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It is known that polymeric derivatives of guanidine are actively
used in many countries of the world as disinfectants and antisep-
tics. Polyhexamethylene guanidine (PHMG) and polyhexameth-
ylene biguanidine (PHMB) are typical representatives of this class
of compounds. They show a bacteriostatic effect in concentra-
tions from 1 mg/l (or 10™%) or above, and a bactericidal effect
from 10 mg/l (10°%) and above. It is considered that PHMG and
PHMB are not very toxic to higher organisms. This is explained
by the different mechanism of drugs action on prokaryotic and
eukaryotic cells. However, their safety for the fauna of freshwater
hydrocenoses has not been sufficiently studied.

The toxic effect of the salts of PHMG on the representatives
of various types and classes of hydrobionts was studied in the ex-
periments.

It has been established that the safe concentration of PHMG
in water with a one-time action on selected test objects is 0.1 mg/I
(10%). The histological analysis of a one-year-old carp that
lived in an aquarium with a constant concentration of PHMG
at 0.5 mg/l for 12 days showed that concentrations of an order
of magnitude smaller - 0.01 mg/l (10°%) is absolutely safe to
consider. Chronic intoxication of fish caused by sublethal doses
of PHMG leads to the development of numerous disorders in
the liver, kidneys, and spleen, and to the inflammation of the pan-
creatic islets.

A comparative analysis of the toxicity of PHMG for micro-
and macroorganisms does not allow us to state that the latter
are less sensitive to this xenobiotic. So far, there are not enough
convincing reasons to believe that the mechanisms of action of
PHMG on pro and eukaryotic cells are fundamentally different.
At the same time, the binding of PHMG molecules to suspended
particles in water, organic and inorganic impurities, flocculation,
and biodegradation by microorganisms leads to a rapid decrease
of free active molecules of this biocide in aquatic ecosystems.
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INTRODUCTION

Recently, polymeric derivatives of guanidine
or polyalkylene guanidines (PAGs) have been
increasingly used in composition of disinfec-
tants and antiseptics. Among them, the most
common are various salts of polyhexameth-
ylene guanidine (PHMG) and polyhexameth-
ylene biguanidine (PHMB). These polycations
have a high bactericidal, virucidal, and fungi-
cidal activity. Bactericidal concentrations of
PHMG and PHMB in aqueous solutions are
0.001-1.0% (bacteriostatic from 0.0001-0.005%
and higher), for mycobacteria tuberculocidal
0.5-4.0%, virucidal 0.0001-0.5%, and fungi-
cidal 0.05-4.0% (Moore et al., 2008; Oule et al.,
2008; Koffi-Nevry et al,, 2011; Feng et al., 2011;
Mathurin et al., 2012; Prasanthi et al., 2012; Ly-
sytsya, Mandygra, 2014). As a rule, in practice
concentration of the active ingredient (PHMG)
from 0.1% to 2.0% is used for disinfection.

In our study, the main attention was paid to
the salts of PHMG. According to the IUPAC
classification, the name of PHMG hydrochlo-
ride is poly (iminocarbonimidoylimino-1,6-
hexanediyl), monohydrochloride (CAS: 91403-
50-8, RN:57029-18-2), but “polyhexamethylene
guanidine hydrochloride” is used more often.

Despite clearly defined biocidal proper-
ties, PAGs are not chemically aggressive and
are considered relatively safe for humans, ani-
mals, and ecological systems (Oule et al., 2012;
Chakraborty et al, 2014; Mashat, 2016), al-
though the latter statement is not indisputable
and requires further verification. First of all, this
is due to insufficient knowledge of the mecha-
nisms of the biocidal action of PAGs. The most
common point of view is the membrane-active
mechanism of their action. A number of studies
indicate that the polycation molecules irrevers-
ibly bind to the phospholipids of the cytoplasmic
membrane (CPM) and, at bacteriostatic concen-
trations, change its ion permeability and trans-
membrane electrical potential. When bacteri-
cidal, they cause perturbation of the lipid bilayer
and destruction of the CPM (Timofeeva, Kle-
shcheva, 2011; Zhou et al., 2011; Carmona- Ri-
beiro, de Melo Carrasco, 2013; Choi et al., 2017).

It should be noted that in their structure
membranes of bacteria significantly differ from
the CPM of most eukaryotic cells. First, atten-
tion is drawn to a different phospholipid com-
position. Negatively charged or “acidic” lip-
ids (phosphatidylserine, phosphatidylinositol,
phosphatidylglycerol, cardiolipin) predominate
in the external lipid monolayer of bacteria,
which causes a negative electrical potential on
the cell surface. For understandable reasons, this
greatly facilitates the adsorption of polycations
of PHMG and PHMB to the membrane surface.
In eukaryotic cells, acidic lipids are practically
absent and various zwitterions (phosphatidyl-
choline, phosphatidylethanolamine, sphingo-
myelin) are available in an external lipid mono-
layer. Therefore as a rule the surface of the CPM,
is positively charged, which, theoretically, must
hinder the adsorption of polymeric guanidine
derivatives and make these cells less sensitive to
disinfectants.

According to another version (Chindera
et al, 2016), polycation molecules penetrate
the cell and bind firmly to the bacterial chro-
mosome (polyanion), which is not protected by
the nuclear membrane. Inactivation of bacterial
DNA is the main cause leading to the death of
the microorganism. In eukaryotic cells, drug
molecules are isolated in endosomes and cannot
enter the nucleus. As an additional argument,
the authors cite an example of cationic antimi-
crobial peptides (AMPs), which are an important
constituent of innate immunity. Such a mecha-
nism (endosomes) protects host cells, primarily
their DNA and RNA, from endogenous AMPs
and, possibly, from other polycations, including
PHMG and PHMB. It should be noted, though,
that the damage to chromosomes, as one of
the possible mechanisms of biocidal action of
PHMB, is also described for eukaryotes of Leish-
mania major (Firdessa et al., 2015).

One way or another, but with the use of salts
of PHMG in the composition of disinfectants
the probability of their uncontrolled entry into
natural ecosystems, including water bodies, is
notruled out. If we proceed from the above-men-
tioned possible mechanisms of biocidal action of
PHMG, then it can be assumed that bactericidal
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concentrations of the preparation (at least 10*-
10%) should be low-toxic for higher organisms.
Although the maximum permissible concentra-
tion (MPC) for PHMG chloride in water is set
at 0.1 mg/1 (10~%), the potential hazard of this
drug for hydrobionts has not been adequately
studied. The study of this issue is of interest for
both ecology and fisheries.

The purpose of our work was to determine
the toxic concentrations and possible negative
consequences of the use of disinfectants con-
taining PHMG for freshwater fauna. Another
task was to determine the histological changes
in the tissues of fish in the chronic action of this
xenobiotic.

To determine the potential negative impact
of the PHMG on individual representatives
of the fauna of aquatic biocenoses, a series of
aquarium experiments were conducted using
various classes of hydrobionts as test objects.

MATERIALS AND METHODS

The test objects were the following: infusori-
ans Paramecium caudatum, flatworms Dendro-
coelum lacteum, crustaceans Daphnia magna,
mollusks Lymnaea palustris, fish guppies Poe-
cilia reticulate Peters (young fish with a body
weight of 1.7-2.2 g), and carp Cyprinus carpio.
In C. carpio, both 3-day-old larvae and one-
year-old carp weighing 30-50 g were involved
in the experiments.

The hydrobionts contained in groups of 10—
50 individuals in standard laboratory aquaria
with a volume of 10-100 dm?® (aeration was
used for fish). The duration of illumination was
up to 10-12 hours a day, the water temperature
was from 20°C to 25°C, pH was 6.5-7.5. Infu-
sorians were kept in Petri dishes on a nutrient
medium (decoction of hay). Fish was daily fed
with live feed Tubifex tubifex, the amount of
which was fixed and estimated to be about 10-
15% of the biomass, or dried daphnia.

The following salts of polyhexamethylene
guanidine were used in the experiments: PHMG
hydrochloride (PHMGhI), PHMG valerate
(PHMGyv), PHMG maleate (PHMGm), PHMG
succinate monosubstituted (PHMGsm), and

disubstituted (PHMGsd) synthesized at PE
Termite (Rivne, Ukraine). The average molecu-
lar weights of polymers were in the range from
1 to 10 kD, the presence of low-molecular im-
purities did not exceed 0.5%, the pH of aqueous
solutions was 6.5-7.5. Preparations of PHMG
were diluted with deionized water to the ini-
tial working concentrations of 10.0 or 1.0% (by
weight), dosed in, slowly mixing, into aquari-
ums with hydrobionts (Petri dishes for infuso-
rians). The final concentrations of PHMG, tak-
ing into account the dilution, were 10°-10%
(or 0.01 to 100 mg/l), which corresponds to
molar concentrations from = 7 x 10~ Mole/dm’?
to 7 x 10~* Mole/dm®. The time for monitoring
the state of test objects was up to 12 days.

In the experiments on acute toxicity, prepa-
rations of PHMG were added into aquaria once.
In the experiments with the one-year-old carp,
the content of the preparation in the aquarium
water was monitored daily and maintained
at a constant level of 5 x 10°% for 12 days in
the study of the prolonged effect of sublethal
doses of PHMGhI (chronic toxicity).

The concentration of PHMG in water was
determined by the colorimetric method using
the indicator eosin H (1,3,6,8-tetrabromo-flu-
orescein), which forms coloured compounds
with shades from orange to intensely pink with
PHMG salts (Vointseva, Gembitsky, 2009).
A photoelectric calorimeter KFK-2 was used;
the optical density was determined not later
than 10 min after introducing the indicator
(eosin H) into the test sample at a wavelength
of 540 nm using a cuvette with a thickness of
50 or 10 mm. The result of the analysis was
taken as the arithmetic mean of three paral-
lel measurements, the relative error + 5%, and
the confidence interval of 0.95. The sensitivity
of the method makes it possible to determine
the PHMG content in water in the range 10~-
10"*% without preliminary concentration.

For the histological examination, pieces of
liver, spleen, kidney, and other organs of ex-
perimental fish were selected (Golovina, Bauer,
2007). Samples were placed in a 10% neutral
formalin solution, fixed for one month. Cameral
processing of the histological samples was per-
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formed in the laboratory of ichthyopathology of
the Institute of Fisheries of the National Acad-
emy of Agrarian Sciences of Ukraine, according
to recommendations and using specially devel-
oped equipment (Lesnikov, Chimarjova, 1987;
Kozii, 2009). Light-optical studies of cells and tis-
sues were carried out in transmitted light using
the equipment Biolar-RU PZO (Poland), a halo-
gen illuminator Linvatec-2 (USA) with a nomi-
nal power of 10-240 W. the micropreparations
were contrasted with a multigrade filter “FGPM-
2.5 X” and a correction filter “MONOCHROM
2.5X” (Russia). General morphometric studies
of tissue structures were performed using a built-
in eyepiece micrometer. Microphotographs of
the histosections were performed with a digital
camera “Nikon D-60" (Austria), using a 1.6x
trinocular nozzle (Russia) and a computer-aided
exposure detector “Minolta-EK” (Japan). Cor-
rection processing of the obtained micrographs
was carried out with the help of computer pro-
grams “Adobe Photoshop CS 27, “Microsoft Of-
fice Picture Manager”, and “FS Viewer”.

Biometric studies of tissues were performed
in accordance with generally accepted proce-
dures. The obtained material was processed by
the method of variational statistics with an em-
phasis on errors in the mean values, and with
the help of the application package “Microsoft
Excel”

RESULTS

In the case of infusorians of P caudatum the ac-
tion of different salts of PHMG was compared

for their acute toxicity. Testing showed that at
the concentration of 0.1%, any of the test salts
of PHMG caused quick death of protozoa dur-
ing the first minute. Therefore in subsequent
experiments the PHMG salts were taken at
the concentration of 0.01%. Based on the re-
sults obtained, the death rate was calculated
and the results are shown in Table 1.

As can be seen from the table, PHMGhI and
PHMGsd had the most toxic action : the mass
death of unicellular animals occurred as early as
during the first 5-10 min. Observations carried
out with the use of light-optical methods showed
that when the preparations of PHMG were add-
ed to the habitat of infusorians, an increased
motor activity was first recorded. A few minutes
later, the protozoa were concentrated in groups
of up to 5-10 cells, then lost mobility and sub-
sequently settled singly to the bottom of the Pe-
tri dish. The infusorians that died were round.
At the same time, no traces of any appreciable
destruction of cytoplasmic cell membranes in
a light microscope (x400) were observed.

In a negative gradation of toxicity, various
samples of PHMG were located in this order:
PPMGhI > PHMGsd > PHMGsm > PHMGv
> PHMGm. PHMG hydrochloride was the most
reactive to P. cadatum reagent was: it also had
the highest bactericidal activity (Lysytsya et
al., 2015). The direct toxic effect of the drug
on the infusorians is fixed when its concentra-
tion in the solution is from 107% and higher.
In concentrations of 107-10"*%, preparations
of PHMG had no noticeable negative effect on
unicellular organisms. In this case, it must be

Table 1. Mortality of infusorians of P. caudatum in an experiment on acute toxicity

Death rate in time, %

PHMG salt, conc. 0.01 %

1h 2h 4h 8h | 24h | 36h
PHMGhI 95+ 5 100 100 100 100 100
PHMGsd 80 +5 100 100 100 100 100
PHMGsm 20+3 2043 40+3  50+3  90+5 100
PHMGy 0 10+2 102 20+3  50+3 70+ 5
PHMGm 0 102 10£2 203  50+3 70+5
Control 0 0 0 0 0 0
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taken into account that the actual concentra-
tion of the preparation in water was approxi-
mately twice lower than theoretically calculated
when it was added to the samples. This is due
to the fact that when the drug was added, there
was an interaction (coagulation, flocculation)
of a certain part of its molecules with suspend-
ed particles, organic and inorganic substances,
and bacteria. It is obvious that the saturation of
the growth medium of infusorians with these
components reduced the concentrations of ac-
tive molecules of PHMG and served as a kind
of “toxicity buffer”

Proceeding from the fact that the most pro-
nounced biocidal effect was typical of PHMGhl,
in the subsequent experiments with different
test objects only this preparation was used.
The test reagent was added to the aquariums
with hydrobionts once.

The effect on mollusc L. palustris was as fol-
lows: concentrations of PHMGhI 10°% and
lower according to the results of observations of
up to 12 days did not cause noticeable changes
in the behaviour of test objects, especially their
death. Concentration of 10~% in the first hours
caused increased motor activity — molluscs
tried to leave the aquarium and get out. Dur-
ing the next two days, the mobility of the mol-
luscs significantly decreased; 7 to 12 days after
the beginning of the experiment, all molluscs
remained alive. The concentration of 107%
caused the death of almost all the molluscs
during the first day, the concentration of 102%
caused a 100% death within the first 20-50 min
after the application of the drug. Thus, it can be
concluded that, for L. palustris the lethal con-
centration of PHMGhI LC =100 mg/l (or 10-
*%), and not active concentration LC, = 1 mg/l
(or 10%).

Regarding D. lacteum worms, the follow-
ing results were obtained: the concentration of
PHMGhI 10~°% practically did not cause no-
ticeable changes in the behaviour of flatworms.
In the first days, the concentration of 10% did
not noticeably affect the change in the popula-
tion size, but after 6-7 days after the beginning
of the experiment deaths of up to 40-50% of
the planaria were observed. The concentration

of 107% caused the death of almost all worms
during the first day; the concentration of 10%
led to the death of all planaria within the first
20-30 minutes after the application of the drug.
Therefore we assume that for D. lacteum
LC,,, = 100 mg/l (or 107%), and LC, = 0.1 mg/l
(or 10°°%).

The concentration of PHMGhI 107% caused
the death of half of the daphnia crustaceans
8-10 hours after the addition, and 100% death
in 16 hours. An order of magnitude lower con-
centration of the preparation 10~% led to com-
plete death of the crustaceans in 2-3 days. Only
at the initial concentration of the drug, 10~%,
there was no significant change in the number of
D. magna during the seven days of observation.

The effect of PHMGhI on guppy fish showed
that the concentration of 10~°% (or 10.0 mg/I)
led to the death of fish within 1-2 hours.
The concentration of the drug in the aquarium
water of 10% and higher caused the death of
all P. reticulate during the first day, and 10°%
did not lead to any changes in the behaviour or
abundance of fish during the 12 days of obser-
vation. The summarized results of exposure of
various concentrations of PHMGhI to test ob-
jects are given in Table 2.

The chronic action of PHMGhI on a one-
year-old carp for 12 days at a constant con-
centration of the drug in the aquarium water

Table 2. The effect of PHMGhI on selected spe-
cies of gidrobionts

LC , 1
we My o e (%),
(%), during e
. duration of ob-
Test object | first 24 hours ]
servations from 5
of observa-
] to 12 days
tion
P. caudatum 100 (1072) 1.0 (10%%)
L. palustris 100 (1072) 1.0 (10%)
D. lacteum 100 (1072) 0.1(107)
D. magna 10.0 (107®) 0.1 (107)
P, reticulate 1.0 (10%) 0.1 (107)
C. carpio
(3-day-old 5.0 (5x10™*) 0.125(1.25x107)
larvae)
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of 5 x 10°% (or 0.5 mg/l) led to the death at
the end of the observation term (from 7 to
12 days), eight fish out of 30 experimental, i.e.,
~1/4 of the sample. The control group of ten in-
dividuals remained unchanged.

Histological studies showed the following: at
the micro level of the parenchyma of the liver of
individuals exposed to PHMGhI, various abnor-
malities were recorded, which is characteristic
when chemical factors act on the body. The range
of these changes included various compensa-
tory adaptive reactions of the organ, disorders
of blood microcirculation (haemorrhage and
plasmorrhage), dystrophic changes in the form
of vacuolization of the cytoplasm of hepatocytes,
and granular dystrophy. Observations showed
that the toxicological effect in the liver was most
often manifested in the form of hypertrophy of
hepatocytes. In this case, not only an increase
in cell size, but also an increase in the size of
the nucleus was observed (Fig. 1). Conditions:
hematoxylin Bohmer, fuchselin Hart (in modifi-
cation), oil immersion, increase x900.

It can be seen from the figure that in a num-
ber of cases the increase in the size of the cell
and nucleus is accompanied by an increase in
the number of nucleoli. It is known that one
of the peculiar manifestations of morphofunc-
tional adaptation is dedifferentiation of cells,
which at the light-optical level is fixed simul-

Fig. 1. Carp liver parenchyma. The medial zone. Hy-

pertrophy of hepatocytes as a result of the action of
PHMGHhI

taneously in the norm and under the action of
damaging agents. It should be emphasized that
early, compensatory changes in liver cells are
almost indistinguishable from individual ad-
aptation transformations of tissues and their
constituents. Figure 1 reflects the process of
the hypertrophy of hepatocytes, differs from
the “boundary states” by some deformation of
the nuclear contour and the local presence of
granulation in the cytoplasm, which can be in-
terpreted as the initial stage of the manifesta-
tion of a toxicological effect.

Similarly, one of the first signs of pathologi-
cal changes in the liver can be attributed to mi-
crocirculation disorders. The manifestation of
this category of anomalies in the liver of fish was
of a many-sided character, but venous plethora
and stasis were most often detected at the light-
optical level. The latter represent a stoppage of
blood flow, which occurs as a result of stagnant
plethora provoked by the influence of the toxi-
cant (Fig. 2). Conditions: hematoxylin Bohmer,
fuchselin Hart (in the modification), x400.

Expansion of the cavity of the hepatic vein
due to the filling of its lumen with the blood
cells can be clearly seen in Fig. 2.

It should be pointed that in addition to these
symptoms, the development of haemorrhage
and plasmorrhage took place in individual
specimens of dead fish (Fig. 3). Conditions: he-
matoxylin Bohmer, fuchselin Hart (in the mod-
ification), x400.

Fig. 2. Carp liver parenchyma. The medial zone. Ve-
nous plethora due to the action of PHMGhI
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Often, hemodynamic disorders of the body
combined with the pathology of the cellular
structure, which manifested itself in dystrophy,
and subsequently in necrosis of the parenchyma.
It is known that in the norm and in conditions of

moderate loads on aquatic ecosystems, the fish
liver is characterized by considerable reactivity
in combination with a reserve of functional abil-
ity. Under the conditions of high concentrations
of water-soluble toxicants, the liver function
fails, which is morphologically defined mostly
as dystrophy. It has been experimentally estab-
lished that pathological changes of this nature
in the liver capture predominantly parenchymal
structures. As a rule, in the pathology of the liver
of experimental fish, we observed granular and
hydrophylic (cellular disproteinosis) dystrophy.
With granular dystrophy, hepatocyte sizes ex-
ceeded the norm, the cytoplasm of the cells was
light, uniformly granular (Fig. 4). Conditions:

Fig. 3. Carp liver parenchyma. The medial zone.
Plasmorrhage

hematoxylin Bohmer, fuchselin Hart (in modi-
fication), x100.

Parameters of the nucleus as a whole cor-
responded to the norm, but it could be shifted
to the periphery of the hepatocyte. The specific
granularity of the cytoplasm is due to the appear-
ance of a significant number of anomalously large
mitochondria, as well as the deposition of protein
secretion in the pathologically enlarged cisterns
of the endoplasmic reticulum. The aggravation
of the course of granular dystrophy naturally led
to the appearance of hydropic dystrophy (Fig. 5).
Conditions: hematoxylin Béhmer, fuchselin Hart
(in modification), oil immersion, x700.

As can be seen from Fig. 5, a characteristic
feature of changed hepatocytes is the presence
in the cytoplasm of the optical cavities, which
makes the contents of the cell seem transpar-
ent. We established that the cytoplasmic re-
mains with a small amount of granularity are

Fig. 4. Carp liver parenchyma. The medial zone.
Granular dystrophy

Fig. 5. Carp liver parenchyma. The medial zone.

Hydropic dystrophy
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concentrated near the nuclei, more often along
the cell membranes. Compared with the above
case, the cells were voluminous, the contours
of the plasmoleme were fairly distinct. Nuclei
are characterized by poorly expressed polymor-
phism, weakly basophilic, with chromatin con-
densation. A remarkable feature of the hydropic
dystrophy figure was the ability of the trans-
formed hepatocytes to be located singly or in
groups among normal cells.

Fish dissection was carried out selectively
once in two days during the whole observation
period. Histological studies revealed changes in
other internal organs, in particular:

- in the kidneys, there were numerous cellu-
lar proliferates that formed around the vessels,
glomeruli and tubules; proliferates consisted of
histiocytes and lymphoid cells; cellular infil-
trates first manifested themselves in the form of
small foci, and later captured large areas of or-
gans; renal tubules under the pressure of cellu-
lar infiltrates atrophied, the epithelium became
low, cubic, or was in the state of granular and
fatty distrophy; cell proliferates in some places
sprouted into the tubules and formed cell cylin-
ders in the lumens; sclerosis and hyalinosis de-
veloped in the glomerulus; in general, the pic-
ture of atrophy with subsequent destruction of
blood vessels was observed in the kidneys;

— in the spleen, the expansion of blood ves-
sels and diffuse hemorrhages were observed;

— in the pancreas, an inflammation of pan-
creatic islets was observed.

DISCUSSION

Analyzing the obtained experimental material
and taking into account the literature data, it
can be stated that the 0.01% concentration of
PHMGHhI is lethal for almost all aquatic organ-
isms. Fish, ciliates, worms, daphnia and mol-
luscs die in the shortest possible time — during
the first minutes and hours. The concentration
of 107% is acutely toxic — almost all objects of
the study died within the first day. Concentra-
tion of the drug 10% (or 1 mg/l) can be con-
sidered severely toxic. At the 10~% (or 0.1 mg/1)
concentration of PHMGhI in water, there was

no significant adverse effect of the drug on
the population size and the behaviour of the hy-
drobionts studied by us during the entire obser-
vation time. This value corresponds to the MPC
norm in the water of natural reservoirs. At
the same time, taking into account the results of
the chronic action of PHMGhI on one-year-old
carp, it is still reasonable to consider the envi-
ronmental safety limit of the preparation to be
107% (or 0.01 mg/l) in water.

The fact of how much more the stability of
molluscs responded to the action of the drug
can, in our opinion, be explained by the fact
that their body is covered with a kind of pro-
tective mucosa consisting mainly of mucin.
Mucin is a specific mixture of compounds,
the main component of which is glycoproteins.
It also contains minerals, allantoin, collagen,
elastin, and glycolic acid. According to the data
(Marin et al., 2000), this complex of biologically
active substances helps to protect the surface of
the body of the mollusc, the rapid regeneration
of damaged tissues and the formation of a shell.
There exists information that even in higher ver-
tebrates mucin secretions of the mucous glands
also significantly reduce the bactericidal activity
of PAGs: for example, 0.25% mucin concentra-
tion in the test sample reduced the bactericidal
activity of PHMG relative to Staphylococcus
aureus by four times (Ansorg et al., 2003). We
believe that this is due to the ability of the acid-
ic polysaccharides in the glycoproteins mucin
to interact with the positively charged imino
groups of the polycation, neutralize them and
thereby neutralize the biocidal effect of PHMG
or PHMB. In our case, hyalinosis was observed
in fish with chronic action of PHMG in the kid-
neys, i.e., mucoids could partially neutralize
the toxicant.

In this context, it is also worth pointing to
the fact that microorganisms that are part of
biofilms are less susceptible to PHMG than
when they are in the form of suspensions
(Mandyhra, 2014). Acid mucopolysaccharides
of bacterial biofilms at neutral pH values have
a negative charge due to the presence of carbox-
yl or sulfate groups. This allows partial neutral-
izing of the activity of the polycation of PHMG.
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It should be noted that for natural reservoirs,
an important factor is the adsorption of polyca-
tionic PAGs on various components of contami-
nated water (suspended and colloidal particles,
dissolved organic and inorganic substances, oil
products, surface active substances, etc.), which,
in their majority, are anionic in nature. As a re-
sult, the initial concentration of PAGs decreases
rather quickly, they are removed from the water,
passing to the bottom phase, where the pro-
cesses of their natural biological decomposition
are significantly accelerated by the action of mi-
croorganisms of the activated sludge. Practice
shows that PHMG solutions prepared on natural
river water and on drinking (or distilled) water
have different bactericidal effects. As a rule, river
water contains a considerably larger amount of
salts and suspended particles, which help to re-
duce the toxicity (activity) of the drug.

It is interesting that in our experiments
with ciliates it was also noted that the salts of
PHMG with succinic acid have a comparatively
fast biocidal effect, but in low concentrations
(10°-10%) show a contrary stimulating ef-
fect. On days 3-5, the number of protozoa in-
creased. Probably, this is due to a positive effect
on the saprophytic bacterial microflora (one of
the food sources for infusorians). In this case,
PHMG acts as an additional source of nitrogen.
There is evidence that individual microorgan-
isms are able to include PAGs in the metabolic
process, for example, Pseudomonas putida
(O’Malley et al., 2006). This type of bacteria is
often present in the soil or in sediment (silt) of
water bodies. Such microorganisms contribute
to the rapid degradation of PAGs in ecosystems.

Concerning the possible stimulating effect of
PAGs, there are also data obtained on fish gup-
pies (Ignatyk et al., 2010). In the concentration
of PHMG 107*% during seven days of observa-
tion, the drug stimulated the production and
energy parameters of young individuals of P, re-
ticulate, but after 14 days these values sharply
decreased. At the same time, concentrations of
107-10"%% (or 0.001-0.01 mg/1) after seven days
from the beginning of the experiment stimu-
lated an increase in the specific growth rate of
fish by more than 60% compared to the controls.

After 14 days, the growth rate (specific growth
rate, feed conversion efficiency, optimality in-
dex) decreased, but still exceeded the control
group. The authors suggested that the stimulat-
ing effect is associated with the adaptation syn-
drome (stress), which eventually should end in
the phase of exhaustion (progressive toxicosis).

The histological studies of one-year-old
carp that died because of the chronic action of
PHMGHhI allowed us to establish the absence
of fatty dystrophy of hepatocytes. In this case,
the question of the death of fish and the viola-
tion of the organ function with a certain kind
of dystrophy is natural. In fact, the same (or
almost identical) degeneration of carp cells is
not evidence of a decrease in the functional ac-
tivity of the hepatic parenchyma as a whole, as
evidenced by the survival of most individuals
within the same aquarium. Obviously, the sever-
ity of the flow of the process is not reflected by
the light-optically observed difference in the ra-
tio between the norm and the pathology, since
in this case there is a different degree of damage
to the ultrastructural constituents of the hepato-
cyte. Consequently, the circumstance of differ-
ent survival of individuals can be interpreted as
a discrepancy between minor violations of organ
function and tangible morphological shifts.

Thus, it has been established that in the case
of chronic action on the body of carp, PHMGhl
has a pronounced toxic effect even in moderate
concentration =5 x 10~% (5 mg/l). In the liver,
the drug caused disorders of blood microcircu-
lation (haemorrhage and plasmorrhagia), hepa-
tocyte hypertrophy, and granular and hydropic
dystrophy of hepatocytes. In the kidneys, there
were signs of atrophy with subsequent destruc-
tion of the vessels, sclerosis and hyalinosis
developed in the glomerular compounds. In
the spleen, the dilatation of blood vessels and
diffuse haemorrhage were noted.

These results correlate with other research-
ers on changes in liver metabolism during
the adaptation of fish in herbicide contamina-
tion of water bodies (Zhidenko et al., 2012).

In this context, it is also interesting to con-
sider the toxic effects of PHMGhl on the human
body. Cases of people poisoning as a result of
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ingestion of alcohol-containing drugs “Juniper”
and “Crystal” intended for external use (Brusin,
2007) in the Russian Federation (Chelyabinsk,
in 2006) have been described. The composi-
tion of these drugs included PHMGhI, dieth-
ylphthalate, and ethyl alcohol (92%). The most
typical manifestation of acute poisoning was
cholestatic hepatitis (Ivashkin, Buyeverov,
2007; Ostapenko et al., 2011). The develop-
ment of toxic hepatitis was accompanied by
significant disturbances in the metabolism of
lipids (Makarov, Ryasenskii, 2009). Immuno-
histochemical and ultrastructural studies of
the liver showed proliferation and granulo-
matous response of mononuclear-macrophage
link cells, an increase in the size of lysosomes,
accumulation of a hard-to-metabolize material
of high electron density in the lysosomes and
phagolysosomes, a violation of the functions of
Kupfter cells (tissue macrophages of the liver)
(Friss et al., 2010). Pigmented nephrosis de-
veloped in the kidneys. Macroscopically, it
manifested itself in dark strips on the incision
of the kidney, microscopically - as impregna-
tion of the tubal nephrothelia with pigment,
nephrothelial necrosis, and the formation of
pigmented cylinders. Although, in our opinion,
in this case it is impossible to exclude the influ-
ence on patients’ chronic alcohol intoxication.

CONCLUSIONS

The results obtained on the test objects can be
legitimately extrapolated to natural freshwater
ecosystems. The MPC for PHMGhI at the lev-
el of 0.1 mg/l (10%) is justified. At the same
time, the results of studying the chronic toxic
effect of the drug on the body of one-year-old
carp indicate that the threshold of safety for hy-
drobionts and natural hydrocenoses should still
be considered to be concentrations lower by an
order of magnitude, i.e., 10°%.

The chronic effect of sublethal doses of
the drug on the fish organism causes a number
of pathological changes in the organs and tis-
sues. Among them, attention is first of all drawn
to the following: in the liver — blood micro-
circulation disorders (haemorrhage and plas-

morrhage), hepatocyte hypertrophy, granular
and hydrophilic dystrophy of hepatocytes; in
the kidneys - atrophy with subsequent destruc-
tion of the vessels, in the joints of the glomeruli
sclerosis and hyalinosis; in the spleen - dilated
blood vessels and diffuse haemorrhages; in-
flammation of pancreatic islets.

At the same time, there are compensatory
mechanisms that allow reducing the negative
impact of PHMG on hydrobionts in water eco-
systems. Because of good solubility in water
when entering water bodies, working (biocidal)
concentrations of the drug are diluted hundreds
of thousands of times. Suspended particles, dis-
solved organic and inorganic substances, col-
loids, surface-active substances, etc., bind and
neutralize some of the PHMG molecules. As
a result of flocculation and settling in the bot-
tom sediments, the amount of the drug dis-
solved in water decreases. Saprophytes of silt
actively metabolize it and minimize the possi-
bility of further xenobiotic migration through
food chains.

Therefore, it can be considered that for
the fishing industry, including pond fish,
the use of PAGs in the disinfection of fishing
gear, special equipment or implements is not
a threat as these preparations do not represent
a significant threat for hydrobionts. However, it
does not exclude the need for selective environ-
mental monitoring.

The results of the studies do not allow us to
state that PAGs are much less toxic for macroor-
ganisms than for prokaryotes as most manufac-
turers of disinfectants claim. Biocidal proper-
ties are manifested at the same concentrations,
ranging from 10#% and higher. Nor does
the theoretical analysis of data on the mecha-
nisms of biocidal action of PHMG on pro- and
eukaryotic cells provide convincing arguments
in favour of the fact that these mechanisms are
fundamentally different. Therefore, it is advis-
able to continue studying the biochemical and
biophysical features of the action of PHMG on
pro- and eukaryotic organisms.
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GUANIDINO POLIMERINIU DERIVATU PO-
VEIKIS HIDROBIONTAMS

Santrauka
Daugelyje pasaulio $aliy guanidino polimeriniai de-
rivatai yra aktyviai naudojami kaip dezinfektantai ir
antiseptikai. Poliheksametileno guanidinas (PHMG)
ir poliheksametileno biguanidinas (PHMB) yra ti-
piski Sios klasés junginiy atstovai. Eksperimenty
metu buvo tiriamas toksinis PHMG drusky poveikis
jvairiy rasiy ir klasiy hidrobiontams. Nustatyta, kad
saugi vienkartinio poveikio PHMG koncentracija
vandenyje yra 0,1 mg/1 (10°%). Vieneriy mety kar-
piy, 12 dieny gyvenusiy akvariumuose su pastovia
0,5 mg/l PHMG koncentracija, histologiné analizé
rodo, kad visi$kai saugia laikytina mazesné koncen-
tracija — 0,01 mg/l (10%%). Zuvy létiné intoksikacija,
nulemta subletaliniy PHMG doziy, sukelia daugy-
binius kepeny, inksty, bluznies sutrikimus, taip pat
kasos uzdegima.

Raktazodziai: poliheksametileno guanidinas,
vandens ekosistemos, hidrobiontai, toksiskumas,

histologiniai tyrimai



