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A B S T R A C T   

The estrogenic activity of the chemical UV-filters, 4-methylbenzylidene camphor (4-MBC) and octyl methoxy 
cinnamate (OMC) was investigated in an in vivo rainbow trout (Oncorhynchus mykiss) assay. Plasma vitellogenin 
concentrations were quantified by means of an Enzyme Linked Immuno Sorbent Assay (ELISA) in juvenile 
rainbow trout before and after intraperitoneal injection of the test compounds. Injection of 4-MBC on day 0, 3, 6 
and 10 in the exposure period caused dose and time dependent increases in the concentration of plasma vitel-
logenin. Significant elevation of vitellogenin concentrations in plasma was demonstrated from 151 mg 4-MBC 
kg− 1 injection− 1. Logistic regression analysis relating the percentage of responding fish to the injected dose of 
4-MBC resulted in ED10, ED50 and ED90 values of 37, 115 and 194 mg kg− 1 injection− 1, respectively, after 14 days 
of exposure (4 injections). Injections with OMC (up to 202 mg kg− 1 injection− 1) did not result in a statistically 
significant response in groups of exposed fish, although some individual fish showed elevated concentrations of 
vitellogenin in plasma. The results confirm that 4-MBC is estrogenic in fish in vivo.   

1. Introduction 

The demonstration of estrogenic activity of 4-methylbenzylidene 
camphor (4-MBC)(Fig. 1) in vivo in the rat uterotrophic assay by 
Schlumpf et al. (2001) was subsequently confirmed in immature rats 
administered either by subcutaneous injection, oral gavage or addition 
to the food (Ashby, 2001; Seidlova-Wuttke et al., 2006; Tinwell et al., 
2002). 

Estrogenic activity of 4-MBC in MCF7 in vitro bioassays has been 
reported by some investigators (e.g. Schlumpf et al., 2001; Schreurs 
et al., 2002; Schreurs et al., 2005), whereas 4-MBC and OMC have failed 
to show this activity in the YES assay (e.g. Kunz and Fent, 2006; Kunz 
et al., 2006). 

Induction of vitellogenin synthesis in male and juvenile fish is a well- 
established endocrine specific biomarker that identifies estrogenic ac-
tivity of chemicals (i.e. Christiansen et al., 2000; Kime et al., 1999; 
Sumpter and Jobling, 1995; Thorpe et al., 2000) and since induction of 
vitellogenin synthesis in fish is generally more sensitive to estrogenic 
substances than uterine growth in the uterotrophic assay (e.g. Alslev 

et al., 2005; Bjerregaard et al., 2003; Pedersen et al., 2003), it is 
somewhat surprising that only two (Inui et al., 2003; Liang et al., 2020) 
out of four (Kunz et al., 2006; Schreurs et al., 2002) investigations on 
fish has been able to confirm the estrogenicity of 4-MBC. 

The presence of chemical UV-filters in waters, sediments and beach 
sand have been demonstrated in areas with recreational seaside activ-
ities in many parts of the world (Astel et al., 2020; e.g. Emnet et al., 
2020; Fent et al., 2010; Kaiser et al., 2012; Nagtegaal et al., 1997; 
Nantaba et al., 2021; Poiger et al., 2004; Rodriguez et al., 2015) - with 
water concentrations up to the range of ng to μg L− 1. Chemical UV-filters 
are generally lipophilic (pKow > 5) and their ability to bioaccumulate in 
wildlife has been demonstrated (Balmer et al., 2005; Buser et al., 2006; 
Fent et al., 2010; Horricks et al., 2019; Nagtegaal et al., 1997) and they 
are present in sea food for human consumption (Cunha et al., 2018). In 
the German lake Meerfelder Maar, 6 different UV-filters were identified 
and quantified in perch (Perca fluviatilis) and roach (Rutilus rutilus) in 
amounts comparable to DDT and PCB, which are known to have high 
bioaccumulation potentials (Nagtegaal et al., 1997). 

In an in vivo juvenile rainbow trout (Oncorhynchus mykiss) assay, 
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estrogenic activity of the UV-filter 3-benzylidene camphor (3-BC) with 
high similarity to 4-MBC has been demonstrated; injections of 3-BC 
resulted in a dose and time related increase in plasma vitellogenin 
concentrations (Holbech et al., 2002). 

Because of the ambiguous evidence from investigations on fish, the 
aim of this study was to investigate in vivo estrogenicity of 4-MBC and 
OMC by use of the same juvenile rainbow trout assay which demon-
strated the estrogenicity of 3-BC. 

2. Materials and methods 

2.1. Chemicals 

The UV-filters 4-MBC (Eusolex 6300, CAS No. 36861–47–9, purity 
>98%) and OMC (Eusolex 2292, CAS No. 5466–77–3, purity >98%) 
were purchased from Merck (Albertslund, Denmark). 17β-Estradiol (E2) 
(purity >98%) was purchased from Sigma-Aldrich (Vallensbæk Strand, 
Denmark). Peanut oil was obtained from Matas A/S (Farum, Denmark). 

2.2. Experimental animals 

Sexually immature juvenile rainbow trout (Oncorhynchus mykiss) 
weighing 97 ± 16 g (Experiment 1, 4-MBC exposed groups), 92 ± 20 g 
(Experiment 1, OMC exposed groups) and 106 ± 21 g (Experiment 2) 
were purchased from a Danish fish farm (Lihme Fishery, Lihme) and 
kept at a water temperature of 12 ± 1⁰C under a photoperiod of 12 h 
light: 12 h dark in 80 L stainless steel tanks supplied with aerated 
running freshwater (groundwater). The trout were acclimated in the 

laboratory for 1 week before the experiments were started. 

2.3. Experimentation 

On the first day of the experiments, each fish had a cylindrical Pas-
sive Integrated Transponder (PIT) tag (2 ×11 mm, Trovan, Sweden) 
implanted intraperitoneally. Individual fish were identified by use of a 
PIT tag reader (Readern 500, Trovan, Sweden). The fish were not fed 
during the experiment. 

Two experiments were performed: In both experiments, trout were 
given intraperitoneal injections on day 0, 3, 6 and 10. Both E2, OMC and 
4-MBC were dissolved in peanut oil. All injection volumes (approxi-
mately 225 µL per fish) were adjusted according to the weight of the 
individual fish. 

Blood was sampled for vitellogenin analysis at an amount of 200 µL/ 
fish at day 0, 3, 6, 10 and 14 in both experiments (and also 4 days prior 
to exposure in experiment 2). Blood was taken through the caudal vein 
by a 1 mL syringe and transferred to heparinized Eppendorf tubes. The 
samples were centrifuged for 4 min at 4000 g and the plasma was stored 
at − 80 ⁰C. Prior to implantation of the transponder, injection and blood 
sampling, the fish were anaesthetized with 0.02% 2-phenoxyethanol. All 
fish were sacrificed day 14 where body wet weight and liver weight were 
measured for determination of the hepatosomatic index (HSI). 

The experiments were carried out under a permission from the 
Danish Animal Experimentation Board to associate professor Bodil 
Korsgaard, Department of Biology, University of Southern Denmark. 

2.3.1. Experiment 1 
Four groups of 10 fish were injected with 3, 16, 31 or 151 mg 4-MBC 

kg− 1 injection− 1, respectively. Another four groups were injected with 9, 
31, 76, or 202 mg OMC kg− 1 injection− 1, respectively. To verify that the 
fish were responsive to estrogen, one group of 10 fish was injected with 
930 µg E2 kg− 1 injection− 1 (reference); one group of fish was injected 
with peanut oil (vehicle control). 

2.3.2. Experiment 2 
Four groups of fish were injected with 77, 150, 300 and 452 mg 4- 

MBC kg− 1 injection− 1, respectively, at day 0, 3, 6 and 10. A blood 
sample was drawn for vitellogenin analysis 4 days prior to the first in-
jection with 4-MBC. Vehicle control and reference group had peanut oil 
and 758 µg E2 kg− 1 injection− 1, respectively, injected; each group 
consisted of 6–8 fish. 

2.4. Vitellogenin determinations 

The vitellogenin concentration in plasma samples was quantified by 
a direct non-competitive sandwich ELISA specifically developed for 
rainbow trout vitellogenin by Christiansen et al. (2000). The following 
modifications were made to the original method: Horseradish peroxi-
dase conjugated IgG was diluted in washing buffer and TMB+
(KemEnTec, Denmark) was used as enzyme substrate. The standard 
curve ranged from 0.1 to 10 ng vitellogenin mL− 1 and the practical 
detection limit was 20 ng vitellogenin mL− 1 plasma. The intra assay 
coefficient of variance of the analyses was calculated to be 8.8% [from 
11 separate dilutions of the same plasma sample measured in triplicates 
as described by Christiansen et al. (2000)]. Values below the detection 
limit were ascribed a value of 20 ng vitellogenin mL− 1. 

2.5. Data handling and statistical treatment 

Data obtained from the ELISA were, if possible, transformed to 
obtain normality and homogeneity of variances. Parametric results were 
evaluated using a repeated measure two- way analysis of variance 
(ANOVA) followed by a Bonferroni adjusted Fisher’s Least Significant 
Difference test. The statistical design included 2 types of a priori planned 
comparisons: 1) Each vitellogenin concentration was compared to the 

Fig. 1. The chemical structures of 4-methylbenzylidene camphor (4-MBC) and 
octyl methoxy cinnamate (OMC). 
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starting point of the individual group and 2) Every group was compared 
to each other for each individual day of measurement. The E2 treated 
groups were tested separately by a one-way repeated measure analysis 
of variance (ANOVA) followed by a Dunnett test with α = 0.05. 

Logistic regression analysis was performed in order to obtain the ED- 
curves relating percentage of responding fish to the concentration of 4- 
MBC in Experiment 2. The logistic regression model is used to investi-
gate the relation between a continuous or categorical independent 
variable and a categorical dependent variable with only two possible 
outcomes. In the present study, the two possible outcomes were either a 
vitellogenin response or a no-response to 4-MBC exposures. The 
regression analysis was based on the definition of a vitellogenin 
response as to be 5 times the vitellogenin concentration on day 0 for 
each individual fish. 

The logistic regression procedure involves the iterative fitting of a 
linear function of the independent variable (X), i.e., exposure concen-
tration, to the natural logarithm of the odds ratio for the dependent 
variable, i.e. the probability (p) of response divided by the probability of 
no response (1-p), and uses the following equation: 

In
( p

1−

)
= aX + β 

The goodness-of-fit in logistic regression analysis is calculated using 
the Hosmer-Lemshow p- value. A p-value, which is higher than 0.2 
implies a very good fit. Statistical analyses were performed using Sig-
maStat 2.03 (SPSS) with α = 0.05 as the level of significance. 

3. Results 

3.1. Experiment 1 

No mortality was observed in the reference and vehicle control 
groups. Six of the 40 fish exposed to OMC and 13 of the 40 fish exposed 
to 4-MBC died during the experiment; mortality was not related to 
exposure dose (Table 1). 

In some of the groups in which vitellogenin synthesis was not 
induced, there was a trend that vitellogenin concentrations decreased 
during the experiment relative to day 0; this decrease was statistically 
significant for the vehicle control at day 6, 10 and 14 and the OMC group 
exposed to 9 mg at day 14 (Figs. 2 and 3). Vitellogenin concentrations in 
the E2-reference group showed highly significant increases during the 
experiment (Figs. 2 and 3). 

Exposure to 4-MBC doses of 3, 16 and 31 mg kg− 1 injection− 1 did not 
affect vitellogenin concentrations, whereas a dose of 151 mg 4-MBC 
kg− 1 injection− 1 caused a continuous increase in vitellogenin 

concentrations after day 3, resulting in statistically significant responses 
at day 10 and 14 (Fig. 2). 

Exposure to up to 202 mg OMC kg− 1 injection− 1 did not result in a 
statistically significant response in any of the groups (Fig. 3), but one 
fish in the 76 mg kg− 1/injection group and two fish in the 202 mg kg− 1 

injection− 1 group increased their vitellogenin concentrations during the 
14 days. 

The hepatosomatic indexes (HSI) were not affected in any of the 
groups exposed to 4-MBC and OMC (results not presented). Because the 
response to 4-MBC was only observed at the highest dose, another 
experiment was carried out with higher doses in order to obtain a more 
complete dose-response relationship. 

3.2. Experiment 2 

No mortality was observed in the reference and vehicle control 
groups. Three of the 27 fish exposed to 4-MBC died during the experi-
ment; mortality was not related to exposure dose (Table 1). 

Exposure to 77 mg 4-MBC kg− 1 injection− 1 did not cause any sta-
tistically significant increase in average vitellogenin concentrations 
(Fig. 4) although 1 fish responded at day 6 and 2 at day 10 and 14, 
respectively (Fig. 5). Doses of 150, 300 and 452 mg 4-MBC kg− 1 

injection− 1 caused a continuous increase in vitellogenin concentrations 
after day 3, resulting in statistically significant responses from day 6 
(300 mg) or day 10 (150 and 452 mg) (Fig. 4). 

There were no significant differences in HSI among any of the groups 

Table 1 
Numbers of fish in the experimental groups during the exposure. Doses are given 
as mg per kg per injection.  

Experiment Treatment Dose Day    

-4 0 3 6 10 14 

Exp. 1 Control      10  10  10  10  10 
E2  0.93    10  10  10  10  10 
4-MBC  3    10  8  3  3  3  

16    10  10  9  9  9  
31    10  10  9  8  6  

151    10  10  10  10  10 
OMC  9    10  10  10  9  9  

31    10  10  9  9  8  
76    10  10  10  9  8  

202    9  9  9  9  8 
Exp. 2 Control  0  6  6  6  6  6  6 

E2  0.758  6  6  6  6  6  6 
4-MBC  77  6  6  6  6  5  5  

150  6  6  6  6  6  6  
300  7  7  7  7  7  7  
452  8  8  8  7  6  6  

Fig. 2. Average vitellogenin concentrations ( ± SEM) in plasma of rainbow 
trout injected with 0 (control; ○), 3 ( ), 16 ( ), 31 ( ) and 151 ( ) mg 4-MBC 
kg− 1 injection− 1 at day 0, 3, 6 and 10. The 17β-estradiol-reference group (E2; 
□) was treated with 930 μg E2 kg− 1 injection− 1 (Experiment 1). Asterisks 
indicate significant difference compared to the control group for the same day. 
The E2 treated group is not included in the statistical analysis. Numbers of fish 
are given in Table 1. 
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exposed to 4-MBC (results not presented). 
The logistic regression resulted in ED50 values of 177 and 

115 mg kg− 1 injection− 1 after 10 and 14 days of exposure, respectively 
(Fig. 5). ED10 was 37 mg kg− 1 injection− 1 after 14 days of exposure and 
ED90 was 358 at day 10 and 194 mg kg− 1 injection− 1 at day 14 (Fig. 5). 

4. Discussion 

The present results demonstrate that 4-MBC is capable of inducing 
the vitellogenin synthesis in juvenile rainbow trout (Oncorhynchus 
mykiss) when administered by intraperitoneal injection. These data 
support three positive uterotrophic results reported for 4-MBC when 
administered to immature rats in the diet as well as in vitro documen-
tation of the estrogenic potential of this UV- filter in the MCF-7 cell 
proliferation assay (Schlumpf et al., 2001; Tinwell et al., 2002). 

Plasma vitellogenin concentrations decreased in some of the groups 
(controls and some exposed groups) during the 2-week exposure. This 
phenomenon is commonly seen (e.g. Alslev et al., 2005; Bjerregaard 
et al., 2003) in experiments in which the fish are not fed during the 
experiment. 

The results also support the demonstration that exposure of male 
Japanese medaka (Oryzias latipes) to 4-MBC resulted in elevated vitel-
logenin concentrations (Inui et al., 2003). However, to get an increase in 
the vitellogenin concentrations, Inui et al. (2003) had to expose their 
fish to fairly high concentrations of 4-MBC in the water: 9.9 mg 4-MBC 
L− 1 did apparently not give rise to an increase whereas exposure to 
99 mg 4-MBC L− 1 did; OMC only affected vitellogenin levels at exposure 
concentrations at or above 987 mg OMC L− 1. Schreurs et al. (2002) and 

Kunz et al. (2006) did not see any vitellogenin response after 4-MBC 
exposure, but they exposed their fish to much lower concentrations in 
the water than Inui et al. (2003) did: transgenic zebrafish (Danio rerio) 
were exposed to 254 μg 4-MBC L− 1 (Schreurs et al., 2002) and fathead 
minnow (Pimephales promelas) were exposed to up to 753 μg 4-MBC 
L− 1and 5025 μg OMC L− 1 (Kunz et al., 2006) without any increase in 
vitellogenin concentrations. The vitellogenic responses registered by 
Inui et al. (2003) and in the present investigation were fairly limited 
compared to the response after E2 treatment, indicating that the potency 
of 4-MBC is low. This may explain why Schreurs et al. (2002) and Kunz 
et al. (2006) didn’t see in vivo responses at their lower exposure con-
centrations. Liang et al. (2020) registered increases in vitellogenin levels 
in female Japanese medaka exposed to 5 and 50 – but not to 500 - μg 
4-MBC L− 1; no effects on vitellogenin levels were observed in the males. 

Comparison of the sensitivity of different in vivo test systems must be 
carried out with due consideration of animal species, routes of exposure, 
duration of exposure, position of the target organ, supposed estrogen 
receptor affinity and metabolism just to mention a few - and therefore 
great caution. Nevertheless, for a number of estrogenic para-substituted 
phenolic chemicals the lowest observed effect dose (LOED) in the ute-
rotrophic assay is considerably larger than the ED50 in the rainbow trout 
vitellogenic assay with ratios of 3 for octylphenol (Laws et al., 2000; 
Pedersen et al., 2003), 57 for butylparaben (Alslev et al., 2005; Rout-
ledge et al., 1998), > 45 for propylparaben (Bjerregaard et al., 2003; 
Sivaraman et al., 2018) and 20 for bisphenol A (Bjerregaard et al., 2007; 
Kanno et al., 2003), whereas 4-MBC showed almost identical LOED in 
the rat uterotrophic assay (119 mg kg− 1/d; Schlumpf et al., 2001) and in 

Fig. 3. Average vitellogenin concentrations ( ± SEM) in plasma of rainbow 
trout injected with 0 (control; ○), 9 ( ),31 ( ), 76 ( ), and 202 ( ) mg OMC 
kg− 1 injection− 1 at day 0, 3, 6 and 10 (Experiment 1). The 17β-estradiol- 
reference group (E2; □) was treated with 930 μg E2 kg− 1 injection− 1. Numbers 
of fish are given in Table 1. 

Fig. 4. Average vitellogenin concentrations ( ± SEM) in plasma of rainbow 
trout injected with 0 (control; ○), 77 ( ), 150 ( ), 300 ( ), and 452 ( ) mg 4- 
MBC kg− 1 injection− 1 at day 0, 3, 6 and 10 (Experiment 2). The 17β-estradiol- 
reference group (E2; □) was treated with 758 μg E2 kg− 1 injection− 1. Numbers 
of fish are given in Table 1. 
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the present rainbow trout vitellogenic assay (ED50: 115 mg kg− 1 

injection− 1). For 3-BC, the rat uterotrophic assay (LOED: 2 mg kg− 1/d: 
Schlumpf et al., 2004) is more sensitive than the rainbow trout vitello-
genic assay (ED50: 16 mg kg− 1/injection: Holbech et al., 2002). 

The potency difference between 3-BC (ED50: 16 mg 3-BC/kg/injec-
tion; Holbech et al., 2002) and 4-MBC in the rainbow trout in vivo 
assay could be speculated to be due to differences in the metabolic 
pathways of these two compounds. Tinwell et al. (2002) suggested that 
the difference in the 4-MBC response in the MCF-7 cells and the yeast 
transcription assay could be at least partly explained by metabolic 
transformation of 4-MBC into an estrogenic species in the former which 
was probably not possible in the latter. 

In vivo results of the uterotrophic assay has also shown 4-MBC to 
have at least a tendency to be more potent when administered by oral 
gavage compared to the subcutaneous injection (Tinwell et al., 2002). 
This might indicate that liver metabolization after absorption by the 
gastrointestinal tract has had an activating effect on the parent com-
pound. 3-BC possesses a non-substituted benzene ring that could be a 
substrate for hydroxylation by phase I liver enzymes (P-450). It is well 
established from structure activity studies (SAR) that a para hydroxy 
benzene ring is often accompanied by estrogenic capacity (Fang et al., 
2001). 

Although 4-MBC does possess inherent estrogenic activity, it has a 
lower potency than other documented estrogenic chemicals mentioned 
above. Demonstrated concentrations of UV filters in the aquatic envi-
ronment are typically in the ng to μg L− 1 range (Astel et al., 2020; e.g. 
Emnet et al., 2020; Fent et al., 2010; Kaiser et al., 2012; Nagtegaal et al., 
1997; Nantaba et al., 2021; Poiger et al., 2004; Rodriguez et al., 2015) 
and other toxic manifestations may set in before the estrogenic effect – 
as demonstrated by Kunz et al. (2006) who registered substantial re-
ductions in growth rates of fathead minnows exposed to 415 and 753 μg 
4-MBC L− 1 – and no vitellogenin induction at these exposure 

concentrations. It is important to note that the results of the present 
investigation are not applicable in any environmental risk assessment of 
the chemicals since they were applied by an unnatural route in the form 
of intraperitoneal injection; the results are only applicable in a hazard 
assessment in which the intrinsic properties of the chemicals are 
evaluated. 

The mortality observed during the experiments appeared to be 
incidental; the highest mortality was observed in the group exposed to 
3 mg 4-MBC kg− 1 injection− 1 whereas no mortality was registered in the 
groups exposed to 150, 151 and 300 mg 4-MBC kg− 1 injection− 1. Thus, 
the mortality showed no relationship with the doses of the chemicals. 

We have demonstrated an intrinsic estrogenic capacity of 4-MBC 
artificially introduced into juvenile rainbow trout. The ecological im-
pacts of this compound as well as other estrogenic active UV-filters are 
unknown, and we suggest investigation on potential population relevant 
effects to be of higher priority in the forthcoming research. 
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