four days. The nasal DEP challenge was repeated 

and lavage fluid collected to perform white blood cell (WBC) counts. The average nasal WBC 

increased by 66% over the initial screening levels and by 85% over the control levels 24 hours 

after DEP exposure. However, total cell counts decreased by 54% when DEP challenge was 

preceded by daily BSE administration for 4 days (p < 0.001). Since the SFN dose in these studies 

is equivalent to the consumption of 100–200 g broccoli, our study demonstrates the potential 

preventive and therapeutic potential of broccoli or broccoli sprouts rich in glucoraphanin for 

reducing the impact of particulate pollution on allergic disease and asthma.

Introduction

Allergic diseases affect approximately one-third of the general population and asthma 

is a common heterogeneous disease, characterized by reversible airway obstruction and 
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bronchial hyper-responsiveness that is commonly associated with atopy.1,2 Among the 

multiple factors that contribute to asthma are genetic predisposition, generation of allergic 

immune activation, and the possible involvement of a variety of pro-inflammatory and 

noxious environmental factors.3 Epidemiological studies, in particular, have suggested 

that worldwide increases in allergic and respiratory disease may be associated with 

environmental pollutants such as ambient air pollution.4,5 A major source of the particulates 

contributing to ambient air pollution in urban environments consists of diesel exhaust 

particles (DEP), which can enhance the allergic inflammatory response6 through the ability 

of these ultrafine particles to generate the production of reactive oxygen species (ROS) at 

sites of deposition in the upper and lower respiratory tract.7–9 The accompanying oxidative 

stress effects on the mucosal lining of the respiratory tract can include the generation 

of antioxidant defense responses as well as pro-inflammatory effects that can exacerbate 

the response of the nose and the lung to common environmental allergens. In fact, the 

antioxidant defense is triggered at a lower level of oxidative stress and suppresses the 

pro-inflammatory effects of air pollutant chemicals. A major component of the antioxidant 

defense is the induction of a large number of phase II antioxidant and anti-inflammatory 

genes through oxidative stress-mediated activation of the transcription factor, nuclear factor 

(erythroid-derived 2)-like 2 (Nrf2).10–12 Among the phase II enzymes that are induced 

is the expression of several glutathione S-transferases, including GSTM1. Up to 50% 

of normal individuals have a GSTM1 null mutation, which putatively could predispose 

these individuals to a higher risk of acquiring environmentally related diseases such as 

bladder cancer.12 It has also been reported that individuals with this null mutation have a 

higher induction of IgE in response to DEP plus second-hand smoke exposure.13 Moreover, 

individuals expressing the GSTP1 Ile/Ile105 genotype exhibit higher levels of histamine 

release when exposed to DEP and second-hand smoke.14 Although DEP is capable of 

inducing oxidative stress and inflammation in the bronchial epithelial tissue of healthy 

human subjects, asthmatics are even more sensitive to the effects of DEP.14,15 It is worth 

considering, therefore, that boosting of the Nrf2 gene response pathways could alleviate the 

pro-oxidative and pro-inflammatory effects of DEP. One practical way in which this can be 

accomplished is through the oral administration of the isothiocyanate chemical, sulforaphane 

(SFN), which is present in high quantities in broccoli or broccoli extracts.

The sulforaphane-rich broccoli sprout extract (BSE) utilized in this study was specifically 

prepared to deliver a reproducible and standardized dose of glucoraphanin, a precursor 

of SFN.16–18 In a prior study, the UCLA Asthma Center has shown that consumption of 

a broccoli sprout homogenate resulted in a dose-dependent increase in phase II enzyme 

RNA expression in nasal lavage cells with a maximum response at 200 grams.16 The 

current preparation is a significant advance over what was used in the previous studies, 

since it utilizes a thoroughly standardized boiling water extract in which levels of SFN are 

known. Thus the variability observed when delivering fresh vegetables is avoided and it 

has been demonstrated that 70–90% of SFN delivered in this way is absorbed, metabolized, 

and excreted.19 The dose utilized is also modest and is in the nutritional range obtained 

by consuming between 100 and 200 g of broccoli. While commercial broccolis vary in 

their content of glucoraphanin by a factor of about 10 and the conversion of ingested 

glucoraphanin to SFN varies from about 2–40% of dose,18,19 it is not unreasonable to 
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extrapolate the findings in this study to the impact of the consumption of 200 grams of 

broccoli by an enthusiastic broccoli consumer.

The present study assessed the impact of a standardized BSE in individuals with both a cat 

allergy as well as a strong pro-inflammatory response to DEP after intranasal challenge. Our 

hypothesis was that the antioxidant and anti-inflammatory effects of the SFN in the BSE 

will interfere in the generation of nasal inflammation by the DEP. Cat allergy affects about 

one-third of the U.S. population and provides a convenient test platform for assessing the 

impact of DEP challenge on allergic inflammation because of the lack of seasonal variation 

as compared to individuals who are allergic to pollen allergy, e.g., grasses and ragweed.20 

In subjects with asthma, a significant increase in the number of white blood cells in their 

nasal lavage fluid was detected both immediately and 24 h after exposure to 240 ppb ozone, 

as was a significant increase in epithelial cells immediately after exposure, indicating that 

asthmatic individuals are more sensitive to the acute inflammatory effects of ozone than 

nonasthmatic individuals.21

Materials and methods

Study design

Volunteers who were positive for cat allergens were consented to a pre-post experimental 

study design, wherein each subject served as his or her own control. The study involved 

three sequential phases: screening, control, and intervention (BSE treatment). During each 

phase the response of the nasal passages to a standard diesel exhaust particle (DEP) 

challenge was determined by counting the total number of cells (leukocytes) recovered 

from nasal lavage fluid (Fig. 1). These cell counts which were performed just prior to 

DEP challenge (time 0) as well as at 6 and 12 h later, and served as a biomarker for 

the inflammatory responsiveness of each subject to DEP exposure. The DEP challenge 

during the screening phase identified the number of cat allergen sensitive subjects who 

were responsive to DEP (29 of 35). Only subjects sensitive to DEP remained enrolled in 

the study and completed all of the 10 visits; others were excluded from the study after 

the Screening phase (visits 1–3). Two to four weeks later, the remaining subjects who 

entered the control phase (visits 4 and 5) were exposed to DEP, and their nasal lavage cell 

responses determined. After a 4-week “washout” period, subjects entered the Intervention 

phase (visits 6–10). Their basal white cell number in nasal lavages was determined (visit 6) 

and they received 4 daily oral doses of BSE containing 100 μmol sulforaphane (visits 6–9). 

The response to DEP challenge was then determined by comparing the nasal inflammatory 

response (visits 9 and 10). Safety assessments, including evaluation of symptoms, nasal 

exam, vital signs, hematology, blood chemistries, and pregnancy determinations, were also 

carried out at several visits and urine was collected on visit 10 for measurement of SFN 

metabolites.

Subjects

Healthy subjects over age 18 who tested positive for cat allergens via skin prick test were 

enrolled for study, and screening phase subjects who demonstrated a robust intranasal 

inflammatory response of >10 000 cells per mL (in a 5 mL nasal lavage fluid) 24 hours after 
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DEP nasal challenge were entered into the control and BSE phases. Subjects were asked to 

refrain from eating cruciferous vegetables and isothiocyanate-containing condiments (such 

as wasabi and horseradish) within 3 days of study start and for the duration of the study. 

Subjects were prohibited from using inhaled, topical, or oral allergy medication. Smokers 

were excluded from study. The UCLA Office for Protection of Research Subjects and the 

JHU Institutional Review Board approved this study. All subjects provided written informed 

consent. The study was approved by the U.S. Food and Drug Administration.

Preparation of BSE

Sulforaphane-rich BSE for this study was provided (under IND) by Paul Talalay and Jed 

Fahey of Johns Hopkins University through a material transfer agreement. The sulforaphane-

rich BSE was prepared by the Johns Hopkins team as previously described.22–24 The 

reproducible and standardized dose of SFN produced was 100 μmol and this was 

administered once a day, for 4 consecutive days, in a single oral dose of ~1.25 grams 

BSE,16,22,25 suspended in juice just prior to each dosing.

Nasal challenge and lavage

Nasal challenges were performed with 300 μg DEP in 200 μL saline. This dose is equivalent 

to a 40 h exposure to ambient polluted air on a typical Los Angeles freeway. Diesel exhaust 

particles were a gift from Dr Masaru Sagai (National Institute of Environment Studies, 

Tsukuba, Ibaraki, Japan). These particles were collected in 2001 from the exhaust in a 4JB1-

type LD, 2.741, 4-cylinder Isuzu diesel engine under a load of 10 torque onto a cyclone 

impactor equipped with a dilution tunnel constant volume sampler.20 DEP was collected on 

high capacity glass fiber filters, from which the scraped particles were stored as a powder in 

a glass container under nitrogen gas. The particles consist of aggregates in which individual 

particles are <1 μm in diameter. The chemical composition of these particles, including PAH 

and quinone analysis, was previously described.26 DEP aliquots were stored at −80 °C in 

the dark under nitrogen to prevent oxidation or loss of volatile chemicals. As a check for 

stability to ensure no chemical change, we repeated the chemical analysis of select organic 

chemical compounds and also assessed the redox-cycling ability of the stored aliquots every 

3 months, using the dithiothreitol (DTT) assay.

Nasal lavage was performed as previously described by Diaz-Sanchez et al.27 Briefly, 5 

mL of 0.9% saline solution was delivered to each nostril and lavage was collected after 10 

seconds by having subjects lean forward, allowing the refluxed saline to be collected and 

pooled in a tube. Lavages were pooled from both nostrils. The lavage fluid was collected 

prior to nasal DEP exposure (baseline) and at 6 and 24 hours after DEP exposure. Nasal 

lavage fluid was centrifuged at 350 × g for 10 min at 4 °C to separate the supernatants from 

the cell pellets. The cell pellets were washed once with 500 μL phosphate buffer and then 

were resuspended in 100 μL phosphate buffer solution. 10 μL cell suspension was mixed 

with 10 μL trypan blue for cell counts.

Genomic DNA isolation

Peripheral blood was drawn into a BD Vacutainer K2 EDTA tube (BD Biosciences; San 

Jose, CA). Genomic DNA was extracted from blood using the GenElute Mammalian 
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Genomic DNA Miniprep Kit (Sigma-Aldrich; St. Louis, MO) according to manufacturer’s 

instructions. Briefly, 200 μL blood was treated with Proteinase K followed by RNase for 2 

min before lysing cells in 55 °C water for 10 min. DNA was precipitated with 100% ethanol 

and bound to a spin column. After two washes, DNA was eluted from column with TE 

buffer.

TaqMan polymerase chain reaction genotyping of GSTP1 IIe105VaI

Genotyping was performed using SNP Genotyping Assays for GSTP1 (rs1695) (Applied 

Biosystems; Foster City, CA) on a StepOnePlus Real-Time PCR Machine (Applied 

Biosystems). Real-time PCR was performed with 25 ng DNA in a 20 μL reaction containing 

TaqMan Genotyping Master Mix and SNP genotyping assay. Reactions were heated for 95 

°C for 10 minutes following by 40 cycles at 92 °C for 15 s and 60 °C for 1 min. Alleles 

were determined using the allelic discrimination plot in the StepOne software genotyping 

program. Each sample was performed in quadruplicate.

GSTM1 copy number

GSTM1 copy number was determined using Pre-designed TaqMan Copy Number Assays 

(Applied Biosystems). GSTM1 was run in a duplex assay with RNase P as a reference gene. 

Reactions were heated for 95 °C for 10 minutes, followed by 40 cycles at 92 °C for 15 s 

and 60 °C for 1 min. Results were analyzed using Copy Caller version 1.0 software (Applied 

Biosytems). Each sample was performed in quadruplicate.

HPLC-MS/MS identification of SFN metabolites in plasma

R,S-Sulforaphane was purchased from LKT Laboratories, Inc. (Minnesota, USA). All 

solvents and other chemicals used were HPLC grade and were purchased from Fisher 

Scientific (USA). Water was ultrafiltered using a Milli-Q pure water system.

To the 4 °C plasma sample (200 μL) in a 1.5 mL micro centrifuge tube (Fisher Scientific, 

USA), pre-cooled (4 °C) trifluoroacetic acid (20 μL) (TFA) was added to precipitate plasma 

proteins (30 seconds) in the sample followed by brief mixing and refrigerated centrifugation 

at 15 900 × g for 10 min. The resulting supernatant was filtered (0.2 μm pore size) and 20 μL 

injected for analysis.

A LCQ Advance mass (Thermo Finnegan) and a Survey HPLC equipped with binary pump, 

degasser, cooled auto-sampler and a PDA detector (USA) were used for the LC-MS analysis. 

The HPLC column was a Zorbax SB-C18 5 μm (150 × 2.1 mm). The flow rate was 0.25 

mL min−1 and gradient elution was used: solution A (1% acetic acid solution): solution B 

(acetonitrile). The gradient started at 2% solution B increasing over 20 min to 30% B and 

50% in 30 minutes, finally re-equilibrating to 2% B for 10 min. The mobile phase solutions 

were filtered through 0.22 μm pore size cellulose nitrate or nylon membrane filters using 

a vacuum filtration apparatus. The LC eluent flow of 0.25 mL min−1 was sprayed into the 

mass spectrometer interface without splitting. Electrospray ionization in the positive mode 

(ESI+) was applied. The analytes were identified by molecular weight and their MS/MS, 

respectively. The identification of the MS/MS of SFN-Cys, SFN-Cys-Gly; SFN-NAC; and 

SFN-GSH at m/z of 178; 179; 178 and 179, respectively were used to confirm consumption 
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of the BSE supplement by subjects in the study. Subjects had no detectable SFN metabolites 

prior to consuming the BSE supplement and the presence of SFN metabolites was taken as 

evidence of bioavailability of SFN from BSE in our subjects as shown independently in prior 

studies using BSE.

Statistical analysis

Quantile plots and histograms were examined to determine if the data followed the normal 

(Gaussian) distribution on both the original and the log-transformed values. A parametric 

repeated measure (mixed model) analysis of variance (ANOVA) model was used to compare 

means and mean differences for data following a normal distribution. This model accounted 

for the fact that subjects were being compared to themselves. For data that did not follow 

a normal distribution, medians were reported in addition to means, and non-parametric 

Wilcoxon signed rank methods were used to compute p values.

Within each of the three phases (screening, control and BSE) there are data at baseline, at 

time 0, and 6 and 24 h after DEP challenge. In the BSE phase there is also an additional 

“no BSE” observation before the BSE baseline observation. The main focus of interest was 

comparisons of the 24 h minus baseline change in the BSE phase to the corresponding 24 

h minus baseline change in the control phase. Comparisons were also made to the 24 h 

minus baseline change in the screening phase. In addition, 6 hour minus baseline changes 

were compared across the three phases. The data are expressed as mean ± standard deviation 

(SD).

Results

Study subjects characteristics

Among 100 subjects recruited, 38 subjects tested positive for cat allergy and met the entry-

level inclusion criteria. Three subjects withdrew from the study before the intervention. Of 

the remaining 35 subjects, 29 were DEP responders as defined by mounting an inflammatory 

response, characterized as >10 000 cells per mL in the nasal lavage fluid, 24 hours after DEP 

nasal challenge. Among the latter group, one subject did not give consent for genotyping. 

Genotyping was performed in 28 DEP responder subjects and the results of the GSTM1 

null/GSTP1 Ile/Ile105 genotyping are shown in Table 2.

There was no significant difference among responders before or after BSE administration 

based on GSTM-1 null status. There were no serious adverse events or unexpected adverse 

events during the study. Mild gastrointestinal upset was the most common reported side 

effect reported.

LCMS identification of sulforaphane metabolites for compliance

SFN metabolites were identified by their respective mass numbers using MS/MS (SFN-Cys-

Gly MS2 179 from precursor of 356, SFN-NAC MS2 178 from precursor of 341, and 

SFN-GSH MS2 179 from precursor of 485) as reported in the analytical literature.26 The 

presence of any combination of the metabolites was considered as detection of sulforaphane. 

SFN metabolites were detected in all 29 DEP responders after consuming BSE (Table 1).
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Broccoli sprout extract attenuates DEP-induced nasal white blood cells

Total cell counts in the nasal lavage followed a normal distribution. The log total cell counts 

in the nasal lavage samples are shown in Fig. 2. The baseline log cell count of the 29 DEP 

responders were 4.38 ± 0.54 at screening, 4.44 ± 0.51 at control phase and 4.70 ± 0.54 

at BSE phase. The total log nasal white blood cell counts 6 and 24 h post-DEP exposure 

increased to 4.50 ± 0.56, 4.73 ± 0.52 at control phase and 4.44 ± 0.51, 4.57 ± 0.46 (Fig. 2). 

However, when these individuals consumed a broccoli sprout extract (BSE) for 4 days, this 

increase was abrogated and fell to levels similar to the baseline levels and washout levels 

as shown in Fig. 2. The log total cell count after BSE were significantly lower compared 

to screening phase and control phase cell counts (p < 0.01 at 6 hours and p < 0.001 at 24 

hours).

Discussion

Intranasal DEP exposure induced an increase in nasal white blood cell counts in 29 atopic 

cat-allergic individuals studied, providing a clinical model on which to base the study of 

the expected antioxidant effects of SFN-enriched BSE on the exacerbation of oxidative 

stress and airways inflammation by particulate air pollutants, including vehicular fossil fuel 

combustion emissions. Genetic polymorphisms in the antioxidant response pathway have 

been proposed as an explanation for variations in the allergic response to DEP. Previously, 

individuals with the GSTM1 null/GSTP1 Ile/Ile105 were reported to have enhanced nasal 

allergic responses to DEP or DEP plus ragweed.28 Individuals who were either GSTM1 null 

or GSTP1 Ile/Ile105 were reported to have enhanced nasal allergic responses to DEP and 

second-hand smoke.13 However, in the present study, the presence of GSTM1 and GSTP1 
Ile/Ile105 polymorphisms did not significantly affect the DEP-induced pro-inflammatory 

effects in nasal lavage fluid. Due to the small sample size in this study, we cannot absolutely 

exclude the possibility that there could be a modulating effect of GSTM1 or GSTP1 

genotype on allergic responses to DEP. The mechanism of the anti-inflammatory effects 

of oral SFN is related to the transcriptional activation of genes called vitagenes encoding for 

antioxidant enzymes as well as proteins with anti-inflammatory effects.29,30

These include phase 2 enzymes such as GST, superoxide dismutase, catalase, as well as 

anti-inflammatory gene products such as heme oxygenase 1. In addition to the increase 

in synthesis of glutathione due to the expression of phase 2 enzymes, there is also 

demonstrated interference in the pro-inflammatory NF-κB and AP1-mediated response 

pathways, which are activated by oxidative stress (including by DEP).31–37

Given that the dose of SFN administered was in the nutritional range,18,19,22,25 the present 

study provides encouragement that consumption of broccoli may be a useful strategy for 

managing the impact of particulate air pollution on atopic disease. While in the current study 

we did not have the opportunity to perform co-challenge with DEP plus cat allergen to 

assess whether BSE can also suppress the enhanced IgE and allergic inflammatory response 

to cat allergen in atopic individuals, we have observed that atopic individuals who generate 

a robust non-specific pro-inflammatory response to DEP are also more prone to demonstrate 

an exaggerated allergic inflammatory response due to the effects of pro-oxidative DEP 

chemicals to affect antigen presenting cells in the mucosal tract. This the results in 
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skewing of the subsequent immune response to common environmental allergens, resulting 

in increased IgE production.38,39 Since the basis for the immune adjuvant effect involves 

the generation of a cascading Th2 immune response pathway that includes considerable 

amplification, it is possible that BSE effects could be even more potent at the level of 

comparing dual challenge IgE and allergic inflammatory effects. Larger clinical trials that 

include DEP plus allergen co-challenge will be needed to demonstrate protection against 

allergic inflammation in both allergic rhinitis and asthmatic subjects to determine the extent 

to which SFN or related compounds could ameliorate the symptoms and exacerbation of 

allergic disease by air pollution. Pursuit of this research is of particular importance from the 

perspective of inner-city asthma, including the impression from our mobile asthma clinic at 

UCLA that difficult-to-treat asthma cases among the pediatric population in Los Angeles are 

concentrated in more heavily polluted environments.
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Fig. 1. 
Clinic visits and their relative timing included nasal lavage, BSE administration, and/or 

DEP challenge. Not shown are safety assessments, which were performed on visits 1–10 as 

described in the text.
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Fig. 2. 
DEP responders increased total nasal cell counts at 6 and 24 h post-DEP. After 4 days of 

drinking broccoli sprout extract, DEP response was attenuated in responders at 6 hours and 

24 hours compared to the screen and control phases. Cell count change from baseline as a 

percentage *(p < 0.01 comparing with screen or control phase). ** (p < 0.001 comparing 

with screen or control phase).
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Table 1

Sulforaphane metabolites detection by LCMS in plasma samples 15 minutes after administering a single dose 

of sulforaphane-rich broccoli sprout extract

Sulforaphane metabolites (ng mL−1)

Subjects SFN-Cys SFN-Cys-Gly SFN-NAC SFN-GSH Compliance

1 3.1 16.3 50.4 0.4 Yes

2 ND 0.3 18.4 0.9 Yes

3 ND 1.5 20.6 ND Yes

4 0.3 22.7 57.8 0.6 Yes

5 0.7 26.9 25.8 ND Yes

6 1.8 12.7 19.6 5.1 Yes

7 1.4 25.3 16.7 1.6 Yes

8 ND 4.3 7.9 10.3 Yes

9 2.5 74.6 1.3 39.2 Yes

10 1.4 21.2 2.7 34.3 Yes

11 9 26.4 2.3 14.9 Yes

12 ND 7.7 4.7 25.2 Yes

13 2.6 27.2 8.7 30.9 Yes

14 2.3 21.3 6.2 15.1 Yes

15 2.1 59.4 4.6 87.3 Yes

16 0.6 42.8 3.1 66.5 Yes

17 1.2 37.7 9.8 32.1 Yes

18 ND 26.7 13 64.3 Yes

19 1 90 18.2 78.7 Yes

20 2.6 36.9 10.9 71.5 Yes

21 0.8 6 2.1 65.4 Yes

22 1 6.8 3.2 73.6 Yes

23 1.6 23.2 2.5 146.4 Yes

24 ND ND ND 46.4 Yes

25 ND 10.6 ND 15.2 Yes

26 ND 11.8 ND 38.4 Yes

27 ND 7.9 3.7 11.8 Yes

28 ND ND ND 16.2 Yes

29 ND ND ND 23.3 Yes
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Table 2

Descriptive statistics of DEP Responders

N %

Total 28 100

Female 14 50

Male 14 50

Race

White 17 61

African American 4 14

Asian 3 11

Other 4 14

Genotype

GSTM1

Null 19 68

Present 09 32

GSTP1 IlelO5Val

Ile/Ile 16 57

Ile/Val 10 36

Val/Val 02 07
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