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Abstract: Urban environments are afflicted by mixtures of anthropogenic volatile organic compounds
(VOCs). VOC sources that drive human exposure include vehicle exhaust, industrial emissions,
and oil spillage. The highly volatile VOC benzene has been linked to adverse health outcomes.
However, few studies have focused on the later-in-life effects of low-level benzene exposure during
the susceptible window of early development. Transcriptomic responses during embryogenesis have
potential long-term consequences at levels equal to or lower than 1 ppm, therefore justifying the
analysis of adult zebrafish that were exposed during early development. Previously, we identified
transcriptomic alteration following controlled VOC exposures to 0.1 or 1 ppm benzene during the
first five days of embryogenesis using a zebrafish model. In this study, we evaluated the adult-onset
transcriptomic responses to this low-level benzene embryogenesis exposure (n = 20/treatment). We
identified key genes, including col1a2 and evi5b, that were differentially expressed in adult zebrafish
in both concentrations. Some DEGs overlapped at the larval and adult stages, specifically nfkbiaa,
mecr, and reep1. The observed transcriptomic results suggest dose- and sex-dependent changes,
with the highest impact of benzene exposure to be on cancer outcomes, endocrine system disorders,
reproductive success, neurodevelopment, neurological disease, and associated pathways. Due to
molecular pathways being highly conserved between zebrafish and mammals, developmentally
exposed adult zebrafish transcriptomics is an important endpoint for providing insight into the long
term-effects of VOCs on human health and disease.

Keywords: benzene; transcriptomics; volatile organic compounds; zebrafish; adult-onset disease

1. Introduction

Benzene is a prominent volatile organic compound (VOC), which is a group of aro-
matic or chlorinated organic chemicals commonly found in manufactured products that
have high vapor pressure, and thus vaporize readily at room temperature. VOCs are
found in the environment, both in the airshed and below ground, predominantly sourced
from manufactured products (e.g., building materials, paints/solvents, cleaning agents,
furnishings, adhesives, combustion materials, floor and wall coverings) and industries
(e.g., petroleum, automotive), including post-industrial cities even after industries become
inactive [1–4]. There are natural sources of VOCs, such as benzene emission from volcanoes
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and wildfires; however such natural sources of benzene are less prevalent than anthro-
pogenic sources [5]. In the environment, benzene is predominantly found in air, measuring
in the range of 0.02 to 34 parts per billion (ppb), with inhalation accounting for 95% of daily
human exposure [6,7]. Benzene is also present in contaminated freshwater, groundwater,
and other natural water sites [7]. A study of domestic drinking water wells in the United
States found benzene concentrations within one order of magnitude below its maximum
containment level (5 ppb) and above the goal (0 ppb) set by the Environmental Protection
Agency (EPA) [6,8]. Benzene-containing solvents and other materials are commonplace
occupational hazards, often found in locations like nail salons, mechanic shops, and man-
ufacturing settings where the burning of plastics is common [9,10]. Benzene exposure
pathways also include vehicle exhaust, thermally damaged plastic drinking water pipes,
pharmaceuticals, and personal care products [11–15]. For example, benzene is allowable in
pharmaceuticals up to 2 parts per million (ppm) [12]. Thus, people are exposed to benzene
not only through inhalation, but also ingestion and dermal contact.

Several VOCs are known carcinogens, linked to prostate cancer, gastrointestinal cancer,
leukemia/lymphoma, lung cancer, and bladder cancer, warranting exposure limits imposed
by the EPA in the early 1990s [16,17]. The relationship between VOC exposure and cancer
outcomes is so strong that, more recently, urinary and exhaled breath VOC biomarkers
have been used for the early detection of some cancers [17,18]. Benzene, a group A human
carcinogen and established leukemogen, is linked to non-Hodgkin’s lymphoma [16,19,20].
Other acute and chronic health effects linked to benzene specifically include asthma, respi-
ratory diseases, insulin resistance in adulthood, liver and kidney dysfunction, neurologic
impairment, and oxidative stress [21–24]. Additionally, epidemiological studies report
linkages between benzene exposure and decreased birth weight, as well as linkages be-
tween benzene mixture exposures, specifically benzene, toluene, ethylbenzene, and xylene
(BTEX), and preterm birth [25,26]. Maternal–child health outcomes related to VOCs are
important endpoints to consider in toxicological studies based on these previous findings
and evidence supporting the vulnerability of pregnant women and children to benzene ex-
posure, which is tied to both physiological susceptibility and time spent indoors compared
to other groups [21,27,28].

Benzene exposure has also been evaluated in mammalian and fish models. Studies in
fathead minnows (Pimephales promelas) and zebrafish (Danio rerio), an established model
of developmental toxicity for human translation, suggest that benzene exposure causes
physiological abnormalities later in life, hampered embryonic growth, behavioral change,
or lethality [29,30]. Benzene is a component of petroleum products and crude oil that are
persistent environmental contaminants. Therefore, the findings from studies of diluted
bitumen (dilbit) are especially relevant. Results from dilbit toxicity studies using the ze-
brafish animal model indicated that the toxicity of the petroleum product is majorly driven
by VOCs, of which benzene was found to be the most concentrated [31,32]. Another study
utilizing zebrafish examined exposure to benzene alone versus BTEX and showed strong
evidence that benzene exposure causes significant alterations in phenotypic responses that
affect immediate health outcomes at 4 and 10 days post-fertilization (dpf) [33]. Adverse
immunotoxicity, hematotoxicity, oxidative stress, and fetal toxicity endpoints have been
demonstrated following benzene exposure in mammalian models [34–37]. Benzene has also
been identified as an industrial neurotoxin and can impair neurochemical levels and induce
hypothalamic inflammation or insulin resistance known to exacerbate disease development
in adulthood [38,39]. Murine models have elucidated the importance of sex-specific effects,
and susceptibility to benzene-induced toxicity, particularly in males, as well as differential
pathway activation including embryonic signaling pathways [40,41].

A common limitation of these previous studies is that VOC exposures, for most people,
fall below health-based guidelines, with even occupational exposures in the United States
below the Occupational Health and Safety Administration’s (OSHA) permissible exposure
limit (PEL) of 1 ppm over 8 h [42]. There are few data published on non-occupational
and low-level (<1 ppm) exposures to benzene, with even fewer available on the transcrip-
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tomic outcomes of benzene-induced reproductive toxicity [1]. Further, there is a persistent
environmental and regulatory concern given that many occupational exposure limits are
outdated or not enforced [10]. The purpose of this study was to examine the later-in-life
(adult-onset) effects of developmental exposure to low-level concentrations (0.1 and 1 ppm)
of benzene. Developmental exposure during embryogenesis (0–5 dpf) is a critical window
of development where important body systems are immature. During this window, or-
ganisms are especially vulnerable to environmental factors that can change how immune,
hematopoietic, reproductive, and other important body systems function, and the devel-
opment of disease later in life. The zebrafish model is well suited for developmental and
reproductive toxicity studies, largely because it is high throughput, cost effective, and
because disease-causing genes and pathways are highly conserved with humans, making
findings relevant for human health [43]. The immediate phenotypic, transcriptomic, and
neurobehavioral effects of developmental benzene exposure have been reported previ-
ously [44]. A cohort from these benzene-exposed zebrafish were subsequently raised in the
absence of benzene exposure to examine tissue- and sex-specific transcriptomic changes.
Investigating the effects observed during adulthood provides the critical next step in deter-
mining early life molecular signatures of benzene exposure and potential biomarkers of
effect, especially pertaining to reproductive and neurological system functioning.

2. Results
2.1. Benzene Exposure

No significant difference in mortality was observed in larvae or adults among the
treatments. The exposure water, egg, and larval body burden measured after exposure are
published as part of our previous paper [44].

2.2. Differential Gene Expression

The sex- and tissue-specific transcriptomic results were obtained according to the
study progression timeline (Figure 1) and each benzene concentration was compared to the
controls to assess the differential expression of genes. The analysis of the effect of benzene
exposure across eight exposure groups compared to control revealed significantly altered
gene expression (Table 1). Embryonic benzene exposure at 0.1 ppm resulted in 124 and
2992 differentially expressed genes (DEGs) in adult male and female brains, respectively, as
well as 9421 and 713 DEGs in adult male and female gonads, respectively. Embryonic ben-
zene exposure at 1.0 ppm resulted in 1981 and 1187 DEGs in adult male and female brains,
respectively, as well as 415 and 296 DEGs in adult male and female gonads, respectively. A
total of 13 DEGs were common to six of the eight exposure groups (Figure 2). This included
the abca5, gtf3c3, nmt2, and mapkapk2a genes. For abca5, dysregulation was observed in 0.1
ppm female brain (p = 0.002), 0.1 ppm female gonad (p = 0.008), 1.0 ppm female brain (p =
0.0001), 1.0 ppm female gonad (p = 0.01), 1.0 male brain (p = 0.01), and 0.1 ppm male gonad
(p > 0.05). The gene gtf3c3 was dysregulated in 0.1 ppm female brain (p = 0.03), 0.1 ppm
female gonad (p = 0.001), 1.0 ppm female brain (p = 0.02), 1.0 ppm female gonad (p = 0.009),
1.0 ppm male brain (p = 0.009), and 0.1 ppm male gonad (p > 0.05). The gene nmt2 was
most altered in all female groups and the 1.0 ppm male brain (p < 0.05, fc > 0.5). Lastly,
mapkap2ka was perturbed in the 0.1 ppm female brain, 0.1 ppm female gonad, 1.0 ppm
female brain, 1.0 female gonad, and 1.0 ppm male brain (p < 0.05, fc > 0.5).
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Figure 1. Experimental schema for embryonic zebrafish exposure to benzene and long-term follow-
up for transcriptomic analysis in adulthood. hpf: hours post-fertilization; dpf: days post-
fertilization; mpf: months post-fertilization. Immediate endpoints were reported in Wu et al., 2022 
[44]. 

Table 1. Number (#) of differentially expressed genes (DEGs) in adult zebrafish following embryonic 
benzene exposure using a log2 fold change cutoff of ±0.5 and p ≤ 0.05. 

Exposure Concentration (ppm) Sex Tissue # DEGs 
0.1 Female Brain 2992 
0.1 Male Brain 124 
1.0 Female Brain 1187 
1.0 Male Brain 1981 
0.1 Female Gonad 713 
0.1 Male Gonad 9421 
1.0 Female Gonad 296 
1.0 Male Gonad 415 

Figure 1. Experimental schema for embryonic zebrafish exposure to benzene and long-term follow-up
for transcriptomic analysis in adulthood. hpf: hours post-fertilization; dpf: days post-fertilization;
mpf: months post-fertilization. Immediate endpoints were reported in Wu et al., 2022 [44].
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intersections in descending order by frequency for adult zebrafish following embryonic benzene 
exposure at either 0.1 or 1.0 ppm in male (M) versus female (F) brain (B) or gonad (G). The inset 
table indicates 13 DEGs common to six of the eight exposure groups. 

One gene was differentially expressed across all four male exposure groups: collagen 
type-I alpha 2 (col1a2), with a log2 fold change for the gonad of 1.29 (p = 0.003) and 0.61 (p 
= 0.024), following 0.1 and 1 ppm exposure, respectively; and –0.57 (p = 0.015) and 0.91 (p 
= 0.016) for brain, following 0.1 and 1 ppm exposure, respectively (Table 2). Forty DEGs 
were common across all four female exposure groups. 

Table 2. Genes implicated in pathways associated with the development of genital tumors or 
tumorigenesis of the reproductive tract in adult zebrafish following developmental benzene 
exposure in male (M) versus female (F) brain (B) or gonad (G). Fold change reported for genes with 
p < 0.05. 

Gene  
Symbol 

0.1 ppm 1.0 ppm 
FB MB FG MG FB MB FG MG 

col1a2  −0.57  1.29  0.91  0.61 
mapkapk 0.66  1.22  0.52 −0.51 0.84  

larp7 0.78  1.34  0.59  1.23  
gtf3c3 0.53  1.39  0.58  1.28  
evi5b 0.87  1.85 0.84 0.88 −0.82 1.74  

prpf4bb 0.76  0.87  0.57 −0.59 0.74  
cyhr1 0.64  1.37  0.62 −0.76 1.01  
tlk1a 0.98  1.43  0.69  0.80  

zbtb16a 0.93  0.71  0.76  1.08  
rev31 1.03  1.35  0.76 −0.68 0.79  
garre1 0.90  1.56  0.94 −0.76 0.79  
nsd3 0.83  1.66  0.75 −0.90 0.90  
nmt2 0.71  0.95  0.62 −0.96 0.90  
phrf1 0.89  1.40  0.59 −0.63 1.08  

Figure 2. Upset plot [45,46] showing the number of differentially expressed genes (DEGs) and DEG
intersections in descending order by frequency for adult zebrafish following embryonic benzene
exposure at either 0.1 or 1.0 ppm in male (M) versus female (F) brain (B) or gonad (G). The inset table
indicates 13 DEGs common to six of the eight exposure groups.
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Table 1. Number (#) of differentially expressed genes (DEGs) in adult zebrafish following embryonic
benzene exposure using a log2 fold change cutoff of ±0.5 and p ≤ 0.05.

Exposure Concentration (ppm) Sex Tissue # DEGs

0.1 Female Brain 2992
0.1 Male Brain 124
1.0 Female Brain 1187
1.0 Male Brain 1981
0.1 Female Gonad 713
0.1 Male Gonad 9421
1.0 Female Gonad 296
1.0 Male Gonad 415

One gene was differentially expressed across all four male exposure groups: collagen
type-I alpha 2 (col1a2), with a log2 fold change for the gonad of 1.29 (p = 0.003) and 0.61
(p = 0.024), following 0.1 and 1 ppm exposure, respectively; and –0.57 (p = 0.015) and 0.91
(p = 0.016) for brain, following 0.1 and 1 ppm exposure, respectively (Table 2). Forty DEGs
were common across all four female exposure groups.

Table 2. Genes implicated in pathways associated with the development of genital tumors or
tumorigenesis of the reproductive tract in adult zebrafish following developmental benzene exposure
in male (M) versus female (F) brain (B) or gonad (G). Fold change reported for genes with p < 0.05.

Gene
Symbol

0.1 ppm 1.0 ppm

FB MB FG MG FB MB FG MG

col1a2 −0.57 1.29 0.91 0.61

mapkapk 0.66 1.22 0.52 −0.51 0.84

larp7 0.78 1.34 0.59 1.23

gtf3c3 0.53 1.39 0.58 1.28

evi5b 0.87 1.85 0.84 0.88 −0.82 1.74

prpf4bb 0.76 0.87 0.57 −0.59 0.74

cyhr1 0.64 1.37 0.62 −0.76 1.01

tlk1a 0.98 1.43 0.69 0.80

zbtb16a 0.93 0.71 0.76 1.08

rev31 1.03 1.35 0.76 −0.68 0.79

garre1 0.90 1.56 0.94 −0.76 0.79

nsd3 0.83 1.66 0.75 −0.90 0.90

nmt2 0.71 0.95 0.62 −0.96 0.90

phrf1 0.89 1.40 0.59 −0.63 1.08

snx27 1.32 1.66 1.08 −0.88 1.06

abca5 0.86 0.89 0.94 −0.83 0.80

ankrd12 0.74 1.50 0.58 1.05

rsf1b.1 0.80 1.36 0.62 −0.56 1.21

The transcriptomic profile of female ovarian tissue was significantly altered by ben-
zene exposure, with 490 DEGs unique to 0.1 ppm benzene exposure, 73 DEGs unique to
1.0 ppm benzene exposure, and 223 DEGs common to both exposure groups (p < 0.05).
Similarly, in testes, there were 9155 DEGs unique to 0.1 ppm benzene exposure, 149 DEGs
unique to 1.0 ppm benzene exposure, and 266 DEGs common to both exposure groups
(p < 0.05). For both male and female gonads, differential gene expression was skewed
towards overexpression (Figures 3 and 4). The DEGs in female gonad were 95% and 89%
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upregulated for 0.1 and 1.0 ppm benzene, respectively. This skew was evident, but slightly
less pronounced in male gonad, being 76% and 55% upregulated for 0.1 ppm and 1.0 ppm.
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the value 1.3.

Several significant DEGs are related to the top altered pathways identified using
pathway analysis (the results of which are reported below). The TLC domain containing
3Ba (tlcd3ba) was upregulated in the female brain at 0.1 (fold change (fc) = 0.529, p = 0.025)
and 1.0 ppm (fc = 0.658, p = 0.001) benzene, but it was more significantly upregulated in
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the female gonad, at both 0.1 (fc = 1.553, p = 0.000006) and 1.0 ppm (fc = 1.379, p = 0.0002)
benzene. All gonad tissues showed the significant dysregulation of cdc42 effector protein
(Rho GTPase binding) 5 (cdc42ep5), hypermethylated in cancer 1-like (hic1l), and chemokine
(C-X-C motif), receptor 4b (cxcr4b) (fc > 0.5, p < 0.05). The genes associated with benzene
exposure in the female gonad are ecotropic viral integration site 5b (evi5b), tlcd3ba, and
si:ch73-90k17.1 (Table 2). We also identified three genes in signaling pathways that were
linked to the mitogen-activated protein kinase (MAPK) cascade: MAPK-activated protein
kinase 2a (mapkapk2a), B-Raf proto-oncogene, serine/threonine kinase (braf ), and pre-
mRNA processing factor 4Ba (prpf4ba) (Table 2). Genes that were also relevant to previous
larval studies [44] include receptor accessory protein 1 (reep1), mitochondrial trans-2-enoyl-
CoA reductase (mecr), nuclear factor of kappa light polypeptide gene enhancer in B-cells
inhibitor, alpha a (nfkbiaa), TAF4A RNA polymerase II, TATA box binding protein (TBP)-
associated factor (taf4a), glutamate receptor, ionotropic, kainite 1a (grik1a), assembly factor
for spindle microtubules (aspm), and matrix Gla protein (mgp) (Supplemental Table S1).

2.3. Pathway Analysis

Pathway analysis uncovered the top altered pathways associated with developmental
benzene exposure in adult zebrafish brain and gonad tissue. The pathways were involved
in diseases and disorders, notably cancer, which was evident in every exposure group
following 0.1 or 1.0 ppm embryonic benzene exposure (Supplemental Table S2).

Specifically following 0.1 ppm benzene exposure, the top altered pathways in male
brain were cancer, followed by neurological disease, organismal injury and abnormality,
reproductive system disease, and endocrine system disorders (Supplemental Table S2). The
top altered pathways for female brain also included cancer, followed by organismal injury
and abnormality, endocrine system disorders, gastrointestinal disease, and neurological
disease, in that order. Gonad tissue for males and females revealed the same top five
diseases and disorders: cancer, organismal injury and abnormality, endocrine system
disorders, gastrointestinal disease, and neurological disease.

Following 1.0 ppm benzene exposure, the top disorders identified through pathway
analysis for both male brain and gonad were cancer, organismal injury and abnormality,
endocrine system disorders, and reproductive system disease (Supplemental Table S2). The
top diseases and disorders for female brain were cancer, gastrointestinal disease, organismal
injury and abnormalities, endocrine system disorders, and hereditary disorders; for female
gonad, they were cancer, organismal injury and abnormality, gastrointestinal disease,
endocrine system disorders, and reproductive system disease (Supplemental Table S2).

Pathway analysis revealed 28 different reproductive system diseases and biofunctions
as altered based on observed molecular expression and/or phosphorylation changes, 15 of
which were impacted in both brain and gonad for both sexes at both benzene exposure
concentrations: endometrial adenocarcinoma, breast or ovarian carcinoma, female genital
carcinoma, breast or gynecological cancer, development of genital tumor, endometrial
cancer, uterine tumor, female genital tract cancer, female genital neoplasm, uterine cancer,
female genital tract adenocarcinoma, uterine carcinoma, breast cancer, ovarian cancer, and
tumorigenesis of the reproductive tract. The development of a genital tumor (molecule
number range = 63–1068) and tumorigenesis of the reproductive tract (molecule number
range = 63–1088) were analyzed at a molecular level (Table 2) due to the total number of
functional molecules present and predictive values associated with them. The absolute
top activated or inhibited reproductive pathways of interest and corresponding activation
z-scores from the gonad tissue results are reported in Table 3 and Supplemental Table S3.
When just the gonad tissue was considered, there were 22 reproductive system disease
pathways altered in male and female groups at both concentrations (Figure 5).
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Table 3. Sub-pathways associated with reproductive system, neurological, and endocrine system
diseases and disorders altered in gonad or brain tissue after developmental exposure to 0.1 ppm or
1.0 ppm benzene. Activation z-score indicated numerically and p-value < 0.05 indicated by * with ns
denoting ‘not significant’ for the given condition. Full table can be found in Supplemental Table S3.

Pathway 0.1 Female 1.0 Female 0.1 Male 1.0 Male
Reproductive Diseases and Disorders (Gonad)

Genital tumor −0.439 * 1.154 * 1.079 * 2.59 *

Pelvic tumor −0.595 * 1.154 * 0.819 * 2.581 *

Endometrial cancer * * * *

Female genital tract cancer * * * *

Breast or ovarian
carcinoma −1.067 * * 1.066 * *

Breast or
gynecological cancer −1.387 * * 1.189 * *

Mammary tumor 1.006 * 0.254* 1.049 * 1.034 *

Breast cancer −1.067 * * 0.817 * *

Morphology of testis ns ns * ns

Atrophy of testis ns ns 0.711* ns
Neurological Diseases and Disorders (Brain)

Brain tumor 0.644 * 0.152 * * 0.378 *

Congenital
neurological disorder −2.456 * −1.538 * * 3.619 *

Nervous system neoplasm 0.689 * 0.566 * −0.283 * 0.304 *

Central nervous
system cancer 0.875 * 0.069 * * 2 *

Central nervous
system solid tumor 0.229 * 0.497 * * 0.218 *

Locomotion ns −0.954 * ns 0.398 *

Learning ns 2.878 * ns −3.582 *

Proliferation of
neuronal cells ns 1.739 * ns −2.969 *

Cognition ns 2.939 * ns −3.828 *

Quantity of neurons ns 0.443 * ns −1.984 *

Development of
neurons ns 1.693 * ns −3.528 *

Development central nervous system ns 1.815 * ns −3.282 *

Memory ns 1.544 * ns −1.571 *
Endocrine System Diseases and Disorders (Gonad)

Thyroid carcinoma * * * *

Nonpituitary
endocrine tumor 0.404 * * * *

Endocrine gland
tumor 0.017 * * −0.401 * ns

Endocrine carcinoma * * * *
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Figure 5. Venn diagrams showing the number of altered pathways related to reproductive system or
neurological diseases and biofunctions in adult zebrafish gonad or brain following developmental
benzene exposure.

Pathways associated with neurological diseases and disorders were altered in the
brain tissue. In brain tissue specifically, there were 21 altered sub-pathways in male and
female groups at both concentrations that were associated with neurological development
or behavior disorders (Figure 5). One neurological sub-pathway of interest, nervous system
neoplasm, was altered in male and female brain tissue at both concentrations, but these
were not altered enough to predict activation or inhibition (z-score < |2|). Although there
were neural effects indicated at the pathway level, these were less abundant and significant
than the reproductive effects concluded based on pathway analysis. Reproductive and
neurological pathways from gonad or brain tissues (activation z-scores) are reported in
Table 3.

The NRF2-mediated oxidative stress response pathway was altered in female brain fol-
lowing 0.1 (−log(p-value) = 2.88, z-score = 1.46) and 1.0 ppm (−log(p-value) = 3.05, z-score
= −0.28) benzene exposure, and female gonad following 0.1 ppm (−log(p-value) = 0.365,
z-score = 2) benzene exposure. The insulin secretion pathway was activated most sig-
nificantly for female gonadal tissue following exposure to both concentrations: 0.1 ppm
(z-score = 3.207) and 1.0 ppm (z-score = 2.23). Further pathway analysis of the gonad tissue
identified three endocrine system functional pathways that were perturbed in all groups
(Supplemental Table S3).

3. Discussion

To our knowledge, this is the first study to investigate tissue- and sex-specific transcrip-
tomic outcomes in adulthood following low-level, embryonic benzene exposure. Using a
zebrafish model, we determined that the top altered pathways in adult zebrafish brain and
gonad following embryonic benzene exposure, regardless of sex, included cancer, repro-
ductive system disease (notably, the development of genital tumor and tumorigenesis of
the reproductive tract), and neurological disease. Another novel and important observation
was sex-dependent effects, and for most conditions, the lower (0.1 ppm) exposure dose had
significantly more differentially expressed genes than the 1.0 ppm dose.

Benzene is a known carcinogen that has also been linked to reproductive health out-
comes [26]. It is not surprising that pathway analysis revealed that most of the reproductive
system disease pathways were associated with cancer. Incidence of breast cancer and
endometrial cancer/adenocarcinoma were two of the most affected pathways. Breast
cancer has been linked to benzene/VOC exposures in humans and rodent models, but
endometrial cancer has yet to be studied as an endpoint in benzene exposure studies in
humans or rodents. Endometrial cancer risk has been linked to tobacco smoking, a com-
mon source of VOC exposure, but, converse to our findings, some studies have attributed



Int. J. Mol. Sci. 2023, 24, 16212 10 of 20

a protective association [47]. In human studies of breast cancer, the literature is mostly
focused on occupational exposure to benzene and generally points to benzene exposure
as a risk factor for breast cancer [48–50]. Looking specifically at the gonad tissue, we
found that genital tumor and reproductive tract tumor pathways were more important
pathways of note that relate to the previous toxicological assessment of benzene [51]. It is
important to note that few studies focus on low-level exposure, which is likely linked to
sub-cancerous outcomes. Reproductive pathways independent of cancer were observed,
especially in low-concentration benzene gonad tissue. Pathways linked to the morphology
of genital organs and atrophy of the testis were observed at 0.1 ppm benzene exposure,
but were not found in higher (1.0 ppm) exposure groups. This could indicate effects on
reproductive functioning yet to be observed in other studies that are focused on higher
benzene concentration exposures and cancerous outcomes. This emphasizes a gap in the
literature for the study of non-cancer outcomes, such as chronic diseases related to benzene
exposure, which one review has previously identified [52].

The evaluation of neurological pathways specifically associated with brain tissue
revealed that central nervous system function, learning and memory, and neuron devel-
opment were the most highly affected across groups. Nervous system neoplasm was
significantly affected for all brain tissues, with scores nearing an increased activation of the
pathway. Nervous system neoplasm has been linked to VOC exposure in human studies,
but the relationship is not well defined. One link has been established in a cohort of children
exposed to ambient residential or traffic-related air pollution, including benzene [53,54].
Central nervous system cancer and disease pathways were also consistently affected. In
the 1.0 ppm concentration groups, learning, memory, cognition, and neuron development
were highly affected. This finding is consistent with related rodent models and humans
where there is evidence for prenatal exposure to benzene and impaired cognition of off-
spring [55–57]. Many of the pathways altered by lower-level benzene exposure were also
altered at the higher concentration and very few pathways related to disease were altered
in the lower concentration groups (male or female) alone.

The endocrine system pathways were affected in the gonad tissue of both sexes and
concentrations, though to a lesser extent than the reproductive and neurological pathways.
The endocrine pathways that were altered most frequently were thyroid carcinoma, non-
pituitary endocrine tumor, and endocrine carcinoma. Benzene has gained traction and a
growing body of evidence suggesting its endocrine-disrupting potential. Recently, it has
been proposed that many VOCs (including benzene) have possible endocrine-disrupting
effects at levels lower than would induce carcinogenicity. Many endocrine system disor-
ders involve thyroid development and pancreatic function. Surprisingly, after pathway
analysis comparing the 0.1 and 1.0 ppm benzene concentrations, there were no activated or
inactivated canonical pathways that overlapped between the two condition groups.

Thirteen DEGs were altered across multiple benzene exposure concentrations, regard-
less of sex or tissue. Notably, abca5 and gtf3c3 were significantly altered in female brain at
both exposure concentrations and in male brain at 1.0 ppm. ABCA5, the human ortholog,
has functionality for peptide production with potential effects for late-onset Alzheimer’s
disease in humans and mice [58]. Recently, ABCA5 has also been called upon as a potential
new biomarker of colorectal cancer, a health outcome that has also been associated with
benzene exposure [59,60]. While the role of gtf3c3 is largely undetermined, several studies
support its candidacy for neurodevelopmental disorders, namely, epileptic encephalopathy
and intellectual disability [61,62]. Also notably altered in many groups were nmt2 and
mapkapk2. NMT2/Nmt2 is relatively understudied in human and murine genetics, but is
expressed in the testis and during embryonic development, with case studies pointing to a
link between the disruption of NMT2/Nmt2 and hypoplastic testes [63,64]. The disruption
of nmt2 resulting from benzene exposure should be evaluated further as it relates to the un-
derdevelopment of the gonad. Mapkapk2a, orthologous to human MAPKAP2, plays a role in
spermatogenesis in mice and is essential for development [65,66]. Interestingly, these genes
have more profound implications for male reproductive development than for females,
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where the data from the current study show more of an effect on female tissues at both
exposure concentrations. The significant dysregulation of abca5, gtf3c3, nmt2, and mapkapk2a
in the current study justifies future studies investigating the link between environmentally
relevant exposures to benzene during critical windows and the neurodevelopmental or
reproductive effects present in adulthood and in subsequent generations.

Some of the most significant DEGs were found in both male and female gonad, notably
cdc42ep5 and cxcr4b. Cdc42ep5 is a septin modulator that is important for the motility of
cancer cells and has been identified in networks (CDC42EP5-SEPT9 axis) that determine the
aggressiveness of some cancers like melanoma [67]. Similarly, the overexpression of CXCR4
has been associated with cancer (breast, colorectal) and exacerbated cancer outcomes (metas-
tasis, tumor growth, relapse), and has been studied as a target for cancer therapies [33,68].
Evidence for the link between the overexpression of CXCR4 and CDC42EP5 and cancer has
been established in the literature, but the link between benzene exposure and diminished
reproductive capacity is still debated [33,69]. Data from Diotel et al. (2010) also provide
evidence for the role of cxcr4b in the neural development of zebrafish, building on previous
work that established the expression of cxcr4b in the zebrafish midbrain [70,71]. However,
in the current study, the significant upregulation of cxcr4b was only observed for female
brain following 0.1 ppm benzene exposure, and thus could play a role in neurobehavioral
outcomes of benzene exposure at the concentrations studied here.

In female gonad, three genes were significantly dysregulated by both 0.1 and 1.0 ppm
benzene: evi5b, tlcd3ba, and si:ch73-90k17.1. Overall, the differential gene expression in
exposed females was skewed towards upregulation in the gonad. Evi5b is orthologous to
the human gene EVI5, a noted potential oncogene and cell cycle regulator [72]. Evidence
suggests that EVI5 is an important risk gene for diseases such as multiple sclerosis and
leukemia in humans and murine models [73,74]. Given the risk associated with overexpres-
sion, EVI5 and family members are important prognostic markers for survival and cancer
recurrence [75]. The perturbation of evi5b in all female groups highlights the potential role
of this gene in cancer and reproductive system disease outcomes. Tlcd3ba was significantly
upregulated in female gonad, particularly following 0.1 ppm benzene exposure. This is
a novel finding with no previous evidence suggesting the role of tlcd3ba in the reproduc-
tive tract. Not surprisingly, tlcd3ba (previously fam57ba) was also upregulated in female
brain, which is known to be expressed in the brain and nervous system of zebrafish and is
associated with retinal dystrophy in mice and humans [76,77]. The last gene significantly
dysregulated, si:ch73-90k17.1, is understudied and is therefore unable to be contextualized
here given the minimal information available.

The most DEGs across all exposed groups were found in male gonad following 0.1 ppm
benzene exposure, with col1a2, a gene within the development of a genital tumor and
tumorigenesis of the reproductive tract pathways, being differentially expressed across all
male exposure groups. The human ortholog, COL1A, is implicated in inherited connective
tissue disorders, including osteogenesis imperfecta (OI) (multiple), perinatal lethal OI,
and Ehlers–Danlos syndrome (EDS) that can be passed to offspring [78,79]. Data from
murine models with Col1a2 mutations provide further evidence that OI impairs prenatal
uterine function in a significant number of affected fetuses [80]. In humans, EDS also has
profound reproductive effects, specifically when the offspring is affected, but the mother
is not affected by the connective tissue disorder [81,82]. The role of EDS in reproductive
outcomes is not well understood, but population-based studies have reported an elevated
number of premature rupture of membranes in the fetus and subsequent preterm birth
outcomes [81,83,84]. COL1A2 also has neural impacts and is implicated in intercranial
aneurysm, and, in fact, there was elevated expression in male brain at both benzene
exposure concentrations [85]. Further research is required to uncover the mechanistic
plausibility of benzene-induced alterations to col1a2 and subsequent reproductive effects,
particularly in males.

Conversely, across female exposure groups, there were 21 DEGs associated with the
development of a genital tumor and tumorigenesis of the reproductive tract pathways,
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including evi5b and genes in the MAPK cascade (i.e., mapkapk2, braf, and prpf4b). The bio-
logical functions of the MAPK cascade include critical roles in initiating cell development,
proliferation, and differentiation, with the overactivation of this pathway being the cause
of many human cancers [86,87]. The activation of the MAPK pathway occurs as a result of
transmitted stimuli that include, but are not limited to, metabolic stress, DNA damage, or
growth factors [87]. Mapkapk2 is involved in cellular processes ranging from inflammatory
responses to roles in tumorigenesis and spermatogenesis [65]. Braf is known to precede
MAPK in the signal transduction pathway, and mutations of this gene (BRAFV600E) are
found in several cancers (e.g., thyroid, melanoma, and leukemia) and can activate the
MAPK pathway independent of other stimulation. Prpf4b has homology to MAPKs, but is
more commonly known as a splicing factor that is necessary for cancer cell migration and
its role in human primary breast tumors [88].

The findings here also show that the insulin secretion pathway was activated for
gonadal tissue of both concentrations, although this finding was more evident in female
groups and in the brain tissue specifically. This has important implications for offspring, as
a similar murine study showed that maternal benzene exposure impacted insulin resistance
for the next generation, particularly predisposing male offspring [89]. Another study of the
reproductive toxicity of benzene noted that the metabolic imbalance and hyperinsulinemia
associated with exposure to benzene in adulthood was treatable with an anti-diabetes
drug [90]. Both studies only conducted inhalation exposure during adulthood rather than
developmentally, which could account for the differences with the current study. These
studies, particularly regarding the offspring of benzene-exposed mice, open the door for
transgenerational zebrafish studies and the metabolic effects associated with benzene.

These results point to sex-dependent effects associated with benzene exposure. When
considering the overall number of DEGs, males were more affected than females at the
higher, 1.0 ppm, concentration of benzene with less pronounced sex differences at the
lower (0.1 ppm) concentration. All tissues had more DEGs in males versus females, except
for the lower level (0.1 ppm) brain, which had far more DEGs in the females. Previous
research shows that male animals are more highly afflicted by benzene exposure with
respect to genotoxicity and hematotoxicity, which could explain the increase in the gene
expression changes described here [91]. The evaluation of DEGs also elucidated that in
most tissue, the very low dose (0.1ppm) was significantly more affected, with a higher
number of DEGs, than the 1.0 ppm exposure. This an important finding and is likely due
to the fact that we are looking at adult-onset (around 9 months later) changes in gene
expression. For the larval acute doses {44}, we did see a dose-dependent effect, but the
effects these chemicals cause later in life are not so straightforward. As we continue to find
non-monotonic responses to multiple contaminants at low levels, and later in life, there is a
real need to focus more closely on these changes.

The immediate transcriptomic response and pathway analysis in larval zebrafish to
embryonic benzene exposure at the same two concentrations investigated in this study
have been reported by our lab previously [44], in which we found similarities between
the larval and adult life stages. Cancer is the top altered pathway across the life stages,
followed by organismal injury and abnormalities, organismal survival, and nervous system
development and function (Supplemental Table S2) [44]. Differential activation of the
insulin secretion signaling pathway was also conserved across the life stages.

Altered expression in both (0.1 ppm and 1.0 ppm) larval groups as well as both con-
centrations in adult female gonad tissue and 1.0 adult male brain was found for the reep1
gene. Upregulation occurred in all but the 1.0 ppm male brain group, which was down-
regulated. Mitochondrial dysfunction, reduced ATP production, increased susceptibility
to oxidative stress, and impaired locomotor activity (zebrafish) have all been linked to
reep1 [92]. The linkage to reactive oxidative stress is congruent with previous findings
for benzene concentrations of 1 ppm and above, but there is less evidence that this link
exists at levels below 1.0 ppm benzene. Further, the findings from this investigation are
consistent with previous findings linking benzene exposure and an induced oxidative
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stress response [93]. Specifically, for benzene-exposed females, the alteration of the NRF2-
mediated oxidative stress response pathway was observed. Recent findings have linked
benzene exposure to the activation of the NRF2 signaling pathway with downstream
implications for ferroptosis (regulated by the oxidative stress pathway) in a murine hemato-
toxicity model [40]. Additionally, in previous research, nonacute toxic benzene and toluene
levels were shown to enrich the proteins involved in NRF2-mediated oxidative stress of
lung epithelial cells (A549), indicating a strong link between benzene exposure and oxida-
tive stress responses [94]. This study provides evidence for this low-level oxidative stress
response to some extent, especially for 0.1 ppm female tissues. Surprisingly, significant
locomotor changes were not reported in the previous study’s larval population, but were
reported in the adult 1.0 ppm male and female groups (brain). This further justifies a need
to assess this endpoint in adulthood, as it could develop later in life.

Another commonly altered gene in the benzene-exposed larval and adult populations
was mecr. The mitochondrial trans-2-enoyl-CoA reductase (mecr) gene was significantly
altered and has reproductive and cardiac implications. Evidence from a knockout mouse
model has proposed that knockout-first-type mutations to Mecr display embryonic lethality
and pantropic effects on placental development due to deficient mitochondrial respiration
because of disrupted mitochondrial fatty acid synthesis [95]. In contrast, murine models
with overexpressed Mecr developed cardiac abnormalities and hereditary cardiomyopa-
thy [96].

Nfkbiaa was more perturbed in the adults of the low-level developmental exposure to
benzene compared to larval exposure and was altered in female 0.1 ppm brain and gonad
tissues as well as 0.1 male gonad and 1.0 male brain. Conversely, nfkbiaa was upregulated
in the higher (1.0 ppm) concentration larval transcriptomic results [44]. Involved in overall
cell survival, nfkbiaa is a key indicator of development. Further, recent results point to
nfkbiaa as a target of miR-202-3p, a microRNA associated with embryo development at the
mid-blastula stage [97]. These findings suggest that the over- or underexpression of nfkbiaa
can cause developmental delay in zebrafish. The consistency of this finding in immediate
and long-term gene expression may suggest later-in-life developmental and reproductive
implications tied to benzene exposure. Other key genes with altered expression in the
larval population and adult population were taf4a, grik1a, aspm, and mgp (Supplemental
Table S1).

One limitation of the current study was the inability to assess fertility and adult-onset
behavioral responses that may be associated with benzene exposure. With a larger original
cohort, a subset of adult zebrafish could be allocated for these assays. Similarly, the histol-
ogy of reproductive organs could allow the observation of tumor or hypoplasia, as indicated
by the results here. Future studies are needed to determine whether these adult-onset
transcriptomic responses have long-term consequences epigenetically or phenotypically at
levels equal to or lower than 1 ppm.

4. Materials and Methods
4.1. Animal Husbandry

Adult AB strain zebrafish were housed in buffered reverse osmosis (RO) water
(60 mg/L Instant Ocean Salts; Aquarium Systems, Mentor, OH, USA) at 28 ◦C on a recir-
culating system at a maximum density of 5 fish per liter with a standard light/dark cycle
(14/10 h), as previously described [44]. The zebrafish were fed a mixture of Zeigler Adult
Zebrafish Diet (Zeigler Bros. Inc., Gardners, PA, USA), Spirulina Flake Fish Food (Ocean
Star International, Snowville, UT, USA), 300–500-micron Golden Pearls (Aquatic Foods Inc.,
Fresno, CA, USA), and supplemental brine shrimp (Artemia International, Fairview, TX,
USA) twice daily. The animal use protocols were approved by the Institutional Animal Care
and Use Committee at Wayne State University according to the National Institutes of Health
Guide to the Care and Use of Laboratory Animals (Protocol No. #IACUC-19-02-0938).
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4.2. Spawning

To obtain zebrafish embryos, zebrafish spawns were initiated the night prior to ben-
zene exposure at a ratio of 2 females per 1 male with plastic dividers between the sexes.
The dividers were removed the following morning, and embryos were collected within 4 h.
The embryos were rinsed thoroughly with RO water and incubated in egg water (RO water
with 0.6 g/L Instant Ocean Salts) containing 0.6% bleach for 10 min. The embryos were
then rinsed with RO water again to remove the bleach solution and moved to Petri dishes
containing egg water. The embryos were then separated into 30 mL glass vials with a
density of 20 embryos per vial containing 20 mL egg media. The exposure included 5 vials
per concentration (n = 100 embryos per concentration).

4.3. Benzene Exposures

Solutions of 0.1 ppm and 1 ppm were made from a stock solution of 99.8% benzene
(99.8%, Sigma Aldrich, St. Louis, MO, USA). The 99.8% benzene stock (Sigma Aldrich,
St. Louis, MO, USA) was serially diluted in a septum-sealed amber vial with 40 mL
egg water to create 998 ppm and 99.8 ppm benzene stock dilutions. In preparation for
benzene exposure, 20 uL of egg water was removed from the vials housing embryos to
balance the 20 uL of stock dilutions that were injected into vials with a gastight syringe
for final concentrations of 0.1 or 1 ppm. To minimize benzene loss through volatilization,
the benzene stock dilutions were mixed fresh daily, and the caps were never removed
from the septum-sealed vials during or after benzene injection into vials housing embryos
(i.e., exposure vials). The control vials contained only 20 mL egg water. The control and
exposure vials were then gently rocked by hand and placed in a 28 ◦C incubator. Over the
following 4 days, this procedure was repeated daily to refresh the stock dilution or egg water
(Figure 5). Each day, dead embryos/larvae were removed. At 5 dpf, the larval fish were
rinsed with egg water 3 times to end the exposure at the end of embryonic development.
The larval fish were then moved to six-well plates at 28 ◦C and fed daily with a daily water
change until 7 dpf, at which time the larval fish were relocated to a recirculating system to
be raised past sexual maturity (>4 months post-fertilization) under standard husbandry
conditions (Figure 5). Replicates were carried out in the larval exposures consisting of
3 separate biological replicates (exposures were conducted identically at 3 different times)
and multiple technical replicates within these groups. These 3 replicates (published as Wu
et al., 2022) [44] showed no statistical difference in evaluated outcomes, and only one of
these replicates was carried forward to the adult stage for further analysis. Body burden
measurements of benzene in embryos and solution were performed at Ann Arbor Technical
Services (Ann Arbor, MI, USA) and reported in our previous study [44].

4.4. Tissue Collection

After sexual maturity and at the point of adulthood (9 months post-fertilization),
adult fish were euthanized in a solution of 0.4 g/L tricaine methane sulfonate (MS-222)
buffered with 0.66 g/L sodium bicarbonate. For each exposure concentration and control
group, 5 adult female and 5 adult male fish were euthanized and dissected to obtain brain
and gonad, resulting in a total of 6 conditions: control males, control females, 0.1 ppm
males, 0.1 ppm females, 1.0 ppm males, and 1.0 ppm females. When tissue was considered
(2 tissues per animal), the 6 conditions resulted in 12 groups for downstream analysis.
Dissections were performed under dissecting microscopes with disinfected instruments on
sterile plates. The tissues were immediately deposited into RNAlater (Invitrogen, Carlsbad,
CA, USA) for preservation.

4.5. RNA Collection and Isolation

Following tissue collection, 300 µL RNAlater (Invitrogen, Carlsbad, CA, USA) was
added, and the samples were stored at −80 ◦C until RNA isolation. The samples were
removed from −80 ◦C and allowed to thaw briefly on ice. Upon thawing, the RNAlater
was removed and the samples immediately proceeded to the RNA isolation stage. For RNA
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isolation, the RNeasy® Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) was used accord-
ing to the manufacturer’s instructions. A Qubit® 2.0 Fluorometer and Qubit® RNA High
Sensitivity Assay Kit (Invitrogen, Carlsbad, CA, USA) were used to determine the RNA
concentration. The RNA samples were kept at −80 ◦C until QuantSeq library preparation.

4.6. RNA-Seq QuantSeq

Next, 3′ mRNA-seq libraries were prepared from isolated RNA using the QuantSeq
3′ mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen, Vienna, Austria), according
to the manufacturer’s instructions. The samples were amplified at 17 cycles. The libraries
were quantified using a Qubit® 3.0 Fluorometer and Qubit® dsDNA Broad Range Assay
Kit (Invitrogen, Carlsbad, CA, USA), and run on an Agilent TapeStation 2200 (Agilent
Technologies, Santa Clara, CA, USA) for quality control. The samples were sequenced
on a HiSeq 2500 (Illumina, San Diego, CA, USA) in rapid mode (single-end 75 bp reads).
The sample size was n = 5 for all except two groups: n = 4 for female gonads and female
brains collected from fish exposed to 1.0 ppm benzene, because one sample from each of
these groups was unidentifiable and, therefore, excluded from analysis after sequencing.
Reads were aligned to D. rerio (Build danRer11) using the BlueBee Genomics Platform
(BlueBee, Rijswijk, The Netherlands). The differential gene expression between the control
and exposure zebrafish was evaluated using DEseq2 (available through GenePattern;
Broad Institute, Cambridge, MA, USA). Genes with significant changes in expression, as
defined by an absolute log2 fold change value ≥ 0.5 and p-value < 0.05, were uploaded
into Ingenuity Pathway Analysis software version 22.0.2 (IPA; QIAGEN Bioinformatics,
Redwood City, CA, USA) for analysis using RefSeq IDs as identifiers. The complete list of
significant gene data is included in the Supplemental Information. The significant canonical
pathways and associated diseases and biofunctions were defined as having p-values < 0.05,
(or −log10(p-value) > 1.3) based on the right-tailed Fisher’s exact test. The z-score was
calculated through IPA functionality to predict the activation (≥2) or inhibition (≤−2) of
a pathway.

5. Conclusions

Overall, the benzene-induced transcriptomic results shown here indicate profound
effects on genes and pathways that regulate cancer, cancer outcomes, neurodevelopment,
and reproductive capacity in a sex- and concentration-dependent manner. Gene mutations
with strong linkages to downstream fertility and birth outcomes, especially col1a2, were
especially relevant for the benzene-exposed males. Female gonad gene expression was
skewed towards overexpression. Reproductive-disease-associated pathways, including
the development of a genital tumor and tumorigenesis of the reproductive tract, were
significantly altered across all tissues and benzene concentrations. The genes implicated in
delayed neurodevelopment, including nfkbiaa, and reep1, showed a high level of change
post-exposure to benzene, a result that was consistent at both the larval and adult stage.
Thus, neurological outcomes were impacted both immediately and later in life. This study
identifies areas for future research directions including the investigation of phenotypic,
behavioral, and fertility endpoints in adulthood as well as transgenerational effects re-
lated to low-level benzene exposure. Furthermore, the evidence provided here shows
that very-low-level benzene exposure induces gene expression changes that have cancer,
neurodevelopmental, and reproductive associations later in life.
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