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Abstract

Background: Ubiquitously distributed benzene is a known hematotoxin. Increasing evidence has suggested that
erythroid-related hematologic parameters may be sensitive to benzene exposure. Fat content, which is also closely
associated with erythroid-related hematologic parameters, may affect the distribution and/or metabolism of
benzene, and eventually benzene-induced toxicity.

Methods: To explore the influence of benzene exposure, fat content, and their interactions on erythroid-related
hematologic parameters, we recruited 1669 petrochemical workers and measured their urinary S-phenylmercapturic
acid (SPMA) concentration and erythroid-related hematological parameters. Indices for fat content included body
fat percentage (BF%), plasma total cholesterol (TC) and triglycerides (TG), and occurrence of fatty liver.

Results: The dose-response curve revealed U-shaped nonlinear relationships of SPMA with hematocrit (HCT) and
mean corpuscular hemoglobin concentration (MCHC) (P-overall < 0.001, and P-nonlinear < 0.015), as well as positive
linear associations and r-shaped nonlinear relationships of continuous fat content indices with erythroid-related
hematological parameters (P-overall ≤0.005). We also observed modification effects of fat content on the
associations between benzene exposure and erythroid-related hematological parameters, with workers of lower or
higher BF% and TG more sensitive to benzene-induced elevation of MCHC (Pinteraction = 0.021) and benzene-induced
decrease of HCT (Pinteraction = 0.050), respectively. We also found that some erythroid-related hematologic
parameters differed between subgroups of workers with different SPMA levels and fat content combination.
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Conclusions: Our study suggested that benzene exposure, fat content, and their interactions may affect erythroid-
related hematological parameters in petrochemical workers in a complex manner that are worthy of further
investigation.

Keywords: Benzene exposure, Fat content, Interactions, Erythroid-related hematologic parameters

Background
Benzene is a representative single-ring aromatic com-
pound which ubiquitously distributes in our environ-
ment due to its high volatility and extensive emission
sources. Benzene occurs naturally in crude oil and gas
emission from volcanoes or forest fires. However, most
environmental contamination and human exposure re-
sults from man-made sources like the emissions from
motor vehicles, cigarette smoke, and the production and
usage of petroleum products and common consumer
goods, such as adhesives, paints, rubber products,
solvents, and pharmaceutical products [1]. With the
increasing development of industrialization and
globalization, many developing countries have achieved
great growth in the production of petrochemical prod-
ucts. This expands the population of petrochemical
workers potentially exposed to benzene [2]. Further-
more, occupational exposures are likely to occur at
higher concentrations than those encountered in the
general environment.
Benzene is a serious public health concern and has

been classified as a known human carcinogen [3]. After
entering the body mostly through inhalation, benzene is
metabolically activated by cytochrome P450 enzymes,
and its metabolites distributes to lipid-rich tissues (in-
cluding bone marrow) according to their fat content and
rate of perfusion by blood, resulting in multiple adverse
health effects. Hematotoxicity is the most widely-studied
health effect for benzene exposure [4]. Multiple studies
have linked benzene exposure with the abnormality of
hematologic parameters, such as the reduction in the
counts of white blood cell (WBC), red blood cell (RBC),
neutrophil, and lymphocyte, even at low exposure levels
(< 1 ppm) [5–7]. A decreased WBC count has been con-
sidered as a key clinical sign of benzene-induced hema-
totoxicity [8]. However, increasing evidence supports
that erythrocytes may be more sensitive at low benzene
exposure levels. A large-scale study conducted in Korean
workers revealed that RBC count was the only
hematologic parameter that was reduced by low-level
benzene exposure (< 1 ppm) in male workers [9]. Our
previous studies had also shown that RBC count was
decreased in C57BL/6 J male mice treated with 1 ppm
benzene, and that erythroid cell differentiation of
hematopoietic progenitor cells was inhibited by exposure
to low-dose hydroquinone (a toxic metabolite of

benzene) [10, 11]. However, the literature investigating
the effects of benzene exposure on erythroid-related
hematologic parameters contains inconsistent findings,
something needing resolution through the conduct of
more epidemiologic studies.
As benzene mainly accumulates in the fat-enriched

tissues upon entry into human body [12], fat content in
the body and in tissues or organs (such as blood and
liver) might affect the distribution and/or metabolism of
benzene, and may eventually affect benzene-induced
toxicity. Moreover, studies have demonstrated that fat
content may also have an effect on erythroid-related
hematologic parameters. The percentage of erythroid
precursors of bone marrow cells was significantly in-
creased in rats fed with a fatty-rich diet [13]. High-fat
diet induced dysfunction of erythrocytes by increasing
their oxidative stress levels and reducing their survival in
a rat model of high fat diet-induced obesity [14]. Also,
patients with non-alcoholic fatty liver disease were more
likely to have a high red cell distribution width (RDW)
and elevated hemoglobin (Hb) levels [15, 16]. In
addition, indicators for fat content in blood, such as
serum cholesterol (TC) and triglycerides (TG), were also
associated with hematological diseases [17]. However,
few studies have investigated the effects of fat content
on the associations of benzene exposure with erythroid-
related hematologic parameters.
Thus, in order to investigate the influence of benzene

exposure, fat content in the body, in blood, and in liver,
and their interactions on erythroid-related hematologic
parameters, we performed a cross-sectional study among
1669 petrochemical workers. We quantified their ben-
zene exposure levels by measuring a widely-used internal
exposure marker, S-phenylmercapturic acid (SPMA), es-
timated their body fat percentage (BF%), measured TC
and TG in blood, evaluated the occurrence of fatty liver
by ultrasound, and measured multiple commonly-used
erythroid-related hematologic parameters. We used re-
stricted cubic spline (RCS) functions to characterize the
dose-response associations of benzene exposure and fat
content with erythroid-related hematologic parameters.
We further probed into their interaction effects on
erythroid-related hematologic parameters. The present
study might further enhance our knowledge about the
determinants of the severity of benzene induced-
erythroid hematotoxicity.
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Methods
Study design and setting
In order to investigate the influence of benzene
exposure, fat content, and their interactions on
erythroid-related hematologic parameters, we con-
ducted a cross-sectional study in workers from two
state-run petrochemical companies which are located
in Guangzhou and Maoming in Guangdong Province,
China.

Study participants
We firstly recruited a total of 1802 workers and then
intentionally excluded: a) workers who had been work-
ing for less than 1 year in their petrochemical plants; b)
workers with self-reported and/or diagnosed carcinomas,
hematological diseases, and/or immune diseases; c)
workers taking any medicine in the preceding 2 weeks;
d) workers experiencing X-ray examination for any rea-
son in the preceding 1 month; and e) workers unwilling
to provide biological samples or doing so in insufficient
volume. Eventually, a total of 1669 workers were re-
cruited in this study.
After participants signed informed consent, we admin-

istered a structured questionnaire to collect their infor-
mation on demographic characteristics, lifestyle (such as
smoking and drinking habits), medical history, and occu-
pational experience (such as working years and work-
places). Participants who had smoked ≥1 cigarette/day
for ≥1 year were considered as smokers, and those who
drank wine and/or other alcoholic beverages at least
once a week for ≥1 year were classified as drinkers.
Workers that had been working in workshops such as
petroleum refining, chemical production, and petroleum
processing were considered as benzene-exposed group,
while administration staffs were considered as non-
exposed subjects.
After the interview, we collected ~ 20mL morning

urine sample and ~ 2mL ethylenediaminetetraacetic acid
(EDTA)-anticoagulated venous blood sample from each
participant after overnight fasting. The present study
had received ethical approval from the Ethical Review
Committee at School of Public Health, Sun Yat-Sen
University.

Measurement of urinary SPMA concentration
Urinary SPMA concentration was determined with
liquid chromatography/electrospray tandem mass spec-
trometry (LC-MS/MS) described in detail previously
[18]. In brief, 5 mL urine sample for each participant
was centrifuged at 800 g for 5 min. An aliquot of 500 μL
supernatant was mixed with 500 μL of 10 mM sodium
acetate buffer (pH = 6.3), and treated with 50 μL of
10 μg/L SPMA-d5 working solution. After solid-phase
extraction (Waters Oasis® MAX), the samples were

analyzed with LC-MS/MS (Agilent, US). SPMA (purity
98%) is used for qualitative analysis, and standard curves
were drawn for quantitative analysis. SPMA-d5 working
solution as internal standard was used for quality con-
trol. The inter-assay coefficient of variation (CV) (10
different sample preparations, 10 measurements at dif-
ferent days by different persons) was 10.21%. The detec-
tion limit for urinary SPMA was 0.01 μg/L and the
concentrations of samples with levels below detection
limit were substituted to 0.005 μg/L. SPMA concentra-
tion was standardized by urinary creatinine and
expressed as μg/g creatinine.

Measurement of fat content indices
We measured the height of our participants using a
wall-mounted stadiometer. The participants stood up-
right on a firm surface, looking straight ahead, arms at
sides, with shoes removed and feet together. Their
shoulders, buttocks, and heels were required to be
touching the wall. We also measured the weight for
participants with a calibrated standing balance scale.
Participants removed shoes, heavy outer clothing, and
items from pockets. Height and weight were measured
twice for each participant to ensure accurate measure-
ment. The average height and weight were used to
calculate body mass index (BMI) according to the
following formula:

BMI ¼ Weight kgð Þ=Height mð Þ2

Then, we calculated BF% for each participant accord-
ing to the following formula [19]:

BF% ¼ 1:20� BMIð Þ þ 0:23� Ageð Þ � 10:8� Gender � 5:4

In this formula, “Gender” =1 for male workers, while
“Gender” =0 for female workers.
Plasma samples extracted from EDTA-anticoagulated

blood were used for the quantitative analysis of TC and
TG by automatic biochemical analyzer (Cobas,
Switzerland). The inter-assay CVs for TC and TG (10
different sample preparations, 10 measurements at dif-
ferent days by different persons) were 8.62 and 12.97%,
respectively. Two professional sonographers separately
detected the occurrence of fatty liver disease for each
participant by abdominal ultrasound examination based
on clinical diagnostic criteria of fatty liver [20], and the
concordance rate was 100%.

Measurement of erythroid-related hematologic
parameters
In the present study, we used automatic hematology
analyzer (Sysmex, Japan) to measure seven commonly-
used erythroid-related hematologic parameters in
EDTA-anticoagulated venous blood samples, including
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RBC count (× 1012/L), Hb concentration (g/L),
hematocrit (HCT) (%), mean corpuscular volume (MCV)
(fL), mean corpuscular hemoglobin concentration
(MCHC) (g/L), RDW-coefficient of variation (RDW-CV)
(%), and RDW-standard deviation (RDW-SD) (fL). These
hematologic parameters were measured within 2 h after
sample collection, and each blood sample was assayed in
duplicate. The average levels for these erythroid-related
hematologic parameters were included in the following
statistical analyses.

Statistical analyses
We examined the distributions of all numerical variables
by Kolmogorov-Smirnov tests. As the urinary SPMA
concentration had a left-skewed distribution, it was nor-
malized by natural logarithm (ln) transformation before
statistical analyses [21]. Several variables were adjusted
as confounders in our statistical analyses, including age
(continuous), gender (male/female), smoking status
(smokers/non-smokers), drinking status (drinkers/non-
drinkers), working years (continuous), and workplace
(exposed/control group). As BF% was calculated based
on age and gender, we didn’t adjust age and/or gender
in all following analyses involving BF%.
We evaluated the differences of general characteristics

between the exposed workers and controls with
Student’s t-test for continuous variables and chi-square
test for categorical variables. We analyzed the between-
group differences of SPMA concentration, fat content
indices, and erythroid-related hematologic parameters by
multivariate analysis of covariance, with adjustment for
the above-mentioned confounding variables except for
workplace.
RCS models, which have been widely-used to repre-

sent nonlinear relationships for continuous independ-
ent variables, were used to characterize patterns of
changes in erythroid-related hematologic parameters
with the changes in continuous exposure (including
SPMA, BF%, TC, and TG) in the total population,
while adjusting for the above-mentioned covariates.
Continuous exposure was included into RCS models
with 4 default knots located at the 5th, 35th, 65th,
and 95th percentiles. The reference values on RCS
curves were set at the median values for continuous
exposure, and the values on Y axis represented the
differences in erythroid-related hematologic parame-
ters between individuals with any value of continuous
exposure with those with median levels. The output-
ted P-overall indicate P values for test of overall asso-
ciation, and P-nonlinear indicate P values for test of
nonlinear association. We used covariate-adjusted
generalized linear models (GLMs) to analyze the ef-
fects of occurrence of fatty liver disease (no =0, and
yes = 1) on erythroid-related hematologic parameters

(as dependent variables) in the total population, and
those of SPMA and all fat content indices with
dependent variables in workers with different general
characteristics. We further explored the modification
effects of general characteristics on these associations
by adding an interaction term of independent variable
(continuous) and stratified variable (categorical) in
GLMs.
Then, we divided our workers into three subgroups

(T1, T2, and T3) according to the tertiles of BF%, TC,
and TG, respectively, and divided workers into two sub-
groups according to the occurrence of fatty liver (No/
Yes). We analyzed the associations of SPMA with
erythroid-related hematologic parameters in subgroups
with different fat content indices by covariate-adjusted
GLMs, and explored the modification effects of fat con-
tent indices on these associations by adding an inter-
action term of SPMA (continuous) and fat content
categories (categorical) in GLMs. In order to evaluate
the combined effects of benzene exposure and fat con-
tent, we also divided our participants into four sub-
groups based on the median SPMA concentration (low/
high) and the median continuous fat content indices or
the occurrence of fatty liver. Workers with low SPMA
and with low BF%, TC, TG, or without fatty liver were
defined as the reference groups, and the differences of
erythroid-related hematologic parameters between other
subgroups and controls were evaluated with covariate-
adjusted GLMs.
RCS analyses were performed by rms package in R

software (Version 3.5.2), and other statistical analyses
were performed using SPSS (Version 22.0). Two-tailed
P < 0.05 was considered statistically significant.

Results
Subject characteristics
The general characteristics, benzene exposure levels,
fat content indices, and erythroid-related hematologic
parameters among workers in different workplaces
were presented in Table 1. Significant differences
were observed in terms of all general characteristics
between controls and exposed workers (all P < 0.05).
Median SPMA levels in the exposed workers were
about 2.1-fold higher than that in control subjects
(P < 0.001). BF% and MCHC were significantly lower
while HCT, MCV, and RDW-SD were higher in ex-
posed workers than control subjects (all P < 0.05).

Associations of SPMA and fat content indices with
erythroid-related hematologic parameters
We conducted RCS analyses to characterize the dose-
response relationships of SPMA and continuous fat
content indices with erythroid-related hematologic pa-
rameters (Figs. 1, 2, 3 and 4). We observed that SPMA
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had inverse U-shape and U-shape nonlinear relation-
ships with HCT and MCHC, respectively (P-overall <
0.001, and P-nonlinear < 0.015) (Fig. 1). When ln-
transformed SPMA was lower than about − 1.8, HCT in-
creased and MCHC decreased with the increase of
SPMA. However, when ln-transformed SPMA was
higher than about − 1.8, HCT decreased and MCHC in-
creased with an increase of SPMA.
As for continuous fat content indices, the dose-

response curves revealed positive linear associations of
BF% with RBC count, Hb, and HCT, of TC with RDW-
SD, and of TG with MCHC (P-overall ≤0.005, and P-
nonlinear > 0.05) (Figs. 2, 3 and 4). Additionally, both
TC and TG had r-shape nonlinear relationships with Hb
and HCT (P-overall < 0.001, and P-nonlinear < 0.02). TG
also had r-shape nonlinear dose-response relationship
with RBC count (P-overall < 0.001, and P-nonlinear =
0.002). Hb and HCT increased until around 6mmol/L of

TC and then slightly declined. RBC count, Hb, and HCT
increased until around 1.25 mmol/L of TG and then
levels off (Figs. 3 and 4).
Similarly, workers with fatty liver disease had relatively

higher RBC count, Hb, and HCT (P < 5.0 × 10− 5)
(Table 2). These results, taken together with those in
Figs. 1, 2, 3 and 4, suggest that benzene exposure and fat
content might have complex effects on erythroid-related
hematologic parameters.
In addition, we also investigated these associations in

workers with different characteristics (including gender,
smoking status, and/or drinking status) with GLMs (See
Tables S1-S5, Additional file 1). These results indicated
that general characteristics could modify the associations
of SPMA and fat content with some erythroid-related
hematologic parameters, with such influence more pro-
nounced in females, non-smokers, and non-drinkers
(Pinteraction < 0.05).

Table 1 Characteristics, benzene exposure levels, fat content, and erythroid-related hematologic parameters in workers in different
workplaces

Variablesa Control group (n = 338) Exposed group (n = 1331) P value

General characteristics

Age (years) 46.46 ± 7.25 40.20 ± 7.37 < 0.001b

Gender (male/female, %male) 237/101 (70.10) 1014/317 (76.20) 0.022c

Smoking status (smoker/non-smoker, %smoker) 98/240 (29.00) 466/865 (35.00) 0.037c

Drinking status (drinker/non-drinker, %drinker) 103/235 (30.50) 490/841 (36.80) 0.030c

Work years (years) 25.94 ± 8.45 18.93 ± 8.52 < 0.001b

Benzene exposure levels

SPMA (μg/g creatinine) 0.18 (0.09, 0.44) 0.37 (0.15, 1.09) < 0.001d

Fat content indices

BF% (%) 26.66 ± 5.29 23.67 ± 23.67 0.003e

TC (mmol/L) 5.48 ± 0.94 5.20 ± 0.96 0.410d

TG (mmol/L) 1.66 ± 1.11 1.59 ± 1.41 0.305d

Fatty liver (yes/no, %yes) 84/250 (25.10) 311/1016 (23.40) 0.551c

Erythroid-related hematologic parameters

RBC count (×1012/L) 4.94 ± 0.58 4.96 ± 0.58 0.157d

Hb (g/L) 142.71 ± 13.93 143.60 ± 14.53 0.286d

HCT (%) 42.62 ± 3.52 43.25 ± 4.07 0.027d

MCV (fL) 86.90 ± 8.15 87.70 ± 8.17 0.030d

MCHC (g/L) 336.87 ± 8.22 331.92 ± 10.53 < 0.001d

RDW-CV (%) 12.90 ± 1.03 13.17 ± 1.36 0.792d

RDW-SD (fL) 39.87 ± 2.57 43.86 ± 3.35 < 0.001d

Abbreviations: SPMA S-phenylmercapturic acid, BF% Body fat percentage, TC Plasma total cholesterol, TG Plasma triglycerides, RBC Red blood cell, Hb Hemoglobin
concentration, HCT Hematocrit, MCV Mean corpuscular volume, MCHC Mean corpuscular hemoglobin concentration, RDW-CV Red cell distribution width-coefficient
of variation, RDW-SD Red cell distribution width-standard deviation
a Values were shown by n (%), mean ± SD, or median (25th percentile, 75th percentile)
b Student’s t-test
c Chi-squared test
d Multivariate analysis of covariance, adjusted by age, gender, smoking status, drinking status, and work years
e Multivariate analysis of covariance, adjusted by smoking status, drinking status, and work years
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Interactions and combined effects of SPMA and fat
content on erythroid-related hematologic parameters
To investigate whether benzene exposure and fat con-
tent have interaction effects on erythroid-related
hematologic parameters, we analyzed the modification
effects of fat content indices on the associations between
urinary SPMA levels and erythroid-related hematological
parameters. We found that both T1 and T3 subgroups
of BF% had a more pronounced positive association of
SPMA with MCHC, while the association was weaker
and insignificant in workers of T2 group (Pinteraction =
0.021). Similarly, we also observed that both T1 and T3
subgroups of TG also had a more pronounced negative
association of SPMA with HCT, while the association
was also weaker and insignificant in workers of T2 group
(Pinteraction = 0.050) (Fig. 5 and Table S6, Additional file
1). Associations of SPMA with other erythroid-related
hematological parameters were not significantly different
among workers with different fat content levels (Pinterac-
tion > 0.050) (Table S6, Additional file 1).

We also investigated the combined effects of benzene
exposure with fat content on erythroid-related
hematologic parameters. We divided our participants
into four subgroups according to their median level of
SPMA and median levels of continuous fat content indi-
ces or the occurrence of fatty liver, with workers of
“Low SPMA + Low fat indices or without fatty liver” as
the reference groups (Table 3). The general observation
is that RBC count, Hb, and HCT was significantly de-
creased in workers with higher BF%, and significantly el-
evated in workers with higher TC and TG and with fatty
liver, regardless of SPMA levels (between-group P <
0.05). MCV was also significantly elevated in workers
with higher TC, once again without respect to SPMA
levels (between-group P < 0.05). MCHC and RDW-SD
values did not significantly differ between the four sub-
groups (between-group P > 0.05). RDW-CV, however,
was slightly, but consistently elevated in workers with
higher SPMA and lower BF%, TC, TG, or without fatty
liver, and decreased in workers with higher SPMA and

Fig. 1 Adjusted dose-response associations of SPMA with erythroid-related hematologic parameters
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higher TC and TG or with fatty liver (between-group
P < 0.05).

Discussion
In the present cross-sectional study conducted in 1669
petrochemical workers, we found that benzene exposure
and fat content in body, in blood, and in liver might
affect erythroid-related hematologic parameters in linear,
U-shaped, or r-shaped dose-response patterns. Further-
more, we found that BF% and TG might modify the as-
sociations of benzene exposure with erythroid-related
hematologic parameters. Specifically, workers of low or
high BF% were more sensitive to benzene-induced eleva-
tion of MCHC than their median BF% counterparts, and
workers of low or high TG were more sensitive to
benzene-induced decrease of HCT than their median
TG counterparts. We also found that most erythroid-
related hematologic parameters differed among sub-
groups with varying combinations of SPMA levels and
fat content, indicating there were combined effects

between benzene exposure and fat content on erythroid-
related hematologic parameters.
The possible mechanisms underlying the benzene-

mediated hematoxicity has been widely-studied in recent
years [22]. Toxic benzene metabolites (such as hydro-
quinone, phenol, and catechol) produced by metabolism
in the liver and bone marrow act on hematopoietic stem
progenitor cells and mature blood cells, suppress the
function of hematopoietic tissue, and cause abnormality
in blood cell counts. Increasing evidence found that the
erythrocyte is also sensitive to benzene exposure and
even low-dose (< 1 ppm) benzene can disturb red blood
cells [10, 11]. Thus, we focused on the associations of
benzene with erythroid-related hematologic parameters
in the present study. Although substantial previous stud-
ies have explored the linear relationship between ben-
zene exposure and erythroid-related hematologic
parameters [9, 23], their findings were inconsistent and
few studies have further investigated whether there were
any non-linear relationships. Since RCS allows easy

Fig. 2 Adjusted dose-response associations of BF% with erythroid-related hematologic parameters
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visualization and flexible associations between an expos-
ure and outcome, we applied this model to fully examine
the dose-response relationships.
In the present study, urinary SPMA, a sensitive and

specific benzene exposure biomarker which is rarely in-
fluenced by other factors (such as diet) [24], was found
to have inverse U-shape and U-shape nonlinear relation-
ships with HCT and MCHC, respectively, with the in-
flection points of ln-transformed SPMA at around − 1.8
(equivalent to about 0.17 μg/g creatinine of SPMA).
HCT is the proportion of whole blood that is made up
of red blood cells, and may be used to check for condi-
tions such as anemia, dehydration, malnutrition, and
leukemia. MCHC is the mean Hb concentration in a
specific volume of red blood cells, and is calculated by
dividing Hb by HCT. An increase in MCHC indicates
autoimmune hemolytic anemia or hereditary spherocy-
tosis, and a decrease indicates a thalassemia or an
anemia due to iron deficiency. In the present study, the
association of SPMA with MCHC was in the direction

opposite to that of SPMA with HCT, namely with the
increase of SPMA, HCT increased first and then de-
creased, while MCHC decreased first and then increased.
This suggests that the relationship between benzene ex-
posure and some erythroid-related hematologic parame-
ters may be discrepant at different exposure levels.
MCHC was found to be inversely associated with blood
benzene in residents living near petrochemical areas at
environmental exposure concentration [25], which was
consistent with our finding that at lower benzene expos-
ure levels, MCHC decreased with increasing SPMA. Fur-
thermore, significantly decreased HCT and increased
MCHC were observed in individuals working in high
traffic and industrial areas with high concentration of
benzene [26], which was also consistent with our finding
that at higher benzene exposure levels, MCHC increased
and HCT decreased with increasing SPMA. However, a
study conducted in children observed negative correl-
ation between HCT and benzene at environmental ex-
posure levels [27], which is contrary to our result that

Fig. 3 Adjusted dose-response associations of TC with erythroid-related hematologic parameters
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HCT increased with increasing SPMA at lower exposure
levels. This discrepancy might be explained by age-
related differences in susceptibility to benzene, as toxico-
kinetic processes that determine dose differ between
children and adults, not to mention vulnerability of the
hematologic system to toxic insult. Taken together, our
findings provided a new insight that benzene exposure
could influence erythroid-related hematologic system in
a nonlinear pattern which might be dependent on

benzene exposure levels. Further studies are needed to
clarify the exposure conditions under which the variable
response of each erythroid-related hematologic param-
eter might occur.
Fat content is involved in metabolism and body energy

reserves. Under-load or over-load of fat content may
cause adverse health effects. Low fat content often re-
flects poor nutrition status and may increase susceptibil-
ity to diseases related to environmental pollutant

Fig. 4 Adjusted dose-response associations of TG with erythroid-related hematologic parameters

Table 2 Erythroid-related hematologic parameters in workers with and without fatty liver disease

Erythroid-related hematologic parameters Without fatty liver (n = 1266) With fatty liver (n = 395) P valuea

RBC count (×1012/L) 4.91 ± 0.58 5.13 ± 0.55 3.60 × 10−5

Hb (g/L) 141.78 ± 14.66 148.88 ± 11.96 2.24 × 10−8

HCT (%) 42.67 ± 4.07 44.68 ± 3.19 4.46 × 10− 7

MCV (fL) 87.54 ± 8.24 87.66 ± 7.86 0.338

MCHC (g/L) 332.66 ± 10.50 333.43 ± 9.76 0.102

RDW-CV (%) 13.13 ± 1.39 13.08 ± 1.05 0.543

RDW-SD (fL) 42.94 ± 3.59 43.49 ± 3.48 0.853
a GLMs with adjustment for age, gender, smoking status, drinking status, work years, and workplace
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exposure [28]. As for high fat content, it may cause in-
flammation and disturb blood cell counts [29], and is
also an important risk factor for cardiovascular diseases
and metabolic disorders [30]. In the present study, we
used BF%, TC, TG, and the occurrence of fatty liver dis-
ease to represent fat content in body, in blood, and in
liver. The reason for using BF% instead of BMI to repre-
sent the body fat content was that BF% is a better pre-
dictor for body fat mass based on age and gender [19,
31]. Studies have shown that some erythroid-related
hematologic parameters, such as RBC count, Hb, and
HCT, were significantly positively correlated with waist

to hip ratio and waist circumference [32, 33]. In the
present study, we also observed that BF%, TC, and TG
are significantly positively associated with erythroid-
related hematologic parameters in linear or r-shaped
dose-response patterns, and workers with fatty liver dis-
ease had higher RBC count, Hb concentration, and
HCT% than their non-diseased counterparts. The under-
lying mechanisms of the effects of fat content on
erythroid-related hematologic parameters may hinge
upon membranes of erythrocytes, which are rich in poly-
unsaturated fatty acids, being very sensitive to changes
in fat content in vivo [34]. Excessive fat content may

Fig. 5 Significant modification effects of fat content on the associations between SPMA and erythroid-related hematologic parameters. The lines
represent the associations (β, 95% CI), and P values for interaction effects are calculated by modeling an interaction term of SPMA and fat
content in GLMs with adjustment for age, gender, smoking status, drinking status, work years, and workplace. * Ptrend < 0.05, by GLMs adjusted for
age, gender, smoking status, drinking status, work years, and workplace

Table 3 Comparison in erythroid-related hematologic parameters among workers with different benzene exposure levels and fat
content

Subgroups RBC count (×1012/L) Hb (g/L) HCT (%) MCV (fL) MCHC (g/L) RDW-CV (%) RDW-SD (fL)

Low SPMA+ Low BF% 5.11 ± 0.52 147.01 ± 11.11 44.35 ± 2.86 87.53 ± 8.23 332.82 ± 9.29 13.03 ± 1.23 42.53 ± 3.36

Low SPMA + High BF% 4.81 ± 0.60* 138.75 ± 15.96** 41.76 ± 4.16* 87.35 ± 7.84 332.16 ± 10.83 13.19 ± 1.36 42.65 ± 3.45

High SPMA + Low BF% 5.06 ± 0.56 147.41 ± 11.37 44.20 ± 3.24 88.09 ± 8.26 333.79 ± 10.11 13.09 ± 1.22* 43.55 ± 3.72

High SPMA + High BF% 4.88 ± 0.60* 140.44 ± 16.56** 42.26 ± 4.74* 87.13 ± 8.42 332.38 ± 11.03 13.19 ± 1.42* 43.61 ± 3.72

Low SPMA+ Low TC 4.94 ± 0.57 141.82 ± 14.58 42.76 ± 3.86 87.13 ± 8.39 332.33 ± 10.29 13.20 ± 1.37 42.28 ± 3.24

Low SPMA + High TC 4.98 ± 0.57 143.81 ± 13.32 43.42 ± 3.47* 87.78 ± 7.50* 332.68 ± 9.67 13.10 ± 1.28 42.58 ± 3.39

High SPMA + Low TC 4.93 ± 0.63 141.43 ± 15.55 42.52 ± 4.48 86.92 ± 8.84 333.22 ± 11.81 13.21 ± 1.44* 42.90 ± 3.80

High SPMA + High TC 5.01 ± 0.54 146.43 ± 13.01* 43.87 ± 3.71 88.20 ± 7.75* 333.51 ± 9.60 13.10 ± 1.25** 44.01 ± 3.50

Low SPMA+ Low TG 4.90 ± 0.59 140.06 ± 13.41 42.35 ± 3.66 87.20 ± 8.77 331.81 ± 10.03 13.17 ± 1.41 42.34 ± 3.47

Low SPMA + High TG 5.03 ± 0.54 145.76 ± 14.08** 43.86 ± 3.57** 87.69 ± 7.04 333.24 ± 9.92 13.14 ± 1.24 42.52 ± 3.14

High SPMA + Low TG 4.83 ± 0.57 139.36 ± 15.18 41.83 ± 4.36 87.24 ± 8.55 332.97 ± 11.42 13.21 ± 1.53* 43.44 ± 3.64

High SPMA + High TG 5.10 ± 0.57 148.31 ± 12.42** 44.47 ± 3.52* 87.88 ± 8.12 333.73 ± 10.06 13.10 ± 1.15** 43.50 ± 3.73

Low SPMA+ Without fatty liver 4.91 ± 0.58 141.55 ± 14.31 42.71 ± 3.83 87.57 ± 8.16 332.07 ± 10.02 13.13 ± 1.38 42.54 ± 3.46

Low SPMA + With fatty liver 5.12 ± 0.53* 147.99 ± 13.15** 44.36 ± 3.37** 87.14 ± 7.43 333.92 ± 10.11 13.05 ± 1.03* 42.76 ± 3.16

High SPMA + Without fatty liver 4.91 ± 0.58 142.02 ± 15.09 42.64 ± 4.32 87.46 ± 8.37 333.15 ± 10.95 13.15 ± 1.40** 43.38 ± 3.69

High SPMA + With fatty liver 5.14 ± 0.56* 149.66 ± 10.78* 44.96 ± 3.02* 88.15 ± 8.23 332.98 ± 9.47 13.10 ± 1.07* 44.18 ± 3.63

Values were shown by mean ± SD
The between-group difference was calculated by GLMs with adjustment for age, gender, smoking status, drinking status, work years, and workplace
* P < 0.05, and ** P < 0.001when compared with the reference group
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cause abnormal counts and function of RBCs by affect-
ing their membrane composition, fluidity, and rheology
[32].
We also conducted stratification analyses to under-

stand the effect of general characteristics on the associa-
tions of benzene and fat content with erythroid-related
hematologic parameters. Our findings indicated that
most of these associations were more remarkable in fe-
males, in non-smokers, and in non-drinkers. Physio-
logical differences between males and females may
account for variable toxicological responses to poisons
[35]. Studies have shown that females have a higher per-
centage of body fat, gender alters the biotransformation
of benzene, and women may be more susceptible to
blood alterations caused by benzene exposure [36].
Cigarette smoking is one of the most important sources
of benzene, and studies have demonstrated that smoking
may affect the associations of benzene exposure with
blood cell counts [23]. In addition, smoking and drink-
ing have been found to stimulate hematopoietic system,
and result in the changes of hematologic parameters,
such as RBC count, Hb, and MCV [37, 38]. Our findings
and those of others suggest that more attention should
be paid to the influence of gender and lifestyle factors
(such as smoking and drinking) when surveilling the
health of populations occupationally exposed to
benzene.
Moreover, fat content might affect the distribution

and/or metabolism of benzene, and eventually affect
benzene-induced toxicity. However, few studies have in-
vestigated the interaction effects of benzene exposure
with fat content on erythroid-related hematologic
parameters. In the present study, we observed that the
associations of SPMA with MCHC and HCT were sig-
nificantly influenced by BF% and TG, respectively, with
workers at the lower and higher extremes of each fat
content index more sensitive to benzene-induced eleva-
tion of MCHC and decrease of HCT. These interesting
findings indicated that lower and higher fat content may
be risk factors for benzene-induced hematotoxicity. For
example, a lower fat content might cause lower energic
reserves and affect immunological function, impairing
the ability to cope with environmental stressors [39]. On
the other hand, chronic benzene exposure decreased
white blood cell numbers, but only in rats that had a
large volume of fat tissue [40]. Furthermore, we also
found that most erythroid-related hematologic parame-
ters differed among subgroups of workers having differ-
ent combinations of benzene exposure and fat content
(i.e., low or high BF%, TC, or TG and with or without
fatty liver). As benzene mainly accumulates in lipid-rich
tissue due to its lipophilicity [41], high fat content may
allow for more benzene to accumulate in the body, slow
the elimination of benzene and its active metabolites,

and thus enhance the toxicity of benzene. Additionally,
benzene exposure and high fat content can both induce
excessive reactive oxygen species which might cause
erythrocytic dysfunction and cell apoptosis, ultimately
making RBCs more easily absorbed by spleen and indu-
cing abnormal blood cell counts [42, 43]. Benzene ex-
posure can also increase the production of
proinflammatory cytokine [26], and obese individuals are
considered to be in a low-grade inflammatory state [44].
Studies have indicated that cytokines and inflammatory
environment might both interfere with the RBC matur-
ation in bone marrow [45]. Moreover, some enzymes
and polymorphisms in their encoding genes may affect
both benzene-induced hematotoxicity and fat content
levels. For example, polymorphisms in myeloperoxidase
(MPO) (such as 463G > A) and NAD(P) H dehydrogen-
ase quinone 1 (NQO1) (such as C609T) may alter en-
zyme activity, which is associated with TC levels [46,
47], TG levels [47], and the risk of benzene poisoning
[48]. These enzymes and their genetic polymorphisms
might be the underlying mechanisms of the interaction
effects between benzene exposure and fat content on
erythroid-related hematologic parameters. Although fur-
ther studies are strongly needed to confirm our findings
and explore underlying mechanisms for our observed
hematologic changes, the present study strongly suggest
fat content might influence the health status of benzene-
exposed individuals. It remains less clear, however,
under what circumstances a lower or higher fat content
would increase one’s sensitivity to benzene-induced tox-
icity or prove protective.
Our study had some major strengths. Firstly, we used

multiple fat content indictors to represent the fat con-
tent in body, in blood, and in liver. Furthermore, the
present study was the first to examine the interaction
effects of benzene exposure with fat content on
erythroid-related hematologic parameters. Our findings
may have important implications for the health surveil-
lance of environmental and occupational benzene-
exposed population alike, though considerable uncer-
tainty exits as to whether our findings are extrapolatable
to the general population. Finally, our subjects may be
co-exposed to other hazards which might also influence
erythroid-related hematologic parameters. Hence, fur-
ther studies are needed to validate our findings, explore
the potential mechanisms, and evaluate the effects of co-
exposure to other hazards on our findings.

Conclusions
In summary, the present study revealed benzene expos-
ure and fat content in body, in blood, and in liver might
all affect erythroid-related hematologic parameters. We
also observed that fat content might affect the severity of
benzene-induced erythroid-related hematotoxicity, with
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workers of lower or higher fat content more sensitive to
benzene-induced erythroid-related hematotoxicity. We
also found there might be combined effects between
benzene exposure and fat content. Our findings may
have some implications in health surveillance and pre-
vention of benzene-induced erythroid-related hemato-
toxicity for environmental- and occupational-exposed
populations. However, further studies should be per-
formed to validate our current findings and explore their
potential mechanisms.
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