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Abstract

Background/Aims: Brominated flame retardants (BFRs) are a group of synthetic compounds
widely used to reduce the flammability of various materials. Due to their large scale production
and extensive industrial application, increasing concern has arisen regarding their persistence
in the environment and potential toxicological effects. In an effort to identify novel biomarkers
indicative of cellular dysfunction caused by BFRs exposure, the aim of the present study is to
investigate the activity of acetylcholinesterase (AChE)in human erythrocytes exposed to selected
compounds, including tetrabromobisphenol A (TBBPA), tetrabromobisphenol S (TBBPS),
2,4-dibromophenol (2,4-DBP), 2,4,6-tribromophenol (2,4,6-TBP), and pentabromophenol
(PBP). Methods: AChE activity was determined spectrophotometrically using Ellman’s method
after incubation of erythrocytes with the tested compounds. Results: The obtained results
demonstrated that both TBBPA and TBBPS induced significant alterations in AChE activity. A
statistically significant increase in enzyme activity was observed at concentrations of 10 ug/
mL for TBBPA and 50 pg/mL for TBBPS. In the case of bromophenols, significant changes were
detected only for 2,4,6-TBP at 25 pg/mL and PBP at 10 ug/mL. Conclusion: The results indicate
that the biological effects of BFRs depend on their chemical structure and concentration.
Although erythrocyte AChE activity responds to BFR exposure, it should not be regarded
as a highly sensitive biosensor, since detectable alterations occur at concentrations that
simultaneously elicit other cellular effects, including lipid peroxidation, phosphatidylserine

externalization, and modifications in membrane fluidity, as reported in previous studies.
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Introduction

Brominated flame retardants (BFRs) is a group of synthetic chemical substances used to
reduce the flammability of organic materials and the risk of ignition and flame spread. The
need to enhancement of fire hazard prevention has resulted in the widespread application
of these compounds across various consumer products such as textiles, electrical and
electronic equipment, wood preservatives, plastics and other [1]. The discussed group of
compounds includes over 80 different chemical substances. Many of these compounds (e.g.,
certain PBDEs and HBCD), due to their propensity for bioaccumulation and their potential
impact on human health and the environment, have been subjected to legal regulations
and, in some cases, withdrawn from use or replaced with less hazardous alternatives. At
present, tetrabromobisphenol A (TBBPA) is the most widely applied compound within this
group, accounting for approximately 60% of the brominated flame retardant (BFR) market
and about 25% of the global flame-retardant market [2]. According to REACH registration
data, TBBPA is produced or imported into the European Economic Area in quantities of 10,
000-100, 000 tonnes per year. Considering this scale of production and its extensive use in
industrial applications, increasing attention has been directed towards its environmental
persistence and toxicological effects. In 2023, TBBPA was added to the Candidate List of
substances of very high concern (SVHC) due to its classification as a Category 1B carcinogen
[3, 4]. There is growing evidence that TBBPA exert toxic effects on multiple biological
systems. Experimental studies have shown their potential to disrupt endocrine signalling,
impair neurodevelopment, induce oxidative stress, and modulate immune responses [5-10].
As a consequence, novel analogues of TBBPA such as tetrabromobisphenol S (TBBPS) are
being introduced into industrial applications. Despite the widespread occurrence of TBBPA
and its derivatives in the environment as well as in human and animal organisms, and their
potential toxic effects, no regulations limiting the production of TBBPA or its derivatives
have been implemented to date, either within the European Union or globally [11].

Erythrocytes, although lacking a nucleus, play a pivotal role in oxygen transport and
in maintaining microcirculatory homeostasis, which makes them particularly susceptible
to alterations induced by toxic compounds. Acetylcholinesterase (AChE), best known for
its role in neurotransmission, is also abundantly present in erythrocytes. The activity of
membrane-bound AChE in red blood cells serves as a sensitive indicator of cell membrane
integrity and functionality, and its perturbation can reflect early stages of cellular injury,
including oxidative stress and the initiation of eryptosis [12, 13].

Our previous studies demonstrated that the studied BFRs modulate signalling pathways
leading to eryptosis, as evidenced by, among other findings, increased intracellular calcium
levels (PBP, 50 pug/mL), enhanced phosphatidylserine externalization (TBBPA, 2, 4-DBP,
2, 4,6-TBP, PBP from 10 pg/mL, TBBPS from 100 pg/mL), caspase-3 activation (most
prominently for TBBPA from 1 pg/mL), and reduced calpain levels (for TBBPA at 100 pg/mL
and PBP from 50 pg/mL) [13]. Moreover, these compounds were found to compromise the
antioxidant defence system by decreasing the activities of SOD, CAT, and GSH-Px to varying
degrees depending on the specific BFR and applied concentration, and they induced ROS
generation even at very low concentrations [12, 13].

Seeking additional markers capable of indicating cellular dysfunction elicited by
these BFRs, the present study aims to evaluate AChE activity in erythrocytes exposed to
selected compounds, such as tetrabromobisphenol A (TBBPA), tetrabromobisphenol S
(TBBPS), 2, 4-dibromophenol, 2, 4,6-tribromophenol, and pentabromophenol (Fig. 1). A
broad concentration range (1-250 pg/mL) was applied, within which no hemolysis or only
trace hemolysis had been previously observed upon exposure to brominated compounds
[14]. The maximum incubation time of 48 h was chosen based on earlier experiments with
erythrocytes, reflecting the established stability of these anucleate cells during storage.
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Materials and Methods

Chemicals

TBBPA (purity 99%, 2, 6-dibromo-4-[2-(3, 5-dibromo-4-hydroxyphenyl)propan-2-yl]phenol)) was
purchased from LGC Standards (Germany). Tetrabromobisphenol S (purity 98.8%, 2, 6-dibromo-4-(3,
5-dibromo-4-hydroxyphenyl)sulfonylphenol) was synthetized in the Institute of Industrial Organic
Chemistry in Warsaw in Poland. 2, 4-DBP (98% purity) and 2, 3,4, 5,6-PBP (98% purity), were obtained
from LGC Standards (Germany). 2, 4,6-TBP (purity < 100%) and acetylthiocholine iodide were purchased
from Sigma-Aldrich (USA). Other chemicals were bought from Roth (Germany) or POCh (Poland).

Erythrocyte isolation and treatment

Human red blood cells (RBCs) were obtained from the leukocyte- buffy coat, separated from blood
collected from healthy volunteers at the Regional Centre for Blood Donation and Blood Treatment in
Lodz, Poland. The method for RBCs isolation and preparation followed the protocol previously described
in Jarosiewicz et al. (2017). RBCs were adjusted to a hematocrit of 5% (approximately 630 million cells/
mL) and incubated at 37 °C for 48 hours with the tested compounds. The applied concentration ranges
were 1-25 pg/mL for TBBPA, 1-250 pg/mL for TBBPS, and 1-50 pg/mL for bromophenols. All compounds
were dissolved in DMSO, with a final concentration of 0.4%. The concentrations were selected based on
previously reported hemolytic activity [14]. For the 48-hour incubation, antibiotics (0.2% streptomycin and
penicillin) were included to prevent microbial contamination. Control samples were prepared to verify that
neither DMSO nor the antibiotics affected RBC integrity.

Acetylcholinesterase activity

The activity of acetylcholinesterase (AChE) was determined using a modified version of the method
described by Ellman et al. (1961) [15], which relies on the enzymatic hydrolysis of acetylthiocholine
iodide, resulting in the formation of acetic acid and thiocholine. Erythrocyte samples were diluted in 5 mM
phosphate buffer (pH 8.0) to achieve a final hematocrit of 0.05%. To 2 mL of the diluted cell suspension,
20 pL of 10 mM DTNB prepared in 18 mM NaHCO3; was added. Just before starting the measurement, 60 pL
of acetylthiocholine iodide (10 mM) was introduced into the cuvette containing the reaction mixture. The
change in absorbance was monitored for 1 minute at 412 nm using a Specord 250 Plus spectrophotometer
(Analytik Jena AG). One unit of acetylcholinesterase (AChE) activity was defined as the number of micromoles
of acetylthiocholine hydrolyzed per minute by the enzyme present in 1 mL of packed erythrocytes (100%
hematocrit). Enzyme activity in experimental samples was expressed as a percentage of the control value. In
the current study, the mean AChE activity in the control sample after 48 hours of incubation was 5.17 pmol/
min/mL of packed cells.
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Statistical analysis

Statistical analysis was performed using a parametric approach. The normality of data distribution
was assessed prior to further analysis. One-way analysis of variance (ANOVA) was conducted, followed
by Tukey’s post hoc test to determine significant differences between groups. Results were considered
statistically significant at p < 0.05. Data are presented as mean * standard deviation (SD) from 4-6
individual experiments, each representing erythrocytes from a different donor. Additionally, erythrocytes
from each donor were measured in six replicates. All statistical analyses were performed using Statistica
and GraphPad Prism software.

Results

It was found that both TBBPA and TBBPS induced alterations in AChE activity in human
erythrocytes. A statistically significant increase in AChE activity under the influence of
TBBPA was observed starting from a concentration of 10 pug/mL, whereas TBBPS caused an
increase in this parameter beginning at 50 pug/mL. The lack of changes in AChE activity at the
concentration of 25 ug/mL may have resulted from hemolysis occurring at this concentration
[14].

In the case of bromophenols, a statistically significant increase in AChE activity was
observed only at a single concentration 25 pg/mL for 2, 4,6-TBP and 10 pg/mL for PBP. No
concentration-dependent relationship was found in the enzyme activity changes induced by
bromophenols (Fig. 2).
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Fig. 2. Acetylcholinesterase (AChE) activity in human erythrocytes after 48 h exposure to selected BFRs
(TBBPA, TBBPS, 2,4,6-TBP, PBP) at concentrations ranging from 1 to 250 pug/mL. Values are presented as
mean * SD. * Statistically significant differences compared to the control (p<0.05).
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Discussion

Acetylcholinesterase (AChE) is an enzyme responsible for the hydrolysis of acetylcholine
intocholineandaceticacid, playingacrucialroleinterminatingcholinergicneurotransmission.
Although its activity is particularly important in the nervous system, the form of AChE
present in human erythrocytes represents a well-characterized and easily accessible model
for evaluating the impact of various environmental and toxic factors on enzymatic function
[16, 17]. This is due to the fact that erythrocytes participate in multiple signaling pathways,
including eryptosis and pathways associated with oxidative stress. Moreover, erythrocytic
AChE serves as a biomarker of cell membrane integrity [18]. Alterations in the activity of this
enzyme have also been observed in the course of numerous diseases, including leukemia,
phenylketonuria, inflammatory processes, neurological disorders, hyperlipidemia, and
osteoporosis [19].

The form of AChE present in erythrocytes, anchored in the cell membrane, exhibits
structural similarity to the neuronal form of the enzyme, although its biological function
is not directly related to neurotransmission. In the present study, the effect of the tested
brominated phenolic compounds on AChE activity in erythrocytes was found to be variable
and dependent on both the type of compound and its concentration. The most pronounced
effect was observed for TBBPA and TBBPS, which significantly increased enzymatic activity
compared with the control. This effect may be associated with oxidative stress induced by
these compounds and a potential increase in the exposure of this phosphatidylinositol-
anchored enzyme on the outer cell surface due to changes in membrane fluidity [20]. A similar,
although less pronounced, effect was also observed for 2, 4,6-TBP and PBP, where an increase
in enzyme activity occurred only at specific concentrations. An increase in erythrocyte AChE
activity has also been reported in other studies investigating bisphenol A and bisphenol S
structurally similar compounds that do not contain bromine atoms in their structure. These
researchers demonstrated an increase in AChE activity in human erythrocytes following 24
h incubation with bisphenols, with significant changes observed starting at a concentration
of 5 pg/mL for both bisphenol A (BPA) and bisphenol S (BPS) [21].

An increase in AChE activity has also been demonstrated in animal models. In mussels,
exposure to high concentrations of TBBPA resulted in elevated activity of both antioxidant
enzymes (including SOD and CAT) and AChE [22]. Similarly, Wang and Dai (2022) showed
that oral administration of TBBPA to mice for 28 days at doses of 50 or 100 mg/kg body
weight led to a significant increase in AChE levels at the higher dose compared with the
control group [23]. However, in in vivo systems, the mechanism of enzyme activation may
differ substantially, potentially involving increased gene expression rather than changes
in erythrocyte membrane properties and redox balance, as observed in in vitro conditions.
Publicly available transcriptomic data from bisphenol A-exposed human Ishikawa cells (GEO
dataset GDS4926; Naciffetal.,2010) indicate broad dose and time dependent gene expression
changes, whereas ACHE expression itself does not show a consistent pattern of regulation.
Although obtained in a different cellular model, these findings may support the hypothesis
that the increased AChE activity observed in erythrocytes is more likely associated with
post-transcriptional, membrane-related, and oxidative mechanisms rather than with direct
transcriptional upregulation of ACHE [24]. Therefore, these data should be considered as
supportive context rather than direct validation of the mechanisms observed in erythrocytes
as they originate from a different cellular system with distinct exposure conditions. Our
previous studies confirmed that the analyzed compounds modify the physical properties of
the erythrocyte membrane by disrupting the fluidity of the hydrophilic region and inducing
conformational changes in membrane proteins [25, 20, 25] (Table 1). Such modifications
may alter the enzymatic microenvironment of AChE, leading to its increased exposure on the
cell surface and subsequent activation. An increase in lipid peroxidation was also observed,
indicating enhanced oxidative stress [20, 25]. AChE, being strongly associated with the cell
membrane, is particularly sensitive to such alterations, and its elevated activity may be a
consequence of these oxidative changes (Table 1).
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Table 1. Comparative summary of erythrocyte alterations induced by BFRs. Table integrates the newly obtained
AChE data with erythrocyte parameters previously reported in independent publications [12, 13, 20, 25]. Created
in BioRender. Jarosiewicz, M. (2026) https://BioRender.com/54tdm5q

TBBPA TBBPS 2,4-DBP 2,4,6-TBP PBP Reference
AChE 4 10ug/mL | 4 50ug/mL @ 4 25umL | 410 ug/mL
CAT L 1ougmL 110 pg/me + 100 pg/mL > 100 pg/mL
SOD ¢ 15 pg/mL ¢ 50 pg/mL ¢ 25 pg/mL ¢ 50 pg/mL ¢ 25 pg/mL
GSH-Px + 25pg/mL | [ 100 pg/mL J Soug/mL o o
GSH ¢ 15 pg/mL ‘50 pg/mL ¢ 10 pg/mL ¢ 25 pg/mL ¢ 10 pg/mL
ROS 40001 g/mt. 4 0.1 pg/mi. 4 0.001 pg/mL 4+ 01 pg/mL 4 0.001 pg/mL
PS 4 10ug/mL fro0pg/mL | 4 10pgme 4 10ug/mL 410 ug/mL
Ca? influx > DR DS PR 4 50 pg/mL
Casp-3 Pugme 4 sopgme (f 10wemL 4 10pgmi | 4 10ug/mL

Membrane rigrity ? 1 pg/mL T 10 pg/mL f 10ha/mk T 25 pg/mL ? 10 pg/mL
ATP level ¢ 15 pg/mL ¢ 50 pg/mL ‘25 Hg/mL ¢ 25 pg/mL ¢ 50 pg/mL

Lipid peroxidation < T 50 pg/mL ? 100 pg/mL +“—> f 50 pg/mL

Another important aspect is the potential interaction with band 3 protein, which
plays a crucial role in maintaining the structure of the erythrocyte cytoskeleton. The
literature indicates that increased AChE activity in erythrocytes correlates with band 3
phosphorylation and enhanced cell aggregation [27]. Since the studied BFRs can modulate
cytoskeletal structure through alterations in membrane fluidity and erythrocyte morphology
[20, 26], it is likely that the observed changes in AChE activity may be indirectly regulated
by the interaction of these compounds with the membrane protein-lipid system. Moreover,
previous studies have shown that changes in glutathione (GSH) levels and other oxidative
stress markers may modulate AChE activity by affecting membrane integrity through
mechanisms involving nitric oxide (NO) signaling and the cellular redox state [18].

In addition to the role of oxidative stress and modifications of erythrocyte membrane
physical properties, increased AChE activity may also be associated with other cellular
processes. One possible mechanism is the induction of eryptosis, the programmed death
of erythrocytes. It has been demonstrated that certain environmental toxins can trigger
eryptosis, one of whose markers is increased AChE activity, along with the appearance
of extracellular vesicles in plasma enriched with AChE derived from the membranes of
senescent erythrocytes [28, 29]. This may suggest that the observed increase in AChE activity
following exposure to BFRs could be associated with processes related to eryptosis, serving
as a signal for the removal of affected erythrocytes from circulation. Previous results support
this hypothesis, indicating that the studied BFRs may induce eryptosis through mechanisms
involving disturbances in calcium homeostasis, phosphatidylserine exposure, caspase-3
activation, and alterations in calpain activity.
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Erythrocyte membrane-bound AChE is considered as an indicator of alterations in
membrane integrity and overall homeostatic status, and its activity may reflect early effects
of xenobiotic exposure. The observed changes suggest that AChE activity could serve as
a potential biomarker of exposure to BFRs, particularly in environmental contexts where
chronicexposure tolow dosesislikely. The increase in AChE activity, in contrast to the classical
inhibition observed with organophosphate pesticides, points to a distinct mechanism of BFR
toxicity that warrants further investigation in both cellular and in vivo models.

In summary, the increase in AChE activity under exposure to the studied BFRs may be
associated with several processes, including: destabilization of membrane structure (altered
fluidity and protein conformation), induction of oxidative stress (lipid peroxidation and ROS
generation), and activation of adaptive enzymatic responses aimed at maintaining cellular
integrity (Fig. 3). Thus, the pattern of AChE modulation presented here, combined with
the documented susceptibility of erythrocyte membranes to BFR-induced stress, suggests
that AChE may have complementary diagnostic value in the environmental assessment of
exposure to brominated contaminants, particularly when interpreted alongside additional
markers of oxidative and eryptotic dysregulation [12, 13, 20, 26]. Nevertheless, it should
be noted that the present study is based on a relatively limited experimental dataset and
focuses on a single in vitro model of human erythrocytes. Therefore, the findings should be
interpreted as a targeted investigation providing initial insights into the effects of BFRs on
AChE activity, rather than a comprehensive mechanistic analysis. Further studies, particularly
in more complex cellular systems and in vivo models, are required to confirm the proposed
mechanisms.

Direct interaction with membrane
Generation of ROS lipids and proteins
03] [25,26]
Alterations in antioxidant levels Lipid peroxidation
(LGSH, GSH-Px, SOD, CAT) [12] (TMDA) [20, 26]

Membrane rigidity
(decreased membrane fluidity,
alterations of the lipid

microenvironment) [20, 26]

Fig. 3. Proposed Mechanisms of Bromophenol-Induced Upregulation of Acetylcholinesterase in Erythrocyte

Membranes, according to previous studies [12, 13, 20, 25, 26]. Created in BioRender. Jarosiewicz, M. (2025)
h ://BioRender.com/kKkjgkxi
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Conclusion

The study demonstrated that the increase in acetylcholinesterase (AChE) activity
in erythrocytes upon exposure to the tested BFRs may result from membrane structural
alterations induced by oxidative stress, eryptosis initiation, and indirect modifications of the
enzyme’s microenvironment. Notably, changes in AChE activity induced by TBBPA and PBP
were observed at very low concentrations (10 pg/mL), indicating the relatively strong toxic
effect of these compounds on this enzyme. These findings suggest that erythrocytic AChE
may serve as a biomarker of exposure to environmental xenobiotics, including BFRs.

However, it should be emphasized that this enzyme cannot be considered a highly
sensitive biosensor, as alterations in its activity are observed at concentrations that
simultaneously induce modifications in other cellular parameters, such as lipid peroxidation,
phosphatidylserine externalization, and changes in membrane fluidity. The action of BFRs
depends on their chemical structure and concentration, further underscoring the need for
detailed studies on the molecular mechanisms underlying this interaction.

Moreover, AChE may reflect not only the state of the cell membrane but also indicate
early stages of eryptosis, increasing its potential diagnostic relevance. Further in vivo and
in vitro studies are required to fully elucidate the effects of chronic BFR exposure on human
health and its possible long-term biological consequences.
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