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� Comprehensive analysis on circulating surfactant proteins and air particulate matter in population.
� PM exposure was associated with a reduction of circulating SP-D.
� Circulating surfactant protein can be a biomarker for respiratory injury caused by particulate matter.
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a b s t r a c t

Objective: Air particulate matter (PM) pollution is associated with the alterations in circulating pulmo-
nary damage proteins. But there are not consistent results among the epidemiological studies. The aim of
this study is to investigate the alteration of surfactant protein (SP) from PM exposure.
Methods: We conducted a comprehensive meta-analysis by searching the databases of PubMed, Medline,
EMBASE, Web of Science and CNKI before October 2020 which reported PM pollutants and surfactant
protein in the population. The sources of heterogeneity were assessed by subgroup (smoking, particulate
matter with different aerodynamic diameter, exposure duration) analysis. We also used the publication
bias tests for the comprehensive assessment.
Results: This meta-analysis consisted of 10 studies with 1985 subjects. The results showed that the
combined standardized mean difference (SMD) value was 0.05, 95% confidence interval (CI) was �0.07 to
0.17 for serum SP-A and �0.81 (95% CI: -1.41 to �0.21) for circulating SP-D. Among smokers, the com-
bined SMD value of SP-A were 0.29 (95% CI: 0.05 to 0.52). We did not find the correlation between
publication year of SP-A and SP-D and study heterogeneity.
Conclusions: Circulating SP-D was significantly decreased by air particulate matter. Serum SP-A was
significantly increased by PM exposure among smokers. Circulating surfactant protein may be considered
as a biomarker for respiratory injury caused by air particulate matter.

© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction

Air pollution is one of the top 10 health threats from the World
Health Organization’s report in 2019. Exposure to particulate
matter (PM) is associated with the global burden of disease and
non-accidental mortality (Burnett et al., 2018). A growing number
of studies suggest that PM can induce respiratory diseases, lung
cancer and cardiovascular events (Berhane et al., 2016; Eckel et al.,
2016; Zhao et al., 2020). A significant correlation between
chronic obstructive pulmonary disease (COPD) mortality and PM
exposure has been estimated (Lee et al., 2020). A recent 18-year
cohort study further confirmed that exposure to ambient air pol-
lutants was significantly associated with increasing emphysema
(Wang et al., 2019). Mortality of respiratory disease consistent in-
crease with increasing inhalable particulate matter concentration
(Liu et al., 2019).

Emerging evidence suggest that biomarkers for pulmonary
damage have been detected in peripheral circulation, especially in
serum (Agassandian et al., 2014; Maher et al., 2017; Kahn et al.,
2018). A good serum biomarker is expected to improve the speci-
ficity and sensitivity of health injury prediction and diagnosis (Liu
et al., 2017; Chen et al., 2019). Both surfactant protein A (SP-A)
and surfactant protein D (SP-D) are member of the collecting
family, which mainly synthesized by the alveolar epithelium, and
they play a pivotal role in alveolar innate immunity (Haagsman and
Diemel, 2001; Hiroki et al., 2006). They are involved in manipu-
lating cytokine and chemokine profiles in the inflammatory process
(Kishore et al., 2006), and their levels in serum and plasma may
potentially serve as biomarkers of lung disease or injury (Pastva
et al., 2007). SP-D can regulate alveolar homeostasis (Zhang et al.,
2006), macrophages, lymphocytes and reactive oxygen species
(ROS) networks (Jaw and Sin, 2012). Some studies found elevated
circulating SP-A and SP-D levels by the increased alveolar capillary
permeability of patients (Bowler et al., 2004; Brasch et al., 2004).
Under pathophysiological conditions, declining SP-A synthesis by
alveolar capillary cells leads to lower lung SP-A and higher serum
SP-A content (Yang et al., 2019). However, serum concentrations of
SP-D may decrease after chronic damage to the airways, due to the
decrease in the number of airway Club cells (Freberg et al., 2016)
and the degradation of surfactant proteins by nitrosylation and
oxidative damage during inflammation (Winkler et al., 2011;

Atochina Vasserman et al., 2015).
Circulating SP-A and SP-D show variations in the serum of pa-

tients with different lung diseases and subjects exposed to lung
toxicants (Hermans and Bernard, 1999). The reproducibility was
better for SP-D levels in serum compared to bronchoalveolar lavage
fluid (Winkler et al., 2011). Therefore, SP-A and SP-D may be
promising biomarkers for pulmonary damage in disease prevention
and health risk assessment. Nevertheless, the correlation between
respiratory damage caused by atmospheric particles and specific
biomarkers has not been clear. There is a lack of concordance and
certainty (Suhaimi and Jalaludin, 2015; Siroux and Crestani, 2018).
To fill the aforementioned gap and better evaluate the damaging
effect of PM, we retrieve SP-A or SP-D studies associated with air
pollution in population. Meta-analysis was used to analyze the
correlation between particulate exposure and surfactant protein,
providing a basis for health assessment.

2. Methods

2.1. Literature retrieval

A systematic literature retrieval was conducted in the database
of PubMed, Medline, EMBASE, Web of Science and CNKI to identify
appropriate studies before October 31, 2020. We used “AND” and
“OR” to combined the key search terms in the format ((“air pollu-
tion” OR “particulate matter” OR “PM2.5” OR “PM10”) AND (“sur-
factant protein” OR “surfactant associated protein”) AND (“blood”
OR “serum” OR “plasma”)) and mapped these terms to each data-
base. What’s more, hand-searched references that have been
included in the articles were supplemented.

2.2. Study selection and review

2.2.1. Selection criteria

Eligible studies were selected through consideration of the title
and abstract by two researchers independently. Disagreements
were discussed by two researchers or resolved by the third
researcher. The appropriate article was read in full to identify which
studies were eventually included.

Concrete inclusion criteria in the meta-analysis include: (1)
eligible studies which published between the database

Z. Wang, M. Xu, Y. Wang et al. Chemosphere 272 (2021) 129564

2



establishment date and October 2020; (2) the design type include
cross-sectional study, cohort study and randomized controlled trial
associated with air pollution; (3) the subjects were human being,
not cells or animals, and inclusion criteria for the study population
were noted; (4) studies stratified by smoking and drinking need to
have a clear definition of smoking and drinking; (5) the type of
exposure of the air pollution component was marked and assessed.
Notably, some studies were excluded: (1) the type of study design is
inconsistent with the purpose of the study; (2) studies in languages
other than English or Chinese; (3) the required data cannot be
extracted into a unified form from the article; (4) for the repeated
population studies, only the most complete published article has
been included.

2.2.2. Quality assessment

Results of the quality assessment were presented in Table 1. We
assessed cross-sectional study, cohort study and randomized
controlled trial quality by AHRQ (Agency for Healthcare Research
and Quality), Newcastle-Ottawa Scale and CASP Checklist (which
was developed by the Critical Appraisal Skills Programme),
respectively. And the above quality assessments were completed by
two researchers independently, and the disagreement was
discussed.

2.3. Data extraction

The information extracted from the article was as follows: title,
first author, country, publication year, study design, sample size, the
concentration (such as mean, standard deviation, interquartile
range, P-value, median, maximum or minimum, etc.) of SP-A and
SP-D, journal, the type of particulate matter, exposure duration.

2.4. Statistical analysis

As discussed by most of the researchers, the short-term expo-
surewas defined by exposure period shorter than sixmonths, while
those exposed for more than six months were taken as long-term
exposure. Additionally, current smokers were defined as those
who still smoked at the time of the interview, and non-current
smokers were subjects who did not smoke and had stopped
smoking more than 12 months earlier.

We used Excel to record data, and the “meta” package in the
statistical software Rwas used for meta-analysis. The concentration
of SP-A and SP-D were entered as continuous variables. The data
can eventually be directly or indirectly transformed into mean and
standard deviation. In the initial phase of pooled analysis, we used a
fixed effects model to combine each study. The heterogeneity was
analyzed using the c

2 test, with P < 0.05 to indicate significant
statistical heterogeneity among each study. If significant

heterogeneity was observed (I2 > 50%, P < 0.05), we used random
effects model to analysis. The sources of heterogeneity were
assessed by subgroup analysis (such as smoking, particulate matter
with different aerodynamic diameter, exposure duration). Meta
regression test was used to check whether the publication year was
related to heterogeneity. Publication bias and sensitivity analysis
were used to assess the effect of different studies on the combined
effect size.

3. Results

3.1. Description of included studies

As shown in Fig. 1, a total of 2618 potential studies were iden-
tified by using different combination of key terms based on the
published articles in five databases. Among them, 10 studies with
1985 subjects were considered to be eligible for meta-analysis. The
basic information and quality assessment score of articles were
shown in Table 1.

3.2. Meta-analysis

3.2.1. The alterations of circulating SP-A and SP-D by PM exposure

There were 10 articles included in the analysis, five studies
evaluated changes of serum SP-A attributed to PM, eight of circu-
lating SP-D. Themeta-analysis results of SP-A and SP-Dwere shown
in Fig. S1A and Fig. S1B. We found that PM exposure was signifi-
cantly correlated with circulating SP-D reduction, but no correla-
tion was found with SP-A.

Table 1

Basic information about the studies included in the meta-analysis.

Reference Design Country N Biomarker PM2.5 (mg/m3) PM10 (mg/m3) Score

Control group Exposed group Control group Exposed group

Berthoin K (Berthoin et al., 2004) Cross-Sectional study Belgium 112 SP-A e e 13.00 33.50 10
Heldal KK (Heldal et al., 2013) Cross-Sectional study Norway 82 SP-A, SP-D e e e 310.00 10
Van Miert E (Van Miert et al., 2012) Cross-Sectional study Belgium 452 SP-D e e e e 10
Freberg BI (Freberg et al., 2016) Cross-Sectional study Norway 45 SP-A, SP-D e 3100.00 e 6200.00 10
Wang Y (Wang et al., 2018) Cross-Sectional study China 768 SP-A, SP-D 62.60 168.15 e e 10
Ellingsen DG (Ellingsen et al., 2019) Cross-Sectional study Norway 144 SP-D e e e 8100.00 10
Yang M (Yang et al., 2019) Cross-Sectional study China 214 SP-A 1630.00 14900.00 e e 10
Ellingsen DG (Ellingsen et al., 2015) Cohort Study Norway 140 SP-D e 604.00 e e 9
Albin M (Xu et al., 2013) Randomized controlled trial Sweden 18 SP-D e 276.00 e e 11
Ferguson MD (Ferguson et al., 2016) Randomized controlled trial America 10 SP-D e 375.00 e e 11

Fig. 1. Study selection diagram.
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3.2.2. Circulating SP-A and SP-D changes with different

aerodynamic diameter of particulate matter

Among five studies of serum SP-A attributed to PM, there were
three of PM2.5 and four of PM10. Meta-analysis results were shown
in Fig. 2 A. The heterogeneity test showed that there was no

statistical heterogeneity among the studies (I2 ¼ 0.0%, P > 0.05).
Therefore, fixed effects model was used for the pooling analysis.
The SMD value was 0.08 (95%CI: -0.05 to 0.21) in PM2.5, and �0.05
(95%CI: -0.25, 0.15) in PM10, respectively.

There were eight studies of circulating SP-D and PM, seven for

Fig. 2. Meta-analysis of circulating SP-A (A) and SP-D (B) with particulate matter of different aerodynamic diameters. Notes: The diamond shape is the combined standardized
mean difference (SMD). Which is calculated as the difference in means between exposed group and control group, divided by the pooled standard deviation of the two means. The
transverse diameter of the diamond represents the confidence interval for SMD; the horizontal line in the center of the graph is the confidence interval for each study; the squares
represent the relative weights of each study; the dotted line is the effect line; the solid black line is the invalid line. If the confidence interval of the combined SMD was across the
invalid line, the difference between the exposed group and the control group was not statistically significant.
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PM2.5 and two for PM10. The meta-analysis results were shown in
Fig. 2B. The heterogeneity test showed that there was significant
statistical heterogeneity among the studies (I2 ¼ 97.7%, P < 0.05).
We used random effects model for the pooling analysis. The SMD
value was �0.92 (95%CI: -1.60, �0.25) in PM2.5, and �7.60 (95%CI:
-21.81, 6.61) in PM10. Therefore, there was a statistically significant
reduction of circulating SP-D by PM2.5 exposure.

3.2.3. Serum SP-A changes with particulate matter in smoking

population

There were three studies of serum SP-A in smoking population.
The two studies of circulating SP-D did not accurately assess the
effects of smoking, so we only performed a subgroup analysis on
serum SP-A. We used random effects model for the pooling anal-
ysis, and the smoking stratification analysis of SP-A was shown in
Fig. 3. The SMD value was 0.21 (95% CI: 0.02 to 0.41) and 0.39 (95%
CI: -0.15 to 0.93) among smokers and non-smokers with PM
exposure, respectively. Above all, PM can induce the increase of
serum SP-A among smokers.

3.2.4. Circulating SP-A and SP-D changes with different exposure

duration of PM

Among five studies of serum SP-A and PM exposure duration,
only one of themwas less than 6 months. The meta-analysis results
were shown in Fig. 4A, and there was no significantly statistical
heterogeneity among the long-term exposure studies (I2 ¼ 0.0%,
P > 0.05). The SMD value was 0.06 (95% CI: -0.06 to 0.18).

There were eight studies which evaluated changes of circulating
SP-D with PM exposure, and five studies for longer than 6 months,
three for less than 6months. The meta-analysis results were shown
in Fig. 4B. The heterogeneity test showed that there was signifi-
cantly statistical heterogeneity among the studies (I2 ¼ 96.0%,
P < 0.05). We used random effects model for the pooling analysis.
The SMD was �1.37 (95%CI: -2.21, �0.54) in long-term exposed
population, while the SMD was �0.21 (95%CI: -0.54 to 0.12) in
short-term exposed population. The above results showed that
circulating SP-D concentration was decreased by long-term

exposure to air PM.

3.3. Sensitivity analysis and publication bias

3.3.1. Meta-regression

The results of meta-regression with REML method showed that
there was no statistical correlation between publication year of
circulating SP-A and SP-D and study heterogeneity (z ¼ 0.73
and �0.29, P ¼ 0.47 and 0.77, respectively).

3.3.2. Sensitivity analysis

The results of sensitivity analysis of SP-A and SP-D were shown
in Fig. 5A and Fig. 5B. The combined SMD value of SP-A was 0.05,
(95% CI: -0.07 to 0.17) after one studywas removed once a time. The
combined SMD value of SP-D was �0.81 (95% CI: -1.41 to �0.21)
after one study was removed. We found one study significantly
influenced the combined SMD value of SP-D. Therefore, we con-
ducted a publication bias analysis.

3.3.3. Publication bias

Funnel plot is a qualitative measure of publication bias. The
analysis results were shown in Fig. 6A and Fig. 6B. However, the
funnel plot is asymmetric, suggesting the possibility of publication
bias. We analyzed 10 studies that were included in the meta-
analysis. The reason that leads to the asymmetry of funnel plots
may be caused by the small sample size of several studies.

4. Discussion

A total of 10 studies were identified by systematic literature
retrieval and quality assessment in our meta-analysis. We aim to
offer a comprehensive analysis of the epidemiological evidence
between PM and surfactant proteins. Primarily, we performed a
heterogeneity test and a random effects model to combine statistics
for studies with higher heterogeneity. Then, sources of heteroge-
neity were assessed by subgroup analysis, meta-regression, sensi-
tivity analysis, and funnel plot. Eventually, we found a significant

Fig. 3. Meta-analysis of serum SP-A changes among smokers with PM exposure.
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association between PM exposure and circulating SP-D changes in
the primary meta-analysis, which remained in subgroup analysis.
Furthermore, we found that there was no statistical correlation
between publication year of SP-A and SP-D and study
heterogeneity.

Epidemiological and toxicological studies have shown that PM
can give rise to an extensive range of adverse effects. PM is asso-
ciated with respiratory damage and even lung cancer incidence
(Kelly and Fussell, 2015; Xing et al., 2019). Besides, experiments
have shown that PM2.5 components induced mitochondrial

oxidative damage in lung cells and activated DNA damage re-
sponses in lymphocytes (Bhargava et al., 2018; Pardo et al., 2019).
Dendritic cells can express toll-like receptors and c-type lectin re-
ceptors that have been shown to interact with SP-A and modulate
inflammatory responses (Awasthi et al., 2011). SP-D is water-
soluble and has collagen-like domains similar to SP-A (Kishore
et al., 2006). It has been investigated that surfactant protein is
essential for tissue-repair functions of macrophages, modulate the
ROS (Casals et al., 2018; Peng et al., 2019).

Exposure to PM has been found to impair the expression of

Fig. 4. Meta-analysis of circulating SP-A (A) and SP-D (B) changes with PM among different exposure duration population.
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surfactant protein (Silveyra and Floros, 2012). Our preliminary
analysis did not find the correlation between PM and serum SP-A in
population. Notably, subgroup analysis of smokers showed a sig-
nificant increase of serum SP-A by PM exposure. A growing number
of studies have shown that smoking is associated with respiratory
damage and lung disease (Aghapour et al., 2018; Elicker et al.,
2019). Wang (Wang et al., 2018) studied 768 people in China and
found no significant change in serum SP-A and SP-D between the
PM exposure population and the control group. However, Berthoin
(Berthoin et al., 2004) conducted a study of 112 people in Belgium
and found that all subjects have significantly higher SP-A levels
among smokers. Elevated serum SP-A in smokers is likely to reflect
increased permeability of the lung epithelium and damage to the
distal airway cells caused by smoking. This hypothesis has been
consistent with the findings of 214 Chinese PM exposed population
(Yang et al., 2019). In animal studies, increased surfactant protein
may play a protective role in the smoking-induced emphysema in
mice by preventing alveolar cell death (Hirama et al., 2007).

Some epidemiological evidence suggest that the health im-
pairments are related to the PM exposure duration (Lee et al.,
2020). We conducted a stratified analysis of PM exposure dura-
tions, and we found decreased circulating SP-D in long-term
exposed population, which was not found with SP-A. Freberg
(Freberg et al., 2016) reported in a long-term PM exposure of 45
Norwegians, SP-D was significantly lower during the exposed days
as comparedwith the non-exposed days. The decrease of surfactant
protein may be the result of alveolar type II cell injury and altered
synthesis of surfactant (Gregory et al., 1991). According to the

reports by Berthoin (Berthoin et al., 2004) and Heldal (Heldal et al.,
2013), no correlation was found between the alteration of SP-A and
PM exposure duration. A study found that SP-D migrated and
leaked into the blood more easily than SP-A by hydrophilicity and
immunohistochemistry in rats (Nishikiori et al., 2014). Other
studies observed that particles can inhibit the expression of SP-A in
human alveolar type II cells (Correll et al., 2018; Dong et al., 2019).

We found a significant correlation between PM and circulating
SP-D in the subgroup analysis stratified by different diameter of
particulate matter. However, only PM2.5 was associated with the
reduction of circulating SP-D, while PM10 was not. Several latest
studies showed that the all-cause mortality of PM2.5 is higher than
that of PM10 (Lu et al., 2015; Liu et al., 2019). Exposure to PM2.5 has
been associated with greater reductions in human birth weight
than exposure to PM10 (Kumar, 2016). We inferred that this is
related to the aerodynamic diameter. PM2.5 can be inhaled deep
into the lungs, but PM10 tends to be deposited in the upper parts of
the human respiratory system (Ni and Zeng, 2013). It may suggest
that the deep lung epithelium had not yet been affected by PM10.

We performed a meta-analysis of circulating SP-A and SP-D,
biomarkers of lung injury, caused by air particulate matter. Quali-
fied studies were identified by systematic literature and quality
assessment. Nevertheless, biomarkers for lung injury caused by PM
are mainly focused on animal or cell experiments, and few studies
meet our inclusion criteria. This also led to the fact that the pol-
lutants of NOX, PAHs were not carried out in this study, which may
lead to differences in indicators from different compositions of PM
in population.

Fig. 5. Sensitivity analysis of circulating SP-A (A) and SP-D (B) with PM exposure.

Fig. 6. Funnel plot of study-specific estimates of the SMD of SP-A (A) and SP-D (B) changes with PM exposure. Notes: If there is no publication bias, the point estimates for each
study effect value are symmetrically distributed around the true value in an inverted funnel shape. If there is asymmetry or partial deletion, it indicates the possibility of publication
bias.
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5. Conclusion

Through the subgroup analysis of smoking, aerodynamic
diameter and exposure duration of particulate matter, we found
that circulating SP-D was significantly decreased by air particulate
pollution. We also found serum SP-Awas significantly increased by
PM exposure among the smoking population. They may be
considered as biomarkers for respiratory injury caused by air par-
ticulate matter pollution.
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