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Abstract
The increasing worldwide contamination of freshwater ecosys-
tems with micropollutants such as pharmaceuticals, personal 
care products, hormones, industrial chemicals and pesticides 
is a key environmental problem facing humanity nowadays. In 
order to assess the adverse effect of six organic micropollut-
ants (atrazine, bisphenol A, dibutyl phthalate, 17β-estradiol, 
3,4-dichlorophenol and Na-diclofenac) a short term phago-
cytic activity test was applied with Tetrahymena pyriformis 
representing an important trophic level of aquatic ecosystems.
Significant concentration-dependent response in phagocytic 
activity was experienced to 17β-estradiol and other endocrine 
disrupting compounds such as 3,4-dichlorophenol, atrazine 
and dibutyl phthalate with lowest observed effect concentration 
of 0.01; 0.005; 0.05; 0.05 µg/L, respectively. Although bisphe-
nol A and Na-diclofenac did not result in a concentration-de-
pendent response, significant changes in phagocytic activity 
were observed.
Our results suggest that the phagocytic activity assay relying 
on a basic cell response can be a valuable method for the early 
and sensitive indication of adverse effects of micropollutants.
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1 Introduction
In recent years aquatic micropollutants have raised great 

concern due to their adverse effects on aquatic organisms 
even at low concentrations [1-5]. Some of these contaminants 
exert secondary adverse effects such as endocrine disruption, 
genotoxicity, neurological and immunological dysfunctions, 
reprotoxicity and teratogenicity. Compounds with endocrine 
disrupting features can mimic endogenous estrogens by 
entering the cell, binding to the receptor and activating 
transcription. These xenoestrogens may also antagonize 
normal androgen action [6].

Because of the insufficient limit of detection of conventional 
ecotoxicology assays, many researchers address the 
development of innovative tools and sensitive biomarkers 
for the evaluation of the secondary adverse effects of 
micropollutants at environmentally relevant concentrations 
(ng/L–µg/L) [7-10].

There is a wide range of sublethal effects, which can reflect 
the ecological fitness of individual organisms or a population. 
Fundamental physiological events in protists, such as 
phagocytosis can give useful information about the condition 
of a cell which can be changed by hormonal effects as well 
[11, 12]. In protists ciliary movement is not only responsible 
for locomotion, but feeding as well [12] and it also covers wide 
potencies for immunological responses [8]. Not only immune 
related substances, but hormones and hormone analogues can 
modulate the phagocytic activity [11]. The number of food 
vacuoles can be affected by bioactive materials (histamine, 
lectins, endorphins) [12].

Phagocytosis plays an important role in vertebrate and inver-
tebrate systems and Tetrahymena sp. possess features of both 
single eukaryotic cells and whole organisms [8]. Therefore 
Slaveykova et al. [13] encourage the use of protists as eukary-
otic model organisms more often for investigation of the cellu-
lar responses to environmental stress at any level. Touitou et al. 
[14] used Tetrahymena as a cellular assay to predict drug blood 
therapeutic levels by measuring morphometric changes based 
on the similarities between this eukaryotic organism and human 
cells. They also quantified changes in Tetrahymena thermophila 
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cell area as a function of nonsteroidal anti-inflammatory drug 
(NSAID) concentration by image analysis, and found a correla-
tion with drug effective plasma levels in humans.

The changes in phagocytic activity can be an appropriate 
fundamental cell based process to investigate physiological 
effects that often occur at short response times and at low 
toxicant concentrations [8, 15], therefore phagocytic activity 
of Tetrahymena pyriformis can be an appropriate model 
system for investigating the potential adverse effect of aquatic 
micropollutants ─ including xenoestrogenic compounds ─ in 
environmentally relevant concentrations.

Our aim was to find a sensitive ecotoxicity endpoint for 
the testing of aquatic micropollutants, to detect the adverse 
effects at environmentally relevant concentrations and with 
short term response. In order to prove the sensitivity of the 
phagocytic activity six model compounds were chosen such 
as atrazine, bisphenol A, dibutyl phthalate, 17β-estradiol, 
3,4-dichlorophenol and Na-diclofenac.

Amongst the six model substances a pesticide, atrazine 
and two plasticizers, bisphenol A and dibutyl phthalate were 
selected based on their endocrine disruptive potential [5, 16-22]. 
17β-estradiol was selected as natural estrogenic compound 
based on our previous results of LOEC=0.1 µg/L according to 
the Daphnia magna heartbeat rate test [23]. 3,4-dichlorophenol 
was selected based on its significant toxicity toward Lemna 
minor (LOEC=0.25 µg/L) [24]. Na-diclofenac, a nonsteroidal 
anti-inflammatory drug was also selected based on our previous 
results of the D. magna heartbeat rate test with LOEC=0.1 µg/L 
[24]. Our decision was supported by the Priority List of emerging 
micropollutants established by Molnár et al. [25]. This list 
of priority pollutants was prepared taking into consideration 
the following characteristics: potential risk, hazardous 
effect, production and use volumes and their occurrence in 
the river Danube and the treated waste waters in Hungary. 
The concentration range of these model substances detected in 
river Danube in the frame of the ‘Joint Danube Survey 2 – JDS2’ 
[26] are the following: atrazine: 0.0001─5.6 µg/L; bisphenol A: 
0.004─0.49 µg6L; dibutyl phthalate: 0.2─7 µg/L; 17β-estradiol: 
<0.005 µg/L; 3,4-dichlorophenol: <0.162 µg/L; Na-diclofenac: 
0.001─0.13 µg/L. According to risk based ranking atrazine, 
bisphenol A, dibutyl phthalate, 17β-estradiol, Na-diclofenac 
and chloro-phenolic compounds are among the first 30 priority 
pollutants of this list [25].

Although Na-diclofenac and 3,4-dichlorophenol are present 
at trace concentrations in the aquatic ecosystem, there has been 
emerging concern about their biological activities adversely 
impacting aquatic life and human health [27, 28]. The primary 
effects of these contaminants are well known, while their 
secondary effects on the aquatic ecosystem are largely unknown 
[27, 28]. The main sources of the Na-diclofenac and 17β-estradiol 
are hospital effluents and communal wastewaters [29]. 
3,4-dichlorophenol is generally used as a pesticide or disinfectant, 

therefore the most typical route to aquatic environments is via 
agricultural and industrial uses, as well as in case of atrazine 
[30]. Chlorophenols are widespread in aquatic ecosystems; the 
toxicity mechanism is uncoupling oxidative phosphorylation 
for representatives with two or more constituents [31]. Dibutyl 
phthalate (DBP) is a commonly used plasticizer, the typical route 
of which to aquatic environments is via industrial uses [29].

2 Materials and methods
The ecotoxicity of six organic micropollutants 

(atrazine, bisphenol A, dibutyl phthalate, 17β-estradiol, 
3,4-dichlorophenol and Na-diclofenac) was investigated by 
applying a sublethal physiological ecotoxicity endpoint, the 
Tetrahymena pyriformis phagocytic activity. 

2.1 Model substances
Atrazine (>97.0%, CASRN: 1912-24-9) was supplied 

by KISCHEMICALS Manufacturing and Mercantile LLC. 
Bisphenol A (239658-50G, ≥99%, CASRN: 80-05-7); dibutyl 
phthalate (CAS RN: 84-74-2, 524980-25ML, 99%); 17β-estradiol 
(CAS RN: 50-28-2, E8875-250MG); 3,4-dichlorophenol (99%, 
D70406-5G, CASRN: 95-77-2) and Na-diclofenac (D6899-10G, 
CASRN: 15307-79-6) were purchased from Sigma Aldrich.

The applied chemical substances were dissolved in distilled 
water, freshly before testing. The use of solvents was not 
necessary as all of the substances were water soluble in the 
tested concentration. In line with the approach of Rivetti et 
al. [32], to find sensitive response to emerging contaminants 
at environmentally relevant concentrations applying 
physiological endpoints, a ten-fold dilution series was applied 
in a wide concentration range (0.005─10,000 µg/L) (Table 1).

Table 1 Tested concentrations of the model substances

Model substance Tested concentration [µg/L]

Atrazine 0.05; 0.5; 5;50; 500

Bisphenol A 0.1; 1; 10; 100; 1000

Dibutyl phthalate 0.05; 0.5; 5;50; 500

17β-estradiol 0.01; 0.1; 1; 10; 100

3,4-dichlorophenol 0.005; 0.05; 0.5; 5;50

Na-diclofenac 0.01; 0.1; 1; 10; 100

2.2 Tetrahymena pyriformis cultures
Tetrahymena cultures (A-759-b) were maintained in the 

laboratory in PP medium (1% tryptone, 0.1% yeast extract) with 
antibiotic mix (0.2% penicillin G sodium, 2% streptomycin 
sulphate, 1% nystatin) under axenic circumstances described 
by Leitgib et al. [33]. Since in the present work our aim was 
to screen the toxicity and dose-response of emerging model 
compounds with this unconventional ecotoxicity endpoint, we 
did not apply starved cultures.
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2.3 Test method
For the assays 24 h old, exponential growth phase 

T. pyriformis cultures were prepared by pipetting 5 mL of the 
culture into 20 mL of sterile medium and 600 µL of antibiotic 
mix solution, then Tetrahymena cultures were incubated in a 
flat bottom flask at 21±0.5°C placed into a shaking incubator at 
150 rpm for 24 h. The cultures were checked under microscope 
for healthy morphology and motility. For the phagocytic activity 
bioassay, 500 µL of T. pyriformis cell suspension, 100 µL test 
solution and 400 µL Chinese ink solution were pipetted into 
an Eppendorf micro test tube and incubated for 30 min at 
21±0.5°C under dark circumstances. The Chinese ink solution 
was prepared with Losina-Losonsky solution [34] and filtered 
with 0.02 µm sterile filter. After 30 min of contact time the 
samples were fixed with 20 µL 1.5% formaldehyde solution. 
The Chinese ink particle granules formed by phagocytosis 
(test particles) were counted in 80 cells oculometrically with 
light microscope (Nikon CH20) under 400x magnification. 
Each measurement was repeated three times.

2.4 Statistical analysis
To determine the effective concentration values (EC) 

sigmoidal curves were fitted to measurement data.
EC50 values were determined with OriginLab 8.0 software 

applying Logistic Dose Response Function fitting: 
y = A2 + (A1-A2)/(1 + (x/x0)^p).

One-way analysis of variance (ANOVA) was performed 
by STATISTICA 12 software identifying significant effects 
(p<0.05). Univariate Tests of Significance were performed 

and the homogeneity of variances was examined. In case 
of significance, the lowest observed effect concentration 
(LOEC) value was determined using Dunnett’s test (α = 0.05). 
The applied statistical method used in our acute tests was 
identical to the method used in the case of chronic tests.

3 Results and discussion
The modulation of phagocytic activity was investigated as 

an unconventional physiological measurement endpoint. Fig. 1 
represents the average number of test particles (vacuoles) 
formed by phagocytosis in 240 cells. In addition to Fig. 1, 
Table 2 and 3 provide data on the inhibition percentage values, 
LOEC and EC50 values.

Unlike Kőhidai et al. [11] we neither applied starved cell 
cultures, and chemotactic selection, because this simplified 
methodology has proved to be sensitive to a wide range of 
micropollutants at environmentally relevant concentrations. 

The applied concentration range of the tested model substances 
was 0.005−1000 µg/L at which levels according to Dunnett’s 
ANOVA significant effect was found in all samples except 
for the bisphenol A at 100 µg/L. Atrazine, dibutyl phthalate, 
17β-estradiol and 3,4-dichlorophenol resulted in concentration-
dependent decrease in phagocytic activity (Fig. 1). 

The lowest applied atrazine concentration of 0.05 µg/L 
administered to the cells decreased by 16% the mean of 
test particles formed by phagocytosis compared to control, 
while 0.05 µg/L dibutyl phthalate concentration caused 19% 
of inhibition. The lowest effect concentration (0.01 µg/L) 
in case of 17β-estradiol resulted in 14% inhibitory effect. 

Table 2 Inhibition percentage values (H%) of T. pyriformis phagocytic activity test after 30 min of exposure time

Inhibition (H%)

Conc.
[µg/L]

Atrazine
Conc
[µg/L] 

Bisphenol 
A

Conc.
[µg/L] 

Dibutyl 
phthalate

Conc.
[µg/L]

17β-estradiol
Conc.
[µg/L]

3,4-dichlorophenol
Conc.
[µg/L]

Na-diclofenac

0.05 16 0.1 58 0.05 19 0.01 14 0.005 23 0.01 −36

0.5 35 1 88 0.5 22 0.1 51 0.05 26 0.1 −42

5 80 10 −67 5 38 1 64 0.5 59 1 −21

50 86 100 −33 50 48 10 57 5 100 10 −29

500 81 1000 81 500 74 100 79 50 100 100 −30

Table 3 LOEC and EC50 values of the T. pyriformis phagocytic activity test

Model substance LOEC [µg/L] EC50
a [µg/L] Std. Error R2

3,4-dichlorophenol 0.005 0.18 0.098 0.934

17β-estradiol 0.01 0.07 0.105 0.892

Na-diclofenac 0.01 − − −

Atrazine 0.05 0.58 0.259 0.968

Dibutyl phthalate 0.05 29.87 12.82 0.958

Bisphenol A 0.1 − − −
aEC50 values were derived with OriginLab 8.0 software applying Logistic Function fitting: y = A2 + (A1-A2)/(1 + (x/x0)^p), where A1 is the 
initial value, A2 is the final value, x0 is the centre and p is the power.
−: ambiguous results for EC50 derivation
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Fig. 1 Average number of test particles formed by phagocytosis. The results are plotted based on the number of observations in 240 cells. Significant effects are 
marked by asterisk (*), whiskers represent standard deviation (SD).

The phagocytic activity test showed outstanding sensitivity 
administering 3,4-dichlorophenol at the lowest concentration 
(0.005 µg/L) with inhibitory effect of 23%. When administering 
Na-diclofenac at 0.01−100 µg/L concentration range a constant 
and significant stimulation (21─42%) in the phagocytic 
activity was experienced. In terms of phagocytic activity 
the most interesting response was experienced in case of the 
xenoestrogenic compound, bisphenol A: the 0.1−1000 µg/L 
concentration range did not lead to concentration-dependent 
response. At the two lowest concentrations (0.1 and 1 µg/L) 
and at the highest applied concentration (1000 µg/L), bisphenol 
A resulted in strong inhibition of the phagocytic activity, while 
the two intermediate concentrations (10 and 100 µg/L) showed 
opposite effect, significant increase in the number of test 
particles formed by phagocytosis was experienced.

Comparing the effect values of these model compounds with 
concentrations determined in surface waters, we can conclude 
that this method shows high sensitivity even at environmentally 
realistic concentration.

17β-estradiol was detected in surface waters within  
0.037 ng/L−50 ng/L concentration range [9, 26, 35], while 
Tetrahymena pyriformis phagocytic activity assay could 
indicate the effect of 10 ng/L 17β-estradiol.

Atrazine was detected in the Tejo river basin in 0.24 µg/L 
concentration [50] and in Lake Vistonis (Greece) in 1.465 µg/L 
[51]. According to JDS2 [26] atrazine concentrations of 
0.0001─5.6 µg/L were detected in river Danube, which are 
comparable to the detection limit (LOEC=0.05 µg/L) of 
Tetrahymena pyriformis phagocytic activity assay.

In natural waters, BPA is usually present at low 
concentrations (<0.01–1.9 µg/L) [52]. According to JDS2 [26] 
BPA concentrations of 0.004–0.49 µg/L were detected in river 
Danube. BPA was detected in Lake Donghu (China) between 
0.02 and 0.534 µg/L [53], in Elbe river (0.009–0.776 µg/L) 
and in the North Sea about 1 order of magnitude lower [54]. 
Taking into consideration these surface water concentrations 
of BPA, Tetrahymena pyriformis phagocytic activity assay 
is a feasible bioassay for the detection of the effect of this 
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industrial additive with its outstanding sensitivity to BPA 
(LOEC=0.1 µg/L).

Dibutyl phthalate was detected in some drinking water supplies 
at levels ranging from 0.1 to 5 µg/L [55], while based on the JDS2 
[26] results, dibutyl phthalate concentrations of 0.2─7 µg/L were 
detected in river Danube. Tetrahymena pyriformis phagocytic 
activity assay was sensitive to 0.05 µg/L dibutyl phthalate, 
therefore it is a sensitive bioassay for the detection of dibutyl 
phthalate in environmentally realistic concentrations.

The maximum diclofenac concentration of 0.103 µg/L 
detected in Berlin and 0.13 µg/L detected in river Danube 
were reported by Heberer et al. [56] and by the JDS2 [26]. 
The Tetrahymena pyriformis phagocytic activity assay gave a 
sensitive response to Na-diclofenac at 0.01 µg/L concentration. 
The constant and significant stimulating effect within the tested 
concentration range (0.01─100 µg/L) may be an important 
response as well, in accordance with Kermiche et al. [57]. 
Their results show that Paramecium sp. cells exposure to low 
concentrations of ibuprofen (1 and 10 μg/L) induces insignificant 
stimulation of cell growth and respiratory metabolism.

Chlorophenolic compounds can be found in aquatic 
environments at up to µg/L concentration level. 

According to JDS2 [26] a maximum 3,4-dichlorophenol 
concentration of 0.162 µg/L was detected in river Danube, while 
the Tetrahymena pyriformis phagocytic activity assay proved 
to be sensitive to 3,4-dichlorophenol at 0.005 µg/L, which can 
be the result of multiple mechanisms of action. Schüürmann 
et al. [58] investigated the toxic mechanism associated to 
phenolic compounds toward Tetrahymena pyriformis. Several 
potential mode of action was reported, such as the scavenging 
and generating reactive oxygen species or the ability to act 
as oxidative uncouplers through a distinct shuttle mechanism 
across the inner membrane of mitochondria.

Phenolic compounds may increase electrophilicity leading 
to an impairment of proteins (receptors, enzymes) and nucleic 
acids (DNA, RNA). An important mode of their toxic action 
toward aquatic organisms is polar narcosis [59]. Schultz et al. 
[60] also highlighted endocrine disruption (estrogenicity in 
particular) as potential mode of action of phenolic compounds.

In our experiments beside a natural estrogenic compound, 
17β-estradiol, atrazine, bisphenol A, dibutyl phthalate and 
3,4-dichlorophenol were investigated as proved or suspected 
xenoestrogenic compounds. Tetrahymena spp. possess 
endogenous steroids [61] like cell-lines from mammals but the 
equivalents to mammalian steroid receptors cells have not been 
found yet [8], though Tetrahymena can be influenced by these 
environmental estrogens by steroid-like receptor structures 
induced by administering exogenous steroid hormones [11]. 
A sensitive concentration-dependent response was found 
in case of atrazine, 17β-estradiol, dibutyl phthalate and 
3,4-dichlorophenol which alteration in the phagocytic activity 
may be due to “hormonal” disturbance of homeostasis.

In case of bisphenol A, non-monotonic dose-response was 
confirmed by a large set of independently performed experi-
ments. Extensive data can be found in current literature regard-
ing non-monotonic, unusual dose response curves − including 
U-shaped and inverted U-shaped curves − demonstrated for 
natural hormones and endocrine disrupting chemicals [62-64]. 

U-shaped dose–response curves occur when the maximal 
response is produced at very low and very high concentra-
tions, but not at intermediate ones; inverted U-shaped curves 
are the inverse. U-shaped and inverted U-shaped curves are 
extremely controversial in ecotoxicology, because they contra-
dict the long-held belief that dose–response relationships are 
linear [62]. This non-monotonic dose-response is very common 
(occurring in greater than 20% of all experiments) in case of 
BPA in a variety of biological systems including cultured cells 
and laboratory animals. This non-conventional dose-response 
is explained by the overlapping monotonic curves of individ-
ual mode of actions resulting non-monotonic dose response 
as the resultant of these overlapping, complex physiological 
processes. The well-studied potential mechanisms underlying 
the phenomenon of non-monotonicity may be the effect of hor-
mone concentration on the number of receptors, namely when 
the number of the produced receptors differs from the number 
of degraded receptors, this way attenuating the response while 
the hormone concentration increases. Desensitization can also 
affect the response of some receptors at higher doses, when 
receptors are biochemically inactivated upon increasing hor-
mone concentrations. Receptor selectivity, receptor compe-
tition and endocrine negative feedback loops can also cause 
non-monotonicity [63]. The growing recognition of the nonlin-
ear dose–response relationships problems calls for more stud-
ies. So far the non-monotonic dose-response phenomenon has 
been confirmed in case of other emerging micropollutants in 
some studies [62, 64].

BPA can act through multiple mechanisms such as electron 
transfer, generation of reactive oxygen species (ROS) and oxi-
dative stress (OS) in addition to endocrine disrupting effect [65].

Correspondingly, to many NSAIDs, diclofenac exerts 
its effect through inhibiting the prostaglandin synthesis via 
inhibiting cyclooxygenase-1 and cyclooxygenase-2. Current 
research shows that pharmacologic activity of diclofenac goes 
beyond cyclooxygenase inhibition, and may include novel 
mode of actions [66]. Based on our results the T. pyriformis 
phagocytic activity test can be a sensitive tool for the detection 
of Na-diclofenac present in environmental samples.

Table 4 shows data on current literature concerning the sensi-
tivity of conventionally applied ecotoxicological test methods, 
such as the Microtox test with Aliivibrio fischeri, the Daphnia 
magna immobilization test and the T. pyriformis proliferation 
inhibition test. The T. pyriformis phagocytic activity test besides 
being very simple, rapid and easy to perform, it has outstanding 
sensitivity compared to the conventionally applied test methods.
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The Microtox test was the most sensitive to 17β-estradiol 
(EC46,30 min=10 µg/L concentration) [36], but in case of the 
other tested model substances (atrazine, bisphenol A, dibutyl 
phthalate, 3,4-dichlorophenol and Na-diclofenac) it was 
sensitive only at mg/L concentration levels [37, 40, 45, 47]. 
The T. pyriformis phagocytic activity test proved to be 
sensitive to the tested model substances in the 0.005─0.1 µg/L 
concentration range. The EC50 values of the D. magna 
immobilization test were found at mg/L concentration level 
[19, 38, 41, 43, 45, 48] compared to the EC50 values (0.07–
29.87 µg/L) of the T. pyriformis phagocytic activity test. We 
found literature data on T. pyriformis proliferation inhibition 
test only for atrazine, dibutyl phthalate, 3,4-dichlorophenol and 
Na-diclofenac. Based on their EC50 values (0.0296─66.5 mg/L) 
[39, 44, 46, 49], it can be concluded, that the phagocytic activity 
test exhibited higher sensitivity (at lower concentration levels) 
to the tested substances compared to the other above mentioned 
well established acute ecotoxicity tests. (Table 4). In summary 
we can state that T. pyriformis phagocytic activity test has the 
highest sensitivity to the tested chemicals.

The outcomes of our study suggest, similarly to the 
chemotaxis assay applied by Láng and Kőhidai [39], that 
alterations in the phagocytic activity may be used as a 
qualitative response that nevertheless can indicate sublethal 
effect at environmental concentrations.

4 Conclusion
Phagocytosis as one of the most basic cell physiological 

activities plays a crucial role in nutrition, immunological 
responses and chemotaxis. Our screening study confirms 
the benefit of this cost-effective physiological endpoint 
in assessing the impact of micropollutants, with a highly 
sensitive sublethal reaction that was elicited by a variety of 
biologically active compounds at low concentrations. These 
results emphasize the importance of sublethal physiological 
ecotoxicological endpoints to assess and characterize the 
effects of micropollutants. Our results furnishing rapid and 
sensitive response demonstrate the potential of this test to be 
applied as an early warning assay.
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