
The distribution and metabolism
of hexabromocyclododecane
isomers varies in the tissues of
Nibea albiflora

Suping Song1,2, Xiumei Sun1,2*, Xin Cheng1,2, Xijian Peng3,
Qing Hao1,2, Hongmei Hu1,2, Jian Zhu1,2, Tiejun Li1,2 and
Yuanming Guo1,2

1Marine and Fisheries Research Institute of Zhejiang Ocean University, Zhoushan, China, 2Key Laboratory
of Sustainable Utilization of Technology Research for Fisheries Resources of Zhejiang Province, Zhejiang
Marine Fisheries Research Institute, Zhoushan, China, 3Zhejiang Huanneng Environmental Technology
Co., Ltd., Hangzhou, China

Hexabromocyclododecanes (HBCDs), as brominated flame retardants, have
increasingly drawn concern due to their detection in various marine organisms in
recent years. The present test investigated the selective accumulation, depuration,
and bioisomerization of HBCDs in different tissues and organs of Nibea albiflora, as
well as the genetic metabolic behavior of HBCDs between parents and offspring. In a
semi-static water environment, N. albiflora were exposed to individual HBCD
diastereoisomers (α-HBCD, β-HBCD, or γ-HBCD) at a concentration of 0.4 μg/L
for bioaccumulation, followed by clean food for depuration. During the exposure
period, the highest concentrations of theseHBCDswere observed in the intestine and
gill ofN. albiflora. α-HBCDwas detected in all exposure groups, suggesting that both
β-HBCD and γ-HBCD could be bioisomerized to α-HBCD in N. albiflora. In addition,
there was no bioisomerization of α-HBCD to either β-HBCD or γ-HBCD, and there
was no bioisomerization between β-HBCD and γ-HBCD. The half-lives (t1/2) were
variable amongdifferent diastereoisomers, following anorder of α-HBCD> γ-HBCD>
β-HBCD. The most rapid depuration rate of HBCDs was discovered in the liver while
muscle showed the least. Additionally, prior to spawning, theparentfishwere exposed
to contaminated feed (silkworms sprayed with 200 μL of a 30 μg/mL HBCD solution)
for 6 days. By comparing the HBCDs concentrations in the maternal gonad, fertilized
eggs, hatching eggs, larvae, and juveniles, it was determined that thematernal transfer
coefficients for HBCDs were approximately 1, indicating dynamic equilibrium of
HBCDs throughout the process from maternal tissue to progeny development.
Differences in HBCDs pattern between organs observed in the experiment
support a proposal of an organ-specific diastereomer accumulation.
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1 Introduction

Hexabromocyclododecanes (HBCDs), as non-bonded additive brominated flame
retardants (BFRs), have been extensively utilized in construction, textiles, and electronic
products due to their effective flame-retardant properties and minimal impact on material
properties (Lopes and Elisa, 2023). During the lifecycle phases (i.e., production, application,
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transportation, or disposal) of these products, HBCDs can be easily
released into the environment. In recent years, HBCDs have been
widely detected in environmental (e.g., soil, water, and offshore
sediments) (Goto et al., 2020; Pan et al., 2022; Wu et al., 2023), as
well as in organisms (e.g., birds, aquatic animals, plants, and
humans) (Fournier et al., 2012; Lu et al., 2019; Feiteiro et al.,
2021; Tavoloni et al., 2021). HBCDs have even been detected in
remote regions such as the South Pole and Arctic (Koch et al., 2015;
Kim et al., 2018). Due to their long-distance transport, persistence,
bioaccumulation and toxicity, HBCDs were included as persistent
organic pollutants on the Stockholm Convention Persistent Organic
Pollutants (POPs) list in May 2013. The widespread distribution of
HBCDs in marine organisms has attracted great concerns, due to
their adverse impacts on marine organisms and human health
(Zhang et al., 2022; Ghzela et al., 2023).

The lipophilic and hydrophobic properties of HBCDs facilitates their
bioaccumulation within organisms. Furthermore, HBCDs accumulated
mainly in adipose tissues, with annual increments observed (Ruan et al.,
2018). A wide detection spectrum of HBCDs in fish along China’s
coastline revealed concentrations spanning from non-detectable levels to
2,970 ng/g lw (Zhang et al., 2022). Concentrations in Neophocaena
phocaenoides and Sousa chinensis in China’s South Sea were
significantly elevated compared to their environment. The
accumulation of HBCDs in fish tissues followed the order: fat >
liver > gill > muscle, exhibiting a positive correlation with tissue lipid
content (Tang et al., 2015). Such observations underscore HBCDs’
proclivity for organismal fat layers. These compounds pose
degradation challenges for organisms and can inflict extensive effects
on various biota, including humans. HBCDs have been associated with
toxic effects affecting various physiological systems, including the liver,
nerves, and thyroid, as well as the immune, endocrine, and reproductive
systems (Darnerud, 2003; Lilienthal et al., 2009; Koch et al., 2015). While
previous research primarily examined the exposure to a mix of HBCDs,
it is actually divided into many isomers, each with distinct properties.
HBCDs exhibit isomer-selective bioaccumulation, metabolic and toxic
effects. Therefore, a more nuanced analysis of individual HBCD isomers
is warranted for a thorough and precise ecological risk assessment in
environmental contexts.

Among the 16 possible stereoisomers, the HBCDs products
contain predominantly three isomers: γ-(75–89%), α-(10–13%)
and β-HBCD (1–12%) (Tavoloni et al., 2020). In addition,
industrial HBCDs also contain slight amounts of δ-HBCD and ε-
HBCD (Zoeller, 2012). The polarity, dipole moment, and water
solubility of the three main isomers differ, resulting in variable
environmental stability and biological uptake rates (Oh et al., 2014).
The octanol-water partition coefficients (log Kow) of α-, β-, and γ-
HBCD at 25°C were 5.59, 5.44, and 5.53, respectively (Gerecke et al.,
2006; Goss et al., 2008; Oh et al., 2014), indicating a strong
predisposition for these compounds to accumulate in organisms.
In particular, α-HBCD has been identified as a preferred enantiomer
in various species (Ruan et al., 2018; Ruan et al., 2018; Zhang et al.,
2018), with its enantioselectivity varying among organisms (Zhang
et al., 2014; Huang et al., 2017). It has been reported that γ- and β-
HBCD may not bioaccumulate (Zhang et al., 2018). Brandon et al.
(2020) notably observed that shrimp fed with whiteflies containing
HBCDs exhibited neither enrichment nor accumulation but
maintained a metabolic equilibrium. However, in-depth studies
on the causes of selective enrichment are lacking.

Given the distinct behaviors of HBCDs in biota accumulation,
disposition, and effects, understanding the mechanisms behind
these processes is crucial for both regulatory and toxicological
considerations. The selective enrichment of HBCD stereoisomers
in environmental and biological samples, results from multiple
factors. These include differences in exposure sources, water
solubility of isomers, bioavailability, selective absorption, organs
excreting the compound, biological metabolic rates, and selective
conversion of stereoisomers within organisms. These factors must
be comprehensively considered in the ecological hazard assessments
of HBCDs, along with accurate qualitative and quantitative analyses
of their stereoisomers. To understand the selective enrichment,
transformation, and distribution mechanism of HBCDs in
different tissues and organs of N. albiflora, as well as its genetic
metabolic behavior between parents and offsprings, controlled
laboratory accumulation studies are necessary. In the present
study, N. albiflora were exposed to individual compounds in
water and purification experiments were conducted. Additionally,
parental exposure experiments using HBCD-containing feed were
also conducted. The diastereomer-specific bioaccumulation,
distribution, metabolic behavior, and mechanisms of each HBCD
isomer in various organs or tissues of N. albiflora (including blood,
gonad, liver, intestine, gallbladder, spleen, kidney, gill, brain, and
muscle) were assessed, as well as the maternal transfer capability of
HBCDs.

2 Materials and methods

2.1 Chemicals and reagents

α-HBCD (CAS 134237-50-6), β-HBCD (CAS 134237-51-7) and
γ-HBCD (CAS 134237-52-8), as 100.8 μg/mL in toluene (1 mL),
were purchased from AccuStandard, Inc. (USA). HBCD (unequal
mix of 3 isomers of 13C12, 99%, 50 μg/mL in toluene, 1.2 mL, CAS
25637-99-4) was purchased from Cambridge Isotope Laboratories,
Inc. (United States). n-Hexane (CAS 110-54-3), acetone (CAS 67-
64-1), acetonitrile (CAS 75-05-8), and anhydrous sodium sulfate
(CAS 7757-82-6) were purchased from ANPEL Laboratory
Technologies Inc. (Shanghai, China). Dichloromethane (CAS 75-
09-2) was purchased from J. T. Baker (United States). Methanol
(CAS 67-56-1) was purchased from Merck. (Germany).
Concentrated sulfuric acid (95.0%–98.0%, CAS 7664-93-9) was
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China).

2.2 Biological experiments

2.2.1 Exposure and purification experiment of
Nibea albiflora in semi-static water

HBCDs were pre-equilibrated at designated concentrations to
eliminate any potential adsorption to the walls of fiberglass tanks. In
a preliminary trial, N. albiflora were exposed to pollutants at
concentrations of 0, 0.2, and 0.4 μg/L. A discernible accumulation
in the organisms was observed at the 0.4 μg/L concentration within a
brief duration. Notably, previous research reported an ambient
HBCD concentration of 0.35 ± 0.06 ng/L in seawater from
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aquaculture areas (Pan et al., 2023). The exposure level of 0.4 μg/L
was selected based on the concentration of HBCDs in natural
environment, aiming to facilitate discernible accumulation of
HBCD isomers within a short time. N. albiflora without obvious
diseases and deformities were randomly selected for the
investigation. After being acclimated for over 2 weeks, sixty adult
N. albiflora were randomly divided into four groups, including three
experimental groups and one control group. N. albiflora were
exposed to 0.4 μg/L of α-HBCD, β-HBCD, or γ-HBCD using the
semi-static water exposure method. Specifically, 50% of the water
containing a single compound was renewed every day to maintain
each isomer concentration. Acetone was used as the control. Fish
were fed an amount equivalent to 1% of their body weight daily at a
fixed time. The exposure period lasted 6 d. The exposure test lasted
for 6 d followed by 9 d of depuration test. The depuration test was
conducted in seawater without HBCDs. During the experiment, the
tanks remained under the same conditions as acclimation process.
Sufficient oxygen was provided, with a constant temperature at
24°C ± 1°C throughout the experiment. The health and behavior of
the experimental fish were monitored daily.

Samples from various tissues and organs were collected at 1, 3,
and 6 d post-exposure, and days 4 and 9 post-depuration. At each
sampling time, 2 N. albiflora specimens were randomly selected
from each tank to make up pooled samples, ensuring a
representative analysis. After washing and removing surface
moisture, the specimens were dissected to collect samples from
different tissues and organs, including blood, liver, intestine, spleen,
kidney, gallbladder, gill, brain, muscle, and gonad. These samples
were sealed in glass containers and frozen at −20°C until HBCD
chemical analysis.

2.2.2 Exposure of broodstock and hatching of
fertilized eggs
2.2.2.1 Exposed breeding of parent fish

Initially, the N. albiflora were cultivated in earthen ponds where
they were fed a mixture of small fish, after which, they were
transferred indoors for overwintering and given frozen squid as
bait. The ponds floors were cleaned daily to maintain hygiene.
During the pre-oviposition period, female and male brood fish
were segregated and fed separately. They were fed with
uncontaminated silkworms in the morning and with silkworms
contaminated (sprayed with the 200 μL of 30 μg/mL HBCDs) in the
afternoon. The exposure continued for 6 d. During this period,
special attention was given to the brood N. albiflora, with
emphasis on tracking their gonadal development. After gonadal
maturation, males and females were transferred to seawater without
HBCDs and allowed to interbreed, concentrating on spawning.
Normal eggs were subsequently selected, counted, and hatched in
fresh seawater. Both brood fish and fertilized eggs were utilized in
subsequent analysis.

2.2.2.2 Incubation of fertilized eggs
Fertilized eggs were incubated in standing water at 26°C, then

reared in static water with micro-aeration at 22°C–25°C. After an
embryonic development of 20–36 h, larval were separated from the
membranes. From 3 to 4 d post-hatching, they were fed rotifers as
opening bait for 8–10 d. Feeding occurred at 4-h intervals, with
quantities adjusted according to consumption. Water quality was

monitored daily, and any remaining membrane were removed if
necessary. Following the rotifer-feeding period, water was renewed
and maintained at a depth of 5 cm. By 14 d post-hatching, larvae
grew to approximately 10 mm, with morphology and organs
development resembling parent fish, marking their transition into
the juvenile phase. Samples were collected and analyzed at 0 d
(fertilized eggs), 1 d (hatching eggs), 3 d (larval fish, 2.84 mm),
10d (larval fish, ~5 mm) and 14 d (juvenile fish, ~10 mm).

2.3 Sample preparation and analytical
methods

2.3.1 Sample extraction and clean up
After freeze-drying, 2.00 g of the homogenized sample was

accurately weighed into a 50 mL centrifuge tube (Polypropylene,
Corning Life Sciences (Wujiang) Co., Ltd.) with 2.0 g of anhydrous
sodium sulfate to enhance sample dispersion and improve
extraction efficiency. Subsequently, 100 μL of internal standard
solution (mixed internal standard solution of 13C-α-HBCD, 13C-
β-HBCD, and 13C-γ-HBCD with a mass concentration of 100 ng/
mL) was added. A total of 30 mL of acetone/n-hexane (1:1, v/v) was
added to the centrifuge tube, which were completely mixed by
shaking for 2 min. After that, the tubes were ultrasonicated for
10 min, followed by centrifugation at 5,000 rpm for 5 min to
separate the supernatant. The supernatant was then transferred
to a rotary evaporator. The residue was re-extracted with the
above-mentioned method. All separated supernatants were
combined and reduced to dryness at 40°C using the vacuum-
rotary evaporation. The residue was reconstituted with 10 mL of
n-hexane and transferred to a centrifuge tube for sulfonation with
10 mL of concentrated sulfuric acid (China National Pharmaceutical
Group, Beijing, China). The mixture was shaken and separated by
centrifugation at 5,000 rpm for 5 min. The supernatant was
transferred to a rotary evaporator. The lower layer was re-
extracted with 10 mL of n-hexane. The whole organic extract was
concentrated under reduced pressure in a vacuum concentrator to a
volume of 1 mL of hexane for the cleanup step.

Sample cleanup procedure was performed using solid phase
extraction (SPE). The SPE cartridges (silica, 1 g/6 mL, ANPEL
Laboratory Technologies Inc., Shanghai, China) were previously
conditioned with 5 mL of n-hexane. After loading the extracts,
cartridges were cleaned with 1 mL of n-hexane. The HBCDs
retained in the cartridges were eluted with 10 mL of a mixture
n-hexane and dichloromethane (1:3, v/v). The eluent obtained from
the cartridge was evaporated to dryness, and then the residue was
redissolved in 1 mL of methanol, subsequently filtrated with a
0.22 μm organic phase membrane filter (13 mm × 0.22 μm,
ANPEL Laboratory Technologies Inc., Shanghai, China) and
transferred to an injection vial prior to ultra performance liquid
chromatography-triple quadrupole tandem mass (UPLC-QqQ-MS/
MS) analysis.

2.3.2 UPLC–QqQ-MS/MS analysis
The separation and quantification of HBCDs were performed by

UPLC-QqQ-MS/MS (Acquity-Quattro Premier XE, Waters,
United States) with electrospray ionization. The mobile phase
consisted of ultra-pure Milli-Q (with a resistivity of 18.2 MΩ cm)
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and methanol-acetonitrile (4:6, v/v). The composition and ramp of
mobile phase were listed in Table 1. The separation of HBCDs in the
extracts was performed on a BEH C18 column (100 mm × 2.1 mm ×
1.7 μm, Waters, United States) with a mobile phase flow rate of
0.3 mL/min at 40°C. The injection volume was 10 μL. Electrospray
ionization was performed in the negative ion mode. The
identification and quantitation of HBCDs were performed using
multiple reaction monitoring mode (MRM). The parent ions,
daughter ions, and collision voltages were listed in Table 2.
Specifically, the ion pair m/z 640.4-80.9 was monitored for
quantitation, while the ion pair m/z 640.4-78.9 was monitored
for qualitative analysis. The labeled HBCD isomers were
identified using the ion pair m/z 652.3-78.9.

2.4 Quality assurance/quality control

The HBCDs mixed standard solution was serially diluted with
methanol to prepare six concentrations (0, 1.00, 5.00, 10.0, 20.0, and
50.0 ng/mL) of standard solutions. The concentration of the internal
standard was set at 10 ng/mL. A standard curve was plotted based on
these standard solutions. The correlation coefficients (r2) of all three
isomers exceeded 0.99. The limit of quantitation (LOD) was
calculated based on a 10-fold signal-to-noise ratio and was
established as 0.20 μg/kg for the UPLC-MS/MS analytical
method. Blanks and samples were analyzed concurrently, and no
analytes were detected in any blank samples. At three spiked
concentration levels of 0.5, 2.5, and 10 μg/kg, the recovery rate
for HBCDs was 85.8%–97.3%, and the relative standard deviation
was less than 9.10%. This method demonstrated good recovery, high

accuracy, and excellent precision, fulfilling the requirements for
subsequent experimental analyses.

2.5 Data processing

A first-order kinetic model was used to fit the purification-stage
data (Geng et al., 2019):

Ct � C0e
−kt (1)

Purification half-lives (Li et al., 2017):

t1/2 � ln 2
k

(2)

where, Ct is the analyte concentration in N. albiflora at time t, C0 is
the analyte concentration in N. albiflora at time 0 of purification,
and k is the purification rate constant, which also corresponds to the
slope of regression curve.

Statistical analyses were performed using SPSS (Statistical
Package for the Social Sciences; v 24, IBM). Kruskal–Wallis H
tests and one-way analyses of variance were used to determine
statistical significance. The criterion for statistical significance was
set at p < 0.05 throughout the study.

3 Results and discussions

3.1 Distribution characteristics and
selective accumulation of HBCDs in Nibea
albiflora

Figure 1 shows the concentrations of α-, β-, and γ-HBCD in
various tissues from N. albiflora following exposures of 3 and
6 days. These variations underscore the differential impacts of
pollution sources and exposure durations on the accumulation
of these compounds, as suggested by Bertucci et al. (2020). The
HBCDs accumulated with time in all tissues (except the β- and
γ-HBCD-treated group in gallbladder), though the rates were
inconsistent. Exposed to α-HBCD for 3 d, the highest
concentration were recorded in the intestine (125.20 ng/g dw)

TABLE 1 Mobile phase elution program.

Time (min) A (%) B (%)

0 80 20

1.00 25 75

8.00 15 85

10.00 80 20

TABLE 2 Selective reaction monitoring of parent ions, daughter ions, and collision voltages.

Compounds Parent ions (m/z) Daughter ions (m/z) Collision voltages (V)

α-HBCD 640.4 80.9 15

78.9 15

β-HBCD 640.4 80.9 15

78.9 15

γ-HBCD 640.4 80.9 15

78.9 15

13C-α-HBCD 652.3 78.9 15

13C-β-HBCD 652.3 78.9 15

13C-γ-HBCD 652.3 78.9 15
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and gill (65.43 ng/g dw), whereas the lowest being in the brain.
Following 6 d of exposure to α-HBCD, the concentrations of α-
HBCD in the intestine, gill, and gonad increased significantly to
316.10, 294.90, and 194.9 ng/g dw, respectively, with the lowest
concentration at this juncture was in the gallbladder (24.00 ng/g
dw). After β-HBCD exposure for 3 d, the highest concentrations
were observed in the intestine (65.93 ng/g dw) and gill (51.57 ng/g
dw). In contrast, β-HBCD was undetectable in brain and kidney,
whereas α-HBCD was detected, indicating a bioisomerization of β-
HBCD to α-HBCD. After 6 d of exposure to β-HBCD, the
concentrations in the intestine (137.85 ng/g dw) and gill
(85.20 ng/g dw) were notably higher than in other tissues, with
the gallbladder (5.71 ng/g dw) showing the lowest. Additionally, α-
HBCD was detected in the kidney, intestine, and liver, indicating
that β-HBCD was metabolized into α-HBCD in these tissues to
varying degrees. Regarding γ-HBCD exposure at 3 d, its
concentrations peaked in the intestine (60.65 ng/g dw) and gill
(46.16 ng/g dw), while the spleen (13.67 ng/g dw) and kidney
(17.22 ng/g dw) recorded the lowest concentrations.
Interestingly, α-HBCD was identified in the brain, indicating
that γ-HBCD was metabolized into α-HBCD. By the 6th day,
the concentrations of γ-HBCD were more pronounced in the
intestine (277.80 ng/g dw) and kidney (81.26 ng/g dw) compared
to other tissues, with the gallbladder (1.40 ng/g dw) showing the
lowest concentration. Furthermore, α-HBCD was detected in the
brain, intestine, and gonad, indicating that γ-HBCD was
metabolized into α-HBCD to varying degrees in these tissues. It
may be attributed to conditions within the organism and the
influence of thermal factors (Koeppen et al., 2008; Szabo et al.,
2010). In summary, it is notable that α-HBCD was detected in all
exposure groups, whereas no other diastereomers were found in the
group spiked with β- or γ-HBCD only. Throughout the exposure, a
bioisomerization of β- and γ-HBCD to α-HBCD was observed,
whereas no isomerization of α-HBCD to β- or γ-HBCD was noted,

aligning with previous studies (Law et al., 2006; Zhang et al., 2016;
Sun et al., 2018).

On the 3rd and 6th days post-exposure, the total concentrations
of the HBCD isomers were compared across the three exposure
groups. α-HBCD emerged as the dominant isomer in N. albiflora,
with its concentration significantly higher those of β- and γ-HBCD
(p < 0.01). The results further support the proposal of selective
bioaccumulation of HBCD diastereoisomers. Likewise, Du et al.
(Du M et al., 2012) observed the highest accumulation of α-HBCD
in their experiments with zebrafish. A similar selective enrichment
was also reported by Wang et al. (Wang et al., 2021) in their studies
on human cells, attributing to the high affinity of efflux protein
P-gp. Beyond binding affinity, transcriptomic expression patterns,
protein levels, and enzymatic activities are paramount in
influencing HBCD metabolism and transport within organisms.
Further molecular studies are required to elucidate these underlying
mechanisms.

Regarding tissue enrichment patterns, all exposure groups
exhibited the highest concentrations in the intestine and gill. The
distribution variability across different tissues could be attributed to
both dynamic and thermodynamic factors. From a dynamic
standpoint, intestine and gill have a heightened exposure to
chemicals in water. Chemicals predominantly enter the intestine
via ingestion or the gill via respiration, subsequently reaching
various tissues and organs via the bloodstream. From a
thermodynamic standpoint, the elevated lipid content in gill and
intestine might account for the pronounced accumulation of
hydrophobic chemicals within these tissues (Zhang et al., 2014).
Similarly, Sun et al. (2009) found that the bioaccumulation of
arsenate occurred through gill and intestinal uptake. In Cyprinus
carpio, the sequence for HBCDs accumulation in intake tissues as
intestine > gill > skin and distributed them as adipose > liver >
brain > muscle (Zhang et al., 2016). Li et al. (2017) consistently
observed tissues concentrations in Eisenia fetida following the order

FIGURE 1
Distribution characteristics and selective enrichment of α-HBCD, β-HBCD, and γ-HBCD in the tissues/organs of N. albiflora. Note: HBCD,
hexabromocyclododecane; DW, dry weight.
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of intestine > body fluid > body wall. The gill and intestine emerge as
critical interfaces of aquatic contaminant exposure on fish.

Compared to the concentrations observed on the 3rd day
post-exposure, the concentration of HBCDs in the intestine
increased noticeably by day 6. In addition to lipid
partitioning, which is the principal mechanism underlying the
bioaccumulation of HBCDs (Shin et al., 2020; Hou et al., 2022),
inter-tissue- and organ-specific metabolic variations also
modulate pollutant enrichment within an organism (Wang
et al., 2020). We hypothesized that HBCDs, similar to other
highly lipophilic compounds, are incorporated into lipoproteins
during cellular assembly within intestinal cells. They are then
absorbed by chylomicrons, which influences their free
concentration in vivo. Since most of these compounds are
chelated, their bioavailability to metabolic enzymes diminishes
(Jandacek et al., 2009). In the present study, on the 3rd day of
α-HBCD exposure, the detected concentration of α-HBCD in the
brain at a mere 0.626 ng/g, surging to 210.10 ng/g by the 6th day.
Concentrations of HBCDs in the brain also showed an increasing
trend in the β-HBCD- and γ-HBCD-exposure groups. These
findings suggest that HBCDs possess the capability to traverse
the blood-brain barrier and accumulate within the brain (Zhang
et al., 2016), warranting further research.

3.2 Depuration of HBCDs in Nibea albiflora

Consistent with the findings of previous research (Susanne et al.,
2011), we observed that the purification curve in each tissue or organ
largely adhered to first-order kinetics. The k and t1/2 for α-HBCD,
β-HBCD, and γ-HBCD, calculated from the fit of the experimental
data to Eqs 1, 2, are detailed in Table 3.

The values of t1/2 for α-HBCD, β-HBCD and γ-HBCD were in
the range of 12.36–29.62, 5.27–11.67, and 11.46–16.06 respectively,
and the values of k were 0.0234–0.0561, 0.0594–0.1316, and
0.0431–0.0605 respectively. Therefore, α-HBCD persisted the
longest within N. albiflora, while β-HBCD and γ-HBCD
metabolized quicker. This is aligns with findings in both biota
and liver cells, where α-HBCD exhibited the longest half-life
(Gerecke et al., 2006; Huang et al., 2016). This finding supports

the notion that α-HBCD is the dominant isomer accumulating
within marine fish species. The distinct physicochemical
properties of the three HBCD diastereomers may have
contributed to the varying depuration capabilities of N. albiflora.
Previous isomer metabolism experiments have revealed variations in
the metabolic pathways of different diastereomers. For instance, α-
HBCD mainly undergoes oxidation without evidence of
debromination or stereoisomerization. In contrast, β-HBCD and γ-
HBCD have exhibited multiple metabolic pathways, including
stereoisomerization, oxidation, dehydrogenation, reductive
debromination, and ring-opening (Szabo et al., 2010; Taylor et al.,
2011; Heldur, 2016). These metabolic differences make α-HBCD the
predominant isomerwithin biological tissues, as it is themost resistant
to metabolism and accumulates through the stereoisomerization of
the β- and γ-HBCD diastereomers. This observation is further
substantiated by marine sample analyses (N et al., 2005; Zhang
et al., 2018). Compared to β-HBCD and γ-HBCD, α-HBCD
exhibits greater resistance to metabolic degradation and
transformation within biological systems (Zhang et al., 2014). The
results of single-dose exposure experiments in rodents, specifically
involving α-HBCD and γ-HBCD, demonstrated distinct metabolic
pathways for these two diastereomers, and the extent ofmetabolism of
γ-HBCD substantially surpassed that of α-HBCD. Research on the
biometabolites of HBCDs in rats andmice has shown that HBCDs can
activate Phase I and II metabolic enzyme systems, particularly the
cytochrome P450 enzyme system (CYP2B and CYP3A). These
enzyme systems, which are involved in pollutant degradation,
facilitate the debromination or hydroxylation of HBCDs. This
leads to cumulative or magnified toxicological effects (Zegers et al.,
2005; Germer et al., 2006; Hakk et al., 2012). Additionally, in contrast
to the isomer depuration rates found in both zebrafish and human
HepG2 cells (α-HBCD < β-HBCD < γ-HBCD) (Du et al., 2012;Wang
et al., 2021), we observed the depuration rate for β-HBCD to be
greater than that for γ-HBCD in N. albiflora. It is noteworthy that
Zhang et al. (2016) found no conversion between HBCD
diastereomers in incubation experiments with chicken liver
microsome. Therefore, the ability of HBCD diastereomers to be
metabolized varies between organisms. These suggest metabolic
variability between organisms due to the unique interplay of
metabolic enzymes and transport proteins.

In this study, marked differences were observed in the k and t1/2
values across different organs. The order of k for α-, β-, and γ-HBCD
in different tissues was the same, liver > gonad >muscle. Specifically,
the liver showed the highest depuration rate, supporting its role as
the primary site of HBCDs metabolism (Topić Popović et al., 2023).
Similar observations were made in experiments where E. fetida was
exposed to soil containing HBCDs. For β-HBCD and γ-HBCD, the
elimination rate constant (ke) values were found to be in the
sequence of intestine > body fluid > body wall, whereas for α-
HBCD, the ke values followed the order of body wall > intestine >
body fluid (Li et al., 2017). Furthermore, Zhang et al. (2014) also
reported the varying k2 values of HBCDs across tissues of C. carpio
following aquatic exposure. Therefore, the tissue distribution of
chemicals is influenced by multiple factors, encompassing both
kinetic aspects and the properties of the tissues. In the context of
HBCDs, this distribution becomes even more intricate due to the
distinct metabolic and isomerization tendencies of the three
diastereomers across various tissues.

TABLE 3 Purification parameters of HBCD diastereomers during the exposure
experiment.

Pollutant Organization k t1/2 (d)

α-HBCD gonad 0.03 22.80

liver 0.06 12.36

muscle 0.02 29.62

β-HBCD gonad 0.07 9.90

liver 0.13 5.27

muscle 0.06 11.67

γ-HBCD gonad 0.05 14.97

liver 0.06 11.46

muscle 0.04 16.08
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3.3 Selective genetic metabolism of HBCDs
in Nibea albiflora

Maternal gonads, fertilized eggs and fry were used to evaluate the
transmissibility of HBCDs to offspring. By analyzing the
contaminant concentration and isomer composition across the
three maternal tissues (i.e., gonads, liver, and muscle), fertilized
eggs, and fish fry, selecting the most representative tissue to evaluate
maternal transfer. We found that the concentrations and isomer
characteristics of gonads align more closely with fertilized eggs than
with the liver and muscle. Therefore, maternal gonads were selected
to represent maternal concentrations during the transfer assessment.
In oviparous organisms, should organic pollutants maintain an
equilibrium distribution within the body throughout the egg-
laying process, the maternal transfer coefficient–defined as the
ratio of pollutant concentration in the egg to that in the maternal
tissue–would consistently equate to 1 (Ross et al., 2008).
Intriguingly, the maternal transfer coefficient for α-, β-, and γ-
HBCD did not follow a discernible trend, which might due to isomer
transformations during biological processes. Therefore, analyzing
the total concentration of compounds, rather than focusing solely on
isomerism, provides a more accurate evaluation of the progeny
transfer ability. The maternal transfer coefficient for HBCDs was
determined by calculating the ratio of the total concentration of
HBCDs across various developmental stages in the progeny to that
in the gonads. As depicted in Figure 2, the maternal transfer
coefficients of the total HBCDs were approximately 1, which
indicates that HBCDs were balanced during the transfer process
from the maternal tissue to the progeny and the development of the
progeny.

The HBCD isomer composition remained consistent in
maternal gonads, as well as fertilized and hatching eggs,
indicating that the accumulation pattern of HBCDs remain static
during the formation and development of fertilized eggs. Similarly,
the concentrations and characteristics of the diastereomers were
consistent between larvae and juveniles, suggesting a stable HBCD
accumulation pattern across these developmental stages. However,

transformations were observed among HBCD diastereomers during
the transition from fertilized eggs to larvae and juveniles. The
compositional patterns of diastereomers in maternal gonads,
fertilized eggs, and various developmental stages are illustrated in
Figure 3. Specifically, during the stages spanning maternal gonad to
hatching eggs (gonad–1 d), the α-HBCD dominated with a
concentration of approximately 45%. This was followed by β-
HBCDs (~40%) and γ-HBCD (~15%). However, the composition
changed dramatically during the larval to juvenile stage (3–14d).
Here, α-HBCD accounted for only ~15% of the total, being the least
prevalent, β-HBCDs at around 10%. Notably, γ-HBCD emerged as
the dominant isomer, comprising roughly 75% of the overall
HBCDs.

By comparing the characteristics of diastereomers in maternal
gonads, fertilized eggs, and fry, we found that a transformation
occurred from α-HBCD and β-HBCD to γ-HBCD during the
developmental transition from embryos to larvae and
subsequently to juveniles. This observation challenges the
conventional understanding that α-HBCD cannot transform into
other diastereomers and β-HBCDs cannot convert into γ-HBCD.
Huang et al. (2016) also found trace amounts of γ-HBCD in
HepG2 cells 6 d after incubation with α- or β-HBCD. Similarly,
in female C57L/6 mice exposed to 14C-labeled α-, β-, and γ-HBCD,
β-HBCD could be bioisomerized to γ-HBCD (Sanders et al., 2013).
While it is uncertain whether this conversion is attributed to
microflora activity in the gut or metabolic activity within the
tissues, the ability to convert HBCD diastereomers in N. albiflora
does vary across their developmental stages. The precise underlying
mechanism requires further exploration.

4 Conclusion

In exposure studies whereN. albiflorawas individually exposed to
α-HBCD, β-HBCD, or γ-HBCD, α-HBCD was detected in all
exposure groups, suggesting that both β-HBCD and γ-HBCD
could be bioisomerized to α-HBCD. Diastereomers concentrations

FIGURE 2
Maternal transfer coefficient of HBCDs in N. albiflora.
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varied across tissues, with the intestine and gill exhibiting the highest
levels. The half-lives sequence for the three diastereomers varied
among tissues and organs, but consistently was α-HBCD > γ-
HBCD > β-HBCD. Notably, the concentrations of HBCDs
remained equilibrated during transmission from the maternal
tissue to progeny and throughout progeny development. However,
the mechanism of transformation among the three HBCD
diastereomers differed at various developmental stages of N. albiflora.
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