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Abstract

Trial registration: Clinicaltrials.gov: NCT01335971.

Background: Patients with chronic obstructive pulmonary disease (COPD) have high oxidative stress associated
with the severity of the disease. Nuclear factor erythroid-2 related factor 2 (Nrf2)-directed stress response plays a
critical role in the protection of lung cells to oxidative stress by upregulating antioxidant genes in response to
tobacco smoke. There is a critical gap in our knowledge about Nrf-2 regulated genes in active smokers and former-
smokers with COPD in different cell types from of lungs and surrogate peripheral tissues.

Methods: We compared the expression of Nrf2 and six of its target genes in alveolar macrophages, nasal, and
bronchial epithelium and peripheral blood mononuclear cells (PBMCs) in current and former smokers with COPD.
We compared cell-type specific of Nrf2 and its target genes as well as markers of oxidative and inflammatory stress.

Results: We enrolled 89 patients; expression all Nrf2 target gene measured were significantly higher in the
bronchial epithelium from smokers compared to non-smokers. None were elevated in alveolar macrophages and
only one was elevated in each of the other compartments.

Conclusion: Bronchial epithelium is the most responsive tissue for transcriptional activation of Nrf2 target genes in
active smokers compared to former-smokers with COPD that correlated with oxidative stress and inflammatory
markers. There were no consistent trends in gene expression in other cell types tested.
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Background

Chronic obstructive pulmonary disease (COPD) is the
third leading cause of death in the US and is primarily
caused by smoking [1]. There is substantial evidence of
increased oxidative stress in airways of patients with
COPD, which may play a role in the development of dis-
ease and could be targeted for therapeutic benefit [2-5].
Nuclear factor erythroid-2-related factor 2 (Nrf2) is a
transcription factor activated by oxidative stress, which
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upregulates anti-oxidant enzymes that play key roles in
cellular defenses [6]. Activating Nrf2 in both mouse and
human studies resulted in decreased oxidative stress and
improved bacterial phagocytosis by macrophages [7-9].
The association of oxidative stress and inflammation on
Nrf2 activity endogenous antioxidant defense mecha-
nisms in different cell types in the lungs as well as surro-
gate tissues, such as nasal and PBMCs is not clear. Nor
is it known how activity is altered in current and
former-smokers with COPD. Here, we report results
from the analysis of baseline data collected at the start
of a randomized clinical trial to test the effectiveness of
sulforaphane preparation on increasing biomarkers of
Nrf2 activity. We measured levels of Nrf2 transcript and
target gene levels in the nasal and lung epithelium,
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alveolar macrophages, and PBMCs in former and
current smokers with COPD. The goal of the current
analysis is to compare how current smoking alters Nrf2
activity in different cell-types in patients with COPD.

Methods

Study design and participants

Participants were recruited in a Phase 2, multicenter,
randomized, placebo-controlled, double-masked, 3-arm
parallel group trial designed to evaluate the effectiveness
of oral sulforaphane on Nrf2 target gene expression and
downstream anti-oxidants [10]. The focus of this manu-
script is to present the data collected at the baseline
visit. The clinical trial was approved by the Institutional
Review Board (IRB) at each center; participants signed
consent statements approved by the local IRB. The study
is registered on clinicaltrials.gov and data from the trial
have been deposited in the BioLINCC repository
(https://biolincc.nhlbi.nih.gov/home/).

The entry criteria are described in detail elsewhere
[10]. Briefly, both active and former smokers were en-
rolled. Participants were required to have a smoking his-
tory of 10 or more pack-years, a post-bronchodilator
FEV,/FVC ratio < 0.70 and FEV; of 40 to 80% predicted.
Participants were excluded from the study for any of the
following: COPD exacerbation requiring treatment
within the preceding six weeks or significant co-
morbidities that would interfere with study participation
or interpretation of the results as described [10]. Smok-
ing status was based on responses to the American
Thoracic Society-Division of Lung Disease Respiratory
Questionnaire (ATS-DLD); former smokers were those
who reported not smoking in the prior month.

Procedures

Clinical data were collected, and nasal brushings and
bronchoscopy were performed at baseline. Participants
provided data on medical history and COPD symp-
toms; completed the Saint George’s Respiratory Ques-
tionnaire (SGRQ) and the American Thoracic Society-
Division of Lung Disease Respiratory Questionnaire
(ATS-DLD) questionnaire and underwent a physical
examination, pre- and post-bronchodilator spirometry,
lung volume measurements, carbon monoxide diffus-
ing capacity (DLCO) and pulse oximetry; and pro-
vided blood specimens. Peripheral blood mononuclear
cells (PBMC) and plasma were isolated from blood.
Blood was collected via venipuncture directly into two
CPT tubes, mixed immediately by gently inverting the
tube 8 to 10 times and then centrifuged at 1800xg
for 30 min at room temperature. After centrifugation,
mononuclear cells and platelets were collected with a
Pasteur pipette immediately and transferred to a 50
mL falcon tube. The cells were suspended in
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phosphate buffer saline, mixed, and centrifuged for 8
min at 500xg and supernatant was decanted without
disturbing the cell pellet. RBCs were lysed and the
remaining cells numbers were counted, after which
they were re-suspended in 6mL of RPMI 1640
medium and aliquoted. The RLT lysis buffer was sub-
sequently added to one of the pellets for gene expres-
sion analysis. The other aliquots were used for
enzyme activity and functional analysis.

After performing nasal brushings to isolate nasal epi-
thelial cells, fiberoptic bronchoscopy was performed with
endobronchial brushings to collect bronchial epithelial
cells and bronchoalveolar lavage to collect alveolar mac-
rophages. Sample processing procedures were standard-
ized across all three centers by trained laboratory
personnel certified on study procedures. Specimens were
collected as previously described [10]. Samples were sub-
sequently shipped to the central laboratory for gene ex-
pression analysis. Total RNA was extracted from
specimens using the RNeasy kit (Qiagen) and sample
was quantifed and quality was assessed as described [10].
Gene expression was evaluated using quantitative re-
verse transcription real-time polymerase chain reaction
(RTqPCR) as previously described [10].

We measured levels of genes in the Nrf2/Keap 1 path-
way, including Nrf2, KEAP1, and SLPI as well as Nrf2 tar-
get gene expression. Specifically, the target genes we
measured were NADPH, Quinone Dehydrogenase 1
(NQO1), Heme Oxygenase 1 (HO1), Aldo-Keto Reductase
Family 1 Member C1 (AKR1C1), Aldo-Keto Reductase
Family 1 Member C3 (AKR1C3) in alveolar macrophages,
bronchial and nasal epithelial cells, as well as PBMCs. In
addition, we evaluated markers of oxidative stress and in-
flammation including isoprostane, thiobarbituric acid re-
active substances (TBARS) in plasma, and isoprostane in
expired breath condensate and cytokine profiles in bron-
choalveolar lavage (BAL) fluid as previously described
[10]. Baseline clinical measures included spirometry and
patient-reported outcomes (Medical Research Council
[MRC] Dyspnea scale and St. George’s Respiratory Ques-
tionnaire [SGRQ]).

This total antioxidant capacity was measured using
Cayman’s antioxidant assay kit (Cayman Chemical Com-
pany, Ann Arbor, MI, USA), which assesses the ability of
the antioxidants in the sample to inhibit the oxidation of
ABTS [2,2'-Azino-di-(3-ethylbenthiazoline sulphonate)]
to ABTS+ by metmyoglobin. The inhibition of oxidation
was compared to that of Trolox, a water-soluble tocoph-
erol analog and the results were expressed as millimolar
Trolox equivalents.

Statistical analysis
The primary analysis was an unadjusted one-way
ANOVA for fold-change in Nrf2 expression and Phase
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II antioxidant levels in the various cell types studied.
The comparability of the participant characteristics was
examined (Table 1). We quantified relative gene expres-
sion (Table 2) using the comparative cycle threshold
(CT) method [11]. The expression of a target gene was
quantified relative to the expression of a reference gene,
B-actin, for all specimen types. Similar methods were
used to evaluate all Phase II antioxidant gene expression
(Table 2) and inflammatory markers (Table 3). P-values
were adjusted for multiple comparisons using the
Bonferroni adjustment,. adjusted alpha level was 0.0023
(0.05/22).

For the comparison of former and current smokers by
cell type the median of all measurements within cell type
was used as the calibrator. Non-parametric tests (Wilcoxon

Table 1 Baseline characteristics by cigarette smoking
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rank-sum tests) were used to assess differences in fold-
change in Nrf2 expression (Table 2) and Phase II antioxi-
dant levels (Table 3) between former and current smokers
in the various cell types studied. For the comparison of
expression levels across all cell types the median of all mea-
surements was used as the calibrator. Differences in expres-
sion between cells types were evaluated by the paired
Wilcoxon signed-rank test. Data were analyzed using SAS
(version 9.3).

Role of the funding source

This study was funded by NIH/NHLBI (Grant Number
UO01HL105569). The sponsor had no role in study de-
sign, data collection, data analysis, data interpretation or
writing of the report.

Total Former Smoker Current Smoker P-value
N 89 35 54
Years of age, median (IQR) 58 (54-65) 65 (59-69) 55 (51-60) <001
Male, n (%) 54 (61%) 25 (71%) 29 (54%) 0.12
Race or ethnic group, n (%)
White 51 (57%) 24 (69%) 27 (50%) 0.12
Black 38 (43%) 11 (31%) 26 (48%) 0.12
Hispanic 1 (1%) 0 (0%) 1 (2%)
Smoking history median (IQR)
Current cigarettes/day 10 (5-20)
Age started smoking 15 (13-18) 15 (13-18) 15 (13-17) 034
Years since quitting 10 (4-15) 10 (4-15)
Pack years (packs * years smoking) 39 (25-56) 39 (27-62) 39 (23-53) 0.66
COPD Characteristics n (%)
COPD exacerbation, prior 12 months 19 21%) 4 (11%) 15 (28%) 0.11
FEV1 (%predicted) 61 (53-70) 57 (53-65) 64 (53-71) 0.18
FEV1/FVC ratio 0.56 (0.48-0.62) 0.53 (046-0.59) 0.57 (0.50-0.63) 0.09
DLCO (mL/mm/mmHg) 15.7 (12.1-20.9) 16.1 (11.9-21.2) 15.7 (12.1-20.9) 0.95
TLC (Liters) 6.0 (5.0-7.2) 63 (53-74) 5.7 (5.0-7.0) 02
SVC (Liters) 33 (27-41) 3.7 27-42) 32 (26-4.0) 049
FRC (Liters) 35(3.0-42) 36 (3.0-4.1) 35 (3.0-4.2) 0.76
RV (Liters) 26 (22-32) 2.7 (24-35) 26 (1.9-3.0) 0.09
Pulse oximetry (%) 96 (94-97) 95 (93-97) 96 (95-98) 0.01
Short acting beta-agonist (SABA) 61 (69%) 22 (63%) 39 (72%) 036
LABA and inhaled corticosteroid 40 (45%) 17 (49%) 23 (43%) 0.66
Long-acting anticholinergic 26 (29%) 11 (31%) 15 (28%) 0.81
Aspirin 22 (25%) 14 (40%) 8 (15%) 0.01
Questionnairre scores (median (IQR)
Medical Research Council Dyspnea 2 (1-3) 2(1-3) 2(1-3) 041
St George's Respiratory 40 (26-56) 39 (26-56) 46 (26-62) 042

Abbreviations: FEV1 Forced expired volume in 1s, FVC Forced vital capacity, DLCO Diffusing capacity of the lungs for carbon monoxide, TLC Total lung capacity,

SVC Slow vital capacity, FRC Functional residual volume, RV Residual volume
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Table 2 Baseline measures of genetic expression (fold-change)
by cigarette smoking status

Former Smoker Current Smoker N=53 P-value*
N=34
Median (IQR)
Bronchial epithelial cells
NRF2 0.83 (0.65-1.17) 3 (091-1.26) 0.010
NQO1 0.56 (0.36-0.75) 1(1.01-2.22) <.001
HO1 0.64 (0.31-0.92) 9 (0.61-1.87) <.001
AKR1C1 0.58 (0.31-0.94) 2 (0.76-2.64) <00
AKR1C3 0.64 (0.36-1.05) 4 (0.98-2.34) <.001
Keap1 0.97 (0.64-1.25) 6 (0.89-1.53) 0.03
Alveolar macrophages
NRF2 132 (0.94-1.72) 1.05 (0.77-142) 0.05
NQO1 0.65 (047-1.70) 1.11 (0.62-2.05) 0.18
HO1 2 (0.76-1.44) 0.99 (0.74-1.25) 033
AKR1C1 1.34 (0.64-4.49) 0.88 (0.57-2.88) 020
AKR1C3 0.97 (0.53-1.48) 1.11 (0.85-1.68) 0.29
Keap1 1(0.70-1.44) 0.99 (0.79-1.32) 0.83
Nasal epithelial cells
NRF2 1.00 (0.80-1.13) 1.10 (0.78-1.41) 0.13
NQO1 1.05 (0.59-1.80) 1.00 (0.56-2.05) 092
AKR1C3 1.21 (067-1.97) 3 (0.69-2.46) 0.79
AKR1B10 0.67 (0.39-1.59) 9 (0.99-4.43) 0.001
PBMC
NRF2 0.85 (0.69-1.04) 1.05 (0.82-143) 0.009
NQO1 0.85 (0.53-1.04) 0.92 (0.64-1.25) 0.30
HO1 143 (1.12-1.68) 7 (0.84-1.37) 0.003
AKR1C1 1.82 (040-6.73) 0.73 (0.37-8.88) 0.82
AKR1C3 0.72 (0.51-1.16) 0.89 (0.51-1.13) 0.61
Results

We analyzed the baseline characteristics of the eighty-
nine participants enrolled in the trial (Table 1). Sixty-
one percent of participants (54/89) were current
smokers at the time of enrollment. Former smokers (35/
89) had quit smoking for a median of 10years (4—15
IQR) at a median age of 56years (47-61 IQR). Both
groups had the same median exposure to cigarette
smoke, 39 pack-years (25-56 IQR). Former smokers
were older; and were more likely to report hypertension,
otherwise, demographics and COPD characteristics were
similar between the former and current smokers. 57% of
the participants were white and 43% were black and
none were on supplemental oxygen. The majority of the
participants (61%) had used a short-acting beta-agonist
in the previous two weeks.

There was no statistically significant difference in
the number of participants that reported a COPD ex-
acerbation in the prior 12 months; 11% of the former
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smokers and 28% of the current smokers had a
COPD exacerbation.

A series of Nrf2 target genes were studied. There was
a statistically different expression in the bronchial epi-
thelial cells between former and current tobacco users in
the entire series of target genes (Table 2, Fig. 1), al-
though Nrf2 gene expression was not statistically higher
in the bronchial epithelial cells obtained from brushing
from active smokers compared to that in former
smokers (1.03 vs 0.83, p =0.01). Keap 1 levels also were
not increased in the bronchial epithelial cells of active
smokers (p = 0.03).

There were no statistically significant differences in
the levels of most Nrf2 target genes measured in the
other cell types studied with one exception (Table 2).
In nasal epithelium there was a statistically significant
higher levels of AKRI1B10 expression in current
smokers (2.19 vs 0.67, p=0.001) and a decrease in
SLPI in the nasal epithelium of current smoker (0.69
vs 1.46, p <0.001, not shown).

Since former smokers were older than current
smokers (Table 1), we examined the effects of age by
comparing expression in participants older than age 57
years vs. younger participants. Only NQO1 gene expres-
sion in bronchial epithelium was related to age (median
expression 0.72 in older vs 1.58 in younger participants).
Expression for NQO1 in bronchial epithelium was ex-
amined stratified by age group;in both age groups ex-
pression was higher in current smokers than former
smokers.

There were no identifiable differences antioxidant or
inflammatory markers measured in the serum, plasma,
bronchoalveolar lavage, or expired breath condensate be-
tween former and current smokers (Table 3). When spe-
cific components such as isoprostane and TBARS were
compared, the associations were less robust due to the
skewed distributions (data not shown). The numbers of
subjects were not high enough to perform correlations
between antioxidant levels and number of cigarettes
used in the current smoker group.

We compared Nrf2 transcript levels in the various cell
types. When analyzing all participants, levels of Nrf2 ex-
pression was higher in the lung (both bronchial epithe-
lium and alveolar macrophages) compared to PBMCs
and nasal epithelium (Fig. 2). Expression of most of the
target gene measured was significantly elevated in the
bronchial epithelium compared to alveolar macrophages
and PBMCs with the exception of HO1, which was
higher in those tissues. The full panel of target genes
could not be measured in the nasal epithelium, but levels
of NQO1 and AKRIC3 expression were significantly
higher than even bronchial epithelium. Interestingly, ac-
tive smoking status did not influence the trends in ex-
pression. An individual’s expression was generally not
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Table 3 Baseline measures of antioxidants and markers of inflammation by smoking status

Former Smoker Current Smoker P-value
Median (Interquartile Range)
Serum (N) 34 53
C-reactive protein (mg/L) 83 (3.0-11.6) 6.0 (26-13.6) 0.86
Interleukin-6 (pg/mL) 2.0 (1.3-35) 22(13-32) 0.83
Interleukin-8 (pg/mL) 10.1 (7.2-13.5) 13.2 (100-17.2) 003
Bronchial Alveolar Lavage (N) 33 50
Interleukin-8 (pg/mgq) 1.7 (0.8-34) 26 (1.0-5.1) 0.09
SLPI (pg/mg) 283 (228-469) 337 (203-455) 0.79
Expired Breath Condensate (N) 32 53
Isoprostane (ng/mgq) 274 (6.9-49.9) 12.1 (6.9-26.6) 0.08
Plasma (N) 34 53
Isoprostane (ng/mg) 144 (45-223) 230 (94-512) 0.02
TBARS (nmol MDA/mL) 8.1 (6.1-8.9) 74 (5.8-8.38) 0.55
Total antioxidants (mM Trolox equivalents/L) 0.65 (0.59-0.70) 0.62 (0.54-0.66) 0.03

Abbreviations: TBARS Thiobarbituric acid reactive substances; SLPI Secretory leukoprotease inhibitor. Statistical analysis performed using one-way Anova with

Bonferroni correction for multiple comparators

correlated across source for any of the Nrf2 target
genes using pairwise comparisons with the exception
of negative correlations in HO1 in bronchial epithe-
lium compared to PBMC (p =<.0001,Spearman rank
correlation = - 0.46).

Discussion

Nrf2 is a key modifier of responses against oxidative
stress and inflammation [8, 12—-15]. Nrf2 disruption in
murine models causes early onset changes in lung archi-
tecture and more severe emphysema after chronic
cigarette smoke exposure, and is associated with oxida-
tive stress, inflammation, and apoptosis of type II and
endothelial lung cells [16, 17]. Transcriptional targets of
Nrf2 are well-defined antioxidant and detoxification
genes [18]. In healthy smokers, Nrf2 target genes are up-
regulated [19, 20], however there is a decrease in Nrf2
activity with the progression of COPD [21]. How active
smoking modifies Nrf2 activity in patients with COPD
in various cell types has not been well studied. Because
it is easier to obtain PBMCs it is tempting to extrapolate
those findings to other cellular compartments in the
lung. Our current study demonstrates that this may not
be warranted. Also, the gene expression profiles in alveo-
lar macrophages may differ from those of the central air-
way epithelium.

There was no statstically significant differences in Nrf2
mRNA levels by smoking status, which is not surprising
as Nrf2 is typically regulated at a protein level. However,
we showed that there is a distinct difference in the levels
of Nrf2-related transcripts primarily in bronchial epithe-
lium in former versus current smoking status in patients
with COPD. Therefore, while Nrf2 activity may be lower

with COPD as previously suggested [21, 22], this level
can be upregulated with active smoking, presumably due
to the ongoing oxidative stress and inflammation with
active smoking.

The finding of increased Nfr2 activity in the bronchial
epithelium is consistent with increases in small airway
epithelium of healthy smokers found by Carolan et al.
[19]. Although there has been more focus on the epithe-
lium of the small airways [19, 23-25], there is increasing
evidence of chronic changes in the large airway epithe-
lium as well [26—28], which our study supports. It is rea-
sonable to presume that upregulation in Nrf2 activity is
a response to local exposure, and it explains why periph-
eral blood cells may not reflect similar changes. This is
particularly of significance because due to the ease of
sampling, investigators often substitute peripheral im-
mune effector cells to study changes that may, in fact, be
compartmentalized to the lung epithelium.

It is noteworthy that active smoking does not result in
an increase in Nrf2 activity in alveolar macrophages iso-
lated by bronchoalveolar lavage, indicating that immune
effector cell responses to smoke may be subdued com-
pared to epithelial responses. This is in contrast to bron-
chial epithelial cells, where Nrf2 target gene activity is
higher than in macrophages in COPD patients with
former tobacco use for most target genes and further in-
creased with active smoking. Alveolar macrophages from
smokers have been shown to have defects in phagocyt-
osis [8, 9, 29-31] that are Nrf2 dependent, and therefore
macrophage oxidative stress has been of great interest.
There was no association between smoking status and
Nrf2 activity in macrophages, which may reflect relative
resistance to chronic tobacco smoke as a regulator of
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Nrf2 activity. Alternatively, macrophages do not accu-
mulate oxidative stress over time, which is reflected by a
weaker Nrf2 signal. Further mechanistic studies are
needed to address these questions. As Nrf2 activity in
normal controls was not measured in this study, we can-
not comment on the relative change in Nrf2 activity in
the alveolar macrophages in COPD patients, although
others have found a decrease in Nrf2 levels in COPD
[19, 32]. However, it does not appear to be further influ-
enced by active smoking.

There are some important limitations to note. First,
the number of participants studied was relatively small
with only 89 subjects. The definition of non smoking re-
quired only one month’s abstinence because we relied
on the ATS-DLD questionnaire responses. There were
also higher levels of aspirin use in former smokers than

current smokers but the anti-oxidants effects of aspirin
are controversial with some studies suggesting that it
may have some anti-oxidant properties [33, 34] while
others indicate that it actually impairs the anti-oxidant
system [35]. There are some recent studies that suggest
that aspirin may modulate Nrf2 activity [36—38], how-
ever these are at micromolar concentrations. A 325 mg
tablet of aspirin would result in approximately 2.2 nM
concentrations in the blood, assuming complete absorp-
tion and equal distributions in all tissues, and there is no
evidence that these low concentrations would influence
Nrf2 activity. Regardless, larger sample sizes are needed
to evaluate potential effects of aspirin. There was no
consistent differences in use of other medications iden-
tifed that would confound the findings, aside from what
was reported in Table 1. In addition, the relatively small
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numbers of patients would preclude us from determin-
ing if any specific co-morbidities influenced the findings.

Conclusion

Our study is the first assessment of Nrf2 levels and ac-
tivity in different cellular compartments in response to
active tobacco use in patients with COPD. Recognizing
the differences in levels of Nrf2 between different com-
partments will allow us to determine whether specific
cellular targeting is required to have the therapeutic effi-
cacy of Nrf2 activators as has been seen in animal and in
vitro studies. Accordingly, caution is warranted in ex-
trapolating smoking-related gene expression from other
cellular compartments to the central airway epithelium.
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