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Abstract

Pharmaceutical residues and their transformation products (TPs) have been found in wastewaters
and aquatic environments, and they cause adverse effects in aquatic organisms, especially upon chronic
exposure and even at very low doses. Cyclophosphamide (CP) is a common alkylating agent that is
effective against a wide variety of tumors. L-ascorbic acid is a known water-soluble vitamin that has
antioxidant properties. The pharmaceutical residues of both drugs are detected in the environment, and
as biologically active molecules they have the ability to affect organisms. In this work we presented the
use of a microbiological biosensor E. coli K-12/recA-gfpmut2 in the assessment of the effects of residues
of cyclophosphamide and vitamin C and their mixtures on living cells. In our studies, we have shown
that mixtures of CP and vitamin C in the highest CP concentrations are more toxic to E£. coli strain
compared to parent chemicals. In addition, we also found that drug mixtures, especially at the highest
CP concentrations, more strongly stimulate the rec4 promoter and gfp gene expression. We showed that
an Escherichia coli K-12/recA-gfpmut2 microbial biosensor is a useful tool in assessing the impact of
pharmaceutical residues of cyclophosphamide and L-ascorbic acid and their mixture on living bacteria
cells. A stronger impact and toxicity of the mixtures of both tested chemical compounds was found in
comparison to parent chemicals.
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Introduction

Cancer, according to the International Agency for
Research on Cancer (IARC), is the second leading
cause of death worldwide, with 14.1 million new
cancer cases and 8.2 million cancer-related deaths per
year. Therefore, there has been a significant increase
in the global consumption of anticancer drugs, which
are continuously released via excreta into hospital and
urban wastewaters, reaching surface waters, soil and
sediments. Anticancer drug residues, their metabolites
and transformation products (TPs) have been found in
wastewaters and the aquatic environment from few ng/L
to tens of pg/L. Collected data evidenced the genotoxic,
carcinogenic, mutagenic and/or teratogenic potential of
anticancer drugs that cause adverse effects in aquatic
organisms, especially upon chronic exposure and even
at very low doses [1].

Cyclophosphamide (CP) is a nitrogen mustard
alkylating  agent  with  potent  antineoplastic,
immunosuppressive and immunomodulatory properties.
CP is used in the treatment of different diseases such
as human hematological malignancies and a variety
of solid tumors such as breast cancer, carcinoma
of the lung, acute leukemia, and ovarian cancer.
CP may be also used in the treatment of multiple
sclerosis and systemic lupus erythematous [2-
5]. After administration to the human body, CP is
primarily metabolized to 4-hydroxycyclophosphamide
and 2-dechloroethylcyclophosphamide. The active
metabolite  4-hydroxycyclophosphamide is present
in equilibrium with aldophosphamide (its tautomer).
Most of the aldophosphamide is then oxidized
by aldehyde dehydrogenase enzyme to form
carboxycyclophosphamide. Only a small proportion
of aldophosphamide diffuses freely into cells, where
it is decomposed into two metabolites: phosphoramide
mustard and acrolein. Despite its vital role in
chemotherapy, CP produces some serious adverse
effects. CP is known to cause multiple dose-dependent
organ toxicity effects. Among these are hepatotoxicity,
nephrotoxicity and lung toxicity. Additionally, high
therapeutic doses of CP caused a lethal cardiotoxicity
[6-11]. The main molecular mechanism of CP toxicity
is due to the production of highly reactive oxygen
free radicals by the metabolites phosphoramide and
acrolein. Acrolein interferes with the antioxidant
system of tissues and produces reactive oxygen species
(ROS). Free radicals could prompt peroxidation of lipid
in membranes and interfere with cell components,
causing disruption of normal functions. Disturbance
mediated by oxidative stress results in stimulation of
signaling pathways and thus increased production of
proinflammatory cytokines and apoptosis [12-21].

CP is widely used in cancer treatment and its
residues were detected in hospital wastewaters from the
current limits of detection of up to 15 pg/L, wastewater
treatment plant influents (19-27 ng/L) and effluent
(17 ng/L). Hospital wastewaters are usually untreated

and discharged directly into the sewerage system, where
they eventually arrive at a wastewater treatment facility.
CP has cytotoxic, mutagenic, teratogenic and genotoxic
properties, and could have adverse effects on aquatic
organisms [1, 22].

Clinical studies showed that the use of antioxidants
in combination with chemotherapy and irradiation
prolong the survival time of patients compared with
the expected outcome without antioxidant supplements.
Novel methods and alternative approaches have been
developed to reduce the side effects of CP chemotherapy.
Thus, the combination of drug delivery together with
an antioxidant agent may be a potential therapeutic
approach to reverse or arrest the progress of adverse CP
effects [23-25].

Vitamin C (ascorbic acid —AA) has often been
linked to cancer treatment. It was already in the
1970s reported that high doses of AA intravenously
increased the survival time of terminal cancer patients
more than four times. It was also shown that AA
has a wide variety of effects on cancer cells and
the immune system. Ascorbic acid, an antioxidant,
has the potential to delay the formation and spread
of tumors at all stages. It is known to decrease the
dverse effects of chemotherapeutic agents while
increasing their destructive effect on cancer cells.
Moreover, vitamin C as an antioxidant and a free
radical scavenger serves as an essential cofactor for
many enzymatic reactions through iron-, copper-
and  2-oxoglutarate-dependent  dioxygenases. In
addition, AA was found to be a cofactor for methyl
cytosine dioxygenases that are responsible for DNA
demethylation and a possible cofactor for some JmjC
domain-containing histone demethylases involved in
histone demethylation [24-30]. Laboratory experiments
evidenced that L-ascorbic acid has a double-faced
nature. Depending on the dose used, vitamin C has
antioxidant properties, or is pro-oxidative. It was
shown that ascorbic acid had a genotoxic effect at the
concentration of 10 pg/ml and most efficient genotoxic
effects at concentrations of 250, 500 and 1000 pg/ml.
Moreover, it was revealed that vit C can promote the
generation of oxygen radical-induced sister-chromatid
exchanges in cultured mammalian cells, as well as
some other types of genetic damage [31-33]. Due to
extensive use of vitamin C as a nutrient supplement or
antioxidant in a variety of industries, such as medicine,
feeds, cosmetic, and food pharmaceuticals, residuals
of vitamin C are present in the environment and affect
living organisms. It was registered that vit C levels in
aeration tank and effluent were 7.35 mg/l. The sludge
cake in dried beds has been found to be 11.39 mg/kg
and in the sludge cake disposed of for a long time the
value is 1.93 mg/kg [34].

Escherichia coli biosensor strains containing
plasmid-borne  fusions of SOS-dependent recA
promoter-operator region to the green fluorescent
gene (gfp) were previously shown to increase their
fluorescence in the presence of DNA damage hazards,
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and thus to be useful for genotoxicant detection
[31-35]. When a genotoxic mode of action is activated,
this leads to an increase in the concentration of
fluorescent protein and, as a consequence, fluorescence.
Gfp E. coli-based assays employ genetically engineered
microorganisms ‘tailored’ to generate a quantifiable
signal that reflects the genotoxic potency of the tested
sample. Such bioassays possess several significant
advantages, including rapid response times, high
reproducibility, facility of use and low operational cost.
A lot of laboratory experiments have shown that most
microorganisms have similar biochemical pathways as
higher organisms. But there are some differences in the
scheme of reaction in genotoxicity tests using bacteria
and human assays. The priority assay for mutagenic
and carcinogenic screening of chemicals is Salmonella
Ames assay. The correlation between mutagenicity
as measured by the Ames assay and carcinogenicity
in mammals was detected. The most important is that
bacterial specific metabolism, exceeding a detoxification
threshold, or the induction of oxidative damage to which
bacteria may be more sensitive than mammalian cells.
Moreover, the Ames assay is more expensive in use and
it requires high replication, a wide range of controls,
extensive culturing and time-consuming enumeration.
The Ames test actually measures mutagenicity.
The application of E. coli-based reporter genes (e. g.,
E. coli K-12/recA-gfp) assay with activation of SOS
repair system following DNA damage allowed us to
measure the mutagenic and genotoxic effects of various
chemicals and physical treatments in living organisms
[32, 36-46].

We know that in wastewaters there are a mixture of
drugs. Little is known about the biological effect of that
mixture on living organisms. So far, many authors have
conducted cytotoxicity analyses of cyclophosphamide in
different environmental wastewater and surface waters
samples. Little is known about the effects of a mixture
of vit C and CP on living cells. Hence, in this work
we presented the use of a microbiological biosensor
E. coli K-12/recA-gfpmut? in the assessment of the
effects of residues of cyclophosphamide and vitamin C
and their mixtures in the environment. We investigated
both chemicals CP and vit C in a pure form and their
mixtures. In this experimental work, Escherichia coli
K-12 contained plasmid transcriptional fusion between
a recA promoter that belongs to a DNA-damage
genotoxin-inducible group of bacteria promoters, and
involved in the SOS regulon response was seclected as a
testing model for genotoxicity assessment. In this genetic
construct we used a fast-folding variant of gfp gene
— gfpmut2. Bacterial biosensors detect the genotoxic
mode of action of some chemicals and drugs based on
fluorescence measurements. This leads to an increased
concentration of GFP protein and, as a consequence,
its fluorescence. RecA promoter-operator, as it was
previously shown, is useful for detecting genotoxicants,
environmental chemicals and some new antimicrobial
and anti-cancer drug candidates [31-34, 40-41].

The cytotoxic potency of tested chemicals were
calculated on the basis on the optical density (OD)
values of E. coli culture. Genotoxic properties were
calculated on the basis of the fold increase (FI) of SFI
values normalized with control. Antimicrobial activity
of chemicals was established on the value of minimal
inhibitory concentration (MIC) values.

Experimental
Chemical Preparation

L-ascorbic acid and CP were commercially obtained
(Sigma Aldrich, UK). Chemicals were dissolved in
Milli-Q water and transferred to phosphate buffered
saline - PBS buffer (1.44 g Na,HPO,, 0.24 g KH,PO,,
0.2 g KCl, 8 g NaCl in 1000 mL distilled water, pH = 7)
with bacteria strains.

Bacteria Growth Condition

Escherichia coli K-12 MG1655 and Escherichia
coli K-12/recA-gfpmut2 strains were cultured overnight
in LB agar medium (Merck, Germany) at 30°C
supplemented with 100 pg/mL of kanamycin (Sigma-
Aldrich, Germany). Colonies were carried to LB broth
medium (10 g NaCl, 10 g tryptone and 5 g yeast extract
per 1000 mL of distilled water) with 100 pg/mL of
kanamycin and incubated overnight at 30°C. Bacteria
cells were refreshed in LB broth with 100 pg/mL of
kanamycin and grown at 30°C until the OD, value
reached 0.2. Afterward, the cells were washed with PBS
buffer. Growth of bacteria strains treated with chemicals
was monitored by the use of standard spectrophotometer
analysis (Glomax, Multi Detection System, Promega) of
optical density values at a wavelength of 600 nm.

Genotoxicity Testing

1 mL of bacteria cells were suspended in 4 mL
of PBS buffer and the CP and vit C were used for
genotoxicity testing. The concentration range of the
analyzed chemicals was selected experimentally from
the minimum level of recA-gfp construct sensitivity and
according to the reviewed references recommendation
[40-46]. The time of bacteria incubation with chemicals
(16 h) was estimated for monitoring the sensitivity of
recA-gfp genetic construct. The control sample in PBS
buffer was not treated with chemicals. For verification
the correct activity of recA promoter, the Escherichia
coli K-12 strain containing pUA66 plasmid without the
promoter was used as the control.

Analytical Method for the Intensity of gfp Gene
Fluorescence (IF) Analysis

After exposing bacteria cultures to the tested
chemicals, the strains were washed with PBS buffer
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and the intensity of fluorescence of gfp gene of bacteria
cells suspension in PBS buffer was measured with the
use of a spectrofluorometer (Glomax, Multi Detection
System, Promega). The measurements were done at
excitation and emission wavelengths of 485 and 507 nm,
respectively.

Assessing SFI Values

The specific fluorescence intensity (SFI) value
measured with a spectrofluorometer is defined as
culture fluorescence intensity (IF) divided by optical
density (OD) at 600 nm for cell culture. SFI value was
calculated according to the formula below [18-20] for
monitoring the dynamic of gfp expression after bacteria
treatment with chemicals:

IF

OD
..where: SFI — Specific Fluorescence Intensity, IF — The
raw fluorescence intensity of the strains at excitation and
emission wavelengths of 485 and 507 nm, OD — Optical
Density at 600 nm of the strains.

SFI =

The Percentage Stimulation of Green Fluorescence
Protein Expression (S ) Value
The percentage stimulation of gfp (S gfmp_) was
calculated according to the formula:

S g/[.’exp_(%) =14 (%) - SFI ¢ (%)

..where 1 (%) — the increase of SFI values for tested
compounds as a response to the level of gfp expression
in comparison with the control sample, SFI_¢ (%) — SFI
for the control sample = 100%.

The Percentage Inhibition of Green Fluorescence
Protein Expression (Igfpesp.) Value

The percentage inhibition of gfp
calculated according to the formula:

(Ig " exp_) was

I gfpexp,(%) = SFI (%) - SFL ¢ (%)
..where SFI_ (%) — SFI for the control sample = 100%;
SFI_ (%) — SFI for the tested sample.

The Cytotoxic Effect Calculation

The cytotoxic potency of analysed chemicals was
calculated on the basis of GI (growth inhibition) value
of E. coli K-12 treated with chemicals. The growth of
bacteria strain treated with chemicals was monitored by
the use of standard spectrophotometer analysis of optical
density values at a wavelength of 600 nm. The values
of E. coli K-12 growth inhibition (GI) after 16 hours
incubation with compounds was calculated according to
the formula:

GI (%) = OD_ (%) — Dy (Y0)

.where: OD_, (%) — optical density of control
sample = 100 %; D (%) — the decrease in the value
of optical density of bacteria samples treated with
chemicals in relation to OD value of control sample
(bacteria not treated with chemicals).

The Fold Increase Values Calculations

The dose-response data was expressed as fold
increase (FI) of SFI value normalized with control and
calculated according to the formula:

FI = SFL/ SFI

..where: FI — fold increase of SFI values; SFI , — SFI
values of tested sample; SFI, — SFI values of control
sample.

The Genotoxic Effect Calculations

The genotoxic potency of analyzed chemicals was
calculated on the basis of SFI and FI values.

Antimicrobial Activity Analysis
of Tested Chemicals

The chemicals (in water) were screened for their
potential antibacterial activities in vitro against
Staphylococcus epidermidis, E. coli, Klebsiella sp.,
Campylobacter sp., Bacillus sp., Enterobacter sp. and
antifungal activities against Candida sp. (obtained
from the American-type culture collection — ATCC).
Antimicrobial activity was measured as a minimal
inhibitory concentration (MIC) with Miieller Hinton
agar (MHA). Serial two-fold dilutions of chemicals
ranging from 10 to 350 pg/mL were prepared. After
inoculation of microorganisms on MHA plates with
certain tested chemical concentrations, plates were
incubated at 30°C for 24 and 48 hours. Plates containing
sterile water were used as controls. Kanamycin was used
as positive control. A minimum of two repetitions were
run for each assay. The MIC value was determined as
the lowest concentration of chemicals, which completely
inhibited bacterial and Candida sp. growth after 24 h
and 48 h incubation.

Statistical Analysis

The experiment was conducted at least in three
independent series (n = 6). Obtained data are expressed
as a meantstandard deviation (SD). Data were
analyzed using standard statistical analyses, including
Student’s test. P-values less than 0.05 were considered
significant.
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Results and Discussion

CP is pro-drug, which is metabolised and excreted
together with their metabolites from human body via
urine and faeces. The residues of both compounds
mainly end up in sewage systems and are found in
wastewaters at concentrations of from pg/L to pg/L.
Nonetheless, biological activity and toxic effects of CP
and vit C and their mixture are not well understood [47].
In the presented experiment we examined the influence
of vitamin C as an antioxidant on biological activity
of cyclophosphamide. CP, a bifunctional alkylating
compound, is the most widely used oxazaphosphorine in
the treatment of many neoplastic diseases. It has been
shown that cyclophosphamide induces liver and lung
damage as well as cardiotoxicity and nephrotoxicity.
Therefore, cytoprotection of healthy tissues is needed.
Vitamin C is one of the most popular vitamins in the
human diet. Due to antioxidant and cytoprotective
properties, this vitamin is recommended for many
diseases, including cancer. High global consumption of
vitamin C results in the presence of this compound and
its metabolites in the environment, where they can affect
living organisms and interact with other chemicals
found in wastewater and water.

One novel cytoprotective method used in anticancer
therapy is the combination of cytostatic delivery
together with an antioxidant agent, which may be a
potential therapeutic approach to reversing or arresting
the progress of CP adverse effects [47-50]. For a long
time, many reports have pointed to the important role
of ascorbic acid in the prevention and treatment of
cancer. The idea of using AA in anti-cancer therapy
assumes that in high concentrations, in the presence of
transition metal ions, it may have pro-oxidative activity.
It is believed that the pharmacological concentrations of
ascorbate may act cytotoxically on tumor cells, which
is associated with the production of hydrogen peroxide
during its autooxidation. The use of pharmacological
doses of vitamin C in anti-cancer therapy remains
controversial due to the differing results of several
clinical trials. However, experiments on animal models
have shown the inhibitory effect of ascorbate on the
growth of cancerous tumors [51-53].

Cytotoxicity Study

In our study optical density (OD) measurements
of E. coli K-12 were the basic values for cytotoxic
effect assessment and were expressed as a percentage
of growth inhibition (GI) values (Fig. 1). Obtained
data revealed the strongest cytotoxic potency for
CP at concentrations of 3.5 pug/ml (GI = 55%), the
mixture of CP (350 pg/ml) with vitamin C (250 pg/ml)
(GI = 45%)), CP at the highest concentration of 350 pg/ml
(GI = 40%) and for the mixture of CP (35 pg/ml) with
vitamin C (250 pg/ml) (GI = 35%). The E. coli K-12
culture development was also efficiently inhibited after
exposure to CP at a concentration of 35 and 0.35 pg/ml.

GI (%)

[pg/ml]

Fig. 1. Growth inhibition (GI) values of Escherichia coli K-12
strain after 16 hours treatment with cyclophosphamide, vitamin
C and the mixture of the both chemicals; mean values+SD;
n = 6; * - significantly different from control (p<0.05).

Genotoxicity Analysis

Genotoxic properties of tested chemicals were
calculated on the basis of the fold increase (FI) of
SFI ~ values normalized with control. Bacteria
incubation with L-ascorbic acid at a concentration of
250 pg/ml resulted in a significant stimulation of SFI
(S exp. 6.63%) values for 16 hours of Escherichia
coli K-12/recA-gfpmut2 treatment compared to the
control sample (Table 1, Figs 2-3). The exposure
of bacteria cells to the highest concentration of CP
(350 pg/ml) inhibited the gfpmut2 gene expression by
14.6% in comparison to the control sample. The lower
concentrations of CP (35 and 3.5 pg/ml) caused the
stimulation of gfpmut2 gene expression by 8.04 and
5.07, respectively. Simultaneous co-administration of
L-ascorbic acid with CP significantly differentiated
the profile of gfpmut2 gene expression in E. coli K-12
strain. The vitamin C at the concentration of
250 pg/ml in a mixture with CP (35 pg/ml) significantly
increased the level of SFI value by 11.68% comparable
to the control sample. With the application of other
concentrations of CP (350, 35 and 3.5 pg/ml) we
noticed the lower influence of tested chemicals on
SFI wvalues, by 2.07, 6.60 and 2.66, respectively.
Methylnitronitrosoguanidine (MNNG) a known
genotoxin at the concentration of 50 uM — was used
as the positive control. For this analyte, FI = 2.27 was
obtained for 16 h incubation time.

Antimicrobial Activity Study

The MIC values of tested chemicals against
microorganisms are shown in Table 2. The CP exhibited
better antimicrobial activity against Bacillus sp. and
Enterobacter sp. (MIC = 175 pg/mL) than ascorbic
acid (MIC>250 pg/mL). The addition of AA to E. coli
treated with CP reduced its bacteriostatic effect against
Enterobacter sp. and Bacillus sp. For CP, AA, and
the mixture of CP and AA the MIC values were
above the values of positive control with kanamycin.
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Table 1. SFI, S o expe Loy ep T values for 16 hours treatment of Escherichia coli K-12/recA-gfpmut2 strain with different
concentrations of cyclophosphamide (CP) and L-ascorbic acid at concentrations of 250 pg/ml in comparison to the control
sample.

N. ?322i?; SFI=SD e Lo FI

1. L-ascorbic acid 250 3970+534° 6.63 - 1.06

2. CP-350 3180+584 ® - 14.6 -1.14

3. CP-35 4035+435% 8.4 - 1.08

4. CP-3.5 3912+621* 5.07 - 1.05

5. CP-0.35 3842+468* 3.20 - 1.03

6. CP-350 + L-ascorbic acid 250 3800+£526¢ 2.07 - 1.02

7. CP-35 + L-ascorbic acid 250 41584534 11.68 - 1.11

8. CP-3.5 + L-ascorbic acid 250 3969+438° 6.60 - 1.06

9. CP-0.35 + L-ascorbic acid 250 3822+437¢ 2.66 - 1.02

10. recA::gfp MNNG (positive control) (S0pM) 8456+774 227.13 - 2.27

11. Control (recA-gfp) 3723+456 - . .

12. Promoter-less: E. coli K-12 gfp 2.80+0.76 - - -

Mean values+SD; n = 6; a - significantly different from control (p<0.05); b - significantly different from L-ascorbic acid group
(p<0.05); ¢ - significantly different from CP 350 pg/ml group (p<0.05)

Simultaneous interaction of CP and vitamin C
differentiated the biological activity of CP against
Bacillus sp. and Enterobacter sp.

In this work we analyzed the influence of vitamin
C on cyto-, genotoxic and antimicrobial effects of
cyclophosphamide — a known anticancer drug. We used
the E. coli strain with plasmid transcriptional fusion of
recA promoter and gfpmut2 gene as the model.

CP is an alkylating agent with an active metabolite
leading to DNA cross-linking. Although CP has proven

to be a promising and effective chemotherapeutic
agent, the International Agency for Research on Cancer
(IARC) in 1991 designated it as carcinogen. The
molecular mechanism of CP action in a cell is associated
with gene mutations, DNA damage, chromosomal
aberrations, micronuclei, and sister chromatid
exchange in cultured cells of humans, animals, and
microorganisms. Mutations induced by CP have been
shown to be positive in Salmonella typhimurium and
in Saccharomyces cerevisiae [53].

6000 -
5000 * *
4000 — cpwwe=s * POy - Ry = SO
3000
2000
1000
0 onl mbl mfl NN ONE @ il
s ® o J % o [ C C 3
b » Q > Q » ; 4 g & g &
< & C C & ‘°°x a,"x o,‘?x o,"x
S & 8
[ng/ml]
mmmm Fl* (fluorescence intensity) EEESFI ------

Fig. 2. Fluorescence intensity (FI*) and SFI values of Escherichia coli K-12/recA-gfpmut2 strain after 16 hours treatment with
cyclophosphamide, vitamin C and the mixture of the both chemicals; mean valuestSD; n = 6; * - significantly different from control

(p<0.05).
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CPO.35+vit.C N /
CP3.5+vit.C [— K
[ng/mi] CP 354vit.C -—4,,.’,/
CP350+vit.C
cP-0.35 MEEE-I*
cp-35 mgl— *
cp-35 mpimm—

FI** (fold increase)

Fig. 3. Fold increase (FI**) of SFI values normalized with control
of Escherichia coli K-12/recA-gfpmut2 strain after 16 hours
treatment with cyclophosphamide, vitamin C and the mixture of
the both chemicals; mean values+SD; n = 6; * - significantly
different from control (p<0.05).

Biodegradation is the main microbial process of
decomposition of pharmaceutical pollutants in simpler
compounds. In environmental compartments such as
wastewaters, pharmaceutical residues exist in a form
of mixtures of parental drug and its transformation
products (TPs). Previous studies have detected that
the mixtures of TPs could have a higher toxic potency
than the parent drug and can affect living organisms.
Moreover, these chemicals are usually biologically active
even at low concentrations, and they have the ability to
form complexes with other chemical compounds found
in wastewaters and surface waters. It raises the need of
determination of the cyto- and genotoxic activity and
safety profiles of not only the drugs but also their TPs
and their mixtures [1, 22].

In the presented experiment we showed different
cytotoxic sensitivities of the E. coli K-12 strain to CP
and vitamin C after 16 h incubation in comparison to
the control sample. The strongest cytotoxic potency was
revealed for CP at a concentration of 3.5 pg/ml. The
mixture of CP (350 pg/ml) with vitamin C (250 pg/ml)
(GI = 45%)), CP at the highest concentration of 350 pg/ml
(GI = 40%) and for the mixture of CP (35 pg/ml) with
vitamin C (250 pg/ml) (GI = 35%). The Escherichia coli

K-12 culture development was also efficiently inhibited
after exposure to CP at a concentration of 35 and
0.35 pg/ml. We expected a more linear value, dependent
on the CP concentration used and the cytotoxic response
of E. coli. The biochemical phenomenon of unexpected
effect of very low doses of some chemicals is called
“non-monotonic response” and it is not fully explained.
Sandyik et al. explained that the low concentration
of chemicals (in this case CP) are too low to activate
the stress signaling and transcription of chaperone
proteins. As we know, these proteins can protect living
cells against stress conditions. But from the other side
these concentrations are sufficient to exert a destructive
effect on cells, e.g. in chemical processes such as ROS
generation. At higher concentrations, SOS signaling
pathways are activated to protect against the effects of
stressors [54-55].

In our research we noticed that, influence of vit. C
on the cytotoxic and genotoxic activity of CP is strictly
dependent on the CP dose used. At higher doses of
CP (350 and 35 pg/ml), vit. C enhances the cytotoxic
activity of CP, while in its lower concentrations
(3.5 and 0.35 pg/ml) it weakens the cytotoxic effect
of cyclophosphamide. The main CP cytotoxicity
mechanism results from the generation of oxidative
stress in cells [50-52]. In our experiment we showed that
vitamin C, depending on the CP concentration used,
enhances or reduces the cytotoxicity of CP. Probably,
the mechanism responsible for this effect is connected
with the heterogeneous nature of vitamin C. Studies of
recent years have shown that this vitamin can behave
differently in various concentrations used [52-53].

The results obtained by us indicate the strongest
CP interaction to be at the concentrations of 3.5 and
0.35 png/ml for the expression of the gene gfpmut2 in
E. coli K-12. Vitamin C at a concentration of 250 pg/ml
is significantly less affected by the level of expression
of the gfp gene. The administration of vitamin C with
cyclophosphamide slightly modulated the genotoxic
effect of the cytostatics. The strongest effect of vitamin
C on gfp expression was disturbed in the lowest CP
concentrations used. In our last work [33], we obtained
a similar effect of vitamin C activity, where this vitamin
differentiated the toxicity of doxorubicine and its

Table 2. MIC values of tested chemicals against microorganisms: H — higher than 350 or 250 pg/ml; CP — cyclophosphamide;

AA — L-ascorbic acid, + growth of bacteria culture.

Chemicals S. epidermidis | E. coli | Klebsiella sp. | Campylobacter sp. | Bacillus sp. | Enterobacter sp. | Candida sp.
(ng/ml) (Gram+) (Gram-) (Gram-) (Gram-) (Gram+) (Gram-) (Gram+)
CP H 350 H 350 H 350 H 350 =175 =175 H 350
AA H 250 H 250 H 250 H 250 H 250 H 250 H 250
CP
(350 pg/ml) + + + + + + +
+AA (250 pg/ml)
Kanamycin 100 50 100 50 100 100 100
(positive control)
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complexes with metals. In this work we also showed that
the biological activity of vitamin C is closely correlated
with the dose of DOX and its complexes with metals

used [33].

Microbial biosensors are widely wused and
recommended for assessing biological impact
and genotoxicity. Compared with conventional

chromatographic =~ methodologies such as  gas
chromatography (GC) or high-performance liquid
chromatography (HPLC), which are tedious and not
portable, the use of biosensors is gaining more attention
as they offer rapid and on-site/point-of-care monitoring
of even trace levels of genotoxins [31-39, 56].

In our research we noticed that with the use of
genotoxin-sensitive Escherichia coli K-12/recA-gfpmut2
bioreporter strain with a genotoxic activity of CP at
lower concentrations (3.5 and 0.35 pg/ml), vitamin C
at a concentration of 250 pug/ml and a mixture of both
drugs at the each concentration of cyclophosphamide,
ranging from 350 to 0.35 pg/ml mixed with 250 pg/ml
of vit. C. Cyclophosphamide (CP) belongs to a group
of alkylating agents and its primary mode of action
is based on their interaction with DNA, resulting in
repressed cell division. CP is a prodrug and in human
and animal model cells, the genotoxic effect of CP
may be due to its metabolic activation by the hepatic
microsomal cytochrome P450 mixed functional
oxidase system via two different pathways. In the first
pathway, CP is catalyzed by cytochrome P—4502 B
and P-4502C enzymes to form the DNA cross-linking
agent, phosphoramide mustard, and the toxic metabolite
acrolein (AC). The second pathway involves a CYP3A4-
mediated N- dechloroethylation of CP to form the
inactive metabolite, 3-dechloroethylcyclophosphamide
(DECP), and the toxic by-product chloroacetaldehyde.
CP metabolites can generate free radicals that can
lead to oxidative stress. In our experiment we used
a procaryotic model of E. coli strain. Thus, CP
metabolism is probably different in bacteria cells in
comparison to human cells. Maybe, as a result of CP
biochemical changes, other intermediate metabolites are
formed, which can also generate free radical production
[47-50, 57].

It was revealed that anticancer chemotherapy
changes the fecal microbiota in patients. In mice, CP
treatment increases the potentially pathogenic bacteria
counts and reduces the intestinal tight junctions and
adherens junctions. Recent studies have shown a close
correlation between the composition and activity of the
human digestive tract microbiome and the efficiency of
CP anti-cancer activity. lida at al., 2013 [58], presented
a complex correlation between therapy efficacy of
CP and gut microbiota as well as immune system in
mice models. Additionally, the authors found that the
gut barrier was disrupted and the digestive system
problems were developed in cancer patients undergoing
chemotherapy with CP. This suggests that a link of CP
to gut microbiota also exists. So, it is very important
to understand how CP affects intestinal microbiota and

immune functions. Similarly, in the work of Xu and
Zghang 2015 [59], authors revealed that CP reduced the
diversity and shifted the fecal microbiota composition
in mice. Specifically, CP treatment decreased the
proportion of Bacteroidetes while increasing the
proportion of Firmictutes in the microbial community.
Most importantly, specific microbiota signatures
belonging to Bacteroides acidifaciens, Streptococcaceae
and Alistipes were also identified, which would
provide new insight into the efficacy and side effects
in clinical usage of CP. This should be helpful for
further demonstrations of CP action mechanisms, the
development of personalized therapy strategies, and
predicting potential side effects related to various
treatment regimens of CP [59].

Recent data have revealed that therapy efficacy of
CP is gut microbiota-dependent. So, it is very important
to understand how CP affects intestinal microbiota and
immune function. Anticancer chemotherapeutics often
cause mucositis (a debilitating mucosal barrier injury
associated with bacterial translocation) and neutropenia
— two complications that require treatment with
antibiotics, which in turn can result in dysbiosis. Some
antineoplastic agents mediate part of their anticancer
activity by stimulating anticancer immune responses.
Cyclophosphamide (CP), a prominent alkylating
anticancer agent, induces immunogenic cancer cell
death, subverts immunosuppressive T cells and promotes
Thl and Thl17 cells controlling cancer outgrowth [59].

In our experiment the use of a simultaneous
treatment of E. coli strain with CP and vit. C modulate
the cytotoxic and genotoxic potency of both drugs. In
our work, we noticed the dose-dependent effect of the
vitamin C in mixture with CP in Escherichia coli K-12
in comparison to the monoterapeutic impact of drugs.
We noticed that in higher concentrations of CP (350 and
35 pg/ml), vitamin C strengthens the cytotoxic effect
of CP and weakens in the lower ones. We have also
observed a similar scheme of the effects of both drugs by
analyzing their genotoxic potency and their mixture in
E. coli strain. It is known that vitamin C has mutagenic
and clastogenic effects. The mode of biological action of
this vitamin is dependent on its concentration [60-63].
Nefi¢ 2008 [64] has described in her work the genotoxic
effects of vitamin C in different test systems. Vitamin
C possesses mutagenic activity, inducing DNA strand
breakage and chromosome aberrations, increasing the
frequency of sister-chromatid exchanges (SCES) in
cells and increasing the number of somatic mutations.
However, vitamin C is not an active mutagen itself. Oxy
radicals, appearing during the oxidation of the vitamin,
are implicated in toxic actions of vitamin C in vitro [33,
64].

Antimicrobial studies of CP and vit C revealed
the highest activity of CP against Enterobacter sp.
and Bacillus sp. The antimicrobial activity of CP was
shown against Staphylococcus aureus, Staphylococcus
epidermidis, Streptococcus sanguis, Escherichia coli,
Pseudomonas  aeruginosa and Candida albicans.
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Additionally, some authors have revealed that there
was a strong effect of CP on the composition of the
natural microflora of the human gastrointestinal tract.
Oncological therapy with cyclophosphamide led to
dysbiosis and excessive multiplication of pathogenic
microorganisms, which affects the effectiveness of
treatment of the patient and constitutes a threat to his or
her survival. It is considered that the major mechanism
of antimicrobial activity of cyclophosphamide is its
ability to induce DNA damage and the generation of
free radicals or reactive oxygene species (ROS) [58-59].

Numerous scientific experiments have demonstrated
the microbiological activity of vitamin C against various
bacteria and viruses. Moreover, it was found that vit C
is effective in treating infections that cause whooping
cough, diphtheria, tetanus, polio or infections due to
AIDS. Ascorbic acid presents a double-faced character
in that it exhibits a pro-oxidant activity arising from its
routine antioxidant property. The molecular mechanisms
of its action is vit C’s ability to generate free radicals.
These very active particles interact with DNA, inducing
its damage by causing breaks in phosphodiester
backbone and modification of DNA bases [60-62].

In our experiment, we detected that simultaneous
interaction of cyclophosphamide and vitamin C
differentiated the microbial activity of CP against
Bacillus sp. and Enterobacter sp. Vitamin C, in addition
with CP, decreased cyclophosphamide-toxicity against
Enterobacter sp. and Bacillus sp. Vitamin C is an
antioxidant. Therefore, any effects of vitamin C may be
most prominent under conditions when oxidative stress
is elevated. These water-soluble vitamins in action with
CP decreased the level of CP-induced oxidative stress
and it led to the reduction of the cytotoxic effect of CP
against tested microorganisms [63].

Moreover, it is worth mentioning that some of
the tested microorganisms belong to natural human
microflora of the digestive tract and skin (E. coli,
Enterobacter, Staphylococcus epidermidis, Candida
sp.). Microorganisms of the human digestive tract are
accustomed to the presence of vitamin C consumed
on a daily basis, which they can metabolize, hence a
greater tolerance for higher doses of vitamin C. This
may explain the lower L-ascorbic acid cytotoxic effect
on tested microorganisms [58-59].

Conclusions

In wastewaters and surface waters, drugs and
their TPs are mainly in the form of mixtures. Further
investigations on the ecotoxic potential and the impact
on living organisms of these mixtures are required [65].
In our studies, we have shown that mixtures of CP and
vitamin C in the highest CP concentrations are more
toxic to the E. coli strain compared to parent chemicals.
In addition, we also found that drug mixtures, especially
at the highest CP concentrations, more strongly stimulate
the recA promoter and gfp gene expression comparable

to the drugs alone. We showed that Escherichia coli
K-12/recA-gfpmut2 microbial biosensor is a useful
tool in assessing the impact of cyclophosphamide and
L-ascorbic acid residues and their mixtures on living
bacteria cells. A stronger impact and toxicity of the
mixtures of both tested chemical compounds were found
in comparison to parent chemicals.
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