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Objectives: Small airway dysfunction is considered as a precursor of chronic obstructive
pulmonary disease and asthma. Our aim was to explore the joint effects of carbon black
(CB) exposure and antioxidant vitamin intake on small airway dysfunction.

Methods: A total of 70 CB packers (CBPs) and 107 non-CBPs were enrolled from an
established cohort of CBP. Carbon content in airway macrophage (CCAM) quantified
in induced sputum was used as a bio-effective dosimetry for exposure to CB. Logistic
regression models were used to examine the odds ratios (ORs) of CB and dietary intake
of antioxidant vitamins on small airway dysfunction, and the dose-response association.

Results: The prevalence of small airway dysfunction was 32.9% (23 of 70) among CBPs,
and 19.6% (21 of 107) among non-CBPs. For each 2.72-fold increase in CCAM, the OR
of small airway dysfunction was 2.31 (95% Cl = 1.20-4.44). For every 10mg day~'
increase of the vitamin C intake, the risk of small airway dysfunction decreased by 6%
(OR = 0.94, 95% Cl = 0.88-0.99). Compared to non-CB exposure and higher vitamin
C intake, CB exposure and lower vitamin C intake (OR = 7.56, 95% Cl = 1.80 to 31.81)
were associated with an increased risk of small airway dysfunction.

Conclusions: Chronic exposure to a high level of CB aerosol increased the risk of small
airway dysfunction in CB baggers. Dietary intake of vitamin C might be a modifiable factor
for preventing small airway dysfunction.

Keywords: carbon black, air pollution, antioxidant vitamin, lung function, joint effect

INTRODUCTION

Small airway dysfunction is considered as a precursor of chronic obstructive pulmonary disease
(COPD) and asthma. More than 40% of Chinese adults aged 20 years or older had small airway
dysfunction, accounting for more than 400 million people in China alone (1). However, evidence on
risk and protective factors associated with small airway dysfunction is still limited. The nationally
representative China Pulmonary Health (CPH) study showed that particulate matter (PM) with
aerodynamic diameters <2.5 wm (PM;5) increased the risk of small airway dysfunction (1).
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The composition of airborne particles is complicated, and
it is necessary to study the characteristics of primary particles.
The fuel-derived PM in the inhalable size range is dominated
by aggregates of nanoparticles of carbon black (CB), which
is virtually pure elemental carbon (2, 3). Animal models
have indicated that inhalation of CB could induce lung
inflammation, fibrosis, emphysematous, epithelial hyperplasia,
and lung carcinomas (2, 4-6). Our previous studies based on
a cohort of carbon black packers (CBPs) with PM exposure
levels over 800 jLg/m? also identified that exposure to CB was
associated with reduced pulmonary function, Clara cell injury,
higher levels of pro-inflammatory cytokine secretion, elevated
permeability of acinar airways, and airway remodeling (7-10).
However, the effect of CB exposure on small airway dysfunction
was still unclear.

Furthermore, the possible modulatory effect of diet on lung
health has been investigated in several studies. Dietary intake of
various sources of antioxidants was associated with improvement
of ventilatory function in adults (11-13). Elucidation of
the associations between dietary nutrients and small airway
dysfunction could provide a scientific basis for designing
complex dietary supplements to alleviate the impact of air
pollution on the small airway and prevent small airway diseases.

Therefore, we conducted a cross-sectional study from an
acetylene black industry and non-exposed controls to test the
hypothesis that (1) exposure to high levels of CB could induce
small airway dysfunction in a dose-dependent manner, and (2)
higher antioxidant vitamin (vitamins C and E, and f-carotene)
intake could diminish the harmful effect of CB exposure on small
airway dysfunction.

METHODS

Study Population

Our CBP study was established in 2012 by recruiting CBPs from
an acetylene black industry and non-CBP controls from a local
water authority. Design details, including inclusion and exclusion
criteria, have been reported elsewhere (7, 8). A follow-up visit
was conducted in the fall of 2018, and spirometry was complete
for 107 non-CBPs and 70 CBPs (14). Written informed consent
from all participants was provided prior to the interview and any
procedures. The CBP study was approved by the Medical Ethical
Review Committee of the National Institute for Occupational
Health and Poison Control, Chinese Center for Disease Control,
and Prevention (protocol number: NIOHP201604).

Exposure Assessment

We assessed PM; 5 and PM, 5-related elemental carbon in CB
bagging facilities and control areas during the field visit in
2018. The technical details have been described in our previous
studies (7, 10, 14).

Carbon Content in Airway Macrophage
Assay

Sputum collection, processing, slide preparation, and quality
assessment were described in detail in our previous study
(14). Upper quartile of the proportion of cytoplasm area

occupied by carbon particles from 50 macrophages was used
as the carbon content in airway macrophage (CCAM) index
for all analyses (10, 14). CCAM, a quantitative measure
for lung elemental carbon burden, serves as a bio-effective
dosimeter for chronic exposure to CB aerosol and PM in air
pollution (15, 16).

Nutrient Intakes

The consumption of foods and food groups by the participants
was collected by trained investigators via the validated 48-item
food frequency questionnaire (FFQ) adapted to the Chinese
population (17). It recorded the consumption of different foods
(e.g., steamed bread, white rice, wheat noodle, bread, whole
grain foods, potatoes, cakes, vegetables, fruits, dairy and dairy
products, soybeans and its products, nuts, meat, eggs, fish
and shrimp, and beverages) over the previous 12 months as
frequencies. Dietary intake data were converted into nutrient
intake data using the continuously updated in-house nutrient
database, which was based on the China Food Composition
(18). The antioxidant vitamin intakes (vitamins C and E, and -
carotene) were then calculated by multiplying the frequency of
consumption of each food or beverage by the nutrient content
of the portion and summing the intake of each nutrient for
all items.

Spirometry

Spirometry was conducted without inhaling bronchodilator by
a certified technician using a portable calibrated electronic
spirometer (CHESTGRAPH HI-701, Japan) in accordance with
the American Thoracic Society and European Respiratory
Society standards (19). Maximal mid-expiratory flow (MMEF),
forced expiratory flow (FEF) at 50% of vital capacity, and
FEF at 75% of vital capacity were used as indicators of lung
function to estimate small airway dysfunction. Small airway
dysfunction was diagnosed when at least two of the above three
indicators were <65% of predicted values (1). This definition
was comparable with that used in a previous study (1) in the
Chinese population.

Statistical Analysis

The associations between CB exposure status or CCAM and
small airway dysfunction were assessed using logistic regression.
Odds ratios (ORs) with 95% CI were applied. The first
model (model 1) was unadjusted for potential confounding.
The second model (model 2) adjusted for age, sex, body
mass index, education level, family income level, smoking
status, packyears, and drinking status. The interaction analyses,
including cigarette smoking status x CB exposure, were
designed a priori. In addition to the binary CB exposure
status, CCAM was also used as a bio-effective dosimeter
for exposure to CB aerosol in the lungs to characterize
the dose response. Second, logistic regression models were
used to examine the effect of dietary intake of antioxidant
vitamins on small airway dysfunction, and the linear dose-
response association. Antioxidant vitamins were treated as
continuous variables in the preliminary analysis. To investigate
the robustness of our results, we categorized the antioxidant
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CCAM, natural log transformed carbon content in airway macrophage. “o < 0.05.
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FIGURE 1 | Exposure assessment of CB packers and non-CB packers. (A) Concentrations of PM, 5 in the work shop (j1g/m?); (B) concentrations of elemental
carbon in the work shop (ug/m®; (C) the levels of CCAM in the participants. CB, carbon black; PM; s, particulate matter with aerodynamic diameters <2.5 um; LN

TABLE 1 | General characteristics in the study population (n = 177).

Variable CBP (n = 70) Non-CBP (n = 107) P
Demographics

Age (year, X £ S) 48.91 £ 4.24 48.91 +4.30 0.9912
Male (n, %) 63 (90.00) 58 (54.21) <0.001°
<12th grade (n, %) 67 (95.71) 43 (40.57) <0.001P
Ever smokers (n, %) 49 (70.00) 48 (44.86) 0.001b
Packyears in ever smokers (M, Pas-P7s) 15.00 (7.50-22.50) 21.75 (13.00-32.25) 0.003°
Current alcohol user (n, %) 52 (75.36) 78 (73.58) 0.793°
Height (cm, X = S) 166.47 + 6.43 166.64 + 7.87 0.8822
Weight (kg, X £ ) 70.77 £ 12.11 66.81 + 12.37 0.0372
BMI (kg/m?, X £+ S) 25.71 + 3.58 24.64 + 3.74 0.0622
Spirometry

FVC % predicted (%, X + S) 91.37 £ 11.74 100.97 £+ 11.98 <0.0012
FEV1 % predicted (%, X £ S) 92.14 + 12.68 99.10 + 11.44 <0.0012
FEV1/FVC % predicted (%, X &+ S) 115.93 + 8.37 113.50 + 8.58 0.065%
MMEF % predicted (%, X + S) 82.89 + 23.11 93.96 + 23.89 0.003%
FEFso % predicted (%, X &+ S) 77.61+£22.76 86.37 + 23.92 0.0162
FEF75 % predicted (%, X £+ S) 67.77 £ 24.09 76.04 £ 29.55 0.0522
Small airway dysfunction (n, %) 21 (19.63%) 23 (32.86%) 0.0522

CBP, carbon black packer; X, mean; M, median; Pos, 25th percentile; P75, 75th percentile; BMI, body mass index; FVC, forced vital capacity; FEV4, forced expiratory volume in 15;
FEV1/FVC, ratio of the first second forced expiratory volume to forced vital capacity; MMEF, maximal mid-expiratory flow; FEF, forced expiratory flow.

aStudent t-test.
bChi-square test.
CWilcoxon rank sum test.

vitamins into quartiles (Q1-Q4). Finally, we also estimated the
joint effects representative of different combinations of high
and low antioxidant vitamins intake and CB exposure. We
stratified our subjects into four groups: non-CB exposure and
higher vitamin C intake (>median, 119 mg day™!) (reference
group), non-CB exposure and lower vitamin C intake (<median,
119mg day~!), CB exposure and higher vitamin C intake,
and CB exposure and lower vitamin C intake, with the
number of people in each group being 69, 37, 18, and
50, respectively.

All statistical analyses were conducted in 2020 using SAS 9.4
(SAS Institute Inc., Cary, NC, USA) and R 4.0.2 (R Foundation
for Statistical Computing, Vienna, Austria). All p-values were
two-tailed (@ = 0.05).

RESULTS

Exposure Assessment
Geometric means of PM; 5 and elemental carbon in CB bagging
areas were 637.4 + 1.7 and 364.6 £+ 1.7 pg/m?, which were
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significantly higher than that seen in the reference areas (130.0
4+ 1.2and 13.8 + 1.2 ug/m?, Figures 1A,B). CCAM in CBPs was
significantly higher than that seen in non-CBPs (Figure 1C).

Characteristics of Study Subjects

Age and body mass index (BMI) were comparable between the
CBP and non-CBP groups. Compared with non-CBPs, CBPs
were more likely to be men and ever smokers, and to report
less packyears among ever smokers (Table 1). CBPs had lower
FVC, FEV;, MMEEFE and FEFspy than non-CBPs. Overall, the
prevalence of small airway dysfunction was 24.9% (44 of 177)

TABLE 2 | Effects of CB exposure on small airway dysfunction.

Variable Model 12 Model 2°

OR (95% CI) P OR (95% CI) P
CBP vs. non-CBP 2.00 (1.01, 4.00) 0.048 3.83 (1.21, 12.10) 0.022
LN CCAM 1.47 (0.99, 2.19) 0.055 2.31 (1.20, 4.44) 0.012

CBR, carbon black packer; OR, odd ratio; LN CCAM, natural log transformed carbon
content in airway macrophage.

aModel 1 was unadjusted.

bpModel 2 was adjusted for age, sex, body mass index, education level, family income
level, smoking status, packyears, and drinking status.

in the study population (Table 1), and none had FEV;/FVC
ratio <70%.

Effect of Carbon Black Exposure on Small

Airway Dysfunction

The prevalence of small airway dysfunction was 32.9% (23 of
70) among the CBPs, and 19.6% (21 of 107) among non-CBPs.
Compared with non-CBPs, the CBPs were significantly associated
with increased risk of small airway dysfunction, with an adjusted
OR of 3.83 (95% CI = 1.21-12.10, Table 2). The effect of CB
exposure on small airway dysfunction did not vary by smoking
status (Pinteraction = 0.608), suggesting no potential confounding
effects of cigarette smoking.

Because CCAM distribution was skewed, log-transformed
CCAM was used to quantify its association with small airway
dysfunction in the dose-response analysis. For each 2.72-fold
increase in CCAM, the OR of small airway dysfunction was
2.31 (95% CI = 1.20-4.44, Table 2). In addition, the association
between CCAM and small airway dysfunction did not vary by
smoking status (Pinteraction = 0.635).

Effect of Dietary Intake of Antioxidant

Vitamins on Small Airway Dysfunction
Figure 2 shows the associations between dietary intake of
the antioxidant vitamins and small airway dysfunction. After

Antioxidant vitamins OR (95% CI) P
Vitamin C (per 10 mg/day) || 0.94 (0.88,0.99) 0.027
Q1 (< 81 mg/day, ref) | ]
Q2 (81 ~ 119 mg/day) - 0.64 (0.23, 1.81) 0.594
Q3 (119 ~ 168 mg/day) - 0.55 (0.19, 1.59) 0.943
Q4 (=168 mg/day) L 0.24 (0.07, 0.84) 0.049
P for trend 0.029
Vitamin E (per 1 a-TE/day) Hl 0.95 (0.85, 1.05)  0.302
Q1 (< 6 mg/day, ref) | ]
Q2 (6 ~ 8 mg/day) —_— 0.61(0.22, 1.68) 0.485
Q3 (8 ~ 10 mg/day) —_—— 1.17 (0.44, 3.15)  0.181
Q4 (>10 mg/day) L 0.49 (0.16, 1.45)  0.205
P for trend 0.398
B-carotene(per 1 mg/day) = = 0.91(0.73, 1.14)  0.403
Q1 (< 1.2 mg/day, ref) | ]
Q2 (1.2 ~ 1.9 mg/day) - 1.29 (0.44,3.75) 0.71
Q3 (1.9 ~ 2.9 mg/day) - 0.96 (0.32, 2.89) 0.602
Q4 (>2.9 mg/day) - 1.38 (0.47, 4.01) 0.561
P for trend 0.695
T T T T T T 1
0.062 0.125 0.250 0.500 1.00 2.00 4.00
FIGURE 2 | Effect of dietary intake of antioxidant vitamins on small airway dysfunction. Logistic regression model adjusted for age, sex, body mass index, education
level, family income level, smoking status, packyears, and drinking status. For the test of trend, we calculated the association with small airway dysfunction by treating
the categories of antioxidant vitamin as ordinal variables.
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adjusting for potential covariates, for every 10mg day~!
increase of the vitamin C intake, the risk of small airway
dysfunction decreased by 6% (OR = 0.94, 95% CI = 0.88-
0.99). A similar dose-response pattern was observed when
study subjects were divided equally into four groups based on
vitamin C intake levels (pfortrend = 0.029, Figure 2). There were
no statistically significant associations between vitamin E, p-
carotene intake, and small airway dysfunction in the univariate
or adjusted models.

Joint Effects of Carbon Black Exposure
and Vitamin C Intake on Small Airway

Dysfunction

Compared to non-CB exposure and higher vitamin C intake,
non-CB exposure and lower vitamin C intake (OR = 2.07, 95%
CI=0.68-6.25), CB exposure and higher vitamin C intake (OR =
5.57,95% CI = 0.97-32.08), and CB exposure and lower vitamin
C intake (OR = 7.56, 95% CI = 1.80-31.81) were associated
with an increased risk of small airway dysfunction (Figure 3).
However, there was no evidence of interaction of CB exposure
and vitamin C intake on small airway dysfunction (p = 0.630).

DISCUSSION

Our study indicated that chronic exposure to a high level of
CB aerosol increased the risk of small airway dysfunction in
CB baggers. Moreover, we confirmed a linear dose-response
relationship between CCAM and small airway dysfunction,
independent of smoking status. Most importantly, dietary intake
of vitamin C was a modifiable factor for preventing small
airway dysfunction.

The adverse pulmonary effects of chronic CB exposure have
been explored in previous research. Persistent CB exposure was
significantly associated with an increased risk of respiratory
symptoms and restrictive ventilator disorders, and obviously
reduced lung function (20-22). Our previous studies also found
that the exposure to CB was associated with a significant
reduction in FEV;% and FEV;/FVC (7, 8), but no workers had
met spirometry diagnosis of airway obstruction (i.e., FEV;/FVC
< 0.70) yet (10). In this study, according to the spirometric
diagnostic criteria of China Pulmonary Health study (1), the
prevalence of small airway dysfunction in the CBP group (32.9%)
was significantly higher than that in the non-CBP group (19.6%).
The results suggested that small airway dysfunction might be
an early lung injury caused by chronic exposure to nano-scale
CB aerosol and emerged prior to the occurrence of large airway
diseases or emphysematous changes in this relatively young
group of study subjects. However, as a cross-sectional study, the
contribution of small airway dysfunction to CB exposure induced
chronic lung diseases such as COPD, and the reversibility of
observed changes could not be delineated. Furthermore, we used
CCAM to assess the lung dose of CB in each worker and identified
a linear dose-response with small airway dysfunction, which
supported that CCAM as a good bio-effective biomarker that
could bridge CB inhalation exposure and lung effects.

T T T T
Non-CB exposure  Non-CB exposure CB exposure CB exposure
Higher VC Lower VC Higher VC Lower VC

FIGURE 3 | Joint effects of CB exposure and vitamin C intake on small airway
dysfunction. We stratified our subjects into four groups: non-CB exposure and
higher vitamin C intake (>119mg day~") (reference), non-CB exposure and
lower vitamin C intake (<119 mg day~"), CB exposure and higher vitamin C
intake, and CB exposure and lower vitamin C intake, with the number of
people in each group being 69, 37, 18, and 50, respectively. Joint effects were
explored using logistic regression model with adjustment for age, sex, body
mass index, education level, family income level, smoking status, packyears,
and drinking status. CB, carbon black; VC, vitamin C.

Regarding diet, there was evidence of relationships between
certain micronutrients, especially those with antioxidant
properties, and lung function (11). An analysis of the Third
National Health and Nutrition Examination Survey (NHANES
III) of the U.S. population demonstrated that increased intake
of vitamin E, vitamin C, and total carotenes were all positively
associated with FEV; (23). A longitudinal study based on the
European Community Respiratory Health Survey (ECRHS)
showed that vitamin C was associated with a slower FVC decline
over the 10-year follow-up (12). Vitamin C has previously
been linked with higher lung function in several studies using
different measures of intake, including dietary recall and plasma
vitamin C concentrations (11). However, evidence was less
consistent for other antioxidants. The Veterans Administration
Normative Aging Study (NAS) have shown that vitamin E
intake was positively associated with both FEV; and FVC (24),
whereas randomized controlled trials (RCTs) revealed no effect
of B-carotene (25) or vitamin E (26) on lung function. Similarly,
we demonstrated that higher amounts of vitamin C intake
were associated with a lower risk of small airway dysfunction
and found no evidence of an association between small airway
dysfunction and intake of vitamin E or p-carotene.

In addition to demonstrating an association between vitamin
C intake and small airway dysfunction, our results suggested that
vitamin C intake might reduce the adverse effect of CB exposure
on small airway dysfunction. Emerging data supported a role
for mitigation of air pollution health risks via nutrition in a
range of chronic diseases (27, 28). Vitamins C and E appeared
to modify the short-term effects of PM;y on asthma and COPD
exacerbations (29). In Mexico City, a cohort study concluded that
dietary vitamin C intake provided some protection against the
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effect of ozone on the pulmonary function of asthmatic children
(30). Furthermore, the Recommend Dietary Allowance (RDA)
of vitamin C for adult men (aged 19 and older) is 90 mg day !
(31). Our result indicated that a significant protective effect was
only found in the highest category of vitamin C intake (>168 mg
day™!). Therefore, the RDA of vitamin C for CB workers might
be increased to reduce the risk of small airway dysfunction.
Future studies with a large sample size are warranted to confirm
the RDA of vitamin C for CB workers.

The lungs exist in a high-oxygen environment, and exposures
and inflammation can increase the burden of oxidants further
(11). The balance between these potentially toxic substances
and the protective actions of antioxidant defenses, including
those derived from the diet, might play an important role in
the pathogenesis of lung disease and loss of lung function over
time (11, 32). Vitamin C was an exogenous non-enzymatic
antioxidant that participated in the primary lung defense against
reactive oxygen species (30). Vitamin C as a cofactor for
enzymes (e.g., prolyl hydroxylases) could directly neutralize
free radicals and suppress macrophage secretion of superoxide
anions in vitro (33). It had very high redox potential and
could reduce the most reactive oxygen species present in
human tissues. However, fat-soluble vitamins, such as vitamins
E and P-carotene, were hydrophobic and required dietary
lipids to be absorbed. For example, when fats were present
in the diet, vitamin E could be packaged into chylomicrons
and transported in circulation. Therefore, the fat content of
the diet could have a significant impact on the absorption of
such nutrients.

Taken together, these results suggested that micronutrient
status might impact small airway, and that nutrition
interventions could be useful in a public health campaign
aimed at the prevention of small airway dysfunction. In
the future, well-designed interventional trials are needed
to confirm these associations and to establish whether
dietary interventions are effective in the prevention of
small airway dysfunction. Population at high risk of small
airway dysfunction, such as the CBPs, might be a target
population that would incur the most benefit from the
results of such trials. The low cost and high safety of dietary
interventions, such as counseling to increase fruit and vegetable
intake to maintain or improve lung function, make this
a very attractive intervention for clinicians working with
populations of patients either with or at risk for small airway
dysfunction. Deficits in small airways might predispose certain
individuals to an earlier diagnosis of impaired lung function;
therefore, interventions to prevent small airway dysfunction are
of interest.

Although ambient exposures were widely characterized and
often based on modeling or predicted exposures, studies
examining the effect of CB exposure on lung health were less
prevalent. The CB exposure was pure elemental carbon and
provided distinct but complementary evidence to studies of
PM exposures, representing a strength of the current study.
Identification of one modifiable risk factor (dietary intake) for

small airway dysfunction in this population was another major
strength. CCAM assessed as the accurate assessment of personal
CB exposure was also the strength in this study.

The limitations of this study should also be considered. First,
investigations of the association between single nutrients and
disease might not accurately reflect a specific dietary habit or
dietary behavior, as neither foods nor nutrients were consumed
in isolation. Second, due to the small sample size in this study,
adjustment for many potential confounding factors may reduce
the power of the study and increase the margin of error, while
further studies with large sample size are warranted in the future.
Lastly, only high vitamin C intake may exert a protective effect,
and an intervention trial will be needed to confirm these effects.

CONCLUSIONS

In summary, we presented results from a cohort of CBP
demonstrating the association between CB exposure (harmful),
vitamin C intake (protective), and small airway dysfunction.
Higher vitamin C intake was associated with diminished harmful
effect of CB exposure on small airway dysfunction.
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