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Abstract

As emerging contaminants increasingly detected in aquatic and terrestrial ecosystems,
environmental estrogens (EEs) pose significant ecological risks to marine ecosystems, par-
ticularly affecting photosynthetic microorganisms occupying fundamental roles in marine
food webs. This review summarizes the current knowledge on the toxicological effects
of EEs in marine microalgae through a systematic analysis of dose-dependent physio-
logical, biochemical, and molecular responses. Experimental evidence reveals a biphasic
response pattern characterized by growth promotion and photosynthetic enhancement in
microalgae under low-concentration EE exposure (0.1-10 pg/L), while marked inhibition
of both growth and photosynthetic activity was observed at elevated EE concentrations
(>50 ug/L). Notably, sustained EE exposure induces metabolic reprogramming, manifested
through reduced protein and polysaccharide biosynthesis concurrent with accelerated lipid
accumulation. Cellular stress responses include significant ultrastructural alterations such
as chloroplast membrane disruption, cell wall thickening, and the formation of multicel-
lular aggregates. The study further elucidates the concentration-dependent modulation
of toxin metabolism, with sublethal doses stimulating intracellular microcystin synthesis
(1.5-2.3-fold increase), while acute exposure triggers toxin release through membrane
permeabilization. At molecular levels, transcriptomic analyses identify the up-regulation of
heat shock proteins (HSP70/90) and the differential expression of genes governing cell cycle
progression (cyclin-D), apoptotic pathways (caspase-3), photosynthetic electron transport
(psbA), and oxidative stress responses (SOD, CAT). These findings demonstrate that EEs
exert multilevel impacts on microalgal physiology through interference with fundamental
metabolic processes, potentially disrupting marine primary productivity and biogeochemi-
cal cycles. The identified response mechanisms provide critical insights for environmental
risk assessment and establish a conceptual framework for investigating estrogenic pollutant
effects in aquatic ecosystems.

Keywords: environmental estrogens; marine microalgae; toxicological effects; toxin-producing
performance; molecular mechanism

1. Introduction

Environmental endocrine disruptors, i.e., so-called environmental estrogens (EEs),
were first defined by the U.S. Environmental Protection Agency’s Advisory Committee
on Screening and Testing of Environmental Endocrine Disruptors as exogenous chemicals
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that are capable of altering the structure or function of the endocrine system of organisms
and adversely affecting them at the levels of individual, offspring, population, and sub-
population on the basis of scientific rationale, data, and precautionary principle. EEs are
classified as exogenous chemical substances that disrupt endocrine functions. Specifically,
they interfere with hormonal processes—including synthesis, release, transport, receptor
binding, biological action, and metabolic elimination—which are essential for regulating
organismal reproductive behaviors and developmental pathways [1-3].

EEs can be primarily categorized into natural estrogens and synthetic estrogens (Figure 1).
Natural estrogens, derived from humans and livestock, are excreted into the environment
following metabolic processes in organisms. Representative natural estrogens—including
estrone (E1), 17p-estradiol (E2), and 17x-ethinylestradiol (EE2)—exhibit high lipophilicity
and serve as essential substances for maintaining normal physiological functions, typically
acting on target cells and organs to regulate diverse biological processes [4]. Synthetic estro-
gens are more widely utilized, encompassing chemically synthesized pesticides, industrial
raw materials, products, and pharmaceuticals. Notable examples include insulating oils,
ether compounds, and phthalates, all of which possess estrogenic properties. Among these,
phenolic compounds have garnered significant attention due to their extensive applications
in paper manufacturing, pigment synthesis, petroleum refinement, and plastic process-
ing. Notably, their metabolites and degradation byproducts also exhibit bioaccumulation
potential and endocrine-disrupting effects [5-8].
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Figure 1. Classification of substances with estrogenic effects.

EEs, ubiquitous in various sources such as contraceptives, industrial additives, and
pesticides, are introduced into the environment primarily through livestock waste, medical
effluents, and domestic sewage (Figure 2). Despite typically existing at low concentrations
(mostly in the ng/L range), EEs have been detected in eutrophic lakes, rivers, surface
seawaters, and bays in many countries. EEs pose acute toxicity, with adverse effects on
the reproductive system of organisms even at very low concentrations (1 pg/L), leading
to an abnormal expression of traits and indirect impacts on the endocrine, nervous, and
reproductive systems of organisms. Synthetic estrogens, in particular, exacerbate these
effects due to their slow degradation in water, leading to continuous accumulation in the
environment [5-10].
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Figure 2. Sources of EEs in the ocean.

Microalgae may be pioneers in sensing the toxic effects of pollutants in aquatic ecosys-
tems. Unfortunately, existing studies have predominantly focused on freshwater mi-
croalgae, demonstrating that EEs may affect various physiological functions and toxicity
production in microalgae [11]. As a whole, research on the impact of environmental es-
trogens on marine microalgae is still in its infant stage. Current research on the impact of
EEs on marine microalgae is mainly limited to non-toxic microalgae like Chlorella vulgaris
and Dunaliella salina. Compared to freshwater habitats, oceanic environments possess
a much higher diversity of toxin-producing microalgae, encompassing over 100 species
known to produce toxins, including dinoflagellates, diatoms, and cyanobacteria. There are
several studies on the effects of EEs on the toxin-producing microalgae such as Prorocen-
trum minimum and Alexandrium pacificum; these primarily focus on general physiological
parameters, and the effects of EEs on the toxicity of toxin-producing marine microalgae are
rarely investigated. Marine microalgae, as the most crucial primary producers in marine
ecosystems, are the indispensable foundation of the marine aquatic food chain, maintaining
the balance of marine ecosystems by the production of nutrients and oxygen through
photosynthesis. Marine microalgae in marine ecosystems have a large biomass and are
highly sensitive to changes in the aquatic environment. Consequently, marine microalgae
can serve as model organisms in ecotoxicological studies to indicate pollution levels in the
ocean [12,13]. For this reason, this paper mainly summarizes the toxicological effects of EEs
on marine microalgae, the toxicity-producing properties of toxin-producing microalgae,
and the molecular mechanisms of marine microalgae in response to EEs by reviewing the
related literature. The goal of the review is to provide a reference for research in this field
and to outline directions for future related studies.
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2. Pollution by EEs in the Ocean

Accompanied with the rapid development of industry, EEs have become widespread in
water bodies in both freshwater and marine ecosystems, posing significant risks to human
health [14]. Up to now, current research has predominantly focused on EE contamination
in freshwater systems, encompassing rivers, estuaries, and deltaic regions. In striking
contrast, investigations into environmental estrogen pollution in pelagic marine zones
remain virtually nonexistent. The possible reason for this may be due to challenges in
sampling and the comparatively low levels of contamination in remote waters [14,15].

Numerous studies have indicated that human activities may be the primary source
of EEs in marine waters [16], mainly including the discharge of inadequately treated
wastewater from sewage treatment plants and the direct release of effluents from livestock
farming, agriculture, and other anthropogenic sources (Figure 1) [17]. Thus, understanding
and exploring the riverine transport of EEs into marine ecosystems is rather crucial [18].
Atkinson et al. [19] demonstrated that the concentrations of EEs varied from non-detectable
levels (<40 pg/L) in open ocean waters to nearly 2000 pg/L in offshore bays. Xu et al. [20]
verified the contamination of EEs in the Pearl River Delta and its coastal regions and
found the existence of all of the selected target EEs, including as 4-nonylphenol (NP),
bisphenol A (BPA), 17 x-ethynylestradiol (EE;), estrone (E1), 173-estradiol (E2), and estriol
(E3) in seawater with the concentrations ranging from 45 ng/L to 1050 ng/L (Table 1).
Jang et al. [21] identified the widespread presence of the flame retardant hexabromocy-
clododecane (HBCD) across marine waters in 12 countries within the Asia—Pacific region.
Natural estrogens and alkylphenol concentrations in all environmental waters in Nagasaki
and Tokyo were detected in Song et al.’s 2020 study [22]. Gong et al. [23] investigated the
concentrations of eight EEs, including 4-tert-octylphenol (OP), NP, BPA, diethylstilbestrol
(DES), E1, E2, EE), and E3 in the water of the Pearl River Delta. The results showed high
concentrations of EEs were usually detected in river estuaries and coastal zones near large
cities, among which the contamination of NP and BPA is the most severe, exhibiting sig-
nificant impacts on aquatic environments. As a result, it may be concluded that human
activities are the primary drivers of the presence of EEs in the ocean, with sewage sources
being a major contributor. Lu et al. [24] analyzed natural and synthetic estrogens in 255
water samples from the southern part of the Bohai Sea. The total estrogen concentrations
in seawater ranged from 1.98 to 99.7 ng/L, primarily dominated by BPA and EE2. Addi-
tionally, high concentrations of EEs near sewage sources may seep into the ocean through
groundwater, resulting in a gradual attenuation that could be observed from estuaries to
the open sea.

Table 1. Status of EE pollution in the ocean.

Concentration (Percentage of Dissolved

EEs Location Material in a Solution) (ng/L) References
NP Pearl River Delta waters 374.00 [20,23]
Pearl River Delta waters 429.00
BPA Nagasaki 7.3-2400 [20,23]
Tokyo 31-270
Pearl River Delta waters 2.90
South China Sea 0.6
East China Sea 0.11
EE2 North Sea Belgian territorial waters 104 [20,25,26]
Baltic Sea 10.1

Faroe Islands 208
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Table 1. Cont.
. Concentration (Percentage of Dissolved
EEs Location Material in a Solution) (ng/L) References
Pearl River Delta waters 9.20
Nagasaki N.D.-1.4
Tokyo 5.9-12
El South China Sea 0.2 [20,22,23,27-29]
East China Sea 0.2
North Sea <1.43
Strait of Malacca near Kuala Lumpur 31.65
Pearl River Delta waters 0.34
E2 Nagasaki N.D.-0.13 [20,22,23]
Tokyo 0.54-1.2
Pearl River Delta waters 0.28
South China Sea 21.6
E3 Taiwanese waters 44.5-48.65 [20,23,30,31]
Singaporean waters 62-97
Vietnam 19.4
Korean waters 5980-2120
Hong Kong waters 0.92-0.46
HBCD Canadian waters 1470-2270 [21]
Japanese waters 108-193
Nagasaki 37-53 -
4-NP
Tokyo 130-1100 22]

Notes: N.D. means that the value is not detectable. NP: nonylphenol; BPA: bisphenol A; EE2: 17 x-ethinylestradiol;
E1: estrone; E2: 173-estradiol; E3: estriol; HBCD: hexabromocyclododecane; 4-NP: 4-nonylphenol.

3. Toxicological Effects of EEs on Marine Microalgae
3.1. Effects of EEs on the Growth of Marine Microalgae

The most pronounced effects of EEs on microalgae manifest as significant alterations
in growth rate inhibition and cell density modulation. Changes in the growth rates and
biomass of microalgae are direct outcomes of exposure to EEs, which can be easily quanti-
fied. Such effects are typically evaluated by determining the no-observed-effect concen-
tration (NOEC) and the median effect concentration (ECsp) or the half-maximal inhibitory
concentration (ICs) related to microalgal cell growth [32]. Among them, the NOEC denotes
the highest concentration of a toxicant that causes no visible or discernible effect on the
target organism, while the ECs5(/ICsy signifies the concentration causing a 50% observed
effect or 50% growth inhibition of test organisms. EEs often exhibit an ECs; at or below
the mg L~! level (Table 2), which is comparable to that of emerging contaminants, such as
microplastics, antibiotics, and oxidants [33,34]. For instance, Li et al. [35] demonstrated that
the 96 h ECsg of bisphenol A (BPA) for Stephanodiscus hantzschii spanned from 3 mg L~ to
12 mg L-L Similarly, Ebenezer and Ki [36] showed that the ECsy of Aroclor 1016 [a poly-
chlorinated biphenyl (PCB) compound] for three marine microalgae, i.e., Tetraselmis suecica,
Ditylum brightwellii, and Prorocentrum minimum, ranged from 0.002 mg L~! t0 3.960 mg L~!.
As a whole, the effects of EEs on microalgae growth exhibit a significant dose—effect rela-
tionship, namely that growth inhibition escalates with increasing concentrations within a
specific range. This inhibitory effect on growth may stem from oxidative damage inflicted
by high concentrations of EEs, disrupting cellular repair and protective functions. However,
most typical EEs like BPA and NP exhibit stimulative effects on microalgae, promoting
the growth of microalgae even at a very low concentration. For example, Belhaj et al. [37]
observed that the growth of Dunaliella salina was enhanced when exposed to EE; at a
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concentration of 10 ng/L. They also concluded that the inferred reason for this is that the
degradation of EEs produces some organic matter that can stimulate the growth of mi-
croalgae. In contrast, the growth of D. salina was inhibited by EE2 at higher concentrations
of 100 ng/L and 1000 ng/L. Li et al. [38] reported that the growth of Cyclotella caspia was
inhibited when exposed to 4-12 mg L~! of BPA for 4 days, 8 days, and 16 days. In contrast,
the biomass and cell density of C. caspia that was exposed to a lower concentration (4 and
6 mg L~!) were significantly higher compared to other treatment groups. They concurred
with Belhaj et al. [37] regarding the hypothesis that the degradation of EEs may yield
organic matter capable of stimulating the growth of microalgae. Notably, due to the fact
that the degradation of EEs occurs gradually, the growth-promoting effect of EEs at a low
concentration on microalgae may not be significant in a short period of time. For example,
M'Rabet et al. [39] observed that BPA and di-2-ethylhexyl phthalate (DEHP), whether
alone or in combination, could inhibit the growth of Alexandrium pacificum. However, the
inhibited growth of the algal cells exposed to a low concentration of these EEs can recover
to a normal level within 72 h. In addition, the growth-promoting effect of low EEs on
microalgae may be attributed to the estrogen-induced up-regulation of genes involved in
energy release, cellular transport, and nucleotide transport, thereby expediting material
transport for cell growth and energy release [40].

Table 2. Effect of EEs on the growth of marine microalgae.

Algal Species Taxonomy Types of EEs ICs50/EC5p (mg L—1) References
Stephanodiscus hantzschii Bacillariophyta BPA 3-12 [33]
Dunaliella salina Chlorophyta EE2 0.01-0.10 [35]
Cyclotella caspia Bacillariophyta BPA 6-12 [36]
Alexandrium pacificum Dinoflagellata BPA, DEHP - [37]
Navicula incerta Bacillariophyta NP 0.20 [41]
Navicula incerta Bacillariophyta EE2 3.21 [41]
Tetraselmis suecica Chlorophyta Aroclor 1016 0.002-3.960 [34]
Tetraselmis suecica Chlorophyta BPA 15.550 [34]
Ditylum brightwellii Bacillariophyta Aroclor 1016 0.002-3.960 [34]
Ditylum brightwellii Bacillariophyta BPA 0.037 [34]
Prorocentrum minimum Dinoflagellata Aroclor 1016 1.39-1.61 [34]
Prorocentrum minimum Dinoflagellata BPA 0.0074-0.0086 [34]

Notes: “-” means that the value is not determined. DEHP: di(2-ethylhexyl) phthalate; Aroclor 1016: polychlori-
nated biphenyl 1016.

Several studies have demonstrated that the effects of the same environmental estrogen
on the growth of different microalgal species are different, indicating that the effects of
EEs may be species-specific. For instance, the ECs of three marine microalgae—T. suecica,
D. brightwellii, and P. minimum—exposed to Aroclor 1016 ranged from 0.002 mg L~! to
3.960 mg L~! [34]. On the other hand, variations exist in the effects of different estrogens
on the same microalgae. For example, Liu et al. [41] illustrated that the ECsg of NP and EE2
on Navicula incerta were 0.2 mg L~! and 3.21 mg L™}, respectively. Additionally, Aroclor
1016 exhibited a greater toxicity for D. brightwellii compared to BPA [34]. Furthermore,
diatoms are generally more sensitive to EEs compared to other marine microalgae like
dinoflagellate [34]. Accordingly, diatoms may be selected as preferable algal species for
investigating the ecotoxicity of estrogen in the marine environment.

Additionally, the duration of exposure significantly influences the measured effects of
EEs on the growth toxicity of microalgae. The results from both Li et al. [38] and M'Rabet
et al. [39] indicated that EEs exerted the most pronounced growth inhibitory effects on
microalgae during the initial growth stage. However, after 4 days post-exposure, this
inhibitory effect gradually diminished, exhibiting a gradually increased ECsy. The studies
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conducted in [42—44] proposed that there are two possible reasons for the increase in ECsg
due to prolonged exposure time. One reason is that algal cells will deactivate EEs through
adsorption. Another one is that the degradation of EEs might occur during algal culture.
However, different from the above-mentioned view, some researchers argued that the
inhibitory effect of EEs on microalgae intensifies with prolonged treatment time due to the
resultant toxic substances from the degradation or conversion of EEs by microalgae [45]. It
is worth noting that most studies examining the effects of EEs on the growth of microalgae
are short-term experiments (1-7 days). However, long-term exposure (>30 days) to EEs
may be closer to the actual situation of the natural environment. Unfortunately, the inves-
tigations on the effect of EEs on microalgae upon long-term exposure remains relatively
scarce [33,38,46,47]. Therefore, prioritizing research into the prolonged growth-inhibitory
impacts of EEs on marine microalgae represents a crucial future direction.

3.2. Effects of EEs on the Photosynthesis of Marine Microalgae

Photosynthetic pigments serve as the cornerstone of photosynthesis, enabling microal-
gae to harness light energy and convert it into chemical energy that is essential for their
growth and as producers of organic compounds for higher consumers [48]. Variations in
chlorophyll levels offer valuable insights into the growth and development states of an
organism across its lifecycle, serving as a pivotal metric for evaluating microalgae biomass.
Furthermore, photosynthesis, by liberating oxygen through water decomposition, fuels
cellular aerobic respiration and various vital cellular processes [49]. Marine microalgae
as primary producers play a crucial role in marine ecosystems, where optimal levels of
photosynthetic pigments are indispensable for the normal functioning of marine ecosys-
tems. However, EEs can jeopardize the photosynthetic performance of marine microalgae
by impairing their photosynthetic pigments [50,51], consequently disrupting the growth of
preliminary producers and potentially destroying the ecological equilibrium of the entire
marine ecosystem. Thus, assessing photosynthetic pigment levels offers a means to gauge
the toxicity of EEs on microalgae [51-53] (Table 3). As the concentration of EEs increases,
the trend in changes in cellular chlorophyll content is similar to that of changes in cell
density, that is, it generally decreases. In a BPA-induced test with A. pacificum conducted
by M'Rabet et al. [39], the chlorophyll-a (Chl-a) content was monitored at a 24 h interval.
The results revealed a significant decrease in Chl-a content within 7 days in the water
samples containing 2 pug/L of BPA, dropping to a level below 50% of the control. A study
suggested that 72 h BPA exposure led to reduced Chl-a content in Chlorella pyrenoidosa,
and the decrease in Chl-a content might be not the direct impact of EEs but may be due to
methodological differences arising from variations in microalgal biomass [54]. While few
researchers have incorporated biomass as a variable when assessing chlorophyll content,
there exists experimental evidence supporting the aforementioned point. For instance, a
study investigating the impact of BPA on S. hantzschii by Li et al. [35] showed that both
low (0.01-1.00 mg L~1) and high (>1.00 mg L™!) concentrations of BPA could lead to
decreased Chl-a content and cell density over time, displaying the same change trend with
the increased treatment time. In addition, the authors argued that the decrease in Chl-a con-
tent is caused by the BPA-induced degradation of chloroplasts and chlorophyll molecules.
Similarly, another study by Belhaj et al. [37], focusing on the effects of EE2 on D. salina,
found that a significant reduction in Chl-a and Chl-b occurred with the test algal species
exposed to an EE2 concentration of 100 ng/L and 1000 ng/L. The authors concluded that
EEs inhibited the synthesis of chlorophyll by targeting thylakoids. It should be pointed out
that algal biomass was not taken into account when analyzing the chlorophyll content in
their study. Overall, the precise mechanism by which EEs influence microalgae chlorophyll
content needs to be further explored, and whether EEs can directly act on chlorophyll
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molecules also needs to be verified in the future. In particular, when assessing the impact
of EEs on the chlorophyll content of microalgae, it is advisable to take into account the
biomass of algal cells, that is, utilizing the ratio of chlorophyll content to cell number as a
testing parameter.

In addition to the content of photosynthetic pigments, photosynthetic efficiency is
also a widely used parameter for evaluating the impact of EEs on microalgae [55]. In
recent years, fast chlorophyll fluorescence induction kinetics (OJIP test) has emerged as a
fundamental technique for investigating photosynthetic processes and has been extensively
applied in studies of environmental stress responses and ecotoxicological effects [56-58].
For instance, in Zhang et al.’s experimental study [55], the OJIP analysis of Chlorella vulgaris
photosynthesis was employed to elucidate the mechanistic action of glyphosate, an en-
vironmental estrogenic pollutant, on microalgal physiological systems. Currently, the
photosynthetic efficiency of microalgae is predominantly determined by the analysis of
changes in photochemical properties using Chl-a fluorescence measurement devices [39,51].
The key chlorophyll fluorescence parameters include the relative electron transport rate
(rETR), photosynthetic quotient (Qp), non-photochemical quenching (NPQ), and the maxi-
mum quantum yield of photosystem II (PS II) (Fv/Fm). Among them, Fv/Fm could reflect
both the maximum quantum yield of PS II when all reactive centers of the photosynthetic
system are open and the effective quantum yield of PS II. Given that damage or inactivation
of PS II might be the primary cause of environmental estrogen-induced harm to algal
photosynthesis [58-60], Fv/Fm stands out as a crucial and widely accepted parameter for
assessing photosynthetic efficiency [53,61]. Additionally, rETR, Qp, and NPQ, represent-
ing the relative electron transfer rate, light-to-chemical energy conversion ability, and the
ability to dissipate excess light energy into heat, respectively, offer valuable insights into
photosynthetic status [53,62]. For instance, both Fv/Fm and rETR decreased in A. pacificum
exposed to BPA with a much higher concentration [39].

Table 3. Effect of EEs on the photosynthesis of marine microalgae.

Algal Species Taxonomy Types of EEs Concentration of EEs Effects References
Chlorella Chl-a levels decreased
pyrenoidosa Chlorophyta BPA 10mg/L significantly. [52]
Chl-a and Chl-b levels
Dunaliella salina ~ Chlorophyta EE2 100 ng/L; 1000 ng/L decreased [35]
significantly.
Skeletonema ) 0.01-1.00 mg/L; Chl-a levels decreased
hantzschii Diatom BPA >1.00 mg/L significantly. [63]
Alexandrium . Chl-a levels decreased
pacificum Dinoflagellate BPA 2 ug/L; 20 ug/L significantly. [39]
Inhibited
. 0,1,10, 20, and photosynthetic
Chlorella vulgaris ~ Chlorophyta Glyphosate 40 mmol /L activity and reduced [57]

pigment content.

3.3. Effect of EEs on the Respiration of Marine Microalgae

Cellular respiration, as a process by which cells convert organic matter into energy, is
one of the most important and fundamental physiological activities of cells [64]. Among
the process, the key reactions such as glycolysis, oxidative phosphorylation, and electron
transport are essential for sustaining normal cellular activities, and any disruption to these
reactions may result in cell death. The enzymes involved in oxidative phosphorylation and
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electron transport, such as cytochrome c oxidase, pyruvate kinase, phosphofructokinase,
hexokinase, and isocitrate dehydrogenase, play crucial roles in regulating cellular respira-
tion. EEs have been shown to influence the activity of these enzymes, thereby impacting
the intensity and efficiency of respiration. Reduced enzyme activity may also affect other
cellular functions, such as cell proliferation [38,65]. The effects of EEs on the activity of
enzymes involved in respiration may be dose-dependent, i.e., the enzyme activity may
be up-regulated and inhibited in response to a low dose and high dose, respectively. For
instance, in a test of impacts of BPA and DEHP on the respiration of A. pacificum lasting for
7 days, M'Rabet et al. [39] observed that either of the EEs alone had a significant impact
on the respiration of algae, while the combined effect was more significant. In addition,
the respiration rate of the test algal species gradually increased over time, and the differ-
ences between the experimental group and the control group became more significant,
particularly 72 h post-exposure to the EEs. In summary, the adverse effects of EEs on the
respiration of microalgae may stem not only from interference with enzyme activity but
also from other pathways, and the degree of impact may vary with the concentration of EEs
and exposure time. Overall, however, research on this topic remains limited. Accordingly,
further investigation is required to provide comprehensive knowledge about the full scope
and mechanisms of the impacts of EEs on the crucial cellular process of marine microalgae.

3.4. Effect of EEs on the Content of Macromolecular Compounds in Marine Microalgae

Intracellular macromolecular compounds, such as proteins, polysaccharides, and
lipids, play pivotal roles in cellular functions [66]. EEs can influence protein levels, includ-
ing the types and quantity of enzymes in marine microalgae. The enzymes involved in
cellular respiration mentioned earlier are a good example. Moreover, EEs may impact the
formation of microalgal cell walls, which are mainly composed of polysaccharides, thus
affecting polysaccharide content within algal cells [41,67]. The effects of EEs on the content
of proteins and polysaccharides in microalgal cells correlate with their exposure concen-
trations. For instance, Liu et al. [41] demonstrated that the contents of polysaccharide and
total protein in N. incerta cells remained relatively stable when exposed to 0.1 mg L~ NPs,
1mgL~! BPA, 2 mg L~! EE2, and 8 mg L~! E2. These findings also suggest that EEs at an
environmental concentration below 0.1 mg L~! may not affect the levels of macromolecular
compounds in marine microalgae. Similarly, Yang et al. [67] found that the intracellular
total protein content of Skeletonema costatum in response to 2, 4-Dichlorophenol (2,4-DCP)
at a concentration less than 3 mg L~! showed no significant change. By comparison, as
the concentration of EEs (NPs, BPA, EE2, and E2) increased, the total protein content of N.
incerta decreased by 32.6% (NPs), 43.1% (BPA), 46.7% (EE2), and 17.7% (E2), respectively,
compared to the control group [41]. Similarly, the polysaccharide content decreased by
79.1% (NPs), 70.0% (BPA), 63.3% (EE2), and 29.7% (E2), respectively, showing a similar
trend to the total protein content [41]. In contrast to proteins and polysaccharides, the lipid
content in marine microalgal cells exhibited a positive correlation with the concentration
of EEs. As the concentration of EEs increased, the lipid content in algal cells increased
by 157.7% (NPs), 134.4% (BPA), 101.1% (EE2), and 32.6% (E2), respectively, compared to
the control [41]. In addition, Yang et al. [67] observed a significant increase in the lipid
content of S. costatum exposed to 6 mg L~! 2,4-DCP. Taken together, these findings suggest
that lipid content may be served as an indicator to evaluate the adverse effects of EEs on
marine microalgae.

3.5. Effect of EEs on the Cell Morphology of Marine Microalgae

Changes in morphological characteristics are generally considered as adaptive re-
sponses of organisms to an ambient environment. EEs at specific concentrations may
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induce morphological alterations of microalgal cells, breaking the structure of organelles
and impairing the normal physiological functions of cells [62] (Table 4). Thus, the changes
in morphological characteristics may be one important clue to indicate the effect of EEs
on microalgal species. The current evidence indicated that EEs mainly affect the cell mor-
phology of microalgae by modifying the cell wall, membrane, and cytoskeleton. Kriiger
and Eloff [68] proposed that morphological changes can signal environmental stress, with
increased cell size reflecting elevated stress levels. Li et al. [35] drew a similar conclusion.
After exploring effects of different concentrations of BPA (4 mg L L6 mg L-L8 mg Lt
10 mg L~!, and 12 mg L~!) on the morphology of C. caspia, they found that enlarged
microalgal cells, damaged organelles, introduced abnormal substances, and the inhibition
of cell division could be detected with C. caspia that was exposed to a concentration of BPA
exceeding 6 mg L. The inhibition of cell division and structural damage may be attributed
to the breakdown and reorganization of the intracellular cytoskeleton by BPA. Additionally,
cell enlargement may result from inhibited cell division that leads to increased intracellular
organelle numbers and sizes. In addition, the cell aggregation of 2—4 cells were observed in
two freshwater microalgae, i.e., Desmodesmus subspicatus and Pseudokirchneriella subcapitata,
which were exposed to different concentrations of E2 [42]. Unfortunately, research on
the effects of EEs on the morphology of marine microalgae is still scarce. Moreover, the
molecular mechanism of unicellular aggregation due to EE stress also needs to be clarified.
In addition, it is worth noting that while EEs are supposed to induce a change in microalgal
morphology, their small size and susceptibility to ambient environmental factors make a
morphological examination challenging. As a consequence, distinguishing morphological
alterations may require considerable expertise and sometimes may produce significant
identification errors.

Table 4. Effect of EEs on the cell morphology of marine microalgae.

Algal Species Taxonomy Types of EEs Conf)?%téztlon Effects References
Enlarged microalgal cells,
Cyclotella caspia Diatom BPA >6mg/L damaged organelles, introduced [35]
abnormal substances.
Desmodesmus The formation of cellular
subspicatus Chlorophyta E2 50 ug/L aggregates consisting of [44]
P 2—4 cells was observed.
Pseudokirchneriella The formation of cellular
subcapitata Chlorophyta E2 50 ug/L aggregates consisting of [44]

2—4 cells was observed.

3.6. Effect of EEs on Antioxidant Responses in Marine Microalgae

Reactive oxygen species (ROS) are a collective term for peroxides related to oxygen
metabolism, oxygen-containing free radicals, and peroxides that are prone to forming free
radicals in living organisms, including peroxides, superoxides, and hydroxyl radicals. ROS
are primarily produced in the inner membrane of mitochondria through aerobic respiration
and play crucial roles in cellular signaling and maintaining homeostasis. In general, ROS
with a normal level in cells are not detrimental. However, the balance of ROS within cells
will be disrupted when experiencing abiotic stresses, leading to excessive production of
ROS that can have adverse effects on living systems [69]. For example, excessive ROS
can attack the unsaturated fatty acids in lipid membranes. As a result, this may cause the
degradation of lipid membranes, including cell membranes and organelle membranes,
thereby affecting the function and metabolic processes of algal cells.
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Many EEs like BPA and NP are hydrophobic compounds that can accumulate in the
lipid membranes of microalgal cells. This accumulation can lead to lipid peroxidation
and the generation of reactive oxygen species (ROS) [51,70-72], ultimately resulting in the
degradation of lipid membranes. Since the degradation of lipid membranes can produce
malondialdehyde (MDA), MDA is a commonly used indicator for evaluating the degree
of oxidative damage. The content of MDA is usually measured by the thiobarbituric
acid method [50,73]. However, it is recommended to simultaneously measure both the
intracellular concentration of ROS and the activity of antioxidant enzymes to obtain a
comprehensive understanding of oxidative damage in cells [51,58,74].

In general, the activities of the antioxidant enzymes of microalgae in response to
oxidative stress will increase, including superoxide dismutase (SOD), catalase (CAT),
peroxidase (POD), and glutathione-S-transferase (GST) [75]. These enzymes play a crucial
role in cell protection by reducing lipid peroxidation via scavenging ROS. In response to EEs,
including NP, BPA, EE2, and E2, the activities of SOD and GST in N. incerta were positively
correlated with the concentrations of these EEs [41]. At the highest test concentrations of
these EEs, the activities of SOD/GST increased by 55.6%/62.5%, 52.5%/37.1%, 62.3%/59.9%,
and 29.3%/30.7%, respectively, compared to the control group. These results indicate
that EEs can induce antioxidant responses in marine microalgae. The measurement of
antioxidant enzyme activities in microalgae has gained popularity due to its rapidity and
accuracy. Consequently, it has been employed as a valuable indicator for assessing the
impact of EEs on microalgae [68].

The antioxidant response of marine microalgae to environmental estrogen exposure is
influenced by multiple factors, leading to complex outcomes. Variations among microalgae
species in producing reactive oxygen species (ROS) in response to identical EEs highlight
this complexity. Additionally, the physicochemical conditions of their environment can
impact how these microalgae manage oxidative stress. Consequently, there is a need for
more comprehensive research to understand the varied antioxidant defense strategies of
microalgae when faced with EEs under differing conditions.

3.7. Effects of EEs on the Toxin-Producing Performance of Marine Microalgae

In both marine and freshwater environments, some microalgae can produce and
release highly toxic active substances known as phycotoxins as a defense mechanism against
environmental stressors. When coping with adverse conditions, these microalgae deploy
phycotoxins, potentially aiding in the adaptation of the microalgal cells to the challenging
environment [76,77]. Consequently, an escalation in toxin production by microalgae serves
as a defense mechanism against environmental pressures to some degree [78]. EEs, acting
as stressors, may influence the toxin production of microalgae. The current research
on the impact of EEs on microalgal toxicity has primarily concentrated on freshwater
cyanobacteria because they are the most harmful microalgae in freshwater ecosystems. The
obtained data have demonstrated a dose-response relationship between EEs and algal
toxins overall. In particular, low concentrations of EEs have been shown to significantly
promote microalgal toxin production [79] (Figure 3). The exposure of NP to Microcystis
aeruginosa PCC7820 showed that the toxin content in algal cells increased significantly
(p < 0.05) at a concentration range of 0.05-0.50 mg L~!. In addition, the content of toxins in
cells was highest when the NP concentration was 0.20 mg L~!, which was 75% higher than
the control group [80] (Table 5). One possible reason for these results is that low doses of EEs
can promote the growth and reproduction of microalgae, thereby increasing the production
of toxins. Another possible reason is that EEs up-regulate the transcriptional levels of genes
related to microcystin synthesis (such as mcyA and mcyH) in M. aeruginosa, leading to a
significant increase in the enzyme activity associated with these genes, thereby promoting
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the toxin production of algal cells [81-83]. In addition, the impact of EEs on the toxin-
producing capacity of microalgae may have species or strain specificity. For example, no
significant effect (p > 0.05) of NP on the toxin-producing capacity was detected with another
strain of M. aeruginosa (M. aeruginosa 562), i.e., even the maximum toxin production of the
NP exposure groups treated with the concentration range of 0.05-0.5 mg L~! was only 10%
higher than that of the control group [81]. Furthermore, a much higher concentration of
EEs can cause lipid peroxidation in algal cells, leading to the rupture of the cell membrane
and the release of cellular contents like toxins that can rapidly release into the extracellular
environment [84]. This also explains why higher concentrations of toxins can be detected
outside the cells when algal species are exposed to EEs at higher concentrations [85].

The effects of algae on EEs
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Figure 3. Effects of different concentrations of EEs on the growth and toxin production of microalgae.

Table 5. Effect of EEs on the toxin-producing performance of microalgae.

Algal Species Types of EEs Concerllztéztlon of Effects References

Microcystis
aeruginosa PCC7820

The toxin content in algal cells

increased significantly. [74]

NP 0.05-0.50 mg/L

The toxin content in algal cells is
M. aeruginosa 562 NP 0.05-0.5mg/L only 10% higher than that of the [75]
control group.

In particular, microalgal toxins could accumulate in the body across the food chain,
beginning from the consumption of the toxic microalgae by mollusks and fish. One of
the most important adverse impacts of red tides largely stem from microalgal toxins [86].



Water 2025, 17, 1922

13 of 21

Compared to freshwater habitats, oceanic environments possess a much higher diversity
of toxin-producing microalgae, encompassing over 100 species known to produce toxins,
including dinoflagellates, diatoms, and cyanobacteria [87]. The diversity of toxic microalgae
in the ocean may correspond to the diversity of marine microalgal toxins. According to
poisoning symptoms, these toxins can be classified into paralytic shellfish toxins (PSTs),
diarrhetic shellfish toxins (DSTs), neurotoxic shellfish toxins (NSTs), amnesic shellfish toxins
(ASTs), ciguatera fish toxins (CFTs), and others. Also, they can be categorized into eight
groups based on their chemical structures, i.e., saxitoxin (STX), domoic acid (DA), okadaic
acid (OA), azaspiracid (AZA), brevetoxin (BTX), pecenotoxin (PTX), yessotoxin (YTX), and
cyclic imine (CI).

Environmental factors like temperature and salinity may significantly influence the tox-
icity of marine toxin-producing microalgae. Shin et al. [88] explored the impact of different
temperatures and salinities on the toxin production of the harmful flagellate Centrodinium
punctatum. The results showed that no toxin could be detected with the treatment at 5 °C,
while the toxin contents ranged from 210 fmol cell/ to 288 fmol/cell with the treatment at
10 °C—25 °C, peaking at 15 °C. Salinity also significantly affected the toxin content, with
the highest (276 fmol/cell) and lowest (111 fmol/cell) level observed with salinities of 27.5
and 40, respectively. Additionally, the acidity (pH) of seawater and climatic change are
also important factors affecting the toxin production of marine microalgae. For instance,
climatic change has led to reoccurring red tides in areas where no red tide was recorded [88].
Brandenburg et al. [89] claimed that there are at least a total of 26 marine toxin-producing
algae that may exhibit increased toxin production in response to elevated CO, levels. In
addition, all kinds of pollutants like polyaluminum chloride-modified clay (PAC-MC) have
been verified to influence the toxicity of marine microalgae. Song et al. [90] observed a
significant decrease in the production of PSTs and toxicity of A. pacificum that was exposed
to PAC-MC. Similar phenomena were detected with both Karenia brevis and Prymnesium
parvum [91,92]. The increasing global prevalence of algal blooms has raised concerns about
microalgal toxin release during microalgal growth [93]. Compromised cellular integrity can
lead to a significant liberation of these toxins, underscoring the critical need for appropriate
algal growth inhibitors in managing toxigenic algal species. While copper sulfate remains
the most widely used algicide [94], its application poses risks of heavy metal contamina-
tion [95], adversely affecting aquatic ecosystems and human health [96]. Notably, recent
studies have identified natural compounds—including polyphenols and their derivatives,
as well as terpenoids—as effective and environmentally friendly alternatives for microalgal
control [97,98]. These phytochemicals demonstrate potent algicidal activity while mini-
mizing ecological collateral damage [99]. Tea polyphenols (TPs), as a natural product with
antibacterial and antioxidant properties, has also been shown to inhibit toxin release from
microalgae like M. aeruginosa, reducing the risk of toxin exposure [100]. Taken together,
these findings suggest that environmental pollutants like EEs may similarly impact the
production and release of phycotoxins.

Unfortunately, current research on the impact of EEs on marine microalgae is mainly
limited to non-toxic microalgae like Chlorella vulgaris and D. salina. Despite the fact that
there are several studies on the effects of EEs on toxin-producing microalgae such as
P. minimum and A. pacificum, these primarily focus on general physiological parameters
like cell density, chlorophyll content, photosynthetic efficiency, and enzyme activity. By
contrast, the effects of EEs on the toxicity of toxin-producing marine microalgae are rarely
investigated. Therefore, more attention should be paid to explore the influence of EEs on
the toxicity of marine toxigenic microalgae and elucidate the underlying mechanisms in
the future.
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4. Molecular Response of Marine Microalgae to EEs

In addition to cellular response at an epigenetic level, molecular responses are sup-
posed to occur with marine microalgae that are exposed to EEs. Molecular responses are
often explored by omics techniques [101]. As for the response at a proteomics level, heat
shock proteins (HSPs) have been considered as one of the important markers of interest.
HSPs are a class of proteins that are usually up-regulated in response to external stresses,
abnormal conditions, or pathological states. They play a crucial role in the defense mecha-
nisms of organisms, protecting against temperature changes, oxidative stress, and exposure
to chemical toxicants [102]. Guo et al. [103] examined the stress response of marine microal-
gae, namely P. minimum, to bisphenol A (BPA) and copper ions (Cu?*), mainly focusing on
the changes in transcriptional level and expression profiles of HSP 70. The results showed
that the expression of HSP 70 gradually increased with the increased concentration of BPA.
At different concentrations of BPA (0.1 mg L~! and 0.2 mg L™ 1), the expression of HSP 70 in
P. minimum was similar at 12 h post-exposure but up-regulated at 24 h exposure (p < 0.05).
Additionally, the expression of HSP 70 increased by 2-7-fold (p < 0.001) with increased
concentrations of Cu?* compared to the control group. These findings suggest that HSP 70
extensively contributes to the response of P. minimum to BPA and Cu?* stress. Similarly,
Kobiyama et al. [104] explored the effect of temperature on the expression of HSP 70 in
A. tamarense and found that a high temperature (37 °C) could induce increased expression
and accumulation of HSP 70. Taken together, these results imply that HSP 70 is likely to
play a positive role in the response of marine microalgae to environmental stressors such
as EEs and heavy metals.

Transcriptomics enables the analysis of differential expression of genes and can pro-
vide a comprehensive overview of the gene expression patterns of an organism [105].
As for marine microalgae, transcriptomic analysis has been successfully performed on
A. pacificum [106,107]. Wang et al. [107] utilized a 6.0 K microarray to uncover transcrip-
tional differences in P. minimum exposed to polychlorinated biphenyls (PCBs) and inves-
tigated the gene regulatory mechanisms and metabolic pathways in response to stress
using bioinformatics tools. The results showed that there is a total of 5981 deferentially
expressed genes, among which 609 genes exhibited over 2-fold changes in expression at
12,24, and 48 h post exposure. In detail, 39, 76, and 176 genes were up-regulated by more
than 2-fold, while 195, 207, and 300 genes were down-regulated by more than 2-fold at
each time point, respectively. In addition to EEs, Song et al. [90] explored the effects of
PAC-MC on the marine microalgae, with A. pacificum at the molecular level by transcrip-
tional analysis. The results showed that several deferentially expressed genes could be
detected in the test algal species compared to the control, among which 6646 genes were
down-regulated and 4405 genes were up-regulated. These findings are consistent with
those from Guo et al. [108] and share similarities with the results from Guo et al. [109].
In general, the identified deferentially expressed genes in response to EEs primarily are
those involved in regulating cell growth and death, photosynthesis, antioxidant effects,
and signal transduction and transport pathways. Thus, it can be concluded that EEs
may disrupt the normal physiological activities of marine microalgae. In addition, Wang
et al. [107] further analyzed the transcriptome sequencing data using Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG) and found that both genes and
proteins related to cell cycle regulation were up-regulated, and cyclin-dependent kinases
were down-regulated in A. pacificum exposed to PCB (Figure 4). These results suggest that
PCB could potentially impact the cell cycle and growth by inhibiting the expression of
genes involved in these processes, which is consistent with the effects of Aroclor 1016 on
the growth of P. minimum [34]. Furthermore, the expression of most apoptosis-related genes
was down-regulated, implying that EEs might influence the programmed cell death of
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P. minimum. Interestingly, the genes related to photosynthesis were not notably affected
by PCB, and only few antioxidant genes showed differential expression in combination
with less production of ROS. Significantly different from M'Rabet et al. [39], these results
may be possibly due to differences in the algal species and EEs examined. Additionally, the
expression of genes involved in signaling pathways could also be affected by EEs, such as
those encoding calmodulin, calreticulin, and calcium-dependent protein kinase, all of which
could be up-regulated in response to copper exposure and temperature stress [110,111]. In
conclusion, EEs generally appear to influence the expression of genes related to cell growth
and apoptosis, photosynthesis, antioxidation, and signal transduction.
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Figure 4. A schematic representation of PCB-responsive genes and proteins [108]. A schematic
representation of PCB responsive genes and proteins involved in ROS producing and scavenging
system (A), signal transduction (B), photosystem (C) and cell cycle and apoptosis (D). Trx: thiore-
doxin; GST: glutathione S-transferase; PAO: polyamine oxidase; PP2A: protein phosphatase 2A; PSP:
serine/threonine protein phosphatase; CDPK: calcium-dependent protein kinase; CAM: calmodulin;
CRT: calreticulin; STK: serine/threonine-protein kinase; psbP: oxygen evolving enhancer 1 precur-
sor; psbV: cytochrome ¢550; psaF: chloroplast photosystem I, subunit III; FNR: ferredoxin-NADPp
reductase; atpC: chloroplast ATP synthase subunit C; atpE: ATP synthase CF1 epsilon subunit; rbcL:
ribulose 1,5-bisphosphate carboxylase oxygenase form II; LIG1: DNA ligase I; CHK2: checkpoint
kinase 2; CDK1: cyclin-dependent kinase 1; CDK2: cyclin-dependent kinase 2; Drp1: dynamin-related
protein 1; CP1: cysteine protease 1; MAPK2: mitogen-activated protein kinase 2.

5. Conclusions

Current research on the effects of EEs on marine microalgae remains nascent, with
critical challenges and solutions identified as follows:

Key Challenges: (1) overemphasis on chlorophyll-a (Chl-a) while neglecting differen-
tial responses of other photosynthetic pigments (e.g., carotenoids); (2) discrepancy between
laboratory-based high concentration, short-term exposure, and environmentally relevant
low dose in chronic scenarios; (3) limited integration of environmental variables (light,
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temperature) modulating EE toxicity; (4) oversimplified single-pollutant models failing
to reflect real-world complex pollution scenarios involving microplastics and heavy met-
als; and (5) superficial mechanistic insights reliant on macroscopic endpoints (growth,
chlorophyll content).

Strategic Solutions: (1) given that different pigments may play different roles in re-
sponse to EEs, other photosynthetic pigments besides Chl-a should be considered when
evaluating the effects of EEs on the photosynthesis of marine microalgae in the future;
(2) future studies should focus on restoring the natural conditions to explore the effects of
EEs on marine microalgae under a low concentration and long-time exposure conditions by
integrating field investigation with laboratory simulation; (3) future studies should attempt
to investigate the effects of EEs on marine microalgae by controlling different environmen-
tal factors; (4) based on the existing studies on the effects of single EEs, further emphasis
should be placed on considering the synergistic effects of EEs in combination with other
pollutants, such as microplastics and heavy metal ions; and (5) deciphering molecular toxi-
cological networks using transcriptomic—proteomic—-metabolomic multiomics integration.
Furthermore, urgent attention is needed to unravel how EEs regulate toxin biosynthesis
pathways in marine toxigenic species, leveraging omics technologies to advance ecological
and human health risk assessments of harmful algal blooms.
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