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A B S T R A C T

In animals, retinoic acids (RAs), one of the main derivatives of vitamin A, are crucial for a variety of physio-
logical processes. RAs, including all-trans-RA, 9-cis-RA, 13-cis-RA, and their corresponding metabolites (i.e., all-
trans-4-oxo-RA, 9-cis-4-oxo-RA and 13-cis-4-oxo-RA) can be excreted through urination from humans and ani-
mals. Sewage treatment plants (STPs) are a significant source of RAs and 4-oxo-RAs into aquatic environments.
RAs and 4-oxo-RAs can be identified and quantified by use of liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS). RAs and 4-oxo-RAs have been reported in various environmental matrices including
rivers, lakes, reservoirs and coastal marine environments as well as in sewage effluents discharged from STPs.
Greater concentrations of RAs and 4-oxo-RAs have been observed during blooms of cyanobacteria and micro-
algae, suggesting that cyanobacteria and microalgae are natural sources of RAs and 4-oxo-RAs in aquatic en-
vironments. These potential sources of RAs and 4-oxo-RAs raise concerns about their concentrations and risks in
aquatic environments because excessive intake of these chemicals can result in abnormal morphological de-
velopment in animals. Teratogenic effects were observed in amphibians, fish embryos, gastropods, mammals and
birds when exposed to RAs. This review summarizes sources, concentrations, adverse effects and ecological risks
of RAs and 4-oxo-RAs in aquatic environments. An interim, predicted no-effect concentration (PNEC) of RAs (in
terms of at-RA) for freshwater environments was determined to be 3.93 ng/L at-RA equivalents. Based on limited
data on concentrations of RAs in freshwater ecosystems, their hazard quotients were found to range from zero to
16.41, depending on the environmental conditions of receiving waters. Ecological risks of RAs in marine en-
vironments are yet to be explored due to the paucity of data related to both their concentrations in marine
environment and toxic potencies to marine species. This review updates current knowledge of RAs and 4-oxo-
RAs in aquatic environments and calls for more studies on their concentrations and fate in aquatic environments,
especially estuarine and coastal marine environments with a view to enabling a comprehensive assessment of
their ecological risks around the globe.

1. Introduction

Retinoids are a class of compounds consisting of four isoprenoid
units (i.e., double bonds) joined in a head-to-tail manner (IUPAC–IUB,
1983). They play crucial roles in various biological processes in ani-
mals, including embryonic development, growth, reproduction, vision,
homeostasis and regeneration of tissues and organs, cell differentiation
and immune response (Barua and Furr, 1998; Collins and Mao, 1999;
Ross et al., 2000). For animals, however, retinoids must be obtained

from dietary sources of beta-carotene, such as fruits and vegetables
(Gesto et al., 2012b; Novák et al., 2008). Beta-carotene is then con-
verted to retinol (vitamin A) during digestion and then oxidized to
retinal (Novák et al., 2008), which is subsequently irreversibly con-
verted to retinoic acids (RAs) by aldehyde dehydrogenases (ALDHs)
(Fig. 1). RAs can be further metabolized to various oxidative metabo-
lites (4-oxo-RAs).

RAs belong among the main biologically active forms of retinoids,
including retinal, RAs and 4-oxo-RAs. Due to the presence of conjugated
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double bonds in RAs, they are relatively unstable and thus exhibit
different forms and isomers, including all-trans-RA (at-RA), 9-cis-RA
(9c-RA) and 13-cis-RA (13c-RA), and also isomers of their corre-
sponding derivatives 4-oxo-RAs, including all-trans-4-oxo-RA (at-4-oxo-
RA), 9-cis-4-oxo-RA (9c-4-oxo-RA) and 13-cis-4-oxo-RA (13c-4-oxo-RA)
(Fig. 2) (Barua and Furr, 1998). These six compounds: at-RA, 9c-RA,
13c-RA, at-4-oxo-RA, 9c-4-oxo-RA and 13c-4-oxo-RA, will be the focus
of this review paper. They are all naturally occurring retinoids and each
of them can modulate the expression of genes through retinoid signal-
ling pathways, which are mediated by two classes of nuclear receptor
families, the retinoid X receptor (RXR) and retinoic acid receptor (RAR)
(Gardiner et al., 2003; Novák et al., 2008). Both RXR and RAR are re-
sponsible for regulating cell growth and differentiation in various or-
ganisms. At-RA and 13c-RA and their corresponding metabolites (i.e.,
at-4-oxo-RA and 13c-4-oxo-RA) bind to RAR while 9c-RA binds to both
RAR and RXR with stronger affinity to RXR (Balmer and Blomhoff,
2002; Novák et al., 2008). RARs are activated by at-RA, 9c-RA, 13c-RA,
at-4-oxo-RA and 13c-4-oxo-RA, while RXRs are activated by 9c-RA only
(Fig. 3; Collins and Mao, 1999; Gardiner et al., 2003; Novák et al.,
2008). The activation of RXRs by at-RA is unclear. In order to bind with
DNA and activate the transcription of RAR target genes, RAR can only
be active in the presence of RXR by forming heterodimers, while RXR
can be active in the absence of ligands (Gardiner et al., 2003).

Since RAs play crucial roles in biological processes, either in-
sufficient or excessive amounts of RAs can result in teratogenic effects
on animals. Such teratogenic effects have been widely observed in
amphibians, fishes and gastropods in aquatic environments (Gardiner
et al., 2003; Horiguchi et al., 2008; Jonas et al., 2014, 2015; Pipal et al.,
2020; Zhu et al., 2014). In recent years, RAR agonistic activity has been
detected in effluents discharged from sewage treatment plants (STPs)
and/or in their receiving rivers in Australia (Allinson et al., 2011),
China (Zhen et al., 2009; Wu et al., 2010), Germany (Völker et al.,

2016) as well as in Japan (Inoue et al., 2010, 2011, 2013; Sawada et al.,
2012). The major RAR agonists in sewage were at-RA and 13c-RA, and
their oxidative metabolites at-4-oxo-RA and 13c-4-oxo-RA (Zhen et al.,
2009; Sawada et al., 2012). A recent study demonstrated that RAs and
4-oxo-RAs were present in wastewater and sludge from STPs of Hong
Kong, and their adjacent receiving seawaters (Zhou et al., 2019). Sev-
eral studies have also documented the presence of RAs and their deri-
vatives in water bodies during blooms of cyanobacteria (Wu et al.,
2012; Javůrek et al., 2015; Sehnal et al., 2019). However, there is in-
sufficient information on ecological risks posed by RAs in aquatic en-
vironments. Based on currently available information about RAs, the
objectives of this review were to: (1) identify potential sources of RAs
and 4-oxo-RAs contributed to aquatic environments; (2) discuss ana-
lytical methods used to identify and quantify RAs and 4-oxo-RAs in
surface waters, sewage, sludge, cyanobacteria and other biota; (3)
summarize concentrations of RAs and 4-oxo-RAs in receiving water
bodies around the world; (4) recapitulate toxic potencies of RAs and 4-
oxo-RAs to various species; and (5) evaluate ecological risks of RAs and
4-oxo-RAs, based on the detected concentrations present in aquatic
environments and their toxic effects to aquatic organisms.

2. Sources of RAs and 4-oxo-RAs

RAs and 4-oxo-RAs have been detected in various environmental
matrices including effluent and sludge from STPs (Zhen et al., 2009; Wu
et al., 2010; Sawada et al., 2012; Inoue et al., 2013; Zhou et al., 2019),
adjacent receiving seawaters (Zhou et al., 2019), rivers (Zhen et al.,
2009; Wu et al., 2010), lakes and reservoirs especially during cyano-
bacterial blooms (Wu et al., 2012; Javůrek et al., 2015; Sehnal et al.,
2019). Retinoids in aquatic environments can come from both natural
and artificial sources.

Beta-carotene is abundant in fruits and vegetables, which are one of

Fig. 1. Simplified metabolic pathway from beta-carotene in fruits and vegetables to retinoic acids in animal body.

Fig. 2. Structures of retinoic acids and their metabolites discussed in this paper.

K.W.Y. Yeung, et al. Environment International 136 (2020) 105464

2



the major ingredients in diets of humans and animals (Maiani et al.,
2009). After ingestion, beta-carotene can be transformed (Fig. 1). RAs
and 4-oxo-RAs are normally present in plasma of humans and animals
and under normal physiological conditions, they are excreted in urine
(Lambert and De Leenheer, 1985). Among the six compounds of in-
terest, 13c-RA is the dominant form of RA in urine whereas at-RA and
9c-RA are present at relatively lesser concentrations (Lambert and De
Leenheer, 1985). Due to their incomplete treatment, RAs and 4-oxo-RAs
can enter aquatic environments through effluent discharges of STPs.
Among RAs and 4-oxo-RAs, 9c-RA and 9c-4-oxo-RA are, in general, less
likely to be detected than other RAs and their metabolites. This is
probably due to 9c-RA being a less dominant form in urine under
normal physiological conditions, while 13c-RA is the most favourable
form to be excreted (Lambert and De Leenheer, 1985).

Apart from domestic sewage, concentrations of RAs and 4-oxo-RAs
detected during blooms of cyanobacteria were greater than those de-
tected in the absence of blooms in any aquatic systems, including
coastal seawater, freshwater and effluent from sewage treatment plants,
where the maximum concentration of RAs was 421 ng/L (sum of in-
tracellular and extracellular content) (Wu et al., 2012). RAs can be
transformed from their precursors (such as retinal and beta-carotene)
which are produced by cyanobacteria and/or microalgae (Wu et al.,
2013). For instance, RAs can be transformed from retinal by cyano-
bacterial aldehyde dehydrogenases (ALDH) (Miles et al., 2019; Fig. 1).

This illustrates the fact that cyanobacteria and microalgae are possible
sources of RAs and 4-oxo-RAs in aquatic environments.

Besides, retinoids are commonly used in drugs and food industries
since various isomers of RAs exhibit various functions (Lucek and
Colburn, 1985). For instance, 30 mg 9c-RA/day effectively treated Pi-
tyriasis rubra pilaris (Amann et al., 2015); and a maximum of 1.2 mg
13c-RA/kg/day is used to cure cystic acne (Farrell et al., 1980; Peck
et al., 1982). More importantly, at-RA is effective at treating acute
promyelocytic leukaemia (Huang et al., 1988; Wang and Chen, 2008).
Application of drugs is another potential source of RAs and 4-oxo-RAs
in aquatic environments.

3. Analytical methods of RAs and 4-oxo-RAs

Methods for extraction, identification and quantification of RAs and
4-oxo-RAs in surface waters, sewage, sludge and biota samples have
been developed. Because they are easily isomerized and metabolized,
extraction is a crucial step in quantifying RAs. In general, water sam-
ples, including river water, seawater and sewage, are filtered with filter
papers prior to solid phase extraction (SPE) (Zhen et al., 2009; Inoue
et al., 2013; Zhou et al., 2019). The SPE cartridge is normally pre-
conditioned with ethyl acetate, methanol and water although there is
no agreement on the most appropriate solvent used for preconditioning.
Because matrix components can be present, a clean-up procedure is
usually required, with the use of silica gel as adsorbents, after SPE (Wu
et al., 2010; Zhou et al., 2019). For sludge, freeze-dried samples are
extracted with ethyl acetate, which is then purified following clean-up
procedures (Zhou et al., 2019). Internal standards, deuterated at-RA
and acitretin for RAs and 4-oxo-RAs, respectively, were usually added
to determine the recoveries of selected target compounds. Recoveries of
RAs and 4-oxo-RAs in influent, effluent, sludge, river water and sea-
water, were 53%–160%, 52%–73%, 70%–158%, 53%–61% and
52%–74%, respectively (Wu et al., 2010; Zhou et al., 2019).

Procedures for extraction of RAs and 4-oxo-RAs from biota are si-
milar to those used for extraction from water, except that there are
additional steps prior to extraction using SPE. Tissue samples of gas-
tropods and fish are homogenized, mixed with methanol and cen-
trifuged. The supernatants obtained after homogenate centrifugation
are extracted using SPE (Gesto et al., 2012a, 2012b). For cyanobacteria
and algae, cells and exudates are separated by centrifugation and/or
filtration. Supernatants (i.e., exudates) are then extracted by use of SPE,
while filtered algal or cyanobacterial cells are extracted by sonication
and centrifugation in the presence of solvent (Wu et al., 2012; Jonas
et al., 2014). Similar clean-up procedures with the use of silica gel are
also applied for biota samples to remove matrix components, such as
lipids and proteins.

Due to the presence of conjugated double bonds, RAs are easily
isomerized and oxidized, and are sensitive to effects of heat, light and
oxygen (van Breemen et al., 1998). Therefore, extraction should comply
with strict procedures (Zhou et al., 2019). For sample collection, amber
bottles should be used and samples should be extracted as soon as
possible (usually within six hours). If possible, extractions should be
conducted in the dark, while all cartridges used for SPE and clean-up
should be wrapped in aluminium foil. Extracts should be dried using
nitrogen gas instead of air to avoid possible oxidation of chemicals and
they should be stored at −18 °C until identification and quantification
by LC-MS/MS.

An analytical technique with specificity and sufficient limit of de-
tection to be environmentally relevant and excellent power to resolve
individual compounds is needed for identification and quantification of
RAs and 4-oxo-RAs. Since liquid chromatography (LC) has a mild se-
paration conditions such as lower column temperature and less com-
plicated sample preparation procedures compared to gas chromato-
graphy (GC), LC is commonly employed for separation of RAs and 4-
oxo-RAs. Higher temperatures employed in GC (usually 230 °C) might
cause isomerization of RAs and destroy geometric isomers during

Fig. 3. Simplified pathway of retinoic acids from beta-carotene in diet to re-
tinoic acids in aquatic animals’ body, and the development of teratogenic ef-
fects at elevated levels in various groups of aquatic animals including fish,
amphibians and gastropods (Collins and Mao, 1999; Gardiner et al., 2003;
Novák et al., 2008).
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separation (van Breemen et al., 1998; Wang et al., 2001). Time and cost
can also be saved using LC since derivatization is not needed for se-
paration. The major challenge using LC is that the isomers of RAs and 4-
oxo-RAs are difficult to be isolated in LC columns, even this issue can be
addressed through the addition of acetic acids (for RAs) and ammonium
acetate (for 4-oxo-RAs) in the mobile phases (Wu et al. 2010; Zhou
et al., 2019). Since RAs have strong molar absorptivity at both UV and
visible wavelengths with the presence of conjugated double bonds, LC is
conventionally coupled with ultraviolet–visible spectroscopy (UV–Vis)
for detection of RAs (van Breemen et al., 1998). Nevertheless, UV–Vis
usually has relatively poor limits of quantification. A complementary
identification technique of mass spectrometry (MS) is, therefore, a more
suitable detector for identification and quantification of RAs (van
Breemen et al., 1998). The use of MS has the added advantage of
providing accurate mass and fragmentation patterns to retention time
to make it possible to more accurately identify individual compounds.

With the improvement of technology, tandem mass spectrometer
(MS/MS) using soft ionization methods such as electrospray ionization
(ESI) or atmospheric pressure chemical ionization (APCI) is currently
used for quantification of RAs (Gundersen et al., 2007; Zhou et al.,
2019). MS/MS can increase the throughput with high resolution and it
has better selectivity with lower background levels of RAs (Gundersen
et al., 2007; Wu et al., 2010). Among ionization methods, APCI, in ei-
ther positive or negative mode, generates stronger signal, provides
better linearity at high concentration and possesses wider dynamic
range when compared with ESI (van Breemen et al., 1998; Wang et al.,
2001). Although ESI is more susceptible to matrix effects than APCI that
would suppress signal, the use of surrogate standards can achieve
method recoveries between 51% and 81.7% (Wu et al. 2010). Also, it
has recently been shown that ESI provides better sensitivities for re-
tinoids, lower limit of detection (LOD) and limit of quantitation (LOQ)
than APCI that is sufficient for environmental analysis (Wu et al.,
2013). ESI is, therefore, more commonly used as the ionization mode
for quantification at present. Furthermore, to prevent peak distortion
and to achieve better separation, elution conditions of mobile phases
are usually acidic for RAs or alkaline for 4-oxo-RAs (Wang et al., 2001;
Wu et al., 2010; Zhou et al., 2019). Formic and acetic acids are com-
monly used for acidification, and ammonium acetate is used for alka-
lization. The LOD and LOQ for quantification are usually established as
the least concentration of analyte in samples that corresponds to signal-
to-noise (S/N) ratio of 3 and 10, respectively (Gundersen et al., 2007;
Wu et al., 2010; Zhou et al., 2019). LODs and LOQs differ among
identification and quantification methods.

4. Concentrations of RAs and 4-oxo-RAs in aquatic environments

Concentrations of RAs and 4-oxo-RAs have been measured in var-
ious environmental matrices including seawater, rivers, reservoirs,
lakes and ponds, effluent and sludge from STPs (Table 1). Since RAs and
4-oxo-RAs are normally excreted through urination from animals, this
matches with their continuing detection at concentrations up to
100 ng/L in influents of STPs (Zhen et al., 2009; Wu et al., 2010;
Sawada et al., 2012; Inoue et al., 2013; Zhou et al., 2019). Con-
centrations of RAs in effluents were consistently less than those in in-
fluents (Zhen et al., 2009; Wu et al., 2010; Zhou et al., 2019). The
greatest concentration of single RAs or 4-oxo-RAs detected in influents
of STPs was 104.9 ng 13c-4-oxo-RA/L (Inoue et al., 2013), which is
more than 10-fold greater than the greatest concentration detected in
effluents, surrounding seawaters or rivers near discharges of STPs with
2.4 ng 13c-4-oxo-RA/L observed (Zhou et al., 2019). STPs might,
therefore, play a role in removing RAs and 4-oxo-RAs during treatment.
To better understand which treatment process is the most efficient for
removing RAs, further studies on removal efficiencies of various types
of sewage treatment are warranted.

Retinoids can be produced and released as extracellular products
during blooms of cyanobacteria, which are dominated by species

belonging to various genera, including Microcystis, Dolichospermum,
Planktothrix, Woronichinia and Pseudanabaena (Sehnal et al., 2019).
Retinoids were detected in all 17 water bodies during blooms of cya-
nobacteria, with the sum of analyzed extracellular and intracellular RAs
and 4-oxo-RA up to 109 ng/L and 1,441 ng/g dw in biomass, respec-
tively (Sehnal et al., 2019). Moreover, during blooms of cyanobacteria
dominated by Microcystis aeruginosa in the Tai Lake (Ch:Taihu), max-
imum values for intracellular and extracellular RAs and 4-oxo-RAs were
420 ng/L and 19.8 ng/L, respectively (Wu et al., 2012). Other studies
also documented that freshwater cyanobacteria can, especially during
blooms, produce RAs and their metabolites (Kaya et al., 2011; Javůrek
et al., 2015; Sychrová et al., 2016; Priebojová et al., 2018). Results of a
few studies have found that total concentrations of intracellular and
extracellular RAs and 4-oxo-RAs for a wide spectrum of laboratory
cultured cyanobacteria and microalgae were as much as 1,919 ng/g dry
mass (dm) and 2,390 ng/L, respectively (Wu et al., 2012; Sychrová
et al., 2016; Priebojová et al., 2018). In freshwater, algal species ori-
ginated from various algal groups including green algae, diatoms and
euglena also have the ability to produce RAs even though the con-
centrations were less than those from some species of cyanobacteria
(Wu et al., 2012). Cyanobacteria are known to produce a variety of
substances during their growth, while some of them, such as micro-
cystins and retinoids, can cause adverse effects on aquatic organisms
(Wu et al., 2012; Paerl and Otten, 2013). However, data on con-
centrations of RAs in marine environments are lacking (Table 1). Until
now, there have been only two studies of RAs in marine environments
(Wu et al., 2010; Zhou et al., 2019). It is, therefore, necessary to con-
duct more surveys in marine environments to detect RAs, especially in
coastal cities that are densely populated and urbanized.

5. Toxic effects of RAs and 4-oxo-RAs, and possible mechanisms

Toxicities of RAs and 4-oxo-RAs have been determined for various
animal species (Table 2). Although these species respond differently to
RAs, most of them showed abnormal morphological development when
exposed to elevated concentrations (Table 2; Fig. 3). As amphibians are
sensitive to environmental changes and they breathe through the skin
partially, many studies have used amphibians to study the toxic effects
of RAs. Malformations, including, but not limited to, reduced brain size,
abnormal eyes, bent tails and abnormal hindleg formation, were con-
sistently observed in amphibian embryos at the range of median effect
concentration (EC50) of 7.57–23.2 µg at-RA/L (Table 2). In embryos of
fishes, tail tip deformation, brain deformities and heart edema were
commonly observed with EC50 of 0.10–1.15 µg at-RA/L (Table 2). For
mammals and birds, rat and chicken embryos (i.e., eggs) were usually
used for determining toxic potencies of RAs (Summerbell, 1983; Cicurel
and Schmid, 1988; Ritchie et al., 2003). Malformations, such as growth
retardation of mammals and birds, were observed at greater con-
centrations compared to thresholds for effects in amphibians and fishes.
Studies on Xenopus laevis embryos (Franco et al., 1999), newts No-
tophthalmus viridescens (Stark et al., 1998) and zebrafish embryos
(Hoffman et al., 2002) suggested that these malformations may be in-
duced due to the involvement of the sonic hedgehog (shh) gene which
regulates different development processes such as limb development
and pectoral fin bud expression.

Although several studies were conducted to determine toxic effects
of concentrations of RAs on freshwater species, there were only three
studies on marine species, i.e., the olive flounder Paralichthys olivaceus
and the rock shell Reishia (=Thais) clavigera (Haga et al., 2002;
Nishikawa et al., 2004; Horiguchi et al., 2008). Thus, there is still a lack
of information on toxic effects and mechanisms of RAs on marine
species. Previous laboratory studies indicated that 9c-RA triggered de-
velopment of imposex in females of R. clavigera (Nishikawa et al., 2004;
Horiguchi et al., 2008). Results of a recent study suggested that RAs
originating from STP effluents might contribute to development of
imposex in females of R. clavigera in the marine environment of Hong
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Kong (Zhou et al., 2019). Although RXR/RAR mediated pathway of RAs
might be similar to that of other environmental pollutants such as tri-
butyltin and triphenyltin, the mechanism of RA-induced imposex in
gastropods R. clavigera is very complex and it is not clearly known yet.
Molecular mechanisms underlying RA signaling functions that lead to
malformations are not conserved across all animal species, and are
different between vertebrates and invertebrates. Furthermore, the
physiological role of RA signaling in invertebrates is still largely un-
known. Our knowledge on biological responses and effects of RAs on
different taxonomic groups are still limited.

Apart from the insufficient information on toxic effects of RAs on
marine species, previous studies usually focus on the toxic effect on RAs
rather than 4-oxo-RAs. However, 4-oxo-RAs might sometimes exhibit
greater bioactivities than RAs because 4-oxo-RAs are the oxidized form
of RAs with better stability. The toxic effects and mechanisms of 4-oxo-
RAs on aquatic species are warranted to be further investigated.

6. Ecological risk assessment

All-trans retinoic acid equivalents (at-RA EQs) are usually used to
express the total retinoid activity in samples with respect to at-RA
standards (Jonas et al., 2014). Equivalency factors (RAEFs) for the at-
RA were usually developed for each retinoid to an equivalent con-
centration of at-RA for characterizing and comparing the potency of

samples. The calculation is based on the concept of relative potencies,
which are expressed as the ratio of effective concentration of standard
at-RA (ECx at-RA) and that of the sample (i.e., ECx sample) in a bio-
detection system, mostly reporter gene assays detecting interaction of
the samples with RAR (Villeneuve et al., 2000; Jonas et al., 2014;
Javůrek et al., 2015; Sehnal et al., 2019). However, the slopes of the
dose-response curves must be the same. Otherwise, the ratio of EC20

values would be used to minimize the bias (Villeneuve et al., 2000).
Thus, a point estimation, which represents a single point estimation
along a wider range of relative potencies, would be used in the calcu-
lation (Villeneuve et al., 2000).

RAEFs were defined as the EC50 of a retinoid that was estimated by
determining RARα-mediated activity using different bio-detection
models, such as yeast two hybrid model and mammalian transgenic
cells, relative to that of at-RA such that the toxicities of different re-
tinoids are comparable (Zhen et al., 2009; Wu et al., 2010; Priebojová
et al., 2018; Sehnal et al., 2019). The at-RA EQs of samples were cal-
culated by summing the concentration of each retinoid measured in the
study multiplied by their respective RAEFs (Wu et al., 2010; Zhou et al.,
2019).

Since different bio-detection models, such as yeast two hybrid
model and mammalian transgenic cells, can produce different RAEFs
and eventually different at-RA EQs, at-RA EQs derived from RAEFs
should be obtained from the same bioassay that is then used for the

Table 2
Toxicity data of retinoic acids (RAs) and 4-oxo-RAs towards different animal species.

Taxa Species Duration of
exposure (h)

LC50 (µg/L) EC50 for malformations
(µg/L)

LOEC for malformations (µg/L) References

Amphibian Rana clamitans (embryo) 24 at-RA = 20.9 NA NA Degitz et al. (2000)
Rana septentrionalis
(embryo)

24 at-RA = 16.0 at-RA = 13.5–23.2 NA Degitz et al. (2000)

Xenopus laevis (embryo) 1 NA NA at-RA = 300 Franco et al. (1999)
Xenopus laevis (embryo) 24 at-RA = 8.8 at-RA = 7.57–11.5 NA Degitz et al. (2000)
Xenopus laevis (embryo) 96 at-RA = > 20 at-RA = 11.9 at-RA = 5–20 Smutná et al. (2017)
Xenopus laevis (tadpoles) 48 or 120 NA NA at-RA = 10 µg/g Alsop et al. (2004)
Xenopus tropicalis
(embryo)

48 NA NA at-RA = 5
9c-RA = 0.5

Hu et al. (2015)

Xenopus tropicalis
(embryo)

48 NA NA 9c-RA = 2.5 Zhu et al. (2014)

Xenopus tropicalis
(embryo)

72 NA NA at-RA = 1
9c-RA = 1

Yu et al. (2011)

Fish Danio rerio (embryo) 120 NA NA at-RA = 0.9
9c-RA = 3
13c-RA = 3
at-4-oxo-RA = 3
13c-4-oxo-RA = 30

Herrmann (1995)

Danio rerio (embryo) 10, 16, 24, 36, 48 NA NA at-RA = 30 Hoffman et al. (2002)
Danio rerio (embryo) 96 at-RA = 108 at-RA = 1.1–20.8 at-RA = 1.3–36.0 Jonas et al. (2014)
Danio rerio (embryo) 120 at-RA = 5.2 at-RA = 0.7 NA Wang et al. (2014)
Danio rerio (embryo) 24, 48, 72, 144 at-RA = 7.74–483.7 at-RA = 0.1–28 NA Selderslaghs et al. (2009)
Danio rerio (embryo) 24, 48, 72, 144 at-RA = 40.2–2121.1 at-RA = 0.42 –233.7 NA Selderslaghs et al. (2012)
Danio rerio (embryo) 120 at-RA = 5.47 at-RA = 1.15 at-RA = 0.8 Pipal et al. (2020)
Paralichthys olivaceus 96 NA NA at-RA = 7.5

9c-RA = 7.5
13c-RA = 7.5

Haga et al. (2002)

Invertebrate Pomacea canaliculata 15 days and
30 days

NA NA 9c-RA = 1 µg/g of drained
body mass

Giraud-Billoud and Castro-
Vazquez (2019)

Reishia (=Thais)
clavigera

1 month NA NA 9c-RA = 1 µg/g of drained
body mass

Horiguchi et al. (2008)
Nishikawa et al. (2004)

Mammal Rat embryo in vitro 48 NA Only EC30 is available:
at-RA = 30
13c-RA = 3000

NA Cicurel and Schmid (1988)

Sprague-Dawley Rat
embryo in vitro

46 NA NA at-RA = 49.8
9c-RA = 49.8
at-4-oxo-RA = 9.9

Ritchie et al. (2003)

Bird Chicken eggs 10 days NA NA at-RA = 2.5 × 105 Summerbell (1983)

at-RA, all-trans-retinoic acid; 9c-RA, 9-cis-retinoic acid; 13c-RA, 13-cis-retinoic acid; at-4-oxo-RA, all-trans-4-oxo-retinoic acid; 13c-4-oxo-RA, 13-cis-4-oxo-retinoic acid.
LC50, median lethal concentrations; EC50, median effect concentrations; LOEC, lowest observed effect concentration
NA, not applicable.
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assessment of total retinoid activity of mixtures in environmental ma-
trices. However, bioassays have not always been used to quantify the
integrated measure of at-RA EQs given that some studies did not have
RAEFs or at-RA EQs. Even though not every study had conducted
bioassays, the measurement of individual RAs and 4-oxo-RAs was
usually conducted using LC-MS/MS. In this review, RAEFs used were
thus based on previously reported results (Zhen et al., 2009; Wu et al.,
2010). Both of those authors used yeast, two-hybrid assays with all
target RAs and 4-oxo-RAs, including 9c-RA, 13c-RA, at-4-oxo-RA, 9c-4-
oxo-RA and 13c-4-oxo-RA. Values of individual RAs were multiplied by
corresponding RAEFs, for 9c-RA, 13c-RA, at-4-oxo-RA, 9c-4-oxo-RA and
13c-4-oxo-RA, which were 0.15, 0.04, 3.87, 0.46 and 0.46, respectively.

Since not all studies used at-RA as the test chemicals, RAEFs were
applied to convert the test RA to at-RA equivalents. Due to the limited
data available on toxic potencies, we could only obtain acute in vivo
toxicity data of at-RA for a total of five freshwater species, which belong
to two taxa (four amphibians and one fish), from peer-reviewed lit-
erature (Table 3). Geometric means were applied when multiple toxi-
city data were available for the same species (Wheeler et al., 2002;
Zhou et al., 2014). The species sensitivity distribution (SSD) of at-RA
was then constructed (Fig. 4) by using a cumulative distribution plotted
against rank-assigned centile of EC50 of at-RA based on log-normal
distribution model (Wheeler et al., 2002; Jin et al., 2012, 2013; Zhou
et al., 2014). A hazardous concentration for 5% of species (HC5) was
determined to be 0.393 µg at-RA EQ/L (95% CI: 0.046–3.386 µg at-RA
EQ/L). The predicted no-effect concentration (PNEC) was determined
to be 3.93 ng at-RA EQ/L based on HC5, by applying the acute-to-
chronic ratio of 10 and an assessment factor of 10 (Chapman et al.,
1998). The fish embryo, Danio rerio, was the species most sensitive to
exposure to RAs with an EC50 value of 1.00 µg at-RA EQ/L, while
embryos of the frog, Rana clamitans, were the least sensitive with a
geometric mean EC50 value of 20.9 µg at-RA EQ/L.

Measured environmental concentrations (MEC), used for calculation
of hazard quotients (HQs), were expressed as at-RA EQs by using the
selected RAEFs for 9c-RA, 13c-RA, at-4-oxo-RA, 9c-4-oxo-RA and 13c-4-
oxo-RA (Table 4). To estimate the ecological risks posed by RAs, HQs
were calculated by dividing MECs by the PNEC of 3.93 ng at-RA EQ/L.
HQs for RAs and 4-oxo-RAs ranged from 0.01 to 1.81 in some rivers in
China (Wu et al., 2010; Zhen et al., 2009), while HQs ranged from zero
to 2.93 in effluent discharged from STPs in both China and Japan (Zhen
et al., 2009; Wu et al., 2010; Sawada et al., 2012; Inoue et al., 2013)
(Table 4). HQs for RAs and 4-oxo-RAs in extracellular levels during
blooms of cyanobacteria can be as great as 16.41, which was greater
than those in rivers and effluents, suggesting that risks were greater
during cyanobacterial blooms. It should be noted that all available data
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Fig. 4. The species sensitivity distribution (SSD) of at-RA was constructed based
on the EC50 values obtained from acute in vivo toxicity tests of five species from
literature (See Table 3 for the detailed toxicity values).
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were obtained from freshwater environments only, although the toxi-
city data are very limited to a few model species of fish and amphibian
and in the absence of information from invertebrate. Toxicity data of
RAs and 4-oxo-RAs from marine environments are, however, in-
sufficient to conduct ecological risk assessments of RAs. More studies on
the toxic effect of RAs and 4-oxo-RAs on marine species and the de-
tection of their concentrations in seawaters are needed to evaluate the
current environmental risks associated with RAs and 4-oxo-RAs in the
marine environment.

7. Conclusions

This mini-review identified potential sources of retinoic acids (RAs)
and their metabolites to aquatic environments, such as excretion from
animals, pharmaceutical applications and cyanobacteria. Although
these compounds are essential in many biological processes, results of
various studies have shown that their excessive intake can result in
teratogenic effects in amphibians, fish, gastropods and mammals. Also,
RAs and 4-oxo-RAs are unambiguously present in aquatic environments
because they are frequently detected in various surface waters around
the world. Yet, information on adverse effects of RAs and 4-oxo-RAs to
marine organisms and their concentrations in marine environments are
largely unknown. Despite the successful development of analytical
methods to identify and quantify RAs and 4-oxo-RAs using liquid
chromatography–tandem mass spectrometry, there are slightly different
extraction procedures from samples that might complicate direct
comparability among studies. The predicted no-effect concentration
(PNEC) for chronic and continuous exposure to all-trans RAs was de-
termined to be 3.93 ng at-RA EQ/L, which was derived from effective
concentrations in freshwater species only. With the derived PNEC value
from species sensitivity distribution and the measured concentrations of
RAs and 4-oxo-RAs in freshwater environments, these chemicals were
determined to pose ecological impacts (e.g., malformations, mortality,
reproductive impairment), especially to those associated freshwater
species such as amphibians, fishes and gastropods. Due to the absence
of toxicity data available for marine species, more toxicity tests should
be conducted on marine species with wider taxonomic groups, espe-
cially for responses to metabolites of RAs, i.e., 4-oxo-RAs. Given that
there is a lack of measured environmental concentrations for marine
environments, more studies on environmental monitoring of RAs and 4-
oxo-RAs should be conducted especially during the occurrence of algal
and cyanobacterial blooms and at the discharging point of effluents
from STPs. With such essential data, it will be possible to carry out
comprehensive ecological risk assessments of RAs and 4-oxo-RAs

towards marine environments especially those in highly urbanized
coastal cities.
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