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Background Previous epidemiological studies indicated a
potential correlation between air pollution and anaemia,
i particularly in children, pregnant women, and the elderly.
: However, evidence is insufficient for workers exposed to air
pollution while working in environments with other occu-
{ pational hazards. Based on data from a substantial popula-
i tion of workers in southern China, we aimed to examine the
relationships between different air pollutants and both hae-
moglobin (Hb) concentration and the prevalence of anaemia.

Methods In this cross-sectional analysis, we recruited
372290 workers from the National Occupational Disease
Surveillance Platform and utilised a mixed-effects model
to explore the association of various air pollutants (includ-
ing PM
and the prevalence of anaemia. We ran stratified analyses
i Dby various demographic characteristics and occupational
variabels.

PM. , PM

2.5 107 coarse’

0,, and NO,) with Hb concentration

Results Each 5 pg/m® increase in the concentration of
: PM, ., PM,, PM :

.o PM, PM_ O, and NO, corresponds to a 2.037 g/L
(95% confidence interval (CI)=1.938, 2.137), 1.096 g/L (95%
CI=1.040, 1.152), 1.412 g/L (95% CI=1.313, 1.510), 0.518 g/L
(95% CI=0.489, 0.547), and 0.250 g/L (95% CI=0.219, 0.281)

decrease in Hb concentration, respectively. The prevalence
of anaemia increased by 11.3% (95% CI=7.3, 15.5), 5.0% (95% :
CI=2.8, 7.3), and 4.5% (95% CI=6, 8.5) for a 5 ug/m?® increase
. inPM,_, PM,, and PM :

respectively, with the impact be-

2.57 107 coarse’

¢ ing more pronounced in the non-benzene-exposed popula-
tion. Subgroup analyses suggested potential variations in
susceptibility to the same air pollutant across different de-
mographics and occupational variables.

Conclusions The Hb levels among the workers in our sam-
ple were associated with various atmospheric pollutants,

¢ with certain demographic and occupational subgroups be-
! ing particularly vulnerable. These results highlight the need
i for targeted air pollution control and occupational health :
interventions, particularly for vulnerable demographic and
occupational subgroups.

www.jogh.org ¢ doi: 10.7189/jogh.15.04346

2025 e Vol. 15 ¢ 04346

PAPERS



https://creativecommons.org/licenses/by/4.0/legalcode
https://orcid.org/0009-0007-4689-6307
https://orcid.org/0009-0009-2136-5782
https://orcid.org/0009-0000-6382-9228
https://orcid.org/0000-0001-9655-6385
https://orcid.org/0000-0002-1065-8653

Lietal

There were approximately 1.8 billion cases of anaemia globally in 2019, contributing to about
50.3 million disability-adjusted life years [1]. In China, which represented over 18% of the global
population at the time, the prevalence of anaemia among residents aged 18 years and above was
8.7% [2]. The condition manifests as a decline in red blood cell count, size, or haemoglobin (Hb)
concentration, which impairs the oxygen-carrying capacity of the affected individual’s blood [3].
Due to physiological differences, anaemia is more common among susceptible groups such as
children, women of reproductive age, and older adults [4]. However, the prevalence of the condi-
tion among workers has been overlooked in existing research. One systematic review examining
the impact of anaemia on occupational labor productivity found that it contributed to increased
fatigue and that, if left untreated, it could lead to severe complications, thereby incapacitating
individuals from engaging in work [5].
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Air pollution also poses a significant threat to both global health and economic prosperity: it was
responsible for 74.4% of pollution-related deaths and accounted for losses equivalent to 6.1% of
global economic output in 2019 [6]. Importantly, previous studies have indicated a possible asso-
ciation between air pollution and anaemia [7]. In two studies focussing on elderly populations in
China and the USA, exposure to PM, , and NO, was correlated with decreased Hb concentration
and a higher prevalence of anaemia [8,9]. Similarly, according to a retrospective cohort study con-
ducted in China among 7932 pregnant women, ambient PM, . exposure and its chemical compo-
nents were linked to lower Hb concentrations [10]. Research from Peru showed that exposure to
PM, . was linked to moderate/severe anaemia among children aged 6-59 months [11]. However,
there is currently a lack of evidence on the existence of these associations among workers - a
key group for economic activities in countries worldwide. This population is often exposed to
hazardous materials (e.g. lead, benzene, arsenic, radioactivity) that, along with air pollution, can
have additive, synergistic, or antagonistic effects for their haematological health. For instance,
air pollution may disrupt the hepcidin-iron transporter axis via immune activation and inflam-
mation, leading to iron imbalance, lower Hb concentration, and increased anaemia risk [12,13].
Occupational factors such as lead, benzene, arsenic, and radioactive substances could also cause
the development of anaemia in exposed individuals. The underlying mechanisms include the
inhibition of key enzymes in haeme synthesis, disruption of transcriptional regulation in eryth-
ropoiesis, sustained hematopoietic suppression, and perturbations in iron metabolism within
the bone marrow [14-17]. Despite this, existing studies mainly focussed separately on the health
effects of air pollution and occupational hazards, rather than their interactive effects.

We set out to explore how different air pollutants relate to Hb concentration and anaemia preva-
lence in a substantial population of workers from southern China, and to identify potential mod-
ifying effects of demographics and occupational factors on these associations.

METHODS

Study design and population

We obtained the data for this cross-sectional study from the National Occupational Disease
Surveillance Platform, which contains the health record data of workers in Guangdong Province
from 1 January 2020 to 31 December 2020, including demographic variables such as age, gender,
occupational variables, and laboratory measures like Hb concentration. A stratified multi-stage
random sampling method was employed to select individuals from 21 cities in the Guangdong
area. Outcome data within the Platform (e.g. Hb levels) were collected by medical personnel
from government-certified occupational health examination institutions. Occupational varia-
bles, including length of service, were registered and reported by the respective employing com-
panies. All data were collected in 2020, underwent a standardised verification process prior to
database entry, and no repeated measurements were present. Consequently, each observation
(row) in the final data set represents a unique and independent worker, ensuring the independ-
ence of all data points.
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Outcome measurement and definition

Our primary outcomes of interest were Hb concentration and anaemia prevalence. Based on the
World Health Organization (WHO) guidelines and the diagnostic standards for anaemia in the
Chinese population, we defined anaemia as a Hb level <120g/L for adult males and <110g/L for
adult females [18]. According to WHO guidelines [18] and the Chinese health industry standard
(WS/T 441-2013) [19], altitude adjustment of Hb thresholds is generally unnecessary for diagnos-
ing anaemia in regions below 1000 m. As most participants in our study resided in areas with
altitudes below 500 m [20], we applied fixed Hb thresholds without altitude-based correction. To
measure the concentration of Hb within the Platform, fasting blood samples were collected using
anticoagulant tubes, which were then mixed by inverting them 3-5 times to ensure proper mix-
ing. The Hb level was analysed using an automated blood cell analyser, which employed a color-
imetric method to accurately measure the concentration.

PAPERS

Exposure data simulation

We retrieved relevant air pollution indicators from the China High Air Pollutants data set, the
detailed simulation procedures of which can be found elsewhere [21-25]. Briefly, the CHAP data
set used a space-time extremely randomised trees model that captured spatiotemporal varia-
tions, elucidating heterogeneity and confirming the reliability and applicability of the pollut-
ant estimates. The reported cross-validation coefficients of determination for daily predictions
were 0.86-0.90 for PM, _, 0.83-0.87 for PM, , 0.87 for O,, and 0.93 for NO,, with corresponding
root-mean-square error values of 10.0-18.4 pg/m3, 19.7-28.4 ug/m?, 17.10 ug/m?®, and 4.89 ug/m?,
respectively. Here, we obtained PM, ., PM, , PM___(coarse particulate matter, with aerodynamic
diameter between 2.5 and 10um, calculated as the arithmetic difference between the model-es-
timated PM, and PM, , concentrations at the same location), and NO, data at a spatial resolution
of 1 km x1 km, while O, data had a 10 km x10 km resolution. All pollutants had daily temporal
resolution. We used nearest-distance matching method to determine pollutant concentrations
near each participant’s workplace and calculated the cumulative average exposures for the year
preceding their physical examination.

Moreover, we sourced data on annual temperature (°C) and relative humidity (%) from the
National Earth System Science Data Center, National Science & Technology Infrastructure of
China [26]. These data, recorded monthly at the 1 km? resolution, were averaged annually and
assigned to participants.

Statistical analysis

We constructed the generalised linear mixed-effects models to examine the impact of PM, ,
PM,, PM__ , O,, and NO, (per 5 ug/m’® increase) on Hb concentration and the prevalence of
anaemia. As we had observed strong correlations between the pollutants (Table S1 in the Online
Supplementary Document), we sequentially developed each model separately for each pollutant,
considering only one air pollutant each time. The classifications of the related variables below

are detailed elsewhere (Table S2 in the Online Supplementary Document).

Model 1 included only a random intercept for the type of enterprise economy, accounting for
its potential influence on occupational environments, management policies, or work cultures.
Model 2 was additionally adjusted for the demographic characteristics, including gender and
age. Model 3 further incorporated adjustment for occupational variables: enterprise size, length
of service, industrial classification, and whether participants were exposed to anaemia-related
occupational factors in their daily work [27,28]. Model 4 additionally adjusted for the annual aver-
age exposure to temperature and humidity.

Limited collinearity between pairwise variables was indicated when all variance inflation factors
were less than 5. We incorporated an interaction term (stratified variable xair pollution) into the
final model to examine the potential effects of fundamental features and occupational variables
on the relationship between air pollutants and anaemia.
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We subsequently performed stratified analyses by demographic characteristics and occupational
factors in the final model to identify possible effect modifiers. Age and length of service were
categorised into quartiles. The main model introduced an interaction term (stratification varia-
ble xair pollution) to evaluate the effects of interactions between each stratification variable and
pollutant on worker anaemia.

Lastly, we performed sensitivity analyses to confirm the robustness of the estimated effects by
excluding ‘indefinite’ enterprise types; including all participants with non-missing length of ser-
vice (including those with less than 12 months of service); setting up multi-pollutant model anal-
yses to more clearly disentangle the independent effects of each pollutant (Text S1 in the Online
Supplementary Document).
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We performed all analysesin R, version 4.2.3 (R Core Team, Vienna, Austria). A two-sided P-value
of <0.05 indicated statistical significance for estimates.

RESULTS

The initial data set included 443168 individuals who underwent an on-the-job physical exam-
ination and whose physical examination results contained their Hb data. For our analysis, we
removed any persons aged <18 years or >70 years and those with <1 year of service (n=70878).,
leaving 372290 individuals for our analysis (Figure 1).

There were 14577 (3.9%) persons with anaemiain

T PR -
s indiidnalss hesmedical our sample (Table 1). Compared to those without

examinations were conducted on-the-

job, and the results included anaemia, the individuals with the condition were
hemoglobin data ) older (40.40 years, standard deviation (SD)=7.99
218 individuals were excluded: .
indfividls belomwibapenf 18 vs. 37.98 years, SD=9.31), had a shorter period
or above the age of 70 of service (64.34 months, SD=61.07 vs. 73.00

months, SD=69.61), were predominantly female
(72.6% vs. 23.0%), and were more exposed to lead

442 950 individuals were included

70,660 individuals were (6.8% vs. 4.7%) and benzene (36.2% vs. 28.6%) in
excluded: those with less than . . .
12 months of service their routine work. They were also more likely to
1 0, 0, 1 .
372,290 individuals were included in the quk in small (42.1% vs. 39.7%) anfl private F:nter
final analysis prises (45.2% vs. 41.7%), and be involved in the

manufacturing sector (83.4% vs. 73.4%). Lastly,
individuals with anaemia exhibited a margin-
ally lower average annual temperature (23.61°C,
SD=0.53 vs. 23.66°C, SD=0.52).

Figure 1. Inclusion and exclusion criteria and flowchart of
the study population.

Association of exposure to five air pollutants with Hb concentration and
the prevalence of anaemia

Exposureto PM, ,, PM ,PM___,O,, and NO, was significantly correlated with lower Hb concen-

tration (Table 2). Anincrease of 5 ug/m*in PM, , PM ,PM__ ,O,, and NO, concentrations corre-
sponded to a decrease in Hb concentration () by 2.037 g/L (95% confidence interval (CI)=1.938,
2.137), 1.096 g/L (95% CI=1.040, 1.152), 1.412 g/L (95% CI=1.313, 1.510), 0.518 g/L (95% CI=0.489,

0.547), and 0.250 g/L (95% CI=0.219, 0.281), respectively.

Exposure to PM, ., PM, , and PM____was associated with a higher prevalence of anaemia (Table
3). The prevalence of anaemia increased by 11.3% (95% CI=7.3%, 15.5%) for every 5 ug/m?®increase
in PM, , concentration. Similarly, the OR estimates for anaemia increased by 5.0% (95% CI=2.8%,
7.3%) and 4.5% (95% CI=0.6%, 8.5%) for a 5 ug/m?® increase in PM, and PM_ ___, respectively.
However, no significant association was observed between elevated O, and NO, concentrations

and the prevalence of anaemia.
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Table 1. Descriptive characteristics of 372290 workers in this study*

Characteristics Total (n=372290) Non-anaemia (n=357713) Anaemia(n=14577) P-value

Hb in pg/m?,  (SD) 146.02 (18.17) 148.06 (14.84) 95.87 (20.44) <0.001
Ageinyears, X (SD) 38.08 (9.28) 37.98 (9.31) 40.40 (7.99) <0.001

Age groups in years <0.001

18-31 87775 (23.6) 85989 (24.0) 1786 (12.3)

32-38 98228 (26.4) 94912 (26.5) 3316 (22.7)

39-46 92718 (24.9) 87593 (24.5) 5125 (35.2)

>46 93569 (25.1) 89219 (24.9) 4350 (29.8) [ 7s)
Sex <0.001 [a
Male 279264 (75.0) 275265 (77.0) 3999 (27.4) E
Female 93026 (25.0) 82448 (23.0) 10578 (72.6) <):
Length of service in months, x (SD) 72.66 (69.32) 73.00 (69.61) 64.34 (61.07) <0.001 ~
Length of service in months <0.001

12-23 88124 (23.7) 84108 (23.5) 4016 (27.6)

24-47 90874 (24.4) 87251 (24.4) 3623 (24.9)

48-95 99431 (26.7) 95595 (26.7) 3836 (26.3)

>96 93861 (25.2) 90759 (25.4) 3102 (21.3)

Enterprise size <0.001

Small 148147 (39.8) 142003 (39.7) 6144 (42.1)

Medium 104090 (28.0) 99772 (27.9) 4318 (29.6)

Large 100111 (26.9) 96790 (27.1) 3321 (22.8)

Indefinite 19942 (5.4) 19148 (5.4) 794 (5.4)

Business type <0.001
Enterprises from Hong Kong, Macao, and Taiwan 69662 (18.7) 65820 (18.4) 3842 (26.4)

Individual economy 422 (0.1) 408 (0.1) 14 (0.1)

Shareholding economy 3752 (1.0) 3524 (1.0) 228 (1.6)

State-owned economy 47172 (12.7) 46440 (13.0) 732 (5.0)

Collective economy 1221 (0.3) 1186 (0.3) 35(0.2)

Associate economy 2533 (0.7) 2440 (0.7) 93 (0.6)

Private economy 155738 (41.8) 149145 (41.7) 6593 (45.2)

Foreign investment 51570 (13.9) 49815 (13.9) 1755 (12.0)

Other 40220 (10.8) 38935 (10.9) 1285 (8.8)

Industrial classification <0.001
Manufacturing 274612 (73.8) 262449 (73.4) 12163 (83.4)

Production and supply of electricity, heat, gas, and water 16973 (4.6) 16728 (4.7) 245 (1.7

Construction industry 12567 (3.4) 12218 (3.4) 349 (2.4)

Transportation, warehousing, and postal industry 17592 (4.7) 17414 (4.9) 178 (1.2)

Wholesale and retail trade 23567 (6.3) 22683 (6.3) 884 (6.1)

Other 26979 (7.2) 26221 (7.3) 758 (5.2)

Exposure to lead during routine work <0.001

Yes 17674 (4.7) 16678 (4.7) 996 (6.8)

No 354616 (95.3) 341035 (95.3) 13581 (93.2)

Exposure to benzene during routine work

Yes 107581 (28.9) 102308 (28.6) 5273 (36.2)

No 264709 (71.1) 255405 (71.4) 9304 (63.8)

Humidity, X (SD) 74.44 (3.28) 74.44 (3.29) 74.45 (3.21) 0.803
Temperature, X (SD) 23.66 (0.52) 23.66 (0.52) 23.61 (0.53) <0.001

Hb - haemoglobin, SD - standard deviation, X - mean
*Values are presented as n (%) unless specified otherwise.

Potential effect modifiers underlying the association between anaemia
and air pollutant exposures

Workers aged 18-31 years were the most susceptible to the effects of PM, . (odds ratio (OR)=1.181;
95% CI=1.066, 1.308) and PM,  (OR=1.067; 95% CI=1.006, 1.131) on anaemia compared to other age
groups (Table S3in the Online Supplementary Document). The impact of PM_ _ (OR=1.072;95%
CI=1.001, 1.149) was greatest in workers over 46 years of age. Although the effects of O, and NO,
on anaemia varied across age groups, they were not significant, as the CIs for OR values crossed
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Table 2. Associations between ambient air pollution exposure and haemoglobin levels, 3 (95% CI)

PM PM_ PM, 0 o)
Model 1 -2.551 -0.893 —-0.418 -0.221 -0.095
(-2.672,-2.431)  (-0.958,-0.827)  (-0.530,-0.307)  (-0.256,-0.186)  (~0.132, —0.057)
Model 2 (model 1 +basic -2.109 -0.955 -0.983 -0.458 -0.251
characteristics) (-2.204,-2.013)  (-1.007,-0.904)  (-1.072,-0.894)  (-0.486,-0.430)  (~0.281,-0.221)
Model 3 (model 2 +occupational -2.014 -0.946 -1.025 -0.469 -0.248
variables) (-2.111,-1.917) (-0.999, —0.894) (-1.116, -0.935) (-0.497, -0.441) (-0.278, -0.218)
Model 4 (model 3+ meteorological -2.037 -1.096 -1.412 -0.518 -0.250
variables) (-2.137,-1.938)  (-1.152,-1.040)  (-1.510,-1.313)  (-0.547,-0.489)  (-0.281,-0.219)

B - regression coefficients, CI - confidence interval, NO, - nitrogen dioxide, O, - ozone, PM10 - particulate matter <10 um in aerodynamic
diameter, PM, | - particulate matter <2.5 um in aerodynamic diameter, PM - particulate matter 2.5-10 pm in aerodynamic diameter

coarse

Table 3. Associations between ambient air pollution exposure and the prevalence of anemia, OR (95% CI)

PM, PM,, PM__ 0 NO,

Model 1 1.180 1.033 0.949 0.975 0.980

(1.140, 1.222) (1.014, 1.053) (0.918, 0.980) (0.965, 0.984) (0.969, 0.991)
Model 2 (model 1 +basic 1.126 1.039 1.002 0.995 0.996
characteristics) (1.087, 1.167) (1.018, 1.059) (0.969, 1.037) (0.985, 1.005) (0.985, 1.007)
Model 3 (model 2 +occupational 1.104 1.032 1.002 0.997 0.993
variables) (1.065, 1.144) (1.011, 1.053) (0.968, 1.037) (0.987, 1.008) (0.982, 1.005)
Model 4 (model 3+meteorological 1.113 1.050 1.045 1.003 0.998
variables) (1.073, 1.155) (1.028, 1.073) (1.006, 1.085) (0.992, 1.014) (0.986, 1.010)

CI - confidence interval, NO, - nitrogen dioxide, O, - ozone, OR - odds ratio, PM10 - particulate matter <10 um in aerodynamic diameter,
PM, - particulate matter <2.5 um in aerodynamic diameter, PM - particulate matter 2.5-10 pm in aerodynamic diameter

coarse

the threshold of no effect. Age may also amplify the association between exposure to PM, ., PM, , and
PM_ ., and anaemia (P<0.01). Furthermore, we noted differences between genders regarding the
effects of various air pollutant exposures on the prevalence of anaemia. Males were more affected
by PM, . (OR=1.271; 95% CI=1.188, 1.360) and PM | (OR=1.075; 95% CI=1.035, 1.116), while females
were more susceptible to the effects of PM___ (OR=1.077; 95% CI=1.028, 1.128) and O, (OR=1.021;

95% CI=1.008, 1.034).

The effects of PM, , (OR=1.167) and PM, , (OR=1.055) were the greatest among those with 24-27 and
12-23 months of service, respectively. However, these differences were not statistically significant.
Workers with 12-23 months of service were more sensitive to the effect of NO, (OR=1.041), and those
with 48-96 months of service were more sensitive to PM____ (OR=1.080) compared to other groups.
As for enterprise size, we found that the OR estimates were higher in large (PM, .: OR=1.308) and
indefinite enterprises (PM, : OR=1.214; PM___: OR=1.827; NO,: OR=1.128; O,: OR=1.326). We fur-
ther noted significant modification effects for different industrial classifications, where participants
working in the manufacturing sector were most affected by PM, and PM__ . While the effects of
PM, . and O, on anaemia were larger in other industrial groups, they were statistically significantin
the manufacturing subgroup only.

We also studied the effects of lead and benzene. Among these five air pollutants, i.e. PM, , PM,,
PM__ ., O,, and NO,, and NO,., we did not observe significant interaction effects of co-exposure,
except for O, and lead (P<0.01). Although we found no significant differences for NO, and O, we did
see significant associations for other pollutants in non-benzene exposed population (PM, .: OR=1.137;
95% CI=1.086, 1.190; PM, : OR=1.064; 95% CI=1.038, 1.092; PM___: OR=1.076; 95% CI=1.027, 1.127).

Sensitivity analysis

We obtained similar findings to our main analyses when excluding participants from enterprises
with ‘indefinite’ types, when including participants with all lengths of service, and when using
multi-pollutant, as opposed to single-pollutant models (Tables S4-6 in the Online Supplementary
Document).
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DISCUSSION
PM,, PM

We found that exposure to PM, ,, PM, , PM___, O,, and NO, was significantly associated with
decreased Hb concentration and with increased odds of anaemia, albeit with variations across
demographic characteristics and occupational factors. In particular, we found that lead expo-
sure may enhance the effect of ozone exposure on the prevalence of anaemia. Benzene exposure,
meanwhile, may weaken the anemic impact of air pollutants.

Effects of five conventional air pollutants on Hb and anaemia

Some evidence exists regarding the association of the five pollutants with Hb levels and the prev-
alence of anemia. In a cross-sectional study of elderly individuals in China, each interquartile
range increase in PM, and PM, . concentrations corresponded to a 5% (95% CI=2-9) and 11%
(95% CI=6-16) increase in anaemia prevalence, respectively, while, for each IQR increment in
PM, and NO,, Hb concentrations decreased by 0.55 (95% CI=0.41, 0.69) and 1.71 (95% CI=1.57,
1.85) mg/dL [8]. Similar findings were reported in other areas such as the USA [9] and Peru [11].
While our findings on particulate pollutants (PM, including PM, ,, PM, , and PM__ ) closely
align with those of previous studies, we did not observe a statistically significant increase in the
prevalence of anaemia with NO,, and could not draw robust conclusions from our results on O,.
These discrepancies may stem from differences in geographical regions, exposure durations, and
study populations. Previous studies primarily focussed on elderly individuals, pregnant women,
and children, whereas our research concentrated on workers. Such different exposure concen-
trations and population susceptibilities may have contributed to the observed differences. In
our study, the effects of NO, and O, on Hb may be less pronounced compared to PM, with their
impact related to a decrease in Hb concentration, but not with an increase in anaemia preva-
lence. Furthermore, the ‘healthy worker effect’ may also explain the lack of association for NO,
and O, exposure in our study [29].

PAPERS

The associations we observed are consistent with established mechanistic pathways. Systemic
inflammation is a key factor underlying the risk of anaemia, with research showing that PM, , expo-
sure can induce systemic inflammation, affecting anaemia-related blood cell parameters [30,31].
Long-term exposure to NO, and SO, also correlates with increased inflammatory markers [32]. In
animal models, PM, , exposure harms the bone marrow microenvironment, particularly in young
mice [33,34]. Air pollutants can alter iron homeostasis via direct cellular mechanisms, such as com-
plexing with or displacing iron, which leads to a functional deficiency and subsequent inflammation
[35]. PM, , is known to directly impair erythropoiesis by significantly down-regulating the expres-
sion of erythropoietin, ultimately suppressing blood cell formation [36]. Hemolysis or erythrocyte
destruction, which may be brought on by mineral particles adsorbed following exposure to air pol-
lution, is another explanation for the connection between air pollution and anaemia [37].

Potential modifiers of the association between air pollution and Hb and
anaemia

We observed discrepancies in the effects of different air pollutant exposures on the prevalence
of anaemia among men and women. The former were more susceptible to anaemia due to PM,
and PM, exposure, where the latter were more affected by PM____and O,. These inconsistencies
may be partly explained by differences in occupational types between the two genders, resulting
in varying pollutant exposure levels [38]. Other confounding factors, such as higher probability
of outdoor exposure among men and increased exposure to cooking fumes among women, could
also explain the observed effects [39,40]. Differences in length of service and age may also be
associated with variations in exposure to different pollutants. These factors, however, warrant
further analyses and confirmations.

The higher vulnerability among the participants engaged in manufacturing was expected.
According to a study about the exposure of PM, . pollution and inequality in the Chinese popu-
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lation, public government employees and tertiary industry service personnel had a lower risk of
exposure to PM, _ concentration compared with long-term engaged manufacturing workers and
professional and technical workers, due to the welcoming office environment and cutting-edge
air purification equipment [41]. Notably, there were higher OR estimates in large and indefinite
enterprises. Although no research directly investigated the role that enterprise size plays in the
impact of air pollution on anaemia, a study suggested that air pollution had a greater impact on
workers in large enterprises in terms of obstructive ventilatory dysfunction [42], potentially due
to differing levels of exposure to workplace air pollutants [43]. An analysis in Tianjin found simi-
lar results, showing that the majority of occupational disease cases (such as pneumoconiosis and
otolaryngological disorders) occurred in state-owned large and medium-sized enterprises [44].
In addition, the basic characteristics of participants in different enterprises and the lower pro-
portion of indefinite enterprise participants may also be the reasons for the interesting results.
This analysis suggests a potential need for increased attention to the health of workers in large
enterprises. Regulatory authorities may consider strengthening guidance for key companies,
particularly large enterprises, to improve working conditions and ensure timely occupational
health screenings for employees. It is important to note that the findings from our stratified anal-
yses are exploratory and warrant further verification through future studies with more rigorous
statistical methodologies.
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Effects of anaemia-related occupational factors on the association of air
pollution with Hb levels and anaemia prevalence

Regarding the impact of anaemia-related occupational variables (such as lead and benzene
exposure) on the air pollution-anaemia association, our results indicate that among individuals
exposed tolead, exposureto PM, , PM___,NO,, and O, may be associated with higher odds of anae-
mia. However, we observed that the effects of air pollutants on anaemia were more pronounced
in the non-benzene exposure population, for which we proposed several possible hypotheses.

First, this may be attributed to a masking effect, where one study reported that male workers
who were chronically exposed to gasoline and air pollution exhibited a compensatory increase
in Hb and red blood cells [45]. The increase in Hb might have masked the effect of air pollution
on Hb and anaemia.

Second, workers chronically exposed to benzene may have already developed adaptive physio-
logical responses. A previous study has shown that occupational benzene exposure can signifi-
cantly increase reactive oxygen species levels and induce the expression of the tumor suppressor
gene p53 [46]. This suggests that long-term exposure to benzene may cause the body to contin-
uously activate stress defense pathways to maintain homeostasis. Such adaptive physiological
mechanisms may, to some extent, alter the body’s sensitivity to other environmental toxicants,
such as air pollutants.

Third, the ‘healthy worker effect’ must be considered, whereby workers suffering from severe
anaemia may leave the workforce, biasing the results toward the null. A prospective study involv-
ing 17566 individuals from the general population showed that combined exposure to multiple
air pollutants, including PM,._, NO,, and O,, was associated with anaemia. Both the multi-pollut-
ant model (OR=1.29) and the single-pollutant models (OR>1.20) yielded effect estimates consist-
ently higher than the association level observed in our study’s occupationally benzene-exposed
population (OR=1.137) [47]. Given that occupational populations typically have better baseline
health status, the healthy worker effect may have led to an underestimation of the true effect in
our study. However, as we used a cross-sectional design, we were unable to collect information
on employment history, job transfers, and attrition, making it impossible to quantify this impact.

Furthermore, the possibility of differential measurement error among benzene-exposed indi-
viduals cannot be excluded. Specifically, the binary exposure information (i.e. whether a worker
was exposed to benzene) was provided by employers based on the presence of hazardous sub-
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stances at different job positions, rather than being derived from direct measurements of ambi-
ent benzene concentrations. This approach may have introduced a certain degree of differential
measurement error.

As for interaction effects, we noted a significant interaction between lead and O, exposures.
Previous research has explored the potential mechanisms of occupational variables associated
with anaemia. For example, lead exposure has been shown to impede the activity of pyrimidine
5'-nucleotidase, diminish heme content, and trigger phagocytosis and externalisation of phos-
phatidylserine in red blood cells [48]. It could also increase the production of reactive oxygen
species, potentially leading to damage of erythrocyte membranes and the occurrence of haemo-
lytic anaemia [49]. Iron-dependent ferroptosis could also be involved in benzene-induced inflam-
matory anaemia [27]. However, we did not observe a statistically significant interaction between
other pollutants and lead or benzene exposure, indicating that further investigations should test
these hypotheses.

Strengths and limitations

To the best of our knowledge, no prior epidemiological research has concurrently examined the
effects of long-term ambient air pollution exposure on both Hb concentrations and anaemia
among Chinese workers. Our study addresses this gap based on a large sample size of over 300000
individuals. Nonetheless, we acknowledge some limitations. First, due to data limitations, we
were unable to further explore occupational-specific mechanisms (e.g. combined metal-pollut-
ant toxicity), establish a non-worker control group to facilitate more occupational-specific inter-
pretations, or stratify results by anaemia subtypes to achieve a better clinical understandings.
Although we adjusted for several important occupational factors, we could not address residual
confounding from other occupational factors such as noise, shift work, and ergonomic stress.
Second, we utilised modeled exposure assessments, rather than personal monitoring. Although
this approach is commonly used for exposure evaluation, including in studies that utilised the
CHAP database [50-52], it is susceptible to exposure misclassification, as individual-level varia-
bility in exposure cannot be captured. Third, given the potential influence of the healthy worker
effect, the generalisability of our findings may be limited, particularly when extrapolated to
vulnerable populations such as older adults and individuals with chronic conditions. Lastly, we
conducted exploratory subgroup analyses without formal correction for multiple comparisons.
Therefore, these findings should be interpreted with caution.

CONCLUSIONS

In our sample, ambient air pollution exposure was associated with decreased Hb concentrations
and increased anaemia prevalence in workers. Demographic characteristics (age and gender) and
occupational factors (length of service, industrial classification, enterprise size, and exposure to
anaemia-related variables) could influence this relationship. These findings could support the
development of preventive programmes against anaemia that would target environmental and
occupational factors.

Acknowledgments: We thank all investigators involved in the physical examination data collection, as well as the Na-
tional Earth System Science Data Center, National Science & Technology Infrastructure of China (http://www.geodata.
cn), for their data support.

Data availability: Data will be available upon reasonable request to the corresponding author. Annual PM2.5 and com-
ponent concentration data were sourced from the publicly accessible CHAP database (https://weijing-rs.github.io/
product.html), while monthly temperature and humidity data were obtained from http://www.geodata.cn.

Ethics statement: The study protocol was conducted in adherence with the principles of the Declaration of Helsinki
and received approval from the Scientific and Medical Ethical Committee of Guangdong Province Hospital for Occu-
pational Disease Prevention and Treatment. The project has also been approved by the Institutional Review Board and
has received informed consent from all participants with approval number GDHOD MEC 2023039.

www.jogh.org ¢ doi: 10.7189/jogh.15.04346 9 2025 e Vol. 15 ¢ 04346

PAPERS




95
A=
=
=
A

Lietal

Funding: This work was supported by the National Natural Science Foundation of China (82204162), Young Elite Sci-
entist Sponsorship Program by China Association for Science and Technology (2023QNRC001), Guangdong Provincial
Pearl River Talents Program (0920220207), and the Basic and Applied Basic Research Foundation of Guangdong Prov-
ince (2025A1515012021, 2023A1515012756).

Authorship contributions: Conceptualisation: ZL, WZ. Methodology: ZL, WZ. Formal analysis: ZL. Software: ZL. Re-
sources: YH. Data curation: XL, ZW, ZL. Visualisation: YZ, XC, ZL. Writing - original draft: XL, YZ, XC. Writing - re-
view & editing: XL, ZW, YZ, XC, ZL, YS, YG, PH, XH, WP, SX, WZ. Supervision: WZ, YH. Funding acquisition: WZ.

Disclosure of interest: The authors completed the ICMJE Disclosure of Interest Form (available upon request from the
corresponding author) and disclose no relevant interests.

Additional material
Online Supplementary Document

REFERENCES

1 SafiriS, Kolahi AA, Noori M, Nejadghaderi SA, Karamzad N, Bragazzi NL, et al. Burden of anemia and its under-
lying causes in 204 countries and territories, 1990-2019: results from the Global Burden of Disease Study 2019. J
Hematol Oncol. 2021;14:185. Medline:34736513 doi:10.1186/s13045-021-01202-2

2 National Institute for Nutrition and Health, Chinese Center for Disease Control and Prevention. [Press Conference
for the Report on Nutrition and Chronic Disease Status of Chinese Residents. 23 December 2020. Available: https://
www.chinanutri.cn/xwzx_238/xyxw/202012/t20201223_223422.html. Accessed: 30 July 2024.

3LiM, HuY,MaoD, Wang R, ChenJ, Li W, etal. Prevalence of Anemia among Chinese Rural Residents. Nutrients.
2017;9:192. Medline:28245576 doi:10.3390/nu9030192

4 da Silva JBCB, Zottmann FS, Vinholes BB, Coneglian JL, da Silva RT, Borges CMV. Anemia: A Global Health
Challenge with Multifactorial Implications. Med Res Arch. 2025;13. d0i:10.18103/mra.v13i4.6397

5 Marcus H, Schauer C, Zlotkin S. Effect of Anemia on Work Productivity in Both Labor- and Nonlabor-
Intensive Occupations: A Systematic Narrative Synthesis. Food Nutr Bull. 2021;42:289-308. Medline:33874760
d0i:10.1177/03795721211006658

6 Fuller R, Landrigan PJ, Balakrishnan K, Bathan G, Bose-O’Reilly S, Brauer M, et al. Pollution and health: a pro-
gress update. Lancet Planet Health. 2022;6:e535-47. Medline:35594895 d0i:10.1016/S2542-5196(22)00090-0

7 World Bank. The Global Health Cost of PM 2.5 Air Pollution: A Case for Action Beyond 2021. Washington, DC:
World Bank; 2021. Available: https://documents.worldbank.org/en/publication/documents-reports/documentde-
tail/455211643691938459/the-global-health-cost-of-pm-2-5-air-pollution-a-case-for-action-beyond-2021. Accessed:
30 July 2024.

8 Elbarbary M, Honda T, Morgan G, Guo Y, Guo Y, Kowal P, et al. Ambient Air Pollution Exposure Association
with Anaemia Prevalence and Haemoglobin Levels in Chinese Older Adults. Int J Environ Res Public Health.
2020;17:3209. Medline:32380747 doi:10.3390/ijerph17093209

9 Honda T, Pun VC, Manjourides J, Suh H. Anemia prevalence and hemoglobin levels are associated with long-term
exposure to air pollution in an older population. Environ Int. 2017;101:125-32. Medline:28153527 d0i:10.1016/j.
envint.2017.01.017

10Xie G, Yue ], Yang W, Yang L, Xu M, Sun L, et al. Effects of PM(2.5) and its constituents on hemoglobin during the
third trimester in pregnant women. Environ Sci Pollut Res Int. 2022;29:35193-203. Medline:35060058 d0i:10.1007/
$11356-022-18693-2

11 Morales-Ancajima VC, Tapia V, Vu BN, Liu Y, Alarcén-Yaquetto DE, Gonzales GF. Increased Outdoor PM(2.5)
Concentration Is Associated with Moderate/Severe Anemia in Children Aged 6-59 Months in Lima, Peru. J
Environ Public Health. 2019;2019:6127845. Medline:31428166 d0i:10.1155/2019/6127845

12 Li N, Taneepanichskul N. Associations between welding fume exposure and blood hemostatic parameters
among workers exposed to welding fumes in confined space in Chonburi, Thailand. PLoS One. 2021;16:e0260065.
Medline:34793518 doi:10.1371/journal.pone.0260065

13 Langer AL, Ginzburg YZ. Role of hepcidin-ferroportin axis in the pathophysiology, diagnosis, and treatment of
anemia of chronicinflammation. Hemodial Int. 2017;21 Suppl 1:S37-S46. Medline:28328181 d0i:10.1111/hdi.12543

14 Lichtler R, Cowley M. Environmental Contaminants, Iron Deficiency, and Iron-Deficiency Anemia: A Review of
the Literature. Scientifica (Cairo). 2025;2025:5007983. Medline:40959526 doi:10.1155/sci5/5007983

15 Yang D, Long P, Jiang Q, Wang Y, Zhang X, Yuan R, et al. Multiple plasma metal exposures and incident anemia
in middle-aged and elderly individuals: The Dongfeng-Tongji cohort. Ecotoxicol Environ Saf. 2025;303:118820.
Medline:40773914 doi:10.1016/j.ecoenv.2025.118820

2025 e Vol. 15 ¢ 04346 10 www.jogh.org e doi: 10.7189/jogh.15.04346


https://jogh.org/documents/2025/jogh-15-04346-s001.pdf
https://pubmed.ncbi.nlm.nih.gov/34736513
https://doi.org/10.1186/s13045-021-01202-2
https://pubmed.ncbi.nlm.nih.gov/28245576
https://doi.org/10.3390/nu9030192
https://doi.org/10.18103/mra.v13i4.6397
https://pubmed.ncbi.nlm.nih.gov/33874760
https://doi.org/10.1177/03795721211006658
https://pubmed.ncbi.nlm.nih.gov/35594895
https://doi.org/10.1016/S2542-5196(22)00090-0
https://pubmed.ncbi.nlm.nih.gov/32380747
https://doi.org/10.3390/ijerph17093209
https://pubmed.ncbi.nlm.nih.gov/28153527
https://doi.org/10.1016/j.envint.2017.01.017
https://doi.org/10.1016/j.envint.2017.01.017
https://pubmed.ncbi.nlm.nih.gov/35060058
https://doi.org/10.1007/s11356-022-18693-2
https://doi.org/10.1007/s11356-022-18693-2
https://pubmed.ncbi.nlm.nih.gov/31428166
https://doi.org/10.1155/2019/6127845
https://pubmed.ncbi.nlm.nih.gov/34793518
https://pubmed.ncbi.nlm.nih.gov/34793518
https://doi.org/10.1371/journal.pone.0260065
https://pubmed.ncbi.nlm.nih.gov/28328181
https://doi.org/10.1111/hdi.12543
https://pubmed.ncbi.nlm.nih.gov/40959526
https://doi.org/10.1155/sci5/5007983
https://pubmed.ncbi.nlm.nih.gov/40773914
https://pubmed.ncbi.nlm.nih.gov/40773914
https://doi.org/10.1016/j.ecoenv.2025.118820

Ambient air pollutants, anaemia risk, and vulnerable subgroups

16 Cong X, LiX, XuK, Yin L, Liang G, Sun R, et al. HIF-1la/m(6)A/NF-xB/CCL3 axis-mediated immunosurveillance par-
ticipates in low level benzene-related erythrohematopoietic development toxicity. Environ Int. 2024;184:108493.
Medline:38350257 doi:10.1016/j.envint.2024.108493

17 Day RM, Rittase WB, Slaven JE, Lee SH, Brehm GV, Bradfield DT, et al. Iron Deposition in the Bone Marrow and
Spleen of Nonhuman Primates with Acute Radiation Syndrome. Radiat Res. 2023;200:593-600. Medline:37967581
doi:10.1667/RADE-23-00107.1

REFERENCES

18 World Health Organization. Haemoglobin concentrations for the diagnosis of anaemia and assessment of sever-
ity. Geneva, Switzerland: World Health Organization; 2011. Available: https://www.who.int/publications/i/item/
WHO-NMH-NHD-MNM-11.1. Accessed: 30 July 2024.

19 National Health Commission of the People’s Republic of China. [Population-based Anemia Screening]. 2013.
Available: https://www.nhc.gov.cn/wjw/yingyang/201308/d0598df7a2694dd6b5d29c080e3b9163.shtml. Accessed:
30 July 2024. Chinese.

PAPERS

20 Wang H, Lin P. A study on the relationship between topographic relief and population and economy in Guangdong
Province. J South China Norm Univ, Nat Sci Ed. 2023;55:80-91.

21 WeiJ, LiZ, Li K, Dickerson RR, Pinker RT, Wang J, et al. Full-coverage mapping and spatiotemporal variations
of ground-level ozone (03) pollution from 2013 to 2020 across China. Remote Sens Environ. 2022;270:112775.
do0i:10.1016/j.rse.2021.112775

22 Wei J, Liu S, Li Z, Liu C, Qin K, Liu X, et al. Ground-Level NO(2) Surveillance from Space Across China for
High Resolution Using Interpretable Spatiotemporally Weighted Artificial Intelligence. Environ Sci Technol.
2022;56:9988-98. Medline:35767687 doi:10.1021/acs.est.2c03834

23 Wei J, Li Z, Cribb M, Huang W, Xue W, Sun L, et al. Improved 1km resolution PM2.5 estimates across China
using enhanced space-time extremely randomized trees. Atmos Chem Phys. 2020;20:3273-89. doi:10.5194/acp-
20-3273-2020

24 Wei], LiZ,Xue W, Sun L, Fan T, Liu L, et al. The ChinaHighPM10 dataset: generation, validation, and spatiotem-
poral variations from 2015 to 2019 across China. Environ Int. 2021;146:106290. Medline:33395937 d0i:10.1016/j.
envint.2020.106290

25 Wei ], Li Z, Lyapustin A, Sun L, Peng Y, Xue W, et al. Reconstructing 1-km-resolution high-quality PM2.5 data
records from 2000 to 2018 in China: spatiotemporal variations and policy implications. Remote Sens Environ.
2021;252:112136. d0i:10.1016/j.rse.2020.112136

26 Peng S, Ding Y, Liu W, Li Z. 1km monthly temperature and precipitation dataset for China from 1901 to 2017.
Earth Syst Sci Data. 2019;11:1931-46. d0i:10.5194/essd-11-1931-2019

27 Zhang W, Wang J, Liu Z, Zhang L, Jing J, Han L, et al. Iron-dependent ferroptosis participated in benzene-in-
duced anemia of inflammation through IRP1-DHODH-ALOX12 axis. Free Radic Biol Med. 2022;193:122-33.
Medline:36244588 d0i:10.1016/j.freeradbiomed.2022.10.273

28 Hsieh NH, Chung SH, Chen SC, Chen WY, Cheng YH, Lin Y], et al. Anemia risk in relation to lead exposure in
lead-related manufacturing. BMC Public Health. 2017;17:389. Medline:28476140 doi:10.1186/s12889-017-4315-7

29. Commentary for the Then and Now Forum: The Healthy Worker Effect. J Occup Environ Med. 2017;59:335-46.
Medline:28267105 doi:10.1097/JOM.0000000000000979

30 Guralnik JM, Eisenstaedt RS, Ferrucci L, Klein HG, Woodman RC. Prevalence of anemia in persons 65 years
and older in the United States: evidence for a high rate of unexplained anemia. Blood. 2004;104:2263-8.
Medline:15238427 d0i:10.1182/blood-2004-05-1812

31 Gao K, Chen X, Zhang L, Yao Y, Chen W, Zhang H, et al. Associations between differences in anemia-related
blood cell parameters and short-term exposure to ambient particle pollutants in middle-aged and elderly resi-
dents in Beijing, China. Sci Total Environ. 2022;816:151520. Medline:34762950 d0i:10.1016/j.scitotenv.2021.151520

32 Panasevich S, Leander K, Rosenlund M, Ljungman P, Bellander T, de Faire U, et al. Associations of long- and
short-term air pollution exposure with markers of inflammation and coagulation in a population sample. Occup
Environ Med. 2009;66:747-53. Medline:19687019 doi:10.1136/0em.2008.043471

33 Abu-Elmagd M, Alghamdi MA, Shamy M, Khoder MI, Costa M, Assidi M, et al. Evaluation of the Effects of
Airborne Particulate Matter on Bone Marrow-Mesenchymal Stem Cells (BM-MSCs): Cellular, Molecular and
Systems Biological Approaches. Int ] Environ Res Public Health. 2017;14:440. Medline:28425934 d0i:10.3390/
ijerph14040440

34CuiY, Xie X, JiaF, He J, LiZ, Fu M, et al. Ambient fine particulate matter induces apoptosis of endothelial pro-
genitor cells through reactive oxygen species formation. Cell Physiol Biochem. 2015;35:353-63. Medline:25591776
do0i:10.1159/000369701

www.jogh.org ¢ doi: 10.7189/jogh.15.04346 11 2025 e Vol. 15 ¢ 04346


https://pubmed.ncbi.nlm.nih.gov/38350257
https://pubmed.ncbi.nlm.nih.gov/38350257
https://doi.org/10.1016/j.envint.2024.108493
https://pubmed.ncbi.nlm.nih.gov/37967581
https://doi.org/10.1667/RADE-23-00107.1
https://doi.org/10.1016/j.rse.2021.112775
https://pubmed.ncbi.nlm.nih.gov/35767687
https://doi.org/10.1021/acs.est.2c03834
https://doi.org/10.5194/acp-20-3273-2020
https://doi.org/10.5194/acp-20-3273-2020
https://pubmed.ncbi.nlm.nih.gov/33395937
https://doi.org/10.1016/j.envint.2020.106290
https://doi.org/10.1016/j.envint.2020.106290
https://doi.org/10.1016/j.rse.2020.112136
https://doi.org/10.5194/essd-11-1931-2019
https://pubmed.ncbi.nlm.nih.gov/36244588
https://pubmed.ncbi.nlm.nih.gov/36244588
https://doi.org/10.1016/j.freeradbiomed.2022.10.273
https://pubmed.ncbi.nlm.nih.gov/28476140
https://doi.org/10.1186/s12889-017-4315-7
https://pubmed.ncbi.nlm.nih.gov/28267105
https://pubmed.ncbi.nlm.nih.gov/28267105
https://doi.org/10.1097/JOM.0000000000000979
https://pubmed.ncbi.nlm.nih.gov/15238427
https://pubmed.ncbi.nlm.nih.gov/15238427
https://doi.org/10.1182/blood-2004-05-1812
https://pubmed.ncbi.nlm.nih.gov/34762950
https://doi.org/10.1016/j.scitotenv.2021.151520
https://pubmed.ncbi.nlm.nih.gov/19687019
https://doi.org/10.1136/oem.2008.043471
https://pubmed.ncbi.nlm.nih.gov/28425934
https://doi.org/10.3390/ijerph14040440
https://doi.org/10.3390/ijerph14040440
https://pubmed.ncbi.nlm.nih.gov/25591776
https://doi.org/10.1159/000369701

95
s
=
=
A

Lietal

95}
25
Q
Z
=
ot
=
F
25
~

35 Ghio AJ, Soukup JM, Dailey LA, Madden MC. Air pollutants disrupt iron homeostasis to impact oxidant genera-
tion, biological effects, and tissue injury. Free Radic Biol Med. 2020;151:38-55. Medline:32092410 doi:10.1016/j.
freeradbiomed.2020.02.007

36Ge], Yang H, LuX, Wang S, Zhao Y, HuangJ, et al. Combined exposure to formaldehyde and PM2.5: Hematopoietic
toxicity and molecular mechanism in mice. Environ Int. 2020;144:106050. Medline:32861163 doi:10.1016/].
envint.2020.106050

37 Mesdaghinia A, Pourpak Z, Naddafi K, Nodehi RN, Alizadeh Z, Rezaei S, et al. An in vitro method to evaluate
hemolysis of human red blood cells (RBCs) treated by airborne particulate matter (PM(10)). MethodsX. 2019;6:156-
61. Medline:30733928 d0i:10.1016/j.mex.2019.01.001

38 Milner A, King T, LaMontagne AD, Bentley R, Kavanagh A. Men’s work, Women’s work, and mental health: A
longitudinal investigation of the relationship between the gender composition of occupations and mental health.
Soc Sci Med. 2018;204:16-22. Medline:29550631 doi:10.1016/j.socscimed.2018.03.020

39 Lim YH, Hersoug LG, Lund R, Bruunsgaard H, Ketzel M, Brandt J, et al. Inflammatory markers and lung func-
tion in relation to indoor and ambient air pollution. Int ] Hyg Environ Health. 2022;241:113944. Medline:35176573
doi:10.1016/j.ijheh.2022.113944

40Kwagy, YeS,0h]J, Lee D-W, Yang W, Kim Y, et al. Direct and Indirect Effects of Indoor Particulate Matter on Blood
Indicators Related to Anemia. Int J Environ Res Public Health. 2021;18:12890. Medline:34948498 d0i:10.3390/
ijerph182412890

41 Tu P, Tian Y, Hong Y, Yang L, Huang J, Zhang H, et al. Exposure and Inequality of PM(2.5) Pollution to Chinese
Population: A Case Study of 31 Provincial Capital Cities from 2000 to 2016. Int J Environ Res Public Health.
2022;19:12137. Medline:36231437 doi:10.3390/ijerph191912137

42 Hu P, Li Z, Hu A, Gong Y, Huang X, Zhong M, et al. Are workers also vulnerable to the impact of ambient air
pollution? Insight from a large-scale ventilatory exam. Sci Total Environ. 2024;947:174634. Medline:38992366
doi:10.1016/j.scitotenv.2024.174634

43 Liu S, ZhouY, Liu S, Chen X, Zou W, Zhao D, et al. Association between exposure to ambient particulate matter
and chronic obstructive pulmonary disease: results from a cross-sectional study in China. Thorax. 2017;72:788-
95. Medline:27941160 doi:10.1136/thoraxjnl-2016-208910

44 Wang X, LiML, LiuJ, Yang XY, Li P, Gao Y, et al. [Analysis of occurrence characteristics and influencing factors
of new occupational diseases in Tianjin city from 2008 to 2017]. Zhonghua Lao Dong Wei Sheng Zhi Ye Bing Za
Zhi. 2019;37:255-9. Chinese. Medline:31177689

45 Uzma N, Salar BM, Kumar BS, Aziz N, David MA, Reddy VD. Impact of organic solvents and environmental pol-
lutants on the physiological function in petrol filling workers. Int J Environ Res Public Health. 2008;5:139-46.
Medline:19139531 doi:10.3390/ijerph5030139

46 Uzma N, Kumar BS, Hazari MA. Exposure to benzene induces oxidative stress, alters the immune response and
expression of p53 in gasoline filling workers. Am J Ind Med. 2010;53:1264-70. Medline:20886531 doi:10.1002/
ajim.20901

47Zhou H, Hong F, Wang L, Tang X, Guo B, Luo Y, et al. Air pollution and risk of 32 health conditions: outcome-wide
analysesin a population-based prospective cohortin Southwest China. BMC Med. 2024;22:370. Medline:39256817
doi:10.1186/s12916-024-03596-5

48 Paglia DE, Valentine WN, Dahlgren JG. Effects of low-level lead exposure on pyrimidine 5-nucleotidase and other
erythrocyte enzymes. Possible role of pyrimidine 5'-nucleotidase in the pathogenesis of lead-induced anemia.
J Clin Invest. 1975;56:1164-9. Medline:1184742 do0i:10.1172/JCI108192

49 Mitra P, Sharma S, Purohit P, Sharma P. Clinical and molecular aspects of lead toxicity: An update. Crit Rev Clin
Lab Sci. 2017;54:506-28. Medline:29214886 doi:10.1080/10408363.2017.1408562

50ZhangZ, Wang C, Lin C, Wu Y, Wei J, Lu J, et al. Association of long-term exposure to ozone with cardiovascular
mortality and its metabolic mediators: evidence from a nationwide, population-based, prospective cohort study.
Lancet Reg Health West Pac. 2024;52:101222. Medline:39444716 doi:10.1016/j.lanwpc.2024.101222

51 Zhao Q, Feng Q, Seow W]J. Impact of air pollution on depressive symptoms and the modifying role of physical
activity: Evidence from the CHARLS study. ] Hazard Mater. 2025;482:136507. Medline:39579693 doi:10.1016/j.
jhazmat.2024.136507

52 Chen Y, Xu Z, Guo Y, Li S, Wang YA, Gasevic D. Air pollution increases the risk of frailty: China Health and
Retirement Longitudinal Study (CHARLS). ] Hazard Mater. 2025;492:138105. Medline:40187242 doi:10.1016/j.jhaz-
mat.2025.138105

2025 e Vol. 15 ¢ 04346 12 www.jogh.org e doi: 10.7189/jogh.15.04346


https://pubmed.ncbi.nlm.nih.gov/32092410
https://doi.org/10.1016/j.freeradbiomed.2020.02.007
https://doi.org/10.1016/j.freeradbiomed.2020.02.007
https://pubmed.ncbi.nlm.nih.gov/32861163
https://doi.org/10.1016/j.envint.2020.106050
https://doi.org/10.1016/j.envint.2020.106050
https://pubmed.ncbi.nlm.nih.gov/30733928
https://doi.org/10.1016/j.mex.2019.01.001
https://pubmed.ncbi.nlm.nih.gov/29550631
https://doi.org/10.1016/j.socscimed.2018.03.020
https://pubmed.ncbi.nlm.nih.gov/35176573
https://doi.org/10.1016/j.ijheh.2022.113944
https://pubmed.ncbi.nlm.nih.gov/34948498
https://doi.org/10.3390/ijerph182412890
https://doi.org/10.3390/ijerph182412890
https://pubmed.ncbi.nlm.nih.gov/36231437
https://doi.org/10.3390/ijerph191912137
https://pubmed.ncbi.nlm.nih.gov/38992366
https://doi.org/10.1016/j.scitotenv.2024.174634
https://pubmed.ncbi.nlm.nih.gov/27941160
https://doi.org/10.1136/thoraxjnl-2016-208910
https://pubmed.ncbi.nlm.nih.gov/31177689
https://pubmed.ncbi.nlm.nih.gov/19139531
https://pubmed.ncbi.nlm.nih.gov/19139531
https://doi.org/10.3390/ijerph5030139
https://pubmed.ncbi.nlm.nih.gov/20886531
https://doi.org/10.1002/ajim.20901
https://doi.org/10.1002/ajim.20901
https://pubmed.ncbi.nlm.nih.gov/39256817
https://doi.org/10.1186/s12916-024-03596-5
https://pubmed.ncbi.nlm.nih.gov/1184742
https://doi.org/10.1172/JCI108192
https://pubmed.ncbi.nlm.nih.gov/29214886
https://doi.org/10.1080/10408363.2017.1408562
https://pubmed.ncbi.nlm.nih.gov/39444716
https://doi.org/10.1016/j.lanwpc.2024.101222
https://pubmed.ncbi.nlm.nih.gov/39579693
https://doi.org/10.1016/j.jhazmat.2024.136507
https://doi.org/10.1016/j.jhazmat.2024.136507
https://pubmed.ncbi.nlm.nih.gov/40187242
https://doi.org/10.1016/j.jhazmat.2025.138105
https://doi.org/10.1016/j.jhazmat.2025.138105

