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METHODOLOGICAL APPROACHES TO SUBSTANTIATING QUALITY AND SAFETY STANDARDS FOR VARIOUS
TYPES OF WATER AND SOIL IN POPULATED AREAS USING THE DANIO RERIO BIOLOGICAL MODEL
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Today, environmental pollution with chemicals represents one urgent hygienic problem. In the context of intensification and modernization of the road transport
complex and industrial production the development of methodology for hygienic rationing based on experimental research is relevant. The conventional use of small
rodents (rats, mice) as biological models has a number of ethical, methodological and economic limitations, which necessitates the search for and implementation
of alternative biological models in research practice. Our aim was to substantiate a unified methodological approach to establishing quality and safety standards
for various types of water, except for technical water, and soil in populated areas using the Danio rerio (Hamilton, 1822) biological model. The reported method
integrating existing international and national standards, confirms the possibility of using D. rerio as a valid and highly informative test system in biomedical research.
The approach assumes prompt (1-1.5 months), reliable, cost-effective, humane yielding of results, which is necessary for the scientific substantiation of safety
criteria and hygienic standards.
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METOAMNYECKUE NMOAXOAbl K O60CHOBAHUIO HOPMATNBOB KAHECTBA U BE3OMNMACHOCTHU
PA3J/IM4HbIX BUOOB BOA, U NMO4Bbl HACENNEHHbBIX MECT HA BUOJIOTMYECKOW MOLENN DANIO RERIO

H. B. 3anuesa, M. A. 3emnsHoga, [1. M. KameHcknx ™, E. B. NeckoBa

depepanbHbIA HayYHbIA LEHTP MEeANKO-NPOMUNIaKTUHECKIMX TEXHOMOMIA YNpaBIeH!s prckamin 300POBbIO HaceneHns defepanbHoi Cny»Kobl Mo Haa3opy B cdepe
3alWTbl NpaB noTpeduTenein 1 naronony4yuns Yenoseka, MNepmb, Poccus

B HacTosee Bpems 3arpssHeHrie 0ObEeKTOB Cpeabl OOUTaHMSA XVMUHECKMU BELLECTBaMM NPEACTaBNSAET CODBOM OAHY 13 3HAYUMbIX MUMMEHNHECKIMX NPOBNeM.
B ycnoBusix MHTEHCHUKaLMM 1 MOAEPHU3ALIMM LOPOXKHO-TPAHCMOPTHOIO KOMMJIEKCa 1 MPOMBILLIEHHOO MPOU3BOACTBA aKTyaslbHbIM SIBSIETCS pa3BuTne
METOLOMOMMM MMIMMEHNHECKOTO HOPMUPOBAHMS, OCHOBaHHOW Ha SKCTMEPVMEHTaTbHBIX MCCNefoBaHUSAX. TPaAVLIMOHHOE UCMOMNB30BaHNE B Ka4eCTBE BUONOMMHeCKomn
MOAEMM MENKVIX MPbI3YHOB (KPbIC, MbILLIEV) UMEET Psf, STUHECKMX, METOAONOMMHECKUX 1 SKOHOMUHECKIX OrPaHNYEHII, YTO 00yCNOBMMBAET HEOOXOAMMOCTb MovcKa
1 BHEOPEHNSA anbTepHaTUBHbBIX BMONOrMHECKNX MOAENEN B NCCNefoBaTENbCKYO MPaKTUKy. Llensto paboTsl 66110 060CHOBaTL YHUMULIMPOBAHHDI METOQNYECKIIA
noaxopa, K YCTaHOBMEHMIO HOPMaTVBOB ka4ecTBa 1 6e30MacHOCTN PasNYHbIX BUAOB BOL, KPOME TEXHUHECKOW, 1 MOYBbl HACENEHHbIX MECT Ha B1ONIOrNMHECKON
mogzenv Danio rerio (Hamilton, 1822). [MNpenctaBneHHas MeToayvka, MHTErprpytoLLas CyLLECTBYIOLLIME MEXKAYHAPOAHbIE U HALMOHa bHbIE CTaHAAPTbI, NOATBEP>KAAET
BO3MOXXHOCTb MPUMEHeHNS D. rerio B Ka4ecTBe BaMOHON 1 BbICOKOMH(OPMATUBHOW TECT-CUCTEMbI B BMOMEAVLIMHCKIX nccnegoBanusax. Nogxon npegnonaraet
onepaTtveHoe (1-1,5 Mecsua), 4ocToBepHoe, (hMHAaHCOBO ManosaTpaTHoe, r'yMaHHOe NoslyYeHve pesynsTaTtos, YTO HeobXxoayMMO st HayYHOro 060CHOBaHMIS
KpuTEepreB 6€30MacHOCTY M MMIMEHNHYECKOrO HOPMUPOBAHMS.
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Issue of hygienic rationing of new chemical compounds

Pollution of environmental objects (water, soil, atmospheric
air) represents one significant hygienic problem. The road
transport complex intensification and modernization, as well
as the industrial production expansion, lead to the entry of new
chemical compounds into the environment as components
of emissions and discharges. There are no experimentally
verified maximum permissible concentrations (MPCs) and reference
doses for chronic oral intake (RfD) for most such chemicals.
New pollutants actually present in environmental objects can

negatively affect the exposed population health. In this regard,
justification of quality standards (MPC) and safety standards
(RfD) for new chemical compounds is an important aspect
of ensuring the population sanitary and epidemiological well-being.

Justification of MPC and RfD for new substances is based
on the strictly regulated approaches to experimental research
considering the acute, chronic and long-term effects of toxicants.
This approach allows one to determine general patterns
of toxicity of compounds, specific manifestations during long-term
exposure, define the lowest effective (LOEC) and no effective
concentrations (NOEC). Historically, such research involves
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warm-blooded animals, including small rodents (rats, mice),
as biological models [1, 2]. Despite proven effectiveness
and widespread use in scientific research, the use of those
is associated with some limitations. The ethical aspect comes
down to the need to justify the sample size and compliance with
the requirements of humane research, due to the implementation
of invasive procedures, surgical interventions and prolonged
painful treatment of laboratory animals. It is very difficult
to extrapolate the data obtained in small rodent experiments
to the human body due to pronounced interspecies metabolic,
structural, andphysiological differences. An additional
limitation is the significant costs of keeping laboratory animals
in specialized vivariums. These difficulties highlight the need
to search for and implement into research practice a valid
and highly informative biological model characterized by the high
genetic and physiological homology with humans, economic
accessibility, and compliance with ethical standards. In this
context, Danio rerio (Hamilton, 1822), the tropical freshwater
fish, is considered as one of the most promising model
organisms due to a combination of biological, genetic,
and methodological advantages. The D. rerio whole genome
sequencing revealed significant similarities between its genetic
structure and that of humans: 70% of human genes have
orthologs in D. rerio and 82% of D. rerio genes are associated
with human disorders. This determines comparability of the key
biochemical and physiological processes [3-5]. The possibility
of conducting diverse experimental studies within a single
biological system ensures differentiated assessment of various
types of toxic effects (lethal and sublethal). When testing
the effects of toxicants using the D. rerio biological model,
it is possible to simulate the conditions of a real complex exposure
caused by the entry of substances from environmental objects
(water, soil, air). Such an approach reflects the simultaneous
entry of chemicals into the human body through three
pathways: oral, transdermal, and inhalation ones. Similarity
of metabolic profiles of adult D. rerio and humans (the ability
to absorb, oxidize, and excrete metabolites of toxicants) makes
it possible to effectively extrapolate the results to the human
body [6, 7]. Along with the biological and genetic advantages,
the use of D. rerio in experiments is fully consistent with
the provisions of the 3R concept (Replacement, Reduction,
Refinement) that are fundamental for experimental research
[8]. Replacing warm-blooded animals (small rodents) with fish
allows for a significant reduction of the number of mammal
experiments, which simultaneously reduces the ethical burden
of research and reduces the logistical costs associated with
the purchase, maintenance, and disposal of laboratory
animals. High reproductive capacity and a fast life cycle ensure
high statistical significance and promptness of yielding results
(1-1.5 months), thereby ensuring compliance with the reduction
principle [9]. The refinement principle is realized through
the optimization of methods and experimental conditions
aimed at minimizing or completely eliminating pain and stress
effects. Extracorporeal development and optical transparency
of D. rerio embryos enable the real-time noninvasive monitoring
of morphogenesis, and the introduction of chemicals is carried
out by simply adding those to the aquatic environment, which
eliminates injection manipulations [10, 11].

The D. rerio model represents a highly sensitive
and methodologically accessible instrument for studying
the toxicity of new chemicals in both acute and chronic
experiments, which determines its importance for advances
hygienic research [12-14]. The experimental use of D. rerio
is regulated by international guidelines (OECD) and national
standards (GOST). They standardize the key testing parameters,
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such as exposure time, controlled environmental conditions,
fish development stages, and outcome assessment criteria.
At the same time, there is unified stage-by-stage research
methodology, since the existing approaches to rationing use
different experimental protocol, which can lead to discrepancies
in results, decreased objectivity and quality of the MPC
and RfD justification.

Our aim was to provide scientific and methodological
substantiation of the unified integrated approach to establishing
maximum permissible concentrations and reference doses
for chronic oral intake of chemicals using the D. rerio
biological model.

Concept of an integrated methodological approach
to substantiating quality and safety standards
for new chemical compounds

An integrated methodological approach to substantiating quality
and safety standards for various types of water and soil using
the D. rerio biological model represents a multilevel algorithm.
Within its framework, a preparatory stage is consistently
implemented, experimental studies are conducted that involve
determining the parameters of acute and chronic toxicity,
as well as delayed effects, including teratogenic, mutagenic,
and reprotoxic effects during long-term exposure, establishing
the lowest effective (LOEC) and no effective (NOEC)
concentrations for D. rerio to substantiate the MPC
of chemicals in water and soil and RfD for humans during
chronic oral intake (Fig.).

The integrated methodological approach to establishing
MPC and RfD is based on international methods and national
standards: GOST 32428—2013 [15], GOST 32473—2013
[16], GOST 32538—2013 [17], GOST 32541—2013 [18],
GOST 33774—2016 [19], GOST 32368—2013 [20], OECD
Test Guideline No. 229 [21], OECD Test Guideline No. 425 [22],
OECD Test Guideline No. 203 [23], OECD Test Guideline No. 236
[11], OECD Test Guideline No. 210 [24].

Samples (water, soil) are prepared in accordance with
the provisions of current national standards. Soil samples
are collected in accordance with GOST 17.4.3.01—83 [25]
and GOST 17.4.4.02—384 [26], depending on the test substance.
When isolating chemicals from soil, standardized extraction
procedures are used (e.g., obtaining aqueous extracts
or extraction with organic solvents) [27]. Critical parameters
include the solid-to-liquid ratio, duration, and temperature
of extraction. Water sampling is conducted in accordance
with GOST R 59024—2020 [28] regulating the localization
of sampling sites taking into account the hydrological
characteristics of the reservoir or watercourse and the potential
impact of pollution sources. Isolation of test chemicals from
the agueous medium is carried out using sorption (for example,
solid-phase extraction) or liquid-liquid extraction methods,
selected based on the concentration. Special attention is paid
to preventing the loss of volatile compounds by controlling
the temperature regime.

Statistical processing of the experimental study results
is carried out considering the nature of the distribution
of the data set, estimated using the Kolmogorov—
Smirnov test. When random variables of the test indicators
are normally distributed, parametric statistical methods are used
and the following characteristics are calculated: mean (M);
standard error (m), Student’s t-test when assessing significance
of intergroup differences (p < 0.05), Fischer’s exact test
(F > 3.96) when assessing differences in variances,
and the determination coefficient (R?).
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The adaptation (acclimatization) period for adult Danio rerio fish is 14 days under quarantine conditions
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Fig. Integrated methodological approach to substantiating quality and safety standards for various types of water and soil in populated areas using the Danio rerio

biological model

Modeling and evaluation of acute toxicity
at different stages of Danio rerio ontogenesis

A unified integrated approach is implemented from the preparatory
stage. D. rerio fish are kept in quarantine conditions for 14 days,
during which the water hydrochemical parameters
and the laboratory animals’ health status are monitored daily
in accordance with GOST 32473—2013 [16]. After 14 days,
healthy sexually mature fish are randomly selected to form
representative samples that ensure statistical significance
of the results. Inclusion criteria include the fact of having
no external signs of disease (fin damage, corneal clouding, color
changes, scale ruffling), adequate response to external stimuli,
and the fact of showing no abnormal motor activity. Such
selection ensures minimization of false positives associated
with the baseline heterogeneity of experimental groups.

After the adaptation period completion, the first stage
of the study is carried out according to standardized protocols
(OECD Test Guideline No. 203 [23] and GOST 32473—2013
[16]). The study continues for 96 h (adults and embryos) with
an extension of up to 168 h (for embryos) to determine acute
toxic effects. The selection of test substance concentrations
is regulated by the specified standards and is based
on testing to determine the concentration range. It is necessary
to identify the sensitivity threshold and the maximum possible
concentration of a substance during its single administration
in order to rule out the development of negative effects caused

by nonspecific factors. When the appropriate range is obtained,
the exposure ensured using at least five concentrations that
form a geometric progression with a denominator of no more
than 2.2.

Adult animals are exposed to toxicants in the semistatic
mode under controlled conditions in accordance with GOST
32473—2013 [16]. Visual recording of outcomes is performed
3, 6,24, 48, 72, and 96 h from the beginning of the experiment.
The number of dead individuals, the time of death, apparent
behavioral anomalies, and intoxication signs are recorded.
Reliability of the results obtained confirmed by the low
mortality rate in the control group (less than 10%), adherence
to constant experimental conditions, and maintenance of optimal
test concentrations throughout the entire exposure period
in accordance with GOST 32473—2013 [16].

The intact parent stock is the source of embryos required
for assessing the acute toxicity of chemicals. The spawning
procedure is compliant with GOST 32541—2013 [18].
The resulting spawn is treated with a solution of methylene
blue to prevent fungal and bacterial contamination. Then
a visual inspection is carried out to assess the quality of the eggs
and remove unfertilized and damaged eggs. Criteria for selection
of viable fertilized spawn that are compliant with GOST 33774—
2016 [19] include transparency of the chorion, the presence
of a perivitelline space between the egg wall and the embryo,
the onset of cleavage (4—64 blastomere stage), and no signs
of coagulation. According to the above standard, viable spawn
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at the early cleavage stage is transferred using sterile plastic
pipettes into 24-well plates for cultivation and distribution into
experimental groups.

The test concentration range is determined by OECD
Test Guideline No. 236 [11]. Preliminary testing is performed
to justify the concentration range, similar to that used for the acute
toxicity assessment in adult D. rerio.

The mortality of embryos is assessed daily at the same
time (every 24 h) using an inverted microscope. The indicators
are recorded in absolute and relative units based on the presence
of embryo coagulation, non-separation of the tail part from
the yolk sac, absence of somite formation and heartbeat.
The detection of any of the listed signs indicates the embryo
death. In addition, the hatching rate (number of free-swimming
larvage) is recorded in the experimental groups starting from 48 h
of exposure. The experimental results are considered reliable
provided that the total level of fertilized spawn in the batch
is at least 70%, the hatching rate and survival rate of embryos
in the negative control at the end of the 96-h exposure
exceeds 80%, the temperature during incubation of the plates
is maintained at the level of 26 + 1 °C, pH of test solutions
is within the range of 7.5 + 0.5 in accordance with GOST
33774—2016 [19]. An in-depth assessment of toxic effects
of chemical compounds in early D. rerio ontogenesis is carried
out under conditions of a prolonged acute experiment
(up to 168 h) in accordance with the guidelines for assessing
toxicity in the early fish life [19]. Such an approach makes
it possible to register acute lethal and sublethal (delayed)
effects in embryos, prelarvae and larvae (the stage of transition
to exogenous feeding and active swimming).

At the end of the exposure, based on the results
of the concentration-effect (lethality) relationship assessment,
the mean lethal concentration (LC, ) is calculated for adult
animals and embryos using probit analysis [29], which makes
it possible to justify the choice of concentrations for subsequent
experiments to assess chronic toxicity. When no lethality
is reported, the highest concentration tested is taken as LC,.

Modeling and assessment of chronic toxicity
and long-term effects of chemicals

Chronic toxicity is assessed at the second stage of the study.
The test substance concentrations are determined based
on the average lethal concentration values obtained
(LC,,). According to GOST 32538—2013 [17], at least
two concentrations of test substances are selected: 1/100
LC,, and 1/1000 LC,,. D. rerio fish are exposed for 21 days
in accordance with the guidelines [30] considering the D. rerio
species-specific features, and GOST 32428—2013 [15].
Every 24 hours from the start of the experiment, the condition
of the fish is monitored, and the indicators regulated by the state
standard are recorded. The number of dead animals, the time
of death, apparent behavioral anomalies, and signs of intoxication
are recorded.

The assessment of the long-term effects of toxicants
involves assessment of reprotoxic, mutagenic, and teratogenic
effects. The choice of test concentrations is similar to that used
in chronic toxicity assessment.

The study of the toxic effect of compounds on the reproductive
potential of fish is carried out in accordance with the regulated
methodology [21]. The assessment is based on qualitative
and quantitative indicators of the D. rerio reproductive function
state according to GOST 32368—2013 [20].

Quantitative indicators are assessed after spawning.
The spawning and spawn processing procedures comply with
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the requirements of GOST 32541—2013 [18]. After collecting
spawn, a visual inspection is carried out to control quality
and the total number of fertilized and unfertilized eggs
is counted in absolute and relative units (abs./%). Criteria
of viable fertilized spawn are transparency of the chorion,
the presence of a perivitelline space between the egg wall
and the embryo, the onset of cleavage (4-64 blastomere
stage), and no signs of coagulation. Unfertilized and damaged
eggs are removed after counting.

The viable spawn is used to assess teratogenic effects
in accordance with OECD Test No. 236 [11], GOST 33774—
2016 [19], and GOST 32541—2013 [18]. The duration of the study
is 168 h (7 days), embryos and larvae are not exposed
to negative effects.

Every 24 h, lethal effects are recorded using an inverted
microscope according to the criteria specified in GOST
33774—2016 [19] and GOST 32541—2013 [18]: coagulation
(opalescence, turbidity) of the embtyo, no somite formation
(abnormal segmentation), failure of the tail to separate from
the yolk sac, no heartbeat. The detection of any of the listed
signs indicates the death of the embryo. Additionally,
the hatching rate (number of free-swimming larvae) is recorded
starting from 48 h of exposure. Sublethal effects indicating
the presence of a teratogenic effect are assessed according
to the following criteria: the presence of deformation of the chord
and tail section; delayed hatching (starting from 48 h);
early postembryonic (post hatching) lethality; development
of postembryonic edema. Additionally, the presence of combined
morphological anomalies in specific embryos is assessed.
The criteria for normal development of prelarvae in the control
group are complete or almost complete yolk sac resorption,
swim bladder fullness, active locomotion, and no signs of distress.

The experimental results are considered reliable when
these meet the validity criteria: the overall fertilization rate
in the collected batch of spawn is at least 70%, and the embryo
survival rate and hatching rate in the negative control
at the end of the 96-h exposure is at least 80%.

After completion of the 96-h period of recording lethal
effects, monitoring the surviving prelarvae is extended to 168 hours
(7 days) in accordance with GOST 32541—2013. The method
allows for a comprehensive assessment of lethal and sublethal
effects. The cooping environment remains unchanged. Lethal
effects are assessed daily (every 24 h) using an inverted
microscope according to the above criteria. The assessment
of teratogenic effects is completed after 168 h (7 days).

After spawning, fish are euthanized for further assessment
of morphological alterations. According to the international
guidelines on euthanasia of laboratory animals, the methods
used must ensure rapid and irreversible death with minimization
of pain and psycho-emotional stress in animals [31].
In this regard, an anesthetic substance called eugenal (clove oil)
pre-dissolved in 96% ethyl alcohol in a volume ratio of 1 : 9
(1 cm?® of eugenol per 9 cm?® of alcohol) is used. The resulting
solution is added to the water gradually (1 cm?® every 10 min) until
deep anesthesia is achieved. The criteria for the onset of death
are the gill cover motor activity cessation and no response
to external stimuli. After that the fish are dried with filter
paper and weighed with an accuracy of 0.1 g. The samples
obtained are labeled. The gonadal histopathology assessment
(identification of structural abnormalities in the tissues
of the ovaries and testes) is performed. Histological slices
are prepared by conventional methods.

The study and assessment of the mutagenic effect
of chemicals is carried out using a micronucleus test in accordance
with the Guideline (international standard) ISO 21427-1:2006
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[82] representing the generally accepted methodology
for assessment of the aquatic environment genotoxicity,
including using fish as test objects. After 21 days of exposure,
the fish are euthanized in the above manner. Blood is collected
from the caudal artery by amputating the caudal peduncle
distal to the anal fin. One drop of blood (510 L) is immediately
applied to the clean, degreased glass slide and spread
in an even layer. Smears are fixed and dried in air at room
temperature. The fixed smears are May-Grunwald—-Giemsa
stained. In each smear, erythrocytes are examined microscopically
using an immersion lens.

The lowest effective concentration (LOEC) and no effective
concentration (NOEC) of chemicals are determined based
on the chronic toxicity assessment results. These parameters
are used for subsequent justification of MPC in water and soil
and RfD for humans with chronic oral intake.

Benefits of introducing the integrated approach
into the hygienic rationing practice

The reported methodology, which integrates existing approaches
1o assessing acute and chronic toxicity in the D. rerio biological
model into a single algorithm, makes it possible to use
different model organism development stages (adult animals
and embryos). In terms of methods this is different from
the similar study [33], in which toxic properties were
assessed at the embryonic stage only. The simultaneous use
of model organisms at different stages of development allows
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